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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 -ARL
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 MB=BHFMPRK® PANE= LN@ @>LM =>O>EHIBG@
@HH= AHF>PHKD A:;BML >:KER
1ABL HO>KOB>P BL :ELH :O:BE:;E> L : OB=>H A>KHNMNS: Bttps://www .youtube.com/watch?v=ikLsqv2dhY8
(https://lwww .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@
H? MA> <HNKL> BG HNK LMN=R H? IARLB<L BG<EN=BG@

¢ G BGMKH=N<MBHG MH PA:M IARLB<L BL :L : =BL<BIEBG> :G= AHP MA:M FB@ ARFKSA@EW BEHAMIH AKHBRA> HMA>K
L<B>G<>L RHN F:R A:0O> LMN=B>=
K>0OB>P H? MA> ;:LB< B=>: H? NGBML
*R IHEB<R HG LB@GB?B<:GM ?B@NK>L
&GMKH=N<> MA> ;.LB< B=>:L H? F>:G :G= LM:G=:K= =>0B:MBHG ?HK NL> BG MA> E:;HK:MHKR >Q>K<BL>L PBMABG MABL <HNKL>
1A> =>?BGBMBHG H? =BLIE:<>F>GM.@>ENd=BMRMBHG BG |:KMBENEDSEH<BMR :G= :<<>E>K:MBHG :K> LBFBE:K MH :G=
=B2>K>GM ?KHF =BLM:G<> :G= LI>>=
%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
¢ ,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>=

O o0 o0 o0

o

$>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 |
LM:KMBG@ IHBGM ?HK PA:M P> =BL<NLL BG <E:LL 1ABL A>EIL MH F:D> LNK> MA:M >0O>KRHG> PBMA MA>BK O:KRBG@ ;:<D@KHNG=L E
LM:KMBG@ :M MA> L:F> IHBBREE MA>G ;NBE= NIHG MABL IK>I:K:MBHG BG <E:LL NLBG@ BG <E:LL :<MBOBMB>L MH @>M RHN K>:=R ?+
1ABL BL LHF>PA:M28GM IKH;:;;ER ?KHF RHNK HMA>K <HNKL>L PA>K> MA> INKIHL> H? MA> AHF>PHKD BL MH IKHOB=> :==BMBHG:E IK
HG BG <E:LL F:M>KB:E MH A>ElI RHN @>M K>:=R [PHKis>QbEtse, 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
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 :N
>@BGGBG@ H? MA:M L><MBHG 1A> K>:=BG@L :K> IK>L>GM>= BG M>KFL H? : <A><DEBLM 1ABL IKH; ENLBLIGHMGMEK= @K:=> BM"

:.L : <A><DEBLM MH F:D> LNK> MA:M RHN @>M >0>KRMABG@ =HG> OH RHN F:R A:0> O:KBHNL K>:=BG@L PBMABG MA> ,|I>GOM:Q M>Q
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> HGEB(
AHF>PHKD LRLM>F :G= RHN LAHNE= ;> :;;E> MH IE:R MA>F KB@AM MA>K> ;NM B? RHN <:GGHM RHNIxiG @H :G= <EB<D MABL
(https://www .youtube.com/channel/UCUMejMY1La0t8qi-wFT yTw) :G= BM PBEE M:D> RHN MH MAHKINNKIL@B> :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?
: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
OB=>H RHN <:G =H MA:M PBMABG MA> M>QM;HHD BG ->KNL:EE LH >:<A OB=>H AL :G :LLH<B:M>= L><MBHG BG MA> M>QM;HHD :G= B(
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:
MH A>El 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>El RHN K>?BG> RHNK NG=>}
*HLM H? MA> BG=BOB=N:E I:KML H? >:<A IKH;E>F :K> HG> LM>| &? RHN ?BG= RHNKL>E? =HBG@ EHG@ <A:BGL H? <:E<NE:MBHGL <HF:
MA> <HGLNEM:MBHG KNHE& &H;:;ER :IIKH:<ABG@ MA> IKH;E>F BG : P:R.IGAM O>KRB<B>GM 4A>G =HBG@ MA> AHF>PHKD

=HG M LDBI MA> K>:=BG@L :G= MA> BRK>HFB>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<@BHPE4=@> 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>El P>"0> IKHOB=>= JNBM> : ?>P K>LHNK<>L MH A>EI RHN ;> LN<<>LL?NE BG <HFIE>MI
MABL (LLB@GF>GM *HK*BG¢% BM BL LH FN<A PHKD MA> IK>I:K:MBHG BL RHNK >GMBK> AHF>PHKD ?HK MABL <HNKL> 1A>K> BL GH |
>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>|:K:MBHG %HF>PHKD
& P:GM RHN MH ?H<NL HG PABE>=HBG@ MABL AHF>PHKD MA> =>?B@&MBHGNHAdNA> B=Kieceleration MA> 2>P

Unit | - Mathematical Tools and Foundational Concepts 4
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;:LB< >IN:MBHGL LN<A W —t :G= B —\{ BG<EN=BG@ PA:M :EE MA> LRF;HEL F>:G :G= PA>G MA>L>>JN:MBHGL <:G ;>

AIEB>= *:GR I>HIE> BG LMN=RBG@ IARLB<L ?HK MA> ?BKLM MBF> NG=>KLM:G= MA>R G>>= MH DGHP PA:M MA> LRF;HEL F>:G ;NM MA
MH LDBI HO>K MABL L><HG=>E>F>GM PAB<A BL CNLM :L BFIHKM:GM B? GHM FHK> LH ;><:NL> GHM >0O>KR >JN:MBHG <:G ;> :lI[EB>=E
LBMN:MBHG & PBEE :ELH :LD RHN MH E>:KG AHP MH CNLM aMNKG MA> <K:GDb ?HK O:KBHNL MRI>L H? <:E<NE:MBHGL LN<A :L BM>K:
:G= 0><MHK :KBMAF>MB< IHG'M PHKKR B? RHN =HG'M K>:EER NG=>KLM:G= PA:M RHN'K> =HBG@ PA>G RHN =H MA>L> <:E<NE:MBHG
<HG<>IMN:EER BM =H>LG'M F:D> L>GLHDNRARS PBEE LI>G= MBF> BG <E:LL PHKDBG@ PBMA MA>L> B=>:L :G= @>MMBG@ :G
NG=>KLM:G=BG@ H? PA:M RHN'K>=HBG@ & CNLM P:GM RHN MH DGHP AHP MH =H MA>L> <:E<NE:MBHGL

#BG:EERPHNE= EBD> MH A:O> : INB<D IABEHLHIAB<:E <HFF>GM K>@:K=BG@ FHMBHG PBMA <HGLM:GM :<<>E>K:MBHG &? RHN A:0>/
IARLB<L ;>?HK> RHN F:R A:0> L>>G MA> LH <:EE>= DBG>F:MB< >JN:MBHGL PAB<A :K>MA>L> MPH A>K>

E WU-BUW W B

4 > PBEE +,1 ;> NLBG@ MA>L>>JN:MBHGL BG MABPBEH |>4IKH:<ABG@ MA> LN;C><M :G= F.:GR HMA>KL BG P:RL MA'M FR ;>
=B2K>GM ?KHF AHP RHN F:R A:O> L>>G MA>F BG : IK>OBHNL IARLBx|>EB+0>4MA:M IARLB<L BL GHM :;HNM F>FHKBSBG@

>IJN:MBHGL :G= E>:KGBG@ AHP MH IB><> MAHL> >JN:MBH#GL AEBEOMBSKM>:= MA:M IARLB<L BL :;HNM ?NG=:F>GM:E B=>:L :G=

P> PBEE M>:<A MABL <HNKL> ?KHF MABL [>KLI><MBO>NASLEHBEEKRLNEM BG IARLB<L AHF>PHKBGMRREBPA:M RHN

F:R>QI><M @HH=>Q:FIE> BL MA> AHF>PHKD ?HK MA> L><HG= NGBM PA>K> RHN A:0> 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:EH [:MBMRHMK @ ERBL

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=>K
RHNK HMA>K <HNKL>L :L HIIHL>= MH CNLM ;>BG@ : <HNKL> MA:M RHN CNLM aA:0> MH M:D> ?HK RHNK F:CHKb

nit | - idainermatial 160 “nd Foundational'€Brepis 5



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

Figure 1.1 $:E:QB>L :K> L BFF>GL> :L :MHFL :K> LF:EE>®1 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> LNKIKB |HBHRBS @ FCRBEENKERBG @ LBFIEB<BMRHAHE M: MIKE>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
¢ "LMBF:MBG@ MA> GNF;>K H? :IIKHIKB:M> =B@BML ?HK :GR <:E<NE:MBHG
1.4. Introduction to Statistics
¢ !>?BGBMBHG H? F>:G :G= LM:G=:K= =>0B:MBHG
¢ 2LBG@ F>:.G :G= LM:G=:K==>0B:MBHG
1.5. Accuracy and Precision
¢ &GM>KIK>MBG@ =:M: :G= K>LNEML

Chapter Overview

4A:M BL RHNK ?BKLM K>:<MBHG PA>G RHN A>:K MA> PHK= alARLB<Lb !B= RHN BF:@BG>BKNBRGENMMBHBLAHKFBFHKBSBGC@
?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
;BM H? 2>KM 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
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=KHFRPABRQRGM:BGL ;BEEBHGL H? BG=BOB=N:E LM:KL
AN@> <EHN=L H? @:L :G==WMM.AEE>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:QRRPABVALBLKLEE=— MA> *BEDR 4
IE:G>ML MA:M F:D> NI G=KHF>=: FB@AM L>>F MH ;> MA> ?NKMA>LM MABG@ ?KHEEBNEHOHR=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:
=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:
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"
HO>K AR=KH>E><MKB< =:FL A>K> HGIG8@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?:
P> <:G L>>:G= DGHP BG MABL NGBO>KL>

1ABGD GHP :;HNM :EE H? MA> M><AGHEH@B<:E =>0B<>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 RH
3 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=Fl
KH;HML MA:M ?B@AM <:G<>K <>EEL BG HNK ;H=B>L EE H? MA>L> @KHNG=;K>:DBG@ :=0:G<>F>GML <HFFHGIE:<> HK NG;>EB>0:;E>
IKBG<BIE>L H? IARLB<L LB=>?KHF IE:RBG@ : LB@GB?B<:GM KHEEHBS_VBHEEHHINOR: L >GC@BG>>KL IBEHML IARLB<B:GL

IARLB<:E MA>K:IBLML >E><MKB<B:GL :G= <HFINM>K IKH@K:FF>KL :lIER IARLB<L <HG<>IML BG MA>BK =:BER PHKD #HK >Q:FIE> : IBEF
NG=>KLM:G= AHP PBG= ?HKx>{M? ?EB@AM |: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>Q<BMBGE®EEBG@ G>P
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 IABEHLI
$K>>DL :G= E>:=BG@ NI MAKHN@A : K>OB>P H? 0BK &L::< +>PMHG :G= MA> E:PL H? IARLB<L MA:NN-PRBBLEEHF>> 6
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A:IM>K T &GMKH=N<MBHG 1A> +:MNK> H? 0<B>G<> :G= -ARLB<L

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>:
FHLM H? MA> L<B>GMB?B< <HFFNGBMR NL>L MH <HFFNGB<:M> BG : LBG@E> F:MA>F:MB&N EEE® NN=RBIAEERFBML 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
HPG EBFBM:MBHGL

1.1 An Introduction to Physics

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

O o0 o000

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 [:0B=*>KK>MM

1A> IARLB<:E NGBO>KL> BL >GHKFHNLER <HFIE>Q BG BML =>M:-8&£ HONKRI:£RKO>L : @K>:M O:KB>MR H? H;C><ML :G=

IA>GHF>G: ,0>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>
P>:EMA H? BG?HKF:MBHG #KHF MA> ?EB@AM H? ;BK=L MH MA> <HEHKL H? ?EHP>KRKHH R GE
?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@> KKl
?:<ML &G MA> ?:<>H? :EE MA>L>=>M:BEL P> A:0> =BL<HO>K>= MA:M : LNKIKBLBG@ER LF:EE :G= NGB?B>= L>M H? IARLB<:E E:PL <:G
PA:M P> H;L>KO> L ANF:GL P> F:D> @>G>K:EBS:MBHGL :G= L>>DIHKAXG ?HNG= MA:M G:MNK> BL K>F:KD:;ER <HHI>K:MBO>"BM
>QAB;BML M#gerlying 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=HARIM<R: > MHIBWNERKQ:FIE>

PA:M =H : ;:@ H? <ABIL :G=: <K ;;MM>KR A:0> BG <HFFHG HMA <HGM:BG >G>K@R MA:M <:G ;> <HGO>KM>= MH HMA>K ?HKFL 1A>E:P
<HGL>KO:MBHG H? >G>K@R PAB<A L:RL MA:M >G>K@R <:G <A:G@> ?HKF ;NM BL G>0O>K EHLM MB>L MH@>MA>K LN<A MHIB<L :L ?HF
: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>
:G= AHP MA>R K>E:M> MH HG> :GHKH¥GKMER NGK>E:M>= MHIB<L :K> <HGG><M>= MAKHN@A ;KH:=ER :lIEB<:;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 |
MA>L> E:PL RHN PBEE H? <HNKL> LMN=R MA> FHLM BFIHKM:GM MHIB<L BG IARLERHN?PBE BGHB® :GNHRRB<:E :;;BEBMB>L MA:M

PBEE >G:;E> RHN MH :IIER MA>L> E:PL ?:K ;>RHG= MA> L<HI> H? PA:M <:G ;> BGSEN=>= BG : LBG@E> ;HHD 1A>L>:G:ERMB<:E LDBEEL |
RHN MH >Q<>E :<:=>FB<:BERMA>R PBEE :ELH A>El RHN MH MABGD <KBMB<:EER BG :GR IKH?>LLBHG:E <:K>>K RHN <AHHL> MH INKLN>
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:
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:ME

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>
0<B>GMBLML :K> <HGMBGN:EER MKRBG@ MH >QI:G= MABL ;H=R H? DGHPE>=@> :G= MH [>K?><M MA> >QIK>LLBHG H? MA> E:PL MA:M
Physics BL <HG<>KG>= PBMA =>L<KB;BG@ MA> BGM>K:<MBMREKI>?>GCE&MBF> :G= BM BL >LI><B:EER BGM>K>LM>= BG PA:M
?NG=:F>GM:E F><A:GBLFL NG=>KEB> >0O>KR IA>GHF>GHG 1A> <HG<>KG ?HK =>L<KB;BG@ MA> ;.LB< IA>GHF>G: BG G:MNK> >LL>GMB
=>?BG>L M&alm 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@>= [:KMB<E>L MH MA>
I>HIE> <:KL :G=LI:<>LABIL &G ?:<M :EFHLM >0O>KRMABG@ :KHNG= RHN <:G ;> =>L<KB;>= JNBM> :<<NK:M>ER ;R MA> E:PL H? IARLB<L
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A:IM>K T &GMKH=N<MBHG 1A> +:MNK> H? 0<B>G<> :G= -ARLB<L

HGLB=>K : LF:KM IAHG®igure 1.3 -ARLB<L =>L<KB;>L AHP >E><MKB<BMR BGM>K:<ML PBMA MA> O:KBHNL <BK<NBML BGLB=> MA> =>(
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 -«
$-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= M,
BM M:D>L MH MK:O>E MA:M =BLM:G<> 4A>G RHN NL>: $-0 =>0B<> BG : O>AB<E> BM NMBEBS>L MA>L> IARLB<L >JN:MBHGL MH =>M>K
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<I
MABL =>0B<> "G@BG>>KL NL> MA>BK DGHPE>=@> H? IARLB<L MH <HGLMKN<M :G B-AHG> PBMA ?>:MNK&>Mkx#B2BSRNRHKK-PBEEBEHR >

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 OH<B:E
I><A&F.@>L

IIEB<:MBHGL H? -ARLB<L

6HN G>>= GHM ;>: L<B>GMBLM MH NL> IARLB<L ,G MAGHRERK@R H? IARLB<L BL NL>?NE BG >0>KR=:R LBMN:MBHGL :L P>EE :L BG
GHGL<B>GMB?B< IKH?>LLBHGL &M <:G A>El RHN NG=>KLM:G= AHP FB<KHP:0> HO>GL PHKD PAR F>M:EL LAHNE= GHM ;> INM BGMH |
PAR MA>R FB@ANKIA 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= KIMBHG:EER >0O:EN:M> MA>L> A:S:K=L FHKARIEBERELH >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>>| MA> BGLB=> H? : AHNUA><HHEK: VEFRE HERBQ@ GBMBHG

LRLM>F :L P>EE :L MA> MK:GLFBLLBHG H? >E><MKB<:E LB@G:EL MAKKOEMLHNR M=R'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><RPHIRMNHRHBARR G <ABBEMER

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>>KBC
(IEB>= IARLB<L &G :K<ABM><MNK> |ARLB<L BL :M MA> A>:KM H? LMIG<BINBGOLECBEBGRMA> :<HNLMB<L A>MBG@ EB@AMBG@
:G=<HHEBG@ H? ;NBE=BG@L -:KML H? @>HEH@R K>ER A>:0OBER HG IARLB<L LN<A :L K:=BH:<MBO> =:MBG@ H? KH<DL >:KMAJN:D>
A>:M MK:GL?>K BG MA>":KMA OHF>=BL<BIEBG>L LN<A :L ;;BHIARLB<L :G= @>HIARLB<L :K> AR;KB=L H? IARLB<L :G= HMA>K =BL<BIEB!

-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? <
:G=<>EE F>F;K:G>LFigure 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#RLB<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>
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 \
>R> =>M><ML <HBHRKHP 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"
: LDBEE BG MA> :G:ERMB<:E F>MAH=L ?HK IERBG@ MA>F 1A>LMN=R H? IARLB<L :ELH <:G BFIKHO> RHNK IKH;E>F LHEOBG@ LDBEEL
#NKMA>KFHK> |ARLB<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>0>K G>>= MH NL> IARLB<L E:M>K HG DGHPBG@ MA> IARLB<L PBEE @BO> RHN : =>>|>K NG
HK :M E>:LM : =>>|>K :[IK><B:MBHG H? PAM L A:lI>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
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A:IM>K T &GMKH=N<MBHG 1A> +:MNK> H? 0<B>G<> :G= -ARLB<L

Figure 1.4 1A> E:PL H? IARLB<L A>EI NL NG=>KLM:G= AHP <HFFHG :lIEB:G<>L PHKD #HK >Q:FIE> MA> E:PL H? IARLB<L <:G A>El >QIE:BG AHP FB<KHP:0>
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:0>HO>G <K>=BM *HG>R EH@+>PS

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

Figure 1.6 -ARLB<L <A>FBLM&R ;BHEH@R A>El =>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;
0:EO0:@GBG
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Figure 1.7 G :KMBINK>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<M
: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
<A>FBLMK®= IARLB<L :EE A>El 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@ |
MA:M :EE G:MNK:E IKH<>LL>L ONEEBRPL :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 AMNBNMAEEMAHKE>F>GML H? FRLM>KR
BF:@BG:MBHG LMKN@@E> MKBNFIA :G==BL:IIHBGMF>GM BGA>K>GMBEG :GRigk=:MBQS=>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
>

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< |[HLM :G= ;><:F> >Q<A>JN>K H? MA> /HR:E *BGM %> MHHD MABL BGEUAGKBE@.KR>=BG@ HK <K>:MBG@ KB=@>L HG
MA> >=@> H? <HBGL MH IK>0>GM NGL<KNINEHNL I>HIE> ?KHF MKBFFBG @AVRSBEOM BB @ MA>F L <NKK>EBR KMANK OANLM>K :G= KMANK

" OABIE>RBritain® Heritage of Science )HG=HG
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Figure 1.9 Marie Curie ]  L:<KB?B<>= FHG>M:KR :LL>ML MH A>El 2BG: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<|GSH2ASFBEM@RAM>KL :ELH PHG : +H;>E -KBS> <K>=BM 4BDBF>=B:
HFFHGL

4 > :EE :K> <NKBHNL MH LHF> >QMEBMDLKHNG= 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>
;><HF> FHK> HK@:GBS>= :G= ?HKF:E BG <HEE><MBG@ :G= :G:ERSBBIEFW@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?BHKFNE:M> FH=>EL

MA>HKB>L :G= E:PL ;:.L>= HG MA> =:M: P> A:0> <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 BRB+NEM NKIBEBRLB;E> MH =BLIE:RABEK><MER-E BL CNLMB?B>=
PBMA >QI>KBF>GM:E IKHH? BM BL HGER :<<NK:M> NG=>K EBFBM>= LBMN:MBHGL G >Q:FIE> BL MA> |IE:G>M:KR FH=>E H? MA> :MHF B
>E><MKHGL :K> IB<MNK>=:L HK;BMBG@ MA> GN<E>NL :G:EH@HNL MH MA> P:R |E:G>MbiHK;BMOMA>ONGQHHA H;L>KO>
>E><MKHG HK;BML =BH#MAERE>GM:E BF:@> A>EIL >QIE:BG MA> H;L>KO:MBHGL P> <:G F:D> LN<A :L MA> >FBLLBHG H? EB@AM ?KHF A
@:L>L :MHFB< LI><MK: -ARLB<BLML NL> FH=>EL ?HK : O:KB>MR H? INKIHL>L #HK >Q:FIE> FH=>EL <:G A>EIl IARLB<BLML :G:ERS>:
L<>G:KBH :G= I>K?HKF : <:E<NE:MBHG HK MA>R <:G ;> NL>= MH K>IK>L>GM : LBMN:MBHG BG MA> ?HKF H? : tidBi}{NBtK LBFNE:MBHG
:G >QIE:G:MBHG ?HK I:MM>KGL BG G:MNK> MA:M BL LNIIHKM>= ;R L<B>GMB?B< >0OB=>G<> :G= O>KB?B>= FNEMBIE> MBF>L ;R O:KBHNL
K>L>:K<A>KL OHF> MA>HKB>L BG<EN=> FH=>EL MH A>E|l OBLN:EBS> IA>GHF>G: PA>K>:L HMA>KMABKRVHP @ KMBMR
>Q:FIE> =H>L GHM K>JNBK> : FH=>E HK F>GM:E BF:@> ;><:NL> P> <:G H;L>KO> MA> H;C><ML =BK><MER PBMA HNK HPG L>GL>L 1A>
DBG>MB< MA>HKR H? @:L>L HG MA> HMA>K A:G= BL : FH=>E BG PAB<A : @:L BL OB>P>= L ;>BG@ <HFIHL>= H? :MHFL :G= FHE><NE>L
MHFL :G= FHE><NE>L :K> MHH LF:EE MH ;> H;L>KO>= =BK><MER PBMA HNK L>GL>L"MANL P> IB<MNK> MA>F F>GM:EER MH NG=>KLM:
HNK BGLMKNF>GML M>EE NL :;HNM MA> ;>A:OBHK H? @:L>L

law NL>L <HG<BL> E:G@N:@> MH =>L<KB;>: @>G>K:EBS>= :MM>KG BG G:MNK> MA:M BL LNIIHKM>= ;R L<B>GMB?B< >0B=>G<> :G= |
>QI>KBF>GML ,?M>G : E:P <:G ;> >QIK>LL>= BG MA> ?HKF H? : LBG@E> F:MA>F:MB<:E >JN:MBHG ):PL :G= MA>HKB>L :K> LBFBE:K BG M
MA>R :K> ;HMA L<B>GMB?B< LM:M>F>GML MA:M K>LNEM ?KHF : M>LM>= ARIHMA>LBL :G= :K> LNIIHKM>= ;R L<BA#&MB?B< >0OB=>G<> %
=>LB@G:MBH@PBL K>L>KO>= ?HK : <HG<BL> :G= O>KR @>G>K:E LM:M>F>GM MA:M =>L<KB;>L IA>GHF>G: BG G:MNK> LN<A :L MA> E:P M
>G>K@R BL <HGL>KO>==NKBG@ :GR IKH<>LL IHK-«HEMHES H? FHMBHG PAB<A K>E:M>L ?HK<> F:LL :G=:<<>E>K:MBHG ;R MA>
LBFIE>>JN:MBHG NE MA>HKBG <HGMK:LM BL : E>LL <HG<BL> LM:M>F>GM H? H;L>KO>= IA>GHF>G: #HK >Q:FIE> MA> 1A>HKR H?
"OHENMBHG :G= MA> 1A>HKR H? />E:MBOBMR <:GGHM ;> >QIK>LL>= <HG<BL>ER >GHN@A NA>>BEELBMKRIGEP
;>MP>>G : E:P :G=: MA>HKR BL MA:M : MA>HKR BL FN<A FHK> <HFIE>Q :G==RG:FB< E:P =>L<KB;>L : LBG@E> :<MBHG PA>K>L :
MA>HKR >QIE:BGL :G >GMBK> @KHNI H? K>E:M>= IA>SGHF>G: G= PA>K>:L: E:P BL : IHLMNE:M> MA:M ?HKFL MA> ?HNG=:MBHG H? MA>
L<B>GMB?B< F>MAH= : MA>HKR BL MA> >G= K>LNEM H? MA:M IKH<>LL

)>LL ;KH:=ER :IIEB<:;E> LM:M>F>GML :K> NLN:EER <:EE>= IKBG<BIE>L LN<AKBGA<BE> PAB<A BL :IIEB<:;E> HGER BG ?ENB=L
;NM MA> =BLMBG<MBHG ;>MP>>G E:PL :G= IKBG<BIE>L H?M>G BL GHM <:K>?NEER F.=>

1ABGDBG@ BG M>KFL H? E:PL :G= IKBG<BIE>L PBEE ;> :G BFIHKM:GM :LI><M H? MABL <HNKL> &G M>KFL H? IKH;E>F LHEOBG@ HG:
?BKLM LM>IL BG LHEOBG@ : IKH;E>F PBEE ;> MH MABGD :;HNM PAB<A E:PL :G=|KBABIBE-EBER L P> FHO> ?HKP:K=
M:DBG@ MA> MBF> MH LMHI :G= M:D> MABL LM>| PBEE A>EI RHN BG MA> EHG@ KNG
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Figure 1.10 4A:M BL : FH=>E 1ABL IE:G>M:KR FH=>E H? MA> :MHF LAHPL >E><MKHGL HK;BMBG@ MA> GN<E>NL &M BL : =K:PBG@ MA:M P> NL> MH ?HKF : F>G|
BF:@> H? MA> :MHF MA:M P> <:GGHM L>> =BK><MER PBMA HNK >R>L ;><:NL> BM BL MHH LF:EE

*H=>EL 1A>HKB>L :G=):PL

*H=>EL MA>HKB>L :G= E:PL :K>NL>= MH A>E| L<B>GMBLML :G:ERS> MA> =:M: MA>R A:0> :EK>:=R <HERA>&V2M>KHP>0>K
FH=>E MA>HKR E:P A:L ;>>G =>0O>EHI>= BM IHBGML L<B>GMBLML MHP:K= G>P =BL<HO>KB>L MA>R PHNE= GHM HMA>KPBL> A:O> F

1A> FH=>EL MA>HKB>L :G=E:PL P> =>0BL> LHFN{the existence of objects or phenomena as yet unobserved. 1A>L>

IK>=B<MBHGL :K> K>F:KD:;E> MKBNFIAL :G= MKB;NM>L MH MA> [HP>K H? L<B>G<> &M BL MA> NG=>KERBG@ HK=>K BG MA> NGBO>KL
L<B>GMBLML MH F:D> LN<A LI><M:<NE:K IK>=B<MBHB8®&x@efirrdtrKH>L GHM O>KB?R HNK IK>=B<MBHGL MA>G MA> MA>HKR HK E:P BL
PKHG@ GH F:MM>K AHP >E>@:GM HK <HGO>GB>GM BM BL ):PL <:G G>0O>K ;> DGHPG PBMA :;LHENM> <>KM:BGMR ;><:NL> BM BL BFIF
I>K?HKF >O>KR BF:@BG:;E> >QI>KBF>GM BG HK=>K MH <HG?BKF : E:P BG >O>KR IHLLB;E> L<>G:KBH -ARLB<BLML HI>K:M> NG=>K MA:
:LLNFIMBHG MA:M :EE L<B>GMB?B< E:PL :G= MA>HKB>L :K> O:EB= NGMBE : <HNGM>K>Q:FIE> BL H;Ds{B?B:&>: @HH= JN:EBMR
>QI>KBF>GM <HGMK:=B<ML : P>EE >LM:;EBIA®&MA> E:P FNLM ;> FH=B?B>= HK HO>KMAKHPG <HFIE>M>ER

1A> LMN=R H? L<B>G<> BG @>G>K:E :G= |IARLB<L BG I:KMB<NE:K BL :G :=O>GMNK> FN<A EBD> MA> >QIEHK:MBHG H? NG<A:KM>= H<>:
IBL<HO>KB>L :K> F:=> FH=>EL MA>HKB>L :G= E:PL :K>?HKFNE:M>= :G= MA> ;>:NMR H? MA> IARLB<:E NGBO>KL> BL F:=> FHK> LN;EBI
?HK MA> BGLB@AML @:BG>=

1A> 0<B>GMB?B< *>MAH=

L L<B>GMBLML BGJINBK> :G= @:MA>K BG?HKF:MBHG :;HNM MA> PHKE= MA>R ?HEEkientifi¢timethod. EELABUA>

IKH<>LL MRIB<:EER ;>@BGL PBMA :G H;L>KO:MBHG :G= JN>LMBHG MA:M MA> L<B>GMBLM PBEE K>L>:K<A +>QM MA> L<B>GMBLM N\
I>K?HKFL LHF> K>L>:K<A ;;HNM MA> MHIB< :G= MA>G =>0OBL>L : ARIHMA>LBL 1A>G MA> L<B>GMBLM PBEE M>LM MA> ARIHMA>LBL ;
I>K?HKFBG@ :G >QI>KBF>GM #B&-HER>GMBLM :G:ERS>L MA> K>LNEML H? MA> >QI>KBF>GM :G= =K:PL : <HG<ENLBHG +HM>MA:M
L<B>GMB?B< F>MAH= <:G ;> :lIEB>= MH F:GR LBMN:MBHGL MA:M :K> GHM EBFBM>= MH L<B>G<> :G= MABL F>MAH= <:G ;> FH=B?B>=
MA> LBMN:MBHG

HGLB=>K :G >Q:FIE> )>M NL L:R MA:M RHN MKR MH MNKG ;NG! BNNKBEE GHVHNINGAHN;M>=ER PHG=>K 4AR PBEE MA>

<:K GHM LM:KMN6<:G ?HEEHP : L<B>GMB?B< F>MAH= MH :GLP>K MABL JR>RMBH®R #BAHKARHF> K>L>:K<A MH

=>M>KFBG> : O:KB>MR H? K>:LHGL PAR MA> <:K PBEE GHM LM:KM +>QM RHN PBEE LM:M>: ARIHMA>LBL #HK >Q:FIE> RHN F:R ;>EE
MA> <:K BL GHM LM:KMBG@ ;><:NL> BM A:L GH HGM@BGMABE BRHN HI>G MA> AHH= H? MA> <K :G=>Q:FBG> MiiN> HBE E>O>E 6
H;L>KO> MA:M MA> HBE BL :M :G :<<>IM:;E> E>O>E :G= RHN MANL <HG<EN=> MA:M MA> HBE E>O>E BL GHM <H&EMKB;NMBG@ MH RH
MKHN;E>LAHHM MA> BLLN>RMNKMPR>#OBL> : G>P ARIHMA>LBL MH M>LM :G= MA>G K>I>:M MA> IKH<>LL :@:BG

1A>"OHENMBHG H? +:MNK:E -ABEHLHIAR BGMH *H=>KG -ARLB<L

-ARLB<L P:L GHM :EP:RL : L>:K:M> :G= =BLMBG<M =BL<BIEBG> &M K>F:BGL <HGG><M>= MH HMA>KA>xBHBphyBIEEMABL =R

<HF>L ?KHF $K>>D F>:GBG@ G:MNK> 1A> LMN=R H? G:MNK> <:F> MH ;> <:EE>= aG:MNK:EHRBEKBHGYR MBF>L MAKHN@A MA>
[>G:BLL:G<> G:MNK:E IABEHLHIAR >G<HFI:LL>= F:GR ?B>E=L BG<EN=BG@BHEKBHRHIBLMKRRLB<L F:MA>F:MB<L :G=

F>=B<BG> ,0>K MA> E:LM ?>P <>GMNKB>L MA> @KHPMA H? DGHPE>=@> A:L K>LNEM>= BG >0O>K BG<K>:LBG@ LI><B:EBS:MBHG :G=
G:MNK:E IABEHLHIAR BGMH L>I:K:M> ?B>E=L PBMA IARLB<L K>M:BGBG@ MA> FHHidvi;el B& P:<SiMlre 0522  :G= Figure

1.13 -ARLB<L :L BM =>0>EHI>= ?KHF MA> />G:BLL:G<> MH MA> >G= H? MA> MA <>GMB&{taBihydis>= &M P:L

MK:GL?HKF>= BGMH FH=>KG IARLB<L ;R K>OHENMBHG:KR =BL<HO>KB>L F:=> LM:KMBG@ :M MA> ;>@BGGBG@ H? MA> MA <>GMNKR
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Figure 1.11 ,0>K MA> <>GMNKB>L G:MNK:E IABEHLHIAR A:L >OHEO>= BGMH FHK> LI><B:EBS>= =BL<BIEBG>L :L BEENLMK:M>= ;R MA> <HGMKB;NMBHGL H? LI
@K>:M>LM FBG=L BG ABAMSKRD IABEHLHIAAHStotle | PKHM> HG : ;KH:= K:G@> H? MHIB<L BGSEN=BG@ IARLB<L :GBF:EL MA>LHNE
IHEBMB<L :G= IH>MKR-BM ":LMKHP JN=HOBLB HEE><MBHG

Figure 1.12 Galileo Galilei ] E:B=MA>?HNG=:MBHG H? FH=>KG >QI>KBF>GM:MBHG :G= F:=> <HGMKB;NMBHGL BG F:MA>F:MB<L IARLB<L :G=
LMKHGHFRK>=BM HF>GB<BGMHK>MMH

Figure 1.13 Niels Bohr ]  F:=>?NG=:F>GM:E <HGMKB;NMBHGL MH MA> =>0>EHIF>GM H? JN:GMNF F><A:GB<L HG> |:KM H? FH=>KG IARLB<L <K>=BM
2GBM>= OM:M>L )B;K:KR H? HG@K>LL -KBGML :G=-AHMH@K:IAL |BOBLBHG

E:LLB<:E IARLB<L BL GHM :G >Q:<M =>L<KBIMBHG H? MA> NGBO>KL> ;NM BM BL :G >Q<>EE>GM :IIKHQBF:MBHG NG=>K MA> ?HEEHPB
*MM>K FNLM ;> FHOBG@ :M LI>>=L E>LL MA:G ;;HNM H? MA> LI>>=H? EB@AM MA> H;C><ML =>:EM PBMA FNLM ;> E:K@> >GHN@A Mt
L>>G PBMA : FB<KHL<HI> :G= HGER P>:D @K:OBM:MBHG:E ?B>E=L LN<A :L MA> ?B>E= @>G>K:M>= ;R MA>"KMA <:G ;> BGOHEO>= >
ANF:GL EBO> NG=>K LN<A <BK<NFLM:G<>L <E:LLB<:E IARLB<L L>>FL BGMNBMBO>ER K>:LHG:;E> PABE> F:GR :LI><ML H? FH=>KG IAR]
L>>F ;BS:KK> 1ABL BL PAR FH=>EL :K> LH NL>?NE BG FH=>KG IARLB<L*MA>R E>M NL <HG<>IMN:EBS> IA>GHF>G: P> =H GHM HK=BG:K
>QI>KB>G<> #4<:G K>E:M> MH FH=>EL BG ANF:G M>KFL :G= OBLN:EBS> PA:M A:lI>GL PA>G H;C><ML FHO> :M AB@A LI>>=L HK BF:@BG>
PA:M H;C><ML MHH LF:EE MH H;L>KO> PBMA HNK L>GL>L FB@AM ;> EBD> #HK >Q:FIE> P> <:G NGHHIEMMB>IG, =M NE>
P> <:G IBKMNK> BM BG HNK FBG=L :EMAHN@A P> A:0> G>0>K L>>G :G :MHF PBMA HNK >R>L +>P MHHEL H? <HNKL> :EEHP NL MH ;>I
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IBKMNK> [A>GHF>G: P> <:GGHM L>> &G ?:<M G>P BGLMKNF>GM:MBHG A:L :EEHP>= NL BG K><>GM R>:KL MH :<MN:EER alB<MNK>b M/

)BFBML HG MA> ):PL H? E:LLB<:E -ARLB<L

#HK MA> E:PL H? <E:LLB<:E IARLB<L MAAHERIEEHPBG@ <KBM>KB: FNLM ;> F>M *:MM>K FNLM ;> FHOBG@ :M LI>>=L E>LL MA:G
3HNM  H? MA> LI>>= H? EB@AM MA> H;C><ML =>:EM PBMA FNLM ;> E:K@> >GHN@A MH ;> L>>G PBMA : FB<KHL<HI> :G= HGER P>:D
@K:OBM:MBHG:E ?B>E=L LN<A :L MA> ?B>E= @>G>K:M>= ;R MA>".KMA <:G ;> BGOHEO>=

1ABL B=>: H? <K>:MBG@ FH=>EL PBEE ;> K>E>0:GM BG P> PBEE ;> =>EBG@ PBMA >E><MKHGL :G= IAHMHGL PAB<A =HG M ;>A:O:
P:R FHLM MABG@L =H >BG@ :;E> MH PK:I RHNK A>:= :KHNG= MA>L> B=>:L PBEE ;> <A:AEE>G@BG@ ;NM ;>BG@ :;E> MH FH=>E MABL
LMK:G@>G>LL PBEE A>El RHN HO>K MABL ANK=E>

Figure 1.14 2LBG@ : L<:GGBG@ MNGG>EBG@ FB<KHL<HI> 01* L<B>GMBLML <:G L>> MA>BG=BOB=N:E :MHFL MA:M <HFIHL> MABL LA>>M H? @HE= <K>=BM
"KPBGKHLL>G

OHF> H? MA> FHLM LI><M:<NE:K :=0:G<>L BG L<B>G<> A:0> ;>>G F:=> BG FH=>KG IARLB<L *:GR H? MA> E:PL H? <E:LLB<:E IARLB<L
A:0> ;>>G FH=B?B>= HK K>C><M>= :G= K>OHENMBHG:KR <A:G@>I|L BEBAMEGHHKIGBR>P H? MA> NGBO>KL> A:0> K>LNEM>=

)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
HO>K L<B>G<> ?B<MBHG H? ;>BG@ O>KHRASSEBUARA> F:CHKBMR H? MABL M>QM =>0OHM>= MH MHIB<L H? <E:LLB<:E IARLB<L 1A>K> K
F:BG K> LHGL E:LLB<:EIARLB<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>
O>KR ?:LM :G= MA> O>KR LF:EE K>LI>RMBQ#ERFNLM ;> NL>= PA>G>0>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<@uartmingchidivbs> GBNEM ;> NL>= ?HK

H;C><ML LF:EE>K MA:G <:G ;> L>>G PBMA : FB<KHL<HI> 1A> <HF;BG:MBHG H? MA>L> MRiVidAc HidrlrBimechanics,

: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
JN:GMNF F><A:GB<L BL MA> ;>LM NGBO>KL:EER :lIEB<:;E> MA>HKR P> A:0> ><:NL> H? BML F:MA>F:HABBE 8HIFEHGBERR

PA>G G><>LL:KEG= MA> HMA>K MA>HKB>L :K> NL>= PA>G>0>K MA>R PBEBEJBHSMERLNZNK:M> K> RBEE 2BG= AHP>0O>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 Y our Understanding

?KB>G= M>EEL RHN A> A:L E>:KG>= ;;HNM : G>P E:P H? G:IMNK> 4A:M <:G RHN DGHP :;HNM MA> BG?HKF:MBHG >0>G ;>?HK> RHNK
?KB>G= =>L<KB;>L MA> E:P %HP PHNE= MA> BG?HKRPMBIEH;BZBHNK ?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:BELRHNWAS ENPBEE 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> NC
KNE>L MA:M :EE G:MNK:E IKH<>LLE?MEEBB?HKF:MBHG A:= ;>>G : RANKRNE= ;> ;;E> MH BG?>K MA:M MA> BG?HKF:MBHG PBEE

> E:IK@> L<:E> ;KH:=ER :IIEB<:;E> @>G>K:EBS:MBHG

-A"1 "QIEHK:MBHGL "IN:MBHG $K:IA>K

)>:KG ;;HNM @K:IABG@ IHERGHFB:EL 1A> LA:I> H? MA> <NKO> <A:G@>L :L MA> <HGLM:GMBH>NFCNNKES>B ?HK MA>
BG=BOB=N:E M>KFLZ @C 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><MBH® BIMABIBBICN\E PAHBERDKK
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«<|
PBMA MABL F:M>KB:E :G= P> PBEE PHKD LHF>MABG@ HNM

1ABG@L MH HGLB=>KIN./&:=
¢ #:FBEB:KBSBG@ RHNKL>E? PBMA MA> IK>?BQ>L LN<A:L G:GH FBEEB <>GMB PBEE L:0> 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>LM
<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> ":KMA ?KHF MA> MBGR LBS>L H? LN; GN<E>:K :KMB<E>L MH MA> O:LM =BLM:G<> MH MA> >=@>L H? MA> DGHPG NGBO>KL> ?KH
>Q>KM>= ;R : CNFIBG@ ?E>: MH MA> ?HK<> ;>MP>>G ":KMA :G= MA> ONG MA>K> :K>>GHN@A ?:<MHKL H? MH <A:EE>G@> MA> BF: @
>0>G MA> FHLM >QI>KB>G<>= L<B>GMBLM $BOBG@ GNF>KB<:E O:EN>L ?HK IARLB<:E JN:GMBMB>L :G= >IJN:MBHGL ?HK IARLB<:E IKB
NL MH NG=>KLM:G= G:MNK> FN<A FHK> =>>|ER MA:G =H>L JN:EBM:MBO> =>I{KBMIBHEG EHBA>L> O:LM K:G@>L P> FNLM

:ELH A:0> :<<>IM>= NGBML BG PAB<A MH >QIK>LL MA>F G= P> LA:EE ?BG= MA:M >0>G BG MA> IHM>GMB:EER FNG=:G> =BL<NLLBHG
DBEH@K:FL :G=L><HG=L : IKH?HNG= LBFIEB<BMR H? G:MNK> :[I>: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>KsRecifying 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>= BGW&>KHAB{A :K> LM:G=:K=BS>= O:EN>L #HK >Q:FIE> MA>E>G@MA H?

: Ki<> PAB<A BL : IARLB<:E JN:GMEMR >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= ;> 2BRANENER £BB>GMBLML MH >QIK>LL :G= <HFI:K> F>:LNK>= O:EN>L BG : F>:GBG@?NE
P:R 0>> Figure 1.17
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Figure 1.17 1BLM: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>= BGIVAnitBHKE+H DGHPG L MA> F>MKB< LRLM>EngBsh units :ELH

DGHPG :L MA> <NLMHF:KR HK BFI>KB:E LEAglisK units P>K> ABLMHKB<:EER NL>= BG G:MBHGL HG<> KNE>= ;R MA> KBMBLA "FIBK>
:G=:K> LMBEE PB=>ER NL>= BG MA> 2GBMBKNIM:EER 80>KR HMA>K <HNGMKR BG MA> PHKE= GHP NL>L 0& NGBML :L MA> LM:G=:K= N
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>= ?Kl
#K>G<ASysteme 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 : -
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>(
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

F>M>K F |DBEH@K:F P@<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>Cl
JN:GMBMB>L <:G ;> =>?B@y8G 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>SG@MA F:LL MBF> :G=>E>
<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:!
:G=>E><MKB< <A:K@> <:G ;> >QIK>LL>=:L :E@>;K:B< <HF;BG:MBHGL H? E>SG@MA F:LL MBF> :G= <NKK>GM ?HK >Q:FIE> LI>>= BL E>(
=BOB=>= ;R MBF> MA>L> NGBML :KfervEH ®mits

2GBML HBE> )>G@MA :G=*.LL 1A> 0><HG= *>M>&= (BEH@K:F
The Second

1A> 0& NGBM ?HK MBEechif> ;;;K>OB:M>=L A:L: EHG@ ABLMHKR:GR R>:KL BM P:L =>?BG>=:L H?: F>:G LHEK

=R *HK> K><>GMER>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@ |
<HGLM:GM IARLB<:E IA>GHF>GHG ;><:NL>MA> LHE:K =:R BL @>MMBG@ EHG@>K =N> MH O>KR @K:tNK<HVEWIBBG @ H? MA> ":KMA®
>LBNF :MHFL <:G ;> F:=> MH OB;K:M> BG : O>KR LM>:=RFRIA>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:MBH@Gte D28 <<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= <
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>>| MBF> MH : IK><BLBHG H? ;>MM>K MA:G : FB<KHL><HG= [>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
<K>=BM O0M>0>'NKO>MLHG #EB<DK

The Meter
1A> 0& NGBM ?HK E>G@NMhetBL MAS>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> >IJN: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:0>= EBG>L HG : IE:MBGNF Bl
;:KGHP D>IM G>:K -:.KBL R BM A:= ;><HF> IHLLB;E> MH =>?BG> MA> F>M>K >0>G FHK> :<<NK:M>ER BG M>KFL H? MA> P:O>E>G @M/
H? EB@AM LHBM 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 |
@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>
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 Bkilgram :;;K>OB:M>=D@ BM BL =>?BG>= MH ;> MA> F.LL H? : IE:MBGNF BKB=BNF <REBG=>K D>IM PBMA MA>
F>M>K LM:G=:K=:M MA> &GM>KG:MBHG:E NB&KNMI? 5= *>: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>= OM:M>L" +:MBHG:E &GLMBMNM> H2-0MGHEKBERGE01EH<: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:<
<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> PBEHnx®BMKH=NE}RBG 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:0O>L &G MA>L> LN;C><ML :EE I>KMBG>GM IARLB<:E JN:GMI
>QIK>LL>= BG M>KFL H? MA> ?NG=:F>GM:E NGBML H? E>SG@MA F:LL :G= MBF>

*>MKB< -K>?BQ>L

0& NGBML :K> I:KM HfhBtAe system  1A> F>MKB< LRLM>F BL <HGO>GB>GM ?HK L<B>GMB?B< :G=>G@BG>>KBG@ <:E<NE:MBHGL ;><:N|
NGBML K> <:M>@HKBS>= ;R ?:<MHKbIH?Z.2 @BO>L F>MKB< IK>?BQ>L :G= LRF;HEL NL>= MH =>GHM> O:KBHNL ?:<MHKL H?

*>MKB< LRLM>FL A:0> MA> :=0:GM:@> MA:M <HGO>KLBHGL H? NGBML BGOHEO> HGER IHP>KL H? 1A>K>:K> <>GMBF>M>KL BG :F

F>M>KL BG : DBEHF>M®&< LH HG &G GHGF>MKB< LRLM>FL LN<A :L MA>LRLM>F H? 20 <NLMHF:KR NGBML MA> K>E:MBHGLABIL :K
GHM :L LBFIE>*"MA>K> :K> BG<A>L BG : ?HHM ?>>M BG : FBE> :G=LHHG GHMA>K :=0:GM:@> H? MA> F>MKB< LRLM>F BL MA:M M
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
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
JNIEB<:MBHGL

1A> M>Klerder of magnitude K>?>KL MH MA> L<:E>H? : O:EN> >QIK>LL>= BG MA> F>MKB< LRLM>F ":</BI6IR#CH>MKB<
LRLM>F K>IK>L>GML ?=B2GM HK=>K H? F:@GBMN=> #HK >Q:FIE> :G= LH ?HKMA :K> :EBKBGM HK=>KL H?
F:@GBMN=> EE JN:GMBMB>L MA:M <:G ;> >QIK>LL>=:L : IKH=N<M H? : LI><B?B<KHRBCHM ;> H? Mvame HK=>K H?
F:@GBMN=> #HK >Q:FIE> MA> GNF;>K <:G ;> PKBMM>G :L— :G= MA> GNF;>K <:G ;> PKBMM>G L — 1ANL
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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'> HHN-RABE> MA> =B:F>M>K H? MA> ONG BL HG MA>

HK=>K H? N

1A> .N>LM ?HK *B<KHL<HIB< OM: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< LRNMMKN<MNK> MH F:V
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>SG@MA >FBMM>= ;R : <>KM:BG MRI> H?
;NM BM AL ;>>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 : IKMB<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> [HLLB;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 ORF;HEL

89
>Q: E >Q:F>M>K |"F N |=BLM:G<> EB@AM MK:O>EL BG : <>GMNKR
I>M: - [>M:L><HG#-L " | FBEEBHG R>KL
M>K: 1 M>K:P:MM |14 8 |IHP>K?NE E:L>K HNMINM
@B@: |$ @B@:A>KM$%S Y[ |: FB<KHP:0> 2K>IN>G<R
@ |* F>@:<NKB3}* B $ |AB@A K:=BH:<MBOBMR
DBEH |D DBEHF>M>}OF N |[;:HNM  FBE>
A><MH |A A><MHEBM»% - @:EEHGL
=>D: = =D:@KF |[=@ I M>:LIHHG H? ;NMM>K
A A
=><B |= ' =><BEBM>K=) " - |E>LLMA:G AEE? : LH=:
<>GMB |< ' <>GMBF>MpE "N |?BG@>KMBI MAB<DG>LL
FBEEB |F ' FBEEBF>MpRF "N |[?E>::M BML LAHNE=>KL
FB<KH |W ' FB<KHF>MPWF "N |=>M:BE BG FB<KHL<HI>
GGH |G ' G:GH@K:F |G@ " | |LF:EE LI><D H? =NLM
IB<H | ' IB<H?:K:= |[1# "' |LF:EE <:1:<BMHK BG K:=BH
2>FEMH |2 ' 2>FMHF>MPRE " MNLBS>H?: IKHMHG
MMH | ' "MMHL><HG:£ " |MBF> EB@AM <KHLL>L :G :MHF

(GHPG I:G@>L H? )>G@MA *.LL :G=BF>

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?
E>G@MAL F:LL>L :G=MBFIaB&1.3 "Q:FBG:MBHG H? MABL M:;E> PBEE @BO> RHN LHF> ?>>EBG@ ?HK MA> K:G@> H? IHLLB;E> MHIB:
GNF>KB<:E O:EN>L (=gure 1.20 :G= Figure 1.21

0>> [I>G=BQ AMMIL E>@:<®Q HK@ <HGM>GM F  E:M2HK : =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>k
E>G@MA <K>=BM -KH? $HKREEKIMHGR 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 BX *A=:OB>M E ,IMB<EE>GLBG@ #YB<23%6 %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> HZNIGB@: MB>@MMAHK 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>KNMA>RHNKNK>,KBG@ 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>
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>KIL

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> |
meters :G= P> P:GM MH <HGO>KkNbMmeters

+>QM P> G>>= MH =>M>KFB@wersion factor K>E:MBG@ F>M>KL MH DBEHF>M>KL <HGO>KLBHG ?:<MHK BL : K:MBH >QIK>LLBG@ AH
F:GR H? HG> NGBM :K> >JN:E MH :GHMA>K NGBM #HK >Q:FIE> MA>K>:K> BG<A>LBG ?HHM <>GMBE>HGELEES F>M>K
FBGNM> :G=LHHG &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>K: BBEEAPKBM> MA> NGBML MA:M P> A:0> :G= MA>G FNEMBIER MA>F ;R MA> <HGO>KLBHG ?:<MF}
MA:M MA> NGBML <:G<>E HNM :L LAHPG

M—LN LI
M
+HM> MA:M MA> NGP:GM>= F NGBM <:G<>EL E>:0BG@ HGER MA> HN 8IGNIDRIMWEBNF>MAH= MH <HGO>KM ;>MP>>G :GR MRI>L

H? NGBM
EB<Dn42720 (https://legacy .cnx.org/content/m42720/latest/) ?HK : FHK> <HFIE>M> EBLM H? <HGO>KLBHG ?:<MHKL
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1,E> IIKHQBF:M> 3EN>L H? )>G@MA *.LL :GBE>

*- ’) .
+ | -K>L>GM >QI>KBF>GM:E EBFBMMH | L H?:G >E><MKHG . |1BF> 2HK EB@AM MH <KHIL :

1
LF:EE>LM H;L>KO:;E> =>M:BE 3 - u-'t IKHMHG

‘ ‘ *LL H? : AR=KH@>G :MHF . %5:G EB?> H? :G >QMK>F>ER

IB: 2 1 '
IB:F>M>K H? : IKHMHG - I NGLM:Eo GNSEoNL
v 7 . ?
IB:F>M>K H? : NK:GBNF GN<E>NL L H? : :<M>KBNF (1)BBFL>B;EH>KE';%>A':AL<BEE'MBHG H?
v ’) . . 2
IB:F>M>K H? : AR=KH@>G :MHF *LL H? : FHLINBMH HEl= il SIne OIECNIERIE) g

‘MHF BG : LHEB=

1AB<DG>LL H? F>F;K:G>L BG <>EEL H? G 1BF> ?HK HG> HL<BEE:MBHG H? :G
! * ’) - . =
EBOBG@ HK@:GBLFL LL H? : ANFFBG@:BK # K:=BH P:0>

1 *e 7 . ’) . .. 0
4 :0>E>G@MA H? OBLB:E> EB@AM L 3 5 B R (P SN

INK:MBHG H? : G>KO> BFINEL>

. JN:KM
0BS> H? : @K:BG H? L:G= *LL H? : I>KLHG 1BF> ?HK HG> A>:KM;>:M
) 1
%>B@AM H? : R>:K HE= <ABE= *LLH?: <K ,G>=R 3 — 12
1
)>>G@MA H? : ?HHM;:EE ?B>E= *LL H?: E:K@> LABI ,G>R>K R 3 — 12
:HNM A:E? MA> EB?>
: (B = - 5o (=0 . ;
$K>:M>LM H<>:G =>IMA LL H? : E:XK@> B<>>K@ SQI><M:G<R H? : ANF:G
IB:F>M>K H? MA> ":KMA *LL H? MA> GN<E>NL H? : <HF>M /><HK=>= ABLMHKR

*LL H? MA> *HHG

IBLM:G<> ?KHF MA> ":KMA MH MAP> ONG % _ u_g @> H? MA> ":KMA

* Py
IBLM:G<> MK:O>E>= ;R EB@AM B¢ R>K '1LL H? MA> 'KI_Ml-ﬂA @> H? MA> NGBO>KL>

:EB@AM R>K 3 -

*.LL H? MA> ONG

IB:F>M>K H? MA> *BEDR @:E:QR % _ u_g

IBLM:G<> ?KHF MA> ":KMA MH MA
G>K>LM EKK@> @:E:QR G=KHF> <NKK>GM NII>K EBFBM

IBLM:G<> ?KHF MA> ":KMA MH MA *:LL H? MA> DGHPG NGBO>K| >
>=@>L H? MA> DGHPG NGBO>KL3 <NKK>GM NII>K EBFBM

1

*.LL H? MA> *BEDRR @:E:QR

v

Example 1.1 Unit Conversions: A Short Drive Home

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

Strategy

#BKLM P> <:E<NE:M> MA> :0>K:@> LI>>= NLBG@ MA> @BO>G NGBML 1A>G P> <:G @>M MA> :0>K:@> LI>>= BGMH MA> =>LBK>= NGI
IB<DBG@ MA> <HKK><M <HGO>KLBHG ?:<MHK :G= FNEMBIERBG@ ;R BM 1A> <HKK><M <HGO>KLBHG ?:<MHK BL MA> HG> MA:M <:G
NGP:GM>= NGBM :G= E>:0>L MA> =>LBK>= NGBM BG BML IE:<>

Solution for (a)
:E<NE:M> :0>K:@> LI>>= O>K:@> LI>>= BL =BLM:G<> MK:O>E>= =BOB=>= ;R MBF>D¥?WABO=E?BGBMBHG L : @BO>G ?HK
GHPM:.0>K:@> LI>>= :G= HMA>K FHMBHG <HG<>IML PBEE ;> <HO>K>= BG : E:M>K FH=NE> &G >JN:MBHG ?HKF

B¥BA TQ Jﬁ"

ON;LMBMNM> MA> @BO>G O:EN>L ?HK =BLM:G<> :G= MBF>
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LN LN
B¥BH TQF—F—-_LNJO N

HGO>KM DF FBG MH DF A FNEMBIER :R MA> <HGO>KLBHG ?:<MHK MA:M PBEE <:G<>E FBGNM>L :G= E>:0> AHNKL 1A:M <HGO>KL
?:<MHKBL N JC 1ANL

LN NJO _LN
B¥BH TQFFE NJO | I

Discussion for (a)
1H <A><D RHNK :GLP=KGLB=>K MA> ?HEEHPBG@

> LNK> MA:M RHN A:0> IKHI>KER <:G<>EE>= MA> NGBML BG MA> NGBM <HGO>KLBHG &? RHN A:0> PKBMM>G MA> NGBM <HGO>|
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
PBEE GHM <:G<>E KWAARKPBEE @BO> RHN MA> PKHG@ NGBML :L ?HEEHPL

_LN 1S LNJAS
NJO NJO NJO

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 :0>K:@> LI>>= BG NC
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 M/
LAHNE=:ELH A:0> MAK>> LB@GB?B<:GM ?B@NK>L 1A>:GLP>K DF AK =H>L BG=>>= A:0> MAK>> LB@GB?B<:GM ?B@NK>L LH MA|
JAIKHIKB:M> +HM> MA:M MA> LB@GB?B<:GM ?B@NK>L BG MA> <HGO>KLBHG ?:<MHK :K> GHM H#efitre@: MM ;><:NL> :G AHNK BL
FBGNM>L LH MA> IK><BLBHG H? MA> <HGO>KLBHG ?:<MHK BL [>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 MAIM>:K B& IGABINK>>F K> LHG:;E>

Solution for (b)
1A>K> :K> L>0O>K:E P:RL MH <HGO>KM MA> :0>K:@> LI>>= BGMH F>M>KL I>K L><HG=

OM:KM PBMA MA> :GLP>K MH : :G= <HGO>KM DF AMKHAGCOEKLBHG ?:<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

" AN |
WBR TQFFEL —

"WBA TQFFEN

Discussion for (b)

&? P> A:= LM:KM>= PBMA DF FBG P> PHNE= A:0> G>>2>K=B8% <HGO>KLBHG ?:<MHKL ;NM MA> :GLP>K PHNE= A:0> ;>>G
MA> L:F> FL

6HN F:R A:0> 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 R
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 RI
<:E<NE:MHK IKH=N<>L 1A> FH#NE&racy , Precision, and Significant Figures (https://legacy .cnx.org/content/

m42120/latest/) PBEE A>El 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> #H
>Q:FIE> : firkin BL : NGBM H? OHENF> MA:M P:L HG<> NL>= MH F>:LSK*B&BBG >IN:EL ;;HNM EBMMER:KIG FHK>

3 HNM GHGLM:G=:K= NGBML NL>: =B<MBHG:KR HK >G<R<EHI>=B:MKACGMaR=<B@BRML :G= F>:LNO>L®HM> 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> E
K>E:MBHGLABI MH 0& NGBML

OHF> 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>GNM
?:<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 <HKt}
?:<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(
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LH ?:LM MA> L<B>GMBLM PBEE IKH;;;ER G>>= MH F>:LNK> BG FBEIIEBLI?XH(E‘-‘H_ HK;>:ML I>K L><HG= <HKK>LIHG=L MH
FBEEBL><HG=L I>K ;>:M

Check Y our Understanding

,G> <N;B< <>GMBF>M>K BL >JN:E MH HG>4/BHEBERNAABL M>EE RHN :;HNIMMASWBEYGBML BG MA> 0& F>MKB< LRLM>F

Solution
1A> ?NG=:F>GM:E NGBM H? E>SG@MA F>M>K BL IKH;:;ER NL>= MH <K>:M> MA> =>KBO>= NGBM H? OHENF> EBM>K 1A> F>.LNK> H?

BL =>I>G=>GM HG MA> F>:LNK> H? : <>GMBF>M>K

1.3 Writing Numbers

Your Quiz would Cover
¢ "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

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:
¢ 4ABE>P>PHG M ;> NLBG@ LB@ ?B@ KNE>L MA>K> :K> LHF> @NB=>EBG>L HG MA> :[IKHIKB:M> :FHNGM H? =B@BML MH BG<EN
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

I>GD>K' 2G<>KM:BGMR :L II[EB>= MH *>:LNK>F>GML :G= :E<NE:MBHGL 2G<>KM:BGMR :L IIEB>= MH *>:LNKF>GML :G=
:E<NE:MBHGL O:BE:;E> :Mttp://www .av8n.com/physics/uncertainty .htm (http://www .av8n.com/physics/

uncertainty .htm) <<>LL>= MA N@NLM

%HP *:GR 'B@BMH & G<EN=>
%>K> :K> LHF> LBFIE> KNE>L MA:M :IIER PA>G>0>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 >0>KRMABG@ RHN G>>= MH DGHP ?HK FHLM INKIHL>L BG<EN=BG@ K>:E
LBMN:MBHGL :L P>EE :L :<:=>FB< LBMN:MBHGL :M >0>KR E>0O>E ?KHF IKBF:KR L<AHHE NI MH :G= BGKEN=BG@ BGMKH=N<MHKR <HEE
4A>G NLBG@ : <:E<NE:NBNKBL @HH= IK:<MB<> MH E>:0> BGM>KF>=B:M> K>LNEML BG MA> F:<ABG> 1ABL BL LBFNEM:G>HNLER FHK>
: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>GM\HX KBEFBMD>6 G>>= MH MABGD HHNME&RBL O:LMER ;>MM>K MA:G MHH
?>P 1H L:R MA> L:F> MABG@ MA> HMA>K P:R &? RHN >0>K A:0> FHK> =B@BMhdMG RHNWGINEBG@ F:CHK BG<HGO>GB>G<>
MA>G RHN <:G MABGD :;HNM K>=N<BG@ MA> GNF;>K H? =B@BML

4A>G MH KBM> IHPG 2G<>KM:BGMR
&G F:GR <:L>L PA>G RHN PKBM> =HPG : GNREHK G>>= GldMl should not :LLH<B:M> BM PBMA :GR GHMBHG H? NG<>KM:BGMR

¢ ,G>P:R MABL <:G A:lI>G BL B? RHN A:O> : GNF;>K PBMA S>KH NG&AKREBGMEE : |: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:BGMRI EAMIHKBMS =HPG MA> GBFBK KBR>
GNF;>K H? <>GMBF>M>KL I>K BGKABL ;R =>?BGBMBHG PBMA GH NG<>KMaBBGIFCRANPKBOISK=HPG MA> GNF;>K

¢ GHMA>K IHLLB;BEBMR BL MA:M MA>K> BL : <HHD>= =:M: ;EH; PAB<A BG IKBG<BIE> FNLM A:QNBILIMA>INGS=KKNVBEBNRR
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>|E>GMR H? LB
KHN@A :IIKHQBF:MBHG BB<BY¥EM 1A>K> :K>>0>G LHF> LBMN:MBHGExRAMFIEY IGHN@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 ONIIHL> MA> :LLB@
MH ;:E:G<> MA> >IJN:MBHG ?HK MA> <HF;NLMBHG H? @:LHEBG> G:F>ER
a % b, e x, y %,

;R ?BG=BG@ GNF>KB<:E O:EN>L ?HRBMB>G@Mi% :G=y 1A><HGO>GMBHG:E :GLPaKBk y 1A>
HNM<HF> H? MA> K>:E K>:<MBHG FNLM A:0> aLHF>b NS<NKMBGMR 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 , HKGHM MH F>GMBHGIK, PA:M>03KHP>0O>KR IHBGM BL MA:M P> =HG'M G><>LL:KBER
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<:K>:;;HNM MA>L> GHG B=>EBMB>G #K?><MER P>EE ?BG= MA> B=>:EBS>= LHENMBHG MH MA> B=>:EBS>= >JN:MBHG :G= IHLMIHG> Pl
3 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> >0>GM :G= MA> K>:=BG@ BL > < EEHG=L 4

MABL GNF;>K Miicated MBF> :G= P> =BLMBG@NBLA BMrGEIMBMAH? MA> >0>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> MRigntiNkdus MBiablBLPAB<A F>.GL MA:M BM <:G M:D> HG :G BG?BGBM>

:FHNGM H? O:EN>L LN<A'L :G=LHHG 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 |E:<>L RHN <:G A:C
:G= ;NM GH O:EN>L BG ;>MP>>G LN<A L %HP>0>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> ONIIHL> 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> ARHIMNGHK;>EB>0> 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:0> LHF>GHH¥EN]| H?L>xMGHIK 1A> MPH

H;L>KO:MBHGL MA:M P> :<MN:EER A:0> =HG'M LAHP :GR L<:MM>K :M :EE LH RHNK >LMBF:M> H? MA> NG<>KM:BGMR K>F:BGL ARIHMA:
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 |E:BG :G= LBFI
RHN FB@AM PKBM> : L>GM>G<> MA:M L:RL a&GMNBMBHG LN@ @>LML MA> MBBGI@<HG-RLbIENKPIHNEB; >>0>G ;>MM>K

MH BG<EN=> LHF> >QIE:G:MBHG H? PAR RHN MABGD LH 1A> IKBG<BEM>BtHHBE IEA:M RHN DGHPA:M RHN F>:G :G=

F>:G PA:M RHN L:R1A> L:F> IKBG<BIE> :[IEB>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-HGEBNBIGIBP 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><MBR=HBG M G>>= MH DGHP MA> MKN> O:EN>L LH =HG M PHKKR :;HNNtiEM du>WINE y &Lknow. OH PKBM>

=HPG MA> BG=B<:M>= O:EN> HEIFKS GHM H;EB@>= MH :MMKB;NM> :GR NG<>KM:BGMR MH MA> GNF;>KL RHN PKBM> =HPG +HKF:E E;;
>GMKB>L =H GHM >QIK>LL :G NG<>KM:BGHR SHBGEBHG HK HMA>KPBL> :G= MA>R =H GHM aBFIERb :G NG<>KM:BGMR NLBG@ LB@ ~I

HMA>KPBL>>4K> :EP:RL NG<>KM:BG :;HNM MA> MKN> O:EN> ;NM P> :K>G'M PKBMBG@ =HPG MA>GHIN> CHEN>KE MA:M®

OHF> 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
BG MA> L>GL> MA:M MA> BG=B<:M>= O:EN> BL a:LLH<B:M>=b PBMA LHF> K:G@>K#?. EIKRt QENKHMBG :;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> G
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;NI
HO>K:EE NG<>KM:BGMR :BRE>R-H GHM <HG?NL> LN<A MABG@L PBMA aMA>b NG<>KM:BGMR

&M BL NLN:EER : @HH= IK:<MB<> MH D>>| :EE MA> HKB@BG:E =:M: 4A>G K>:=BG@ :G BGLMKNF>GM K>:= BM :L IK><BL>ER :L MA> BGLI
I>KFBML :G= PKBM>=HPG MA> K>:=BG@ a:L BLb PBMAHNM :GR <HGO>KIBHKLCRIRAGONG =HR>

4AR 4 >'K>+HM 2LBG@ OB@GB?B<:GM #B@NK>L
+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 @&HRINNVAS MGA: KM BKRIR : =BLMKB;NMBHG
=>L <KB;> BM >QIEB®RMERLBG@ >QIK>LLBHGL LN<A:L

4A>G K>:=BG@ =H GHM :LLNF> MA> GNF;>K H? =B@BML M>EEL RHN :GRMABG@ :;HNM MAx=MQ=RIKENBLBHOI:BGMR
MHE>K:G<> HK :GRMABG@ >EL> NGE>LL RHN :K> :;;LHENMER MASRKBM>K BGM>G=>= :G=>0>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 =B@BM =H@F: =>LMKHRL RHNK =:M: :G= F>LL>L NI RHNK MABGDBG@ BG F:GR P:RL BG<EN=BG@

¢ $BO>G =:M: MAIM <:G ;> =>L<KB;>= ;R :G >QIK>LLBHG LA<@BLLN<A :L q <HGO>KMBG@ BM MH LB@ ?B@L @BO>L
RHN :G >Q<>LLBO>ER <KN=> :G= >KK:MB< K>IK>L>GM:MBHG H? B1A> NG<>KM:BGMR

¢ HGO>KMBG@ MH LB@ ?B@L <:G <:NL> >Q<>L2BREHIKIRG NP> GHFBG:RQABEBL : ;B@ IKH;E>F

0B@ ?B@L <:NL> I>HIE> MH FBLNG=>KLM:G= MA> =BLMBG<MBHGQG =HKP+>GKMNEI=KRM:BGMR

¢ 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> |
FBLNG=>KLM:G= MA> =BLMBG<MBHG ;iridieate@ e :G= MA> <HKK>LIHG=BG@ K:B@>vkldes

¢ 0B@ ?B@L <:NL> I>HIE> MH FBLNG=>KLM:G= MA> =BLMBG<MBHG ;>MP>>G =BLMKB;NMBHGL :G= GNF;>KL !'BLMKB;NMBHGL A:O>
PA>K>:L GNF;>KL =HG'M 2G<>KM:BGMR BL G><>LL:KBER :LLH<B:M>= PBMA LHF> =BLMKB;NMBHG GHM PBMA :GR I:KMB<NE:K IHE
FB@AM A:O> ;>>G =K:PG ?KHF MA> =BLMKB;NMBHG

¢ L:<HGL>IJN>G<> LB@ ?B@L F:D> I>HIE> A>LBM:M> MH PKBM> =HPG GNF;>KL 1A>R MABGD MA>R G>>= MH DGHP MA> :FHNGM H
LNIIHL>=ER a:LLH<B:M>=b NG<>KM:BGMR ;>?HK> MA>R <:G PKBMANRABGREMHIA>R =HERI<BIFFHGBERA>K> LBFIER
BLG'M :GR a:LLH<B:M>=b NG<>KM:BGMR :GRP:R

¢ 0B@ ?B@L P>.D>G I>HIES=>KLM:G=BG@ H? MA> :QBHFL H? MA> =><BF:E GNF>K:E LRLM>F

¢ 0B@ ?B@L IKHOB=> GH @NB=:G<> :L MH MA> :IIKHIKB:M> =><BF:E K>IK>L>GM:MBHG ?HK K>I>:MBG@ =><BF:EL LN<A:L X HK
BKK:MBHG:E GNF;>KL LN<A:L g HK]|

(9]
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#HK AHF>PHKD IKH;E>FL HGEBG> AHRB@@sKL PBEE ;> CN=@>= :L <HKK><M B? MA>RuEpEBAMABIEG? MA> <HKK><M

O:EN> LH FR LN@@>LMBHG BL MH CNLM INM BG IB4S AR iEP>=<\NB @BML @> MA:M L:RL LHF>MABG@ :;HNM BG<HKK><M GNF;>K
H? LB@GB?B<:GM ?B@NK>L B? RHN =H MABLMBHRKBE>KHNM BM MA> IKH;E>F A:L ;>>G @K:=>=%HKKBBIBERARLB<L

BL CNLM M>EEBG@ RHN MA:M RHN =B= RHNK LB@GB?B<:GM 7BEENKE_ -AHECI@: ReH PO KB @ GB?B<:GMGHB@®NK>L BM®
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
¢ *>:.G:G=0M:G=:K=!>0B: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= =>0B: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: C
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> mBarMAG=\ BL MAstandard deviation

>?HK> P> M:ED ;;HNM F>:G :G= LM:G=:K= =>0B:MBHG P> A:O> MH =BL<NLL : EBMME> ;BM :;HNM F>:LNK>F>GM *HLM H;C><ML A:O0> LHF
O:KB:MBHG ->HIE> <HF> BG : O:KB>MR H? A>SB@AML ?HK >Q:FIE> :G=>0>G F:GN?:<MNK>= H;C><ML EBD> L:R I>G<BEL PBEE A:O0>:C
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 >C
;NM BM PBEE LMBEE ;> MA>K> GHMA>KL>GHWVESMANE>G@MAL HK A>SB@AML BL MA> GNF;>K H? ;EHH= <>EEL |:LLBG@ MAKHN@A : <:|
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
E:NG<A>K H? : ;:EE MA> ;:EE PBEE MK:O>R:EBEGANMEREBR>L >:<A MBF> B? ?HK GH HMA>K K>:LHG MA:G MA> LIKBG@ <HBEL LEB@AN
=B2>K>GM P:RL HG MA> FHE><NE:K E>O>E PBMA >:<A ENG<A 1A>L> MRI>L H? O:KB:MBHG :K> BGMKBGLB< :G= K>LNEM BG O:KB:MBH
F>LNK>F>GM %HP>0:KF>MBF>L F>LNKBG@ LHF>MABG@ =BK><MER BL MHN@A :G= RHN G>>= MH NL> BG=BK><M F>MAH=L EBD>
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>:L NiESBVRBMAI=R>P =B?

PBMA PA:M P> >QI><M MH A:O> LBFBE:K E>O>EL H? IK><BLBHG 1A> O:KB:MBHG BGHAS MENEAM-HXNA@ BB : L>GL> H?

MA> |IK><BLBHG H? RHNK F>:LNK>F>GML MABL BL AHP P> PBEE >0O:EN:M> HNK F>MAH=L ?HK MA> EB;K:KR E:;

*>:G :G= OM:G=:K=>0OB:MBHG

1H M:ED :;;HNM MA> B=>:L H? F>:G :G= LM:G=:K= =>OR: MBHGNEMIH A:O0> :G >Q:FIE> 0:R P> MHHD MA> A>SB@AM H? F>G ?KHF
MA> 2GBM>= OM:M>L :G= IK>L>GM>= MA> =:M: BG MA> M:;E> ;>EHP
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1:E>

+HM> MA:M MA>K> :K> GH NG<>KM:BGMB>L EBLM>= BGAMABIEAKERAGM P>"K> NLBG@ A:L LHF> EBFBM H? IK><BLBHG PAB<A BL
(: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><BL
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 |
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>"0> NBLASKHFHAHP>0>K

BFIK:<MB<:E :L FHK> :G= FHK> =:M: :K> <HEE><M>= *HBMHO=KF>L O>KRPBBREM 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> ?BKL
MA:M RHN FB@AM MABGD H? MH =H PHNE= ;> MH M:D> MA> :0>K:@> +HP BG F:MA>F:MB<L MA> PHK=:0>K:@> BL K>|E:<>= PBMA MA:>
F>:G MA>R’K>LRGHGRFL 1A>K>:K> F:GRKBGM LRF;HEL ?HK F>:G :G= >:<A =BL<BIEBG> L>>FL MH A:0> 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@
:EE H? PAIMAINM MA>K> 1A> $K>>D EdMMKK 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>1GLER EESK> NLBG@ MA> O:KB:;IEM—I K>IK>L>GM MA> A>SB@AM H? : F.G

0
MA>G RHN FB@AM)_>HK ) i MH K>IK>L>GM MA> F>.G 1A> ?HKFNE: ?HK MA> F>:G BL @BO>G ;R
—_&v
! J

*:GR H? MA> >IJN: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? Rl
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>:E :<MN:EER KB@AM
@BO> MA:M : LAHM PBMA MABL >JIN:MBHG KEAKHGEMEKG BG=>Q HO>K MA> F>:LNK>F>GML %>K> P> A:0> F>:LNK>F>GML

LH (BL:G BGM>@>K MA:M KNGL ?KHFY:BHHG> LI><B?B< F>LNK>F>GMYLBL MA> A>B@AM H? MA> ?B?MA I>KLHG PAB<A
:<<HK=BG@ MH HNK M:;;E> BL  HK: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<:E<NE:M> MA> F>:G #HK MA>L> =:M: PA>G P> :== NI :EE H? MA> F>:LNK>F>GML P> @>M:LNFH? <F

4 >=BOB=> ;R MA> GNF;>K H? F>:LNK>F>GML—: N[ PAB<A @BO>L NL: K>LNEM H? <F 1ABL BL HNK :0>K:@> HK F>:G

Standard Deviation
1A> F>:G IKHOB=>L : @K>:M LM:KMBG@ IHBGM ?HK <A:K:<M>KBISBGIZRBLB>BWI; BN LI>FBULBG @ : D>R ?>:MNK> 'NLM

K>IK>L>GMBG@ MA> F>:G @BO>L NL GH <EN> HG AHP LIK>:= HNM MA>L> =:M:2KK>@QKER—HBM A:0> :GR BG?HKF:MBHG HG
PA:M BL MA> :0>K:@> =BLM:G<> ?HK : K:G=HF =:M: IHBGM MH MA> F>:G OH B? P>'K> EHHDBG@ :MKRABH JAIIQUBHG> FABL
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IN>LMBHG BGMH F:MA>F:ME&. MA> =BLM:G<> ?KHF : @BO>G =:NM: MHB@I> F>:G PHNE= i’ Y :G= MA> :O>K:@>
=BLM:G<> PHNE= ;> P>EE M:D>:EE H? B#&SIGMBBLM:G<>L Y. :== MA>F :EE NI :G= =BOB=> ;R MA> GNF;>K H?
F>:LNK>F>GML

%HP>0O>KIABL B=>: A:L : IKH;E>F OHF> =BLM:G<>L :K> EHP>K MA:G MA> F>.G #HK >Q:FIE> I>KLHG BL LEB@AMER LAHKM>K MA:G HNk

:0O>K:@> OH ABL =BLM:G<> MH MA> F>:G PBEE ;> IHLBMBO> PABE> LHF> I>HIE> :K> M:EE>K MA:G MA> :0>K:@> ?HK >Q:FIE> I>KLHG

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>LNE

O>KR <EHL> MH S>KH =N> MH MA> <:G<>EE:MBHG 0OH AHP <:G P> @>M :KHNG=EHABHNKFHBE>ARVUMABGD :;LHENM> O:EN>L ;NM ?HK

<:E<NENL K>:LHGL :;LHENM> O:EN>L A:O> LHF> IKH;E>FL LH:;>MM>K P:R MH @>M :KHNG= A:OBG@ G>@:MBO> GNF;>KL BL MH EHHD

LIN:KBG@ MA>F ;><:NL> GH F:MM>K PA:M PA>G & M:D> : GNF;>K :G= LIN:K> BM MA> K>LNEM BL BEHHEMBOWACH (KD >

LIN:K>= =BLM:G<> ?KHF MA> F>:G *:MA>F:MBREER>K: @> LIN:K>= =BLM:G<> ?KHF MA> F>.G PHNE= ;> M:D> MA> =BLM:G<> ?KHF

MA> =:M: IHBGM MH MA> F>:G CNLM F>.:G FBGNL =:M: IHBGM LJIN:K>BM :== MA>F :EE NI :G==BOB=> ;R MA> GNF;>K H? F>:LNK>F>GML
O

, -o& Y;
J

+HP :EE MA> GNF;>KL ;>BG@ :==>= :K> IHLBMBO> LKEMAB%=>EE:MBHG 1ABL JN:GMBMR BL <:EE>= MA> O:KB:G<> :G= P> PBEE E:;>E Bl
PBMA MA> O:KB:;E>?HK K>:LHGL MA:M PBEE ;><HF> :Il:K>GM BG : FHFAGNEFNE:M> MA> O:KB:G<> ?HK MABL =:M: @:BG

0O:KB:G<>BL DBG= H? :G N@ER ?HKFNE: LH RHN K>:EER @HM MH LEHP =HPG :G= M:D> BM HG>MED><>GMGMBRS=0H E>M"
PA:M =H P> =H M:D> MA> >GMKR :G= LN;MK:<M BM ?KHF MA> >l 1ABE 2HK > K>I>:M MABL ?HK :EE H? HNK>=@&M

MA>L> K>LNEML +>QM BG O:KB:G<> P> L>> P> LAHNE= LINMALKIEM BL <R P:GM MH IHBGM HNM MA:M P>"0> GHP

FHO>= ?KHF <F MH <E><:NL> PA>G RHN LIN:K> : GNF;>K PBMA NGBML RHN @HM MH LIN:K> MA> NGBML MHH :G= PA>G P> K>|>:M BM
‘EE H? HNK =:M: :G= @>M MA>L> K>LNEML MH <:E<NE:M> O:KB:G<> P> M:D> :EE H? MA>L> GNF;>KL :G=:== MA>F NI PAB<A @BO>L NL

<F 1 H@>M MA> O:KB:G<>=BOB=>= ;R MA> GNF;>K H? F>LNK>F>GML PAB<A BG MABL <:L>BL @BOBG@ NL: O:KB:G<>H? <F
+HP O:KB:G<> AL ZBSK>GM NGBML MA:G F>:G L P>'0>:EK>:=R L>>G 1A> F>.G ?HK MABL =M: L>MBL = <F PABE> MA> O:KB:G<> BL

<F &MO>KR ZBXNEM MH <HFI:K> GNF;>KL PBMAGRANGBM>E PBMA MABL P> BGLM>:= H? EHHDBG@ :M MA> O:KB:G<> EHHD
‘M MA> LM:G=:K==>0B:MBHG PAB<A P> K>IK>L8EMWR> LM:G=:K==>0B:MBHG BL MA> LIN:K> KHHM H? MA> O:KB:G<> 1ABL BL PAR P>
K>IK>L>GM O:KB:G<> PBMA &G MABL >Q:FIE> MH @>M MA> LM:G=:K==>0B:MBHG P> M:D> LIN:K> KHHM H? MA> O:KB:G<> LH MA> LJN:
KHHM H? <F MH @BO>NL <F +HP P> A:0> MPH JN:GMBMB>L MA:M :K> ;HMA BG <F :G=:EEHPL NL MH <HFI:K> MA>F

OH AHP =H P> K>IHKM GNF;>KL BG MA> E:;HK:MHKR >Q>K<BL>L &G MABL <E:LL FHLM H? MA> E:;L BG MABL <HNKL> PBEE A:0> FNEMB
F>LNK>F>GML 4 <:G NL> MA>L> 2BR>GM MKB:EL MH <:E<NE:M>: F>:G :G=: LM:G=:K= =>0B:MBHG :G= P> <:G NL> MABL LM:G=:K=
=>0B:MBHG L :G NG<>KM:BGMR :G= NL> BM MH M>EE NL AHP F:GR =><BF:EL P> LAHNE= K><HK= &G HNK A>B@AM >Q:FIE> P> A:=:F>

<F:G=:LM:G=:K==>0OB:MBHG: <F G:IIKHIKB:M> P:R MH K>IK>L>GM MABL K>LNEM PHNE=;> IENLHKFBGNL <F 1ABL
K>IK>L>GM:MBHG A:L : EHM H? :=0:GM:@>L BM K>IK>L>GML MA>:0>K:@> :G= P> A:0> MA> LM:G=:K==>0B:MBHG PAB<A @BO>L M/
I>KLHG K>:=BG@ MA> GNF;>K : L>GL> H? MA> LIK>:= H? MA> =:M: :G= P> A:0>: K>LHG:;E> GNF;>K H? =B@BML & 0> @HG> PBMA HG>
=B@BM |:LM MA> =><BF:E IHBGM :G= & =B= MABL ;:L>= NIHG MA> LM:G=:K==>0B:MBHG 4ABE> HNK RBkBEER=>08:MBHG BL H?
KHNG=>=BM MH ;><:NL> BL O>KR LF:EE K>E:MBO> MH HNK LM:G=:K==>0B:MBHG LH & <:G'M K>:EER MKNLM MA:M  OH PABE> &
LHF> <>KM:BGMR H? GB<> A:K=LB@ ?B@ KNE>L MABL BL AHP GNF;>KL :K> :<MN:EER K>IHKM>= BG K>L>:K<A :G= MABL BL AHP P>"EE
-:KM H? MA> IHBGM H? MA> E:;HK:MHKR >Q>K<BL>L MH @>M RHN LHF> >QI>KB>G<> PBMA MABL LHKM H? NL:@>

1A> ?HEEHPBG@ L><MBHG BL ;:.L>= NIHG

I>GD>K' 2G<>KM:BGMR :L IIEB>= MH *>:LNK>F>GML :G= :E<NE:MBHGL 2G<>KM:BGMR :L [IEB>= MH *>:LNKF>GML :G=
:E<NE:MBHGL O:BE:;E> :Mttp://www .av8n.com/physics/uncertainty .htm (http://www .av8n.com/physics/

uncertainty .htm) <<>LL>= MA N@NLM

Incorporating Mean and Standard Deviation into Calculations - Crank Three T imes
%>K* : LBFIE> R>M IHP>K?NE P:R H? >LMBF:-MBG@ MA> NG<>KM:BGMR H? : K>LNEM @BO>G MA> NG<>KM:BGMR H? MA> MABG@ L B
%>K* MA> IKH<>=NK> BG MA> LBFIE> <:L> PA>G MA>K> BL HGER HG> BGINM O:KB:;E> PBMA :1IK><B:;E> NG<>KM:BGMR
0>M NI MA> <:E<NE:MBHG !'H BM HG<> BG MANNBE@MR> GHFBG:E ;>LM >LMBF:M> O:EN>L ?HK :EE MA> BGINM O:KB:;E>L
i 1A>G K> =H MA> <:E<NE:MBHG PBMA MA> NG<>KM:BG O:KB:;E>:M MA> >G= H? BML NII>K >KKHK ;:K
< 1A>G K> =H MA> <:E<NE:MBHG PBMA MA> NG<>KM:BG O:KB:;E> :M MA> >G= H? BML EHP>K >KKHK ;:K
& <:EE MABLQOv&xk Three Times F>MAH= %>K> BL :G >Q:FIE>

1 E>

Q Y
AB@A <:L>
GHFBG:E <:L>
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1ABL M:;BEM>EEL NL MA:BILBZBLMKB;NM>= :<<HKxBG @G ~y BL =BLMKB;NM>= :<<HK:-§G@ MHA> K:GD 1AK>>

1BF>L F>MAH= BL ;R GH F>:GL :G >Q:<M >KKHK :G:ERLBL &M BL :G :IIKHQBF:MBHG 1A> GB<> MABG@ BL MA:M RHN <:G NG=>KLM:G= M
G:MNK> H? MA> :IIKHQBF:MBHG ,G> H? MA> @EHKB>L H? MABRSGBE>MKEH:= BL MA:M BG <:L>L PA>K>BM =H>LG'M PHKD BM PBEE M>EI
RHN BM BLG'M PHKDBG@ IKHOB=>= RHN EBIMKRBE@RM-MBHEE RHN &? RHN @>M :LRFF>MKB<:E >KKHK ;:KL RHN G>>= MH BGO>LMI
?NKMAGHF>MABG@ ;:= BL A:lI>GBG@ :G= RHN G>>= MH <A><D <EHL>ER MH L>> PA>MA>K BM BL : EBMRE=;BM ;:= HK O>KR

L ?:K:L & <:G M>EE ?HK >O>KR ?E:P MA:M MABL F>MAH= A:.L MA> LB@ ?B@L F>MAH= A:L MA> L:F> ?E:P IENL HMA>KL PAB<A F>:GL |
1AK>> BF>L BL MA>K>?HK> LNI>KBHK

K:GD 1AK>> BF>L LAHNE=G'M K>JNBK> FHK> MA:G : ?>P FBGNM&<M? KHE>F BL L>M NI MNKGBG@ MA> <K:GD LAHNE= M:D>
HGER : <HNIE> H? FBGNM>L B? BM M:D>L EHG@>K MA:G MA:M RHN LAHNE= A:0> ;>>G =HBG@ BM HG : LIK>:=LA>>M :EE :EHG@ G= B~
NLBG@ : LIK>:=LA>>M K:GD 1AKBF4L BL LNI>K >:LR :G= LNI>K JNB<D

&? RHN A:0+O:KB:;E>L MA:M :K> HK FB@AM ;> F:DBG@ : LB@GB?B<:GM <HGMKB;NMBHG MH MA> NG<>KM:BGMR H? MA> K>LNEM MA
1BF>L F>MAH= <HNE= FHK> IK><BL>ER ;> <:EE>= MAN K.GF>L F>MAH= %>KMA> IKH<>=NK> 0>M NI MA> LIK>:=LA>>M :G=

PB@@E> >:<A O:KB:;E> BG MNKG :G=L>>PA:M A:lI>GL 4B@@ENMNMEF> E>:0BG@ MASNMMANMA>BK HKB@BG:E GHFBG:E

O:EN>L

#HK >Q:FIE> EXM:R RHN'K> EHHDBG@ ?HK MA> :K>: H? : K><M:G@E> :G= MA> E>G@MA :G= PB=MA H? MA> K><M:G@E> :K> F>:LNK>=
V :G= V K>LI><MBO>ERLBG@" M MA> GHFBG:E <K:GD BL <B@@EBG@ MA> E>G@MA K>LNEML 85 PB@@®EBG@

MA> PB=MA K>LNEML BG WHRA> MA:M >0>G MAHN@A MA> PB=MA A:L : EHP>K NG<>KM:BGMR :LLH<B:M>= PBMA BM BML NG<>KM:BG|
BG MA> K>LNEM BL AB@A>K MA:G MA:M H? MA> E>G@MA

&? RHN :K> PHKKB>= :;HNM PA:M A:lI>GL PA>G MPH H? MA> BGINM O:KB:;E>L :K> LBFNEM:G>HNLER :M MA> >G=L H? MA>BK >KKHK ;:KL
<A><D MA:M <:L> B? RHN P:GM %HPPOSKMA:M B? MA>K> :K> F:GR O:KB:;E>L <A><DBG@ :EE MA> IHLLB;BEBMB>L BL >QIHG>GMB:EER
E:;HKBHNL #NKMA>KFHK> BM BL BFIKH;:;E> MA:M F:GR O:KB:;E>L PHNE= LBFNEM:G>HNLER M:D> HG >QMK>F> O:EN>L :G=<A><DBG(
>QMK>F> <:L>L <:G E>:= RHN MH HO>K>LMBF:M> MA> NBHKCKMIBS MR LHGL :G= HMA>KL B? RHN A:0> GNF>KHNL O:KB:;E>L :G=

G>>= MH LMN=R MA> LRLM>F IKNI:KER IHBGM RHN G>>= MH @BO> NI HG MA> K:@P3MKsMAH=:G==H LHF>MABG@ FHK>
LHIABLMB<:M>= <:EE>=;: *HGM> :KEH :G:ERLBL PAB<A P> PBEE GHM =BL<NLL BG MABL <E:LRF:AF KBB4 AIG>1

<HGLB=>K>=:G NEMK: LBFIEB?B>= O:KB:MBHG H? MA> *HGM> :KEH F>MAH= LNBM:;E> ?HK BGMKH=N<MHKR K><HGG:BLL:G<>

&G MAare LBMN:MBHG PA>K> RHN P:GM : PHKLM <:L>:G:ERLBL RHN <:G FHO> >:<A O:KB:;E> MH PAB<A>0>K >G= H? BML >KKHK ;:K F:D
: IHLBMBO> <HGMKB;NMBHG MH MA> ZBENEASEPERBI MA>F :EE LH MA:M >:<A HG> F:D>L : G>@:MBO> <HGMKB;NMBHG &G FHLM <:L>L
AHP>0O>KPHKLM <:L>:G:ERLBL BL PBE=ER HO>K I>LLBFBLMB< >LI><B:EER PA>G MA>K> :K> FHK> MA:G : ?>P NG<>KM:BG O:KB:;E>L

I>F>F;>K MA>K> :K> F:GR <:L>L >LI><B:EER PA>G MA>K> :K> FNEMBIE> NG<>KM:BG O:KB:;E>L :G= HK <HKK>E:MBHGL :FHG@ MA>
O:KB:;E>L :G= HK GHGEBG>:KBMB>L ?HK PAB<A RHN PBEE G>>= MH ;> FHK> LHIABLMB<:VMBE>1R>M&BD LAK>> 1
<HGLB=>K>=:G NEMK: LBFIEB?B>= O:KB:MBHG H? MA> *HGM> :KEH F>MAH= LNBM:;E> ?HK BGMKH=N<MHKR K><HGG:BLL:G<>

%>K> BL :GHMA>K >Q:FIE> PAB<A BL FHK> BGM>K>LMBG@ ;><:NL> BM >QAB;BML GHGEBG>:KBMR

1:E>

Q Y
AB@A <:L>
GHFBG:E <:L>
EHP <:L>

%>K> P> L>> MA:M B2 =BLMKB;NM>= :<<HKxBGE@INH5 —y BL =BLMKB;NM>= :<<HK=BG@ MH "O>G MAHN@A MA> >KKHK ;:KL
HGx :K>LRFF>MKB< MA>>KKHK ;:Ki HG F:KD>=ER EHILB=>=

JHILB=>= >KKHK ;:KL :K> ?:BKER <HFFHG BG IK:<MB<> 0HF>MBF>L MA>R :K> F>K>ER : LRFIMHF H? : A:\KFENMGHGEBG>:KBMR
LHF>MBF>L MA>R :K> : LRFIMHF H? LHF>MABG@ FN<A PHKL> L :G >QIFIER RHMA:=: <<E<NE:MBHG MA:W:‘-:L:G= MA>

O:EN>H? Q P:.L ?HNG=MH ;> V 4A>G RHN =H MA> <K:GD MAK>> MBF>L F>MAH= MA> GHFBG:E <K:GD BL MASNIMK><K:GD BL

EHP>K <K:GD BL HMA MA> NII>K :G= EHP>K <K:GDL @BO> O:EN>L E>LL MA:G MA> GHFB'G:E VRA&B<A NEM.BLM F:D>
FN<A L>GL> 1A>:;;LNK=BMR :KBL>L ;><:NL>:M Q MA> ?NevMEB-H(}JN:E MH :G= MA> ?NG<MBHG BL NG=>?BG>= B> AL:

singularity. %>K* : @K:IA H? MA> ?NG<MBHG :G= MA> =:M: PAB<A BL MA> O:EN> H? Q :G= BML NG<>KM:BGMR
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Figure 1.22

+HMB<> MA:M ?HK :EE MA> O:EN>L ;;HO> MA> GHFBG:E O:EN> H? Q BG=B<:M>= ;R MA>IHBGM MA> ?NKMVBIH®/1/&A:O>L GHKF:EER
O:EN>L ;>EHRIA> ?NG<MBHG A:L: _;K>:D"BGBM:M Q PA>K> MA>?NG<MBHG ;><HF>L : =BOBLBHG ;R S>KH +HMB<> :L P>EE MA:M MA
?NG<MBHG LIBD>L NI :KHNG= MA> [HBGM Q :L P>EE &? P> P>K>MH <HGMBGN> MA> ?NG<MBHG :L BM :IIKH:<A>L <EHL>K :G= <EHL>K
PHNE= L>> MA:M MA> ?NG<MBHG PHNE= @H NI MH BG?BGBMR :G=04HBG2@EBBIS-OBEPHGBMER- MH ;K>:D NG<>KM:BGMR
<:E<NE:MBHGL 4A:M MA> GHGL>GL> K>LNEM BL MKRBG@ MH M>EE RHN BL MA:M RHNK >KKHK ;:KL <HGM:BG : IKH;E>F IHBGM LN<A :l
/>LNEML LN<A :L MA>L> :K> MA> HG>L RHN LAHNE= ;> P:KR H?

1.5 Accuracy and Precision

Your Quiz would Cover
¢ &GM>IK>MBG@ =:M: :G= K>LNEML 1ABL MB>L BGMH NG=>KLM:G=BG@ AHP F>:G :G= LM:G=:K= =>0B:MBHG K>E:M> MH NG<>KM
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Figure 1.23  =HN;E> I:G F><A:GB<:E ;:E:G<> BL NL>= MH <HFI:K>?>>B>GM F:LL>L 2LN:EER :G H;C><M PBMA NGDGHPG F:LL BL IE:<>=BG HG> |:G :G=
H;C><ML H? DGHPG F.LL :K> |E:<>= BG MA> HMA>K |:G 4A>G MA> ;K MA:M <HGG><ML MA> MPH |:GL BL AHKBSHGM:E MA>G MA> F:LL>L BG ;HMA I:GL :K> >JN:
1A> aDGHPG F:LL>Lb :K> MRIB<:EER F>M:E <REBG=>KL H? LM:G=:K=F:LLLN<A:L @K:F @K:FL :G= @K:FL <K>=BM 0>K@> *>EDB

Figure 1.24 *:GR F><A:GB<:E ;;E:G<>L LN<A L =HN;E> I:G ;:E:G<>L A:0> ;>>G K>|E:<>= ;R =B@BM:E L<:E>L PAB<A <:G MRIB<:EER F>:LNK> MA> F:LL H?
:G H;C><M FHK> IK><BL4ERK>.L : F><A:GB<:E ;;E:G<> F:R HGER K>:= MA> F:LL H? :G H;C><M MH MA> G>:K>LM M>GMA H? : @K:F F:GR =B@BM:E L<:E>L <:G
F>:LNK> MA> F:LL H? :G H;C><M NI MH MA> G>:K>LM MAHNL:G=MA H? : @K:F <K>=BM (:K>E "DN;><

<<NK:<R :G=-K><BLBHG H? : *>:LNK>F>GM

0<B>G<> BL ;:.L>= HG H;L>KO:MBHG :G=>QI>KBF>GM"MA:M BL HG F>:IAiCeFesyMBL AHP <EHL> : F>LNK>F>GM BL MH MA>

<HKK><M O:EN> ?HK MA:M F>:LNK>F>GM #HK >Q:FIE> E>M NL L:R MA:M RHN :K> F>LNKBG@ MA> E>G@MA H? LMG=:K= <HFINM>K [:I>
1:<D:@BG@ BG PAB<A RHN INK<A:L>= MA> [:I>K LM:M>L MA:M BM BL = BBN/AS:IBHG® > E>G@MA H? MA> [:1I>K MAK>> MBF>L

:G= H;M:BG MA> ?HEEHPBG@ F>LNK>F>GML  BG BG :G= BG 1A>L>F>LNK>F>GML :K>JIJNBM> :<<NK:M> ;><:NL> MA>R :K>
O>KR <EHL> MH MA> <HKK><M O:EN>H? BG<A>L &G <HGMK:LM B? RHN A:= H;M:BG>=: F>:LNK>F>GM H? BG<A>L RHNK F>LNK>F
PHNE= GHM ;> O>KR :<<NK:M>

1A> precision H? : F>:LNK>F>GM LRLM>F BL K>?>KL MH AHP <EHL> MA> :@K>>F>GM BL ;>MP>>G K>I>:M>= F>.LNK>F>GML PAB<A :K>
K>|>:M>= NG=>K MA> L:F> <HG=BMBHGL HGLB=>K MA>>Q:FIE> H? MA> :|>K F>:LNK>F>GML 1A> IK><BLBHG H? MA> F>.LNK>F>GML
K>?>KL MH MA> LIK>:= H? MA> F>.LNK>= O:EN>L ,G> P:R MH :G:ERS> MA> IK><BLBHG H? MA> F>LNK>F>GML PHNE= ;> MH =>M>KFBG>
K:G@> HKZE>G<> ;>MP>>G MA> EHP>LM :G= MA> AB@A>LM F>:LNK>= O:EN>L &G MA:M <:L> MA> EHP>LM O:EN>P:L  BG :G= MA>
AB@A>LM O:EN>P:L  BG 1ANL MA> F>:LNK>= O:EN>L =>0B:M>= ?KHF >:<A HMA>K ;R :M FHLM BG 1A>L> F>:LNK>F>GML P>K>

K>E:MBO>ER IK><BL> ;><:NL> MA>R =B= GHM O:KR MHH FN<A BG BANA>%HPNB>K O:EN>L A= ;>>G .G=
MA>G MA> F>LNK>F>GML PHNE= GHM ;> O>KR IK><BL> ;><:NL> MA>K> PHNE= ;> LB@GB?B<:GM O:KB:MBHG ?KHF HG> F>:LNK>F>GM N
:GHMA>K

1A> F>LNK>F>GML BG MA> [:I>K >Q:FIE> :K> ;HMA :<<NK:M> :G= IK><BL> ;NM BG LHF> <:L>L F>LNK>F>GML :K> :<<NK:M> ;NM GHM
IK><BL> HK MA>R :K> IK><BL> ;NM GHM :<<NK:M> )>M NL <HGLB=>K :G >Q:FIE> H? : $-0 LRLM>F MA:M BL :MM>FIMBG@ MH EH<:M> MA>
IHLBMBHG H? : K>LM:NK:GM B@B&BMR MA> K>LM:NK:GM EH<:MBHG :L >QBLMBG@ :M MA>R>BINCEHIP :GHEAABGD H? >:<A

$-0 :MM>FIM MH EH<:M> MA> K>LM:NK:GM L : ;E:<PighM 8& RHN <:G L>> MA:M MA> $-0 F>.LNK>F>GML :K> LIK>:= HNM ?:K

(KM ?KHF >:<A HMAHNM MA>R K> :EE K>E:MBO>ER <EHL> MH MA> :<MN:E EH<:MBHG H? MA> K>LM:NK:GM :M MA> <>GM>K H? MA> M:K
BG=B<:M>L : EHP IK><BLBHG AB@A :<<NK:<R F>:LNKBG@ LRLNBG-i§aHP>0EKMA> $-0 F>:LNK>F>GML :K> <HG<>GMK:M>=

JNBM> <EHL>ER MH HG> :BIMMAAKR K> 7:K :P:R ?KHF MA> M:K@>M EH<:MBHG 1ABL BG=B<:M>L : AB@A IK><BLBHG EHP :<<NK:<R
F>LNKBG@ LRLM>F
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Figure 1.25  $-0 LRLM>F :MM>FIML MH EH<:M> : K>LM:NK:GM :M MA> <>GM>KHR>Mibss; NEED =HML K>IK>L>GM >:<A :MM>FIM MH IBGIHBGM MA> EH<:MBHG
H? MA> K>LM:NK:GM 1A> =HML :K> LIK>:= HNM JNBM> ?:K :[:KM ?KHBEGB<GHBGRKEHP IK><BLBHG ;NM MA>R :K> >:<A K:MA>K <EHL> MH MA> :<MN:E EH<:MB}
H? MA> K>LM:NK:GM BG=B<:MBG@ AB@#&>=BMNK:k® "OBE

Figure 1.26 &G MABL ?B@NK> MA> =HML :K> <HG<>GMK:M>= K:MA>K <EHIBGREVHIBGE@ GBI*K><BLBHG ;NM MA>R :K> K:MA>K ?:K :P:R ?KHF MA> :<MN:E
EH<:MBHG H? MA> K>LM:NK:GM BG=B<:MBG @ EFHBM<NKZXFOBE

<<NK:<R-K><BLBHG :G=2G<>KM:BGMR

1A> =>@K>> H? :<<NK:<R :G= IK><BLBHG H? : F>.LNKBG@ LRLM>F :K> KxFddrtaihtyl NBSMA> F>:LNK>F>GML 2G<>KM:BGMR BL
:IN:GMBM:MBO> F>:LNK> H? AHP FN<A RHNK F>:LNK>= O:EN>L =>0B:M> ?KHF : LM:G=:K= HK >QI><M>= O:EN> &? RHNK F>:LNK>F>GML
‘K> GHM O>KR :<<NK:M> HK IK><BL> MA>G MA> NG<>KM:BGMR H? RHNK O:EN>L PBEE ;> O>KR AB@A &G FHK> @>G>K:E M>KFL NG<:
MAHN@AM H? :L : =BL<E:BF>K ?HK RHNK F>:LNK>= O:EN>L #HK >Q:FIE> B? LHF>HG> :LD>= RHN MH IKHOB=> MARHBE>:@> HG RHNK <
FB@AM L:R MA:M BM BL FBE>L IENL HK FBGNL FBE>L 1A>IENL HK FBGNL :FHNGM BL MA> NG<>KM:BGMR BG RHNK O:EN> 1A:M
‘K> BG=B<:MBG@ MA:M MA> :<MN:E FBE>:@> H? RHNK <:K FB@AM ;> :L EHP :L FBE>L HK :L AB@A L FBE>L HK:GRPA>K>BG
>MP>>G EE F>:LNK>F>GML <HGM:BG LHF> :FHNGM H? NG&SKMRGRIFEIE> H? F>.LNKBG@ MA> E>G@MA HRNMZB@ AU

L:R MA:M MA> E>SG@MA H? MA> [:I>K BL BG IENLHK FBGNL BG 1A> NG<>KM:BGMR BG : B> HRM>EEGHM>="L

a=>EM"b LH MA> F>:LNK>F>GM K>LNEM PHNE= ;> K><HK=t= 'L &G HNK l:I>K >Q:FIE> MA> E>G@MA H? MA> [:I>K <HNE= ;>
>QIK>LL>=:L JQ

-K><BLBHG :G=:<<NK:<R BL :ELH BL MAKHN@A F>:G :G= LM:G=:K= =>0B:MBHG &? RHNK F>:G BL <EHL> MH MA> :<MN:E O:EN> BM BL <
MH ;>accurate :G=B? RHNK LM:G=:K==>0B:MBHG BL LF:EE BM BL <H@iBseK#HKIHQ>FIE> E>M L L:R RHN P>K> F>:LNKBG@

MA> LI>>=H? :<:K=KBOBG@ ;R:M FL &? MA>F>LNK>=K>LNEMBL V FL MA>F>.GBL ?:K MHH AB@A ;NM RHNK LM:G=:K==>0B:M|

BL ?:BKER EHRMABL K>LNEM PHNE= ;> IK><BL> ;NM GHM :<<NK:M> &? MA> F>:LNK>= K>LNEM BL V FL MA> F>.G BL ?:BKER <EHL> MK
:<MN:E LI>>= ;NM MA> LM:G=:K= =>0OB:MBHG BL ?:BKER AB@A LH MABL K>LNEM PHNE= ;> :<<NK:M> ;NM GHM IK><BL>

1A> ?2:<MHKL <HGMKB;NMBG@ MH NG<>KM:BGMR BG : F>:LNK>F>GM BG<EN=>
)BFBM:MBHGL H? MA> F>:LNKBG@ =>0OB<>
&KK>@NE:KBMB>L BG MA> H;C><M ;>BG@ F>:LNK>=
GR HMA>K ?:<MHKL V&M RMA> HNM<HF> AB@AER =>I>G=>GM HG MA> LBMN:MBHG

&G HNK >Q:FIE> LN<A ?:<MHKL <HGMKB;NMBG@ MH MA> NG<>KM:BGMR <HNE= ;> MA> ?HEEHPBG@ MA> LF:EE>LM =BOBLBHG HG M,
I>KLHG NLBG@ MA> KNE>K AL ;:= >R>LB@AM HK HG> LB=>H? MA> |:I>K BL LEB@AMER BHGREHKIMAB MRS £HMAN:RGMR BG :
F>:LNK>F>GM FNLM ;> ;:.L>= HG : <:K>?NE <HGLB=>K:MBHG H? :EE MA> ?:<MHKL MA:M FB@AM <HGMKB;RMIG= MA>BK IHLLB;E> >?

*DBG@ HGG><MBHGL />HKE= HGG><MBHGL ] #>0O>KL HK ABEEL

2G<>KM:BGMR BL : <KBMB<:E IB><> H? BG?HKF:MBHG ;HMA BG IARLB<L :G= BG F:GR HMA>K K>:E PHKE=:IIEB<:MBHGL &F:@BG> RF
<:KBG@ ?HK : LB<D <ABE=NEI><M MA> <ABE= A:L : HORKIN <A><D ABL HK A>K M>FI>K:MNK> PBMA : MAZKRHB2M>K
MA> NG<>KM:BGMR H? MA> MA>KFHF>MZR RSKMA> <ABEASFI>K:MNK> K>:=BG@ P:L Zb PAB<A BL GHKF:E ;H=R

M>FI>K:MNK> MA> aMKN>b M>FI>K:MNK> <HNE= ;> :GRPA>K> ?KHF : ARIHERAMFB<G@>KHNLER AB@AS$
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MA>KFHF>M>K PBMA :G NG<>KM:BGEBRPHNE= ;> NL>E>LL

AB@A L<AHHE MK:<D <H:<A A:L CNLM INK<A:L>=: G>P LMHIP:M<A 1A> LMHIP:M<A F:GN:E LM:M>L MA:M MA> LMHIP:M<A A:L :G
NG<>KM:BGMRH? T /NGG>KL HG MA> MK:<D <HMATF K>@NE:KER <EH<D F LIKBGML H? MH M MA>

L<AHHEE:LM MK:<D F>>M MA> ?BKLM IE:<> LIKBGM>K <:F> BGGMMA> L><HG= |E:<> LIKBGM>K <:F>BG :M ~ 4BEE
MA> <H:<A'G>P LMHIP:M<A ;> A>EI?NE BG MBFBG@ MA> LIKBGM M>:F 4AR HK PAR GHM

Solution
+H MA> NG<>KM:BGMR BG MA> LMHIP:M<A BL MH&EMBR>ERVERGVIB:M> ;>MP>>G MA> LIKBGM MBF>L

-A"1 "QIEHK:MBHGL "LMBF:MBHG
"QIEHK> LBS> >LMBF:MBHG BG HG> MPH :G= MAK>> =BF>GLBHGL *NENBNENER EHEHH?HBKH@K>LLBO> LDBEE BFIKHO>F>GM

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

accuracy : MA> =>@K>> MH PAB<A : F>LNK>= O:EN> :@K>>L PBMA <HKK><M O:EN> ?HK MA:M F>:LNK>F>GM
classical physics : IARLB<L MA:M P:L =>0O>EHI>= ?KHF MA> />G:BLL:G<> MH MA> >G=H? MA> MA <>GMNKR
conversion factor : : KIMBH >QIK>LLBG@ AHP F:GR H? HG> NGBM :K> >JN:E MH :GHMA>K NGBM

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

English units : LRLM>F H? F>:LNK>F>GM NL>= BG MA> 2GBM>= OM:M>L BG<EN=>L NGBML H? F>LNK>F>GM LN<A :L ?>>M @:EEHGL :(
IHNG=L

fundamental units : NGBML MA:M <:G HGER ;> >QIK>LL>= K>E:MBO> MH MA> IKH<>=NK> NL>= MH F>:LNK> MA>F
kilogram : MA> 0& NGBM ?HK F:LL :;;K>OB:M>= D@

law: :=>L<KBIMBHG NLBG@ <HG<BL> E:G@N:@> HK : F:MA>F:MB<:E ?HKFNE: : @>G>K:EBS>= |:MM>KG BG G:MNK> MA:M BL LNIIHKMN
L<B>GMB?B< >0B=>G<> :G= K>|>:M>= >QI>KBF>GML

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

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

model : K>IK>L>GM:MBHG H? LHF>MABG@ MA:M BRB¥NENE MKIBEBRLB;E> MH =BLIE:R =BK><MER

modern physics : MA> LMN=R H? K>E:MBOEBNIRF><A:GB<L HK ;HMA

order of magnitude : K>?>KL MH MA> LBS> H? : IN.GMBMR :L BM K>E:M>L MH : IHP>K H?

percent uncertainty : 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:@>
physical quantity : : <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

physics : MA> L<B>G<> <HG<>KG>= PBMA =>L<KB;BG@ MA> BGM>K:RNBHEL:4? >G>KBR> BM BL >LI><B:EER BGM>K>LM>=
BG PA:M ?NG=:F>GM:E F><A:GBLFL NG=>KEB> >0>KR IA>GHF>GHG

precision : MA> =>@K>> MH PAB<A K>|>:M>= F>:LNK>F>GML :@K>> PBMA >:<A HMA>K
quantum mechanics : MA>LMN=R H? H;C><ML LF:EE>K MA:G <:G ;> L>>G PBMA : FB<KHL<HI>

relativity : MA> LMN=R H? H;C><ML FHOBG@ :M LI>>=L @K>:M>K MA:G :;HNM H? MA> LI>>= H? EB@AM PiK<NP>H;8><ML ;>BG@ :?
LMKHG@ @K:OBM:MBHG:E ?B>E=
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scientific method : : F>MAH= MA:M MRIB<:EER ;>@BGL PBMA :G H;L>KO:MBHG :G= JN>LMBHG MA:M MA> L<B>GMBLM PBEE K>L>:K<A (
L<B>GMBLM MRIB<:EER [>K?HKFL LHF> K>L>:K<A :;;HNM MA> MHIB< :G= MA>G =>0BL>L : ARIHMA>LBL MA>G MA> L<B>GMBLM P
ARIHMA>LBL ;R I>K?HKFBG@ :G >QI>KBF>GMA2BGEHRVBLM :G:ERS>L MA> K>LNEML H? MA> >QI>KBF>GM :G= =K:PL :
<HG<ENLBHG

second : MA> 0& NGBM ?HK MBF> :;;K>OB:M>= L

Sl units : MA> BGM>KG:MBHG:E LRLM>F H? NGBML MA:M L<B>GMBLML BG FHLM <HNGMKB>L A:0> :@K>>= MH NL> BG<EN=>L NGBMI
EBM>KL :G= @K:FL

theory : :G >QIE:G:MBHG ?HK I:MM>KGL BG G:MNK> MA:M BL LNIIHKM>= ;R L<B>GMB?B< >0B=>G<> :G= O>KB?B>= FNEMBIE> MBF>L ;R
@KHNIL H? K>L>:K<A>KL

uncertainty : : IN:GMBM:MBO> F>:LNK> H? AHP FN<A RHNK F>:LNK>= O:EN>L =>0OB:M> ?KHF : LM:G=:K= HK >QI><M>= O:EN>

units : : LM:G=:K= NL>= ?HK >QIK>LLBG@ :G= <HFI:KBG@ F>:LNK>F>GML

Section Summary

1.1 An Introduction to Physics
¢ 0<B>G<> L>>DL MH =BL<HO>K :G= =>L<KB;> MA> NG=>KERBG@ HK=>K :G= LBFIEB<BMR BG G:MNK>
¢ -ARLB<L BL MA> FHLM ;:LB< H? MA> L<B>G<>L <HG<>KGBG@ BMENEA:-RAEMA B>NER> :G= MA>BK BGM>K:<MBHGL
¢ 0<B>GMB?B< E:PL :G= MA>HKB>L >QIK>LL MA> @>G>K:E MKNMAL H? G:MNK> :G= MA> ;H=R H? DGHPE>=@> MA>R >G<HFI.LL 1A>
H? G:MNK> :K> KNE>L MA:M :EE G:MNK:E IKH<>LL>L :1I>:K MH ?HEEHP

1.2 Physical Quantities and Units

¢ -ARLB<:E JN:GMBMB>L :K> : <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

¢ 2GBML :K> LM:G=:K=L ?HK >QIK>LLBG@ :G= <HFI:KBG@ MA> F>:LNK>F>GM H? IARLB<:E JN:GMBMB>L EE NGBML <:G ;> >QIK>LL>:
<HF;BG:MBHGL H? ?HNK ?NG=:F>GM:E NGBML

¢ 1A> ?HNK ?NG=:F>GM:E NGBML P> PBEE NL> BG MABL M>QM :K> MA> F>M>K ?HK E>G@MA MA> DBEH@K:F ?HK F:LL MA> L><H
:G= MA> :FI>K> ?HK >E><MKB< <NKK>GM 1A>L> NGBML :K> I:KM H? MA> F>MKB< LRLM>F PAB<A NL>L IHP>KL H? MH K>E:M> JN
HO>K MA> O:LM K:G@>L >G<HNGM>K>= BG G:MNK>

¢ 1A> ?HNK ?NG=:F>GM:E NGBML :K> :;;K>0OB:M>= :L ?HEERPDBEH@K:F D@ L><HG= L :G=:FI>K> 1A>F>MKB<
LRLM>F :ELH NL>L : LM:G=:K= L>M H? IK>?BQ>L MH =>GHM> >:<A HK=>K H? F:@GBMN=> @K>:M>K MA:G HK E>LL>K MA:G MA> ?NG
NGBM BML>E?

¢ 2GBM <HGO>KLBHGL BGOHEO> <A:G@BG@ : O:EN> >QIK>LL>= BG HG> MRI> H? NGBM MH :GHMA>K MRI> H? NGBM 1ABL BL =HG:
<HGO>KLBHG ?:<MHKL PAB<A :K> K:MBHL K>E:MBG@ >JIN:Ex¥&:GMBWEBMLH? =B?

1.3 Writing Numbers
¢ 2L>F:.GR>GHN@A =B@BML MH :OHB= NGBGM>G=>= EHLL H? BG?HKF:MBHG
c 2L>7?>P >GHN@A =B@BML MH ;> K>:LHG:;ER <HGO>GB>GM
¢ OHB=NLBG@ LB@GB?B<:GM ?B@NK>L

Conceptual Questions

1.1 An Introduction to Physics

1. *H=>EL :K> :LKMB<NE:KER NL>?NE BG K>E:MBOBMR :G= JN:GMNF F><A:GB<L PA>K><HG=BMBHGL :K> HNMLB=> MAHL> GHKF.EER >
JRANF.GL 4A:M BL : FH=>E

2. %HP =H>L : FH=>E =B*K ?KHF : MA>HKR

3. &? MPHZBGM MA>HKB>L =>L<KB;> >QI>KBF>GM:E H;L>KO:MBHGL >JN:EER P>EE <:G HG> ;> L:B= MH ;> FHK> O:EB= MA:G MA> HMA
‘LLNFBG@ ;HMA NL> :<<>IM>= KNE>L H? EH@B<

4. AA:M =>M>KFBG>L MA> O:EB=BMR H? : MA>HKR

5. >KM:BG <KBM>KB: FNLM ;> L:MBL?B>= B? : F>.LNK>F>GM HK H;L>KO:MBHG BL MH ;> ;>EB>0>= 4BEE MA> <KBM>KB: G><>LL:KBER ;>
:G >QI><M>= K>LNEM :L ?HK :G NG>QI><M>= K>LNEM

6. :G MA> O:EB=BMR H? : FH=>E ;> EBFBM>= HK FNLM BM ;> NGBO>KL:EER O:EB= %HP =H>L MABL <HFI:K> MH MA> K>JNBK>= O:EB=BI
MA>HKR HK : E:P

7. E:LLB<:E IARLB<L BL : @HH=:IIKHQBF:MBHG MH FH=>KG IARLB<L NG=>K <>KM:BG <BK<NFLM:G<>L 4A:M :K> MA>R
8. 4A>G BL Bidcessary MH NL> K>E:MBOBLMB< JN:GMNF F><A:GB<L
9. :G <E:LLB<:E IARLB<L ;> NL>= MH :<<NK:M>ER =>L<KB;>: L.M>EEBM> FHOBG@ :M : LI>>=H? FL "QIE:BG PAR HK PAR GHM
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1.2 Physical Quantities and Units
10. &=>GMB?R LHF> :=0:GM:@>L H? F>MKB< NGBML

1.5 Accuracy and Precision
11. 4A:M BL MA> K>E:MBHGLABI ;>MP>>G MA> :<<NK:<R :G= NG<>KM:BGMR H? : F>.LNK>F>GM

12. -K>L<KBIMBHGL ?HK OBLBHG <HKK><MBHG :K> @BQiitp e NGBWE>KHES= MA> F>:GBG@ H? MA:M NGBM ,;M:BG

BG?HKF:MBHG [>KA:IL ;R <:EEBG@ :G HIMHF>MKBLM HK I>K?HKFBG@ :G BGM>KG>M L>:K<A HG MA> FBGBFNF NG<>KM:BGMR PBMA |
<HKK><MBHGL BG =BHIM>KL :K> =>M>KFBG>= :G= MA> :<<NK:<R PBMA PAB<A <HKK><MBO> E>GL>L <:G ;> IKH=N<>= IBL<NLL MA> LHN
NG<>KM:BGMB>L BG ;HMA MA> IK>L<KBIMBHG :G= :<<NK:<R BG MA> F:GN?:<MNK> H? E>GL>L
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Problems & Exercises 17. OM:M> AHP F:GR LB@GB?B<:GM ?B@NK>L :K> IKHI>K BG MA>

K>LNEML H? MA> ?HEEHPBG@ <:E<NE:MBHGL :
1.2 Physical Quantities and Units
1. 1A> LI>>= EBFBM HG LHF> BGM>KLM:M> AB@AP:RL BL KHN®AER _ ' g

DF A : 4A:M BL MABL BG F>M>KL I>K L><HG= ; %HP F.:GR
FBE>L I>K AHNK BL MABL

<

1

18. : %HP F:GR LB@GB?B<:GM ?B@NK>L :K>BG MA> GNF;>KL

2. <KBLMK:O>EBG@ :M:LI>>=HMN : 4A:M BL BML :G= ; &? MA> NG<>KM:BGMR BG >:<A GNF;>K BL PA:M BL
LI>>= BG DBEHF>M>KL I>K AHNK ; &L BM >Q<>>=BG@ MA> MA> [>K<>GM NG<>KM:BGMR BG >:<A < 4AB<ABL : FHK>
L N Li>>=EBFBM F>:GBG@?NE P:R MH >QIK>LL MA> :<<NK:<R H? MA>L> MPH

GNF;>KL LB@GB?B<:GM ?B@NK>L HK I>K<>GM NG<>KM:BGMB>L
3.0AHPMAM N T LN %BGM 0AHP MA>>QIEB<BMg . g5 RiNK Li>>=HF>M>K AL :G NG<>KM:BGMAHY
LM>IL BGOHEO>= BG <HGO>KMEG® LN M:L>>=H? LN PAM BL MA> I>K<>GM NG<>KM:BGMR

4. F>KB<:G ?HHM;EEBLIERR>=HG: R=EHG@ ?B>E= &2 BM A:L MA> L:F> I>K<>GM NG<>KM:BGMR PA>G BM\G:=L
>Q<EN=BG@ MA>>G= SHG>L %HP EHG@ BL MA> ?B>E= BG F3NIRI$1 MA> K:G@> H? LI>>=L RHN <HNE= ;> @HBG@

LLNF> MAM F>M>K >IN:EL 255M ’
5 OH<coK 2B>El OKR BG LBS> EK@> LHecoK 285be Bl DihalakUHG’ LEHH= IK-LLNK> BL F>LNK>= MH ;>

<<> SE= . > . > <<> SE=

) ) ) ) ) SK<> <> )
:G= F PB=> 4A:M :K>BML =BF>GLBHGL BG ?>>M :G= BG<A>L a NN ) AAMBL BML I>K<>GM NG<>KM:BGMR

LLNF> MAM F>M>K >IN:EL  255M LLNFBG@ MA> L:F> I>K<>GM NG<>K/BIBIBR MA>

- - *EHH= : 2

6. 4A:M BL MA> ASB@AM BG F>M>KL H? : ISKLHG PAH BL 2MNGEKM:BGMR BG 1 EHH= IK>LLNK> F>:LNK>F>GWN? )
M:EE LLNF>MAM F>M>K>IN:EL  BG

7. *HNGM "O>K>LM :M ?>>M BL MA> M:EE>LM FHNGM:BGHG I>KLHG F>:LNK>L ABL HK A>K A>:KM K:M> ;R <HNGMBG@ MA>
MA>":KMA 4A:M BL BML A>B@AM BG DBEHF>M>KL LLNF>MANM,>K H? ;>MLBG 1&? ( ;>ML:K><HNGM>=BG

DBEHF>M>K >JN:EL  ?>>M q 1PAMBLMA> A>KM K:M> :G= BML NG<>KM:BGMR BG
8. 1A> LI>>=H? LHNG=BL F>:LNK>=MH ;> N HG: >:ML I>K FBGNM>

<>KM:BG =4A:M BL MABL BG DF A

9. 1><MHGB< IE:M>L K> E:K@> L>@F>GML H?LMANLKMA:M
FHO> LEHPERIIIHL> MA:M HG> LN<A IE:M> AL :G :0>K:@> 23. &? : F:.KiIMAHG KNGG>K :0>K:@>L FB A AHP EHG@ =H>L BM
LI>>=H? <FR>K : 4A:M=BLM:G<>=H>L BM FHO>BG L :W:D>ABFHKA>KMHKNG:  FBF:KMAHG

MABL LI>>= ; 4A:M BL BML LI>>=BG DBEHF>M>KL I>K FBEEBij.G E:K:MAHG KNGG>K <HFIE>M>L : L I <HNKL> BG

R>:KL
|  FBG :G= T 1A>K> BL :G NG<>KM:BGMR NBG

10. : />?7>KMHTable 1.3 MH =>M>KFBG> MA> :0>K:@> =BLM:Ggz, _g| \1:G<> MK:0>E>= :G= :G NG<>KM:BGMR H? L BG MA> >E:lL>=
>MP>>G MA>":KMA :G= MA> ONG 1A>G <:E<NE:M> MA>:0>K; "E<NE:M> MA> I>K<>GM NG<>KM:BGMR BG MA> =BLM:G<> ;

LI>>= H? MA>":KMA BG BML HK;BM BG DBEHF>M>KL I>K L><H{p2 i 1> MA> NG<>KM:BGMR BG MA> >E:IL>= MBF> < 4A:M BL MA>
AAMBL MABL BG F>M>KL I>K L><HG= :0>K:@> LI>>= BG F>M>KL I>K L><HG= = 4A:M BL MA>
NG<>KM:BGMR BG MA> :0>K:@> LI>>=

E bl in thi . h 25. 1A> LB=>L H? : LF:EE K><M:G@NE:K ;HQ :K> F>:LNK>= MH ;>
Xpress your answers to problems in this section to the q DI q DN BOE D

correct number of significant figures and proper units.
11. ONIIHL> MA:M RHNK ::MAKHHF L<:E> K>:=L RHNK F:LL L. =@ ESNE:M>BML OHENF> :G= NG<>KM:BGMR BG <N;B<
<E'(E|YIBF>M>KL

D@ PBMA: NG<>KM:BBMRBL MA> NG<>KM:BGMR BG RHNK
BG DBEH@K:FL 26. 4A>G GHG F>MKB< NGBML P>K> NL>= BG MA> 2GBM>= (BG@=HF

) SOl s e ey -
12. @HH= JN:EBMR F>LNKBG@ M:I> <:@ ;RH? <F HO>K b’:fgi" HMFé‘L,\T'ED "’fﬁ“f’ gfijAE’}i ';"L‘;F:\IE;R:KM.BGMR o
. =BLM:G<>H? F 4A:M BL BML I>K<>GM NG<>KM:BGMR P& : : :

LF BG MA> IHNG= F:LL NGBM PA:M BL BML I>K<>GM

22. 4A:M BL MA> :K>: H? : <BK<E> D [BG =B:F>M>K

1.5 Accuracy and Precision

13. : <K LI>>=HF>M>K A'L : NG<>KM:BGAMRI BL
MA> K:G@> H? IHLLBE> LI>>=L PA>G BMK>EIN NG<>KM:BGMR ; :L>=HG MA:M I>K<>GM NGBRMIBGMR
F:LL BG IHNG= F:LL AL :G NG<>KM:BGMR H? D@ PA>G
14. GBG?:GMNEL>K:M>BL F>LNK>=MH ;> ( ;>ML 27. 1A> E>G@MA :G= PB=MA H? : K><M:G@NE:K KHHF :K> F>:LNK>=
FBG 4A:M BL MA> I>K<>GM NG<>KM:BGMR BG MABL F>:LNKP5GR q N:G= q N :E<NE:M>

15. © ONIHL> MAM : I5KLHG AL G :05K:@> A>KM K:M> Hz  MA> (K> H? MA> KHHF :G= BML NG<>KM:BGMR BG LIN:K> F>M>KL

>:ML FBG %HP F:GR :>:ML =H>L A> HK LA> A:O> BG 28. <K >G@BG> FHO>L : IBLMHG PBMA : <BK<NE:K <KHLL L><MBHG
R;& R <&G R H? q D [ =B:F>M>K : =BLM:G<> H?
16. <:G <HGM:BGL F)H? LH=: %HP FN<A BL E>?M :?M>K q D | MH <HFIK>LL MA> @:L BG MA> <REBG=>K

F) BL K>FHO>= R PA:M :FHNGM BL MA> @:L =><K>:L>= BG OHENF> BG <N:B<

<>GMBF>M>KL ; #BG=MA> NG<>KM:BGMR BG MABL OHENF>
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Figure 2.1 1A> FHMBHG H? :G F>KB<:G D>LMK>E MAKHN@A MA> :BK <:G ;> =>L<KB;=B|REW&F B LI>>= O>EHBMR<>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= MBG<H&B=BFtGIEEHBE =B KHEBNIGR

A:IM>K ,NMEBG>

2.1. Displacement
¢ %HP IHLBMBH@E+R??KHF =BLIE:<>F>GM :G= AHP =BLM%G¥+ 2BMF =BLIE:<>F>GM
¢ 4A>G MH NL> IHLBMBHG :G= PA>G MH NL> =BLIE:<>F>GM
¢ &=>GMB?R MA:M =BLIE:<>F>GM AL : =BK><MBHG
2.2. Vectors, Scalars, and Coordinate Systems
¢ !>?BGBMBHGL H? O><MHKL :G= L<:E:KL BKME=BRIP>>G MA>F
2.3. Time, Velocity , and Speed
¢ !>L<KB;BG@ AHP O>EH<BMRBGHB?KHF LI>>=
¢ &=>GMB?RBG@ MA:M O>EH<BMR A:L : =BK><MBHG
¢ &=>GMB?RBG@ MA:M O>EH<BMR BL :EP:RL I:K:EE>E MH MA> I:MA
¢ OHEOBG@ ?HK IHLBMBHG :L : ?NG<MBHG H? MBF> @BO>G O>EH<BMR :L : ?NG<MBHG H? MBF>
2.4. Acceleration
¢ &=>GMB?RBG@ MA:M :<<>E>K:MBHG AL : =BK><MBHG
¢ 2LBG@ MA> K>E:MBHGLABI ;>MP>>G :0>K:@> O>EH<BMR :G= IHLBMBHG MH LHEO> IKH;E>FL :;;HNM MA> FHMBHG H? H;
¢ !>L<KB;BG@ AHP O>EH<BMR PBEE <A:G@> @BO>G :<<>E>K:MBHG
2.5. Graphical Analysis of One-Dimensional Motion
¢ >L<KB;BG@ MA> NGBML H? MA> O:EN> LEHI> :G=BGM>@K:E H? :GR @K:IA
¢ 2LBG@ LEHI> H? : IHLBMBHG OL MBF> @K:IA MH LD>M<A : O>EH<BMR OL MBF> @K:IA
¢ 2LBG@ LEHI>H?: O>EH<BMR OL MBF> @K:IA MH LD>M<A :G :<<>E>K:MBHG OL MBF> @K:IA
¢ 2LBG@ :K>:NG=>K :G :<<>E>K:MBHG OL MBF> @K:IA MH LD>M<A : O>EH<BMR OL MBF> @K:IA
¢ 2LBG@ MA>:K>:NG=>K : O>EH<BMR OL MBF> @K:IA MH LD>M<A : IHLBMBHG OL MBF> @K:IA
2.6. Simulations
¢ $BO>G: O>EH<BMR L : ?2NG<MBHG H? MBF> ;> :;E> MH LHEO> ?HK MA> IHLBMBHG L : ?NG<MBHG H? MBF> BM>K:MBO>
¢ 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:M

Introduction to One-Dimensional Kinematics

,;C><ML :K> BG FHMBHG >0O>KRPA>K> P> EHHD "O>KRMABG@ ?KHF : M>GGBL @:F> MH : LI:<> IKH;> ?ER;R H? MA> IE:G>M +>IMNG> BG
FHMBHG 4A>G RHN :K>K>LMBG@ RHNK A>:KM FHO>L ;EHH= MAKHN@A RHNK O>BGL G=>0>G BG BG:GBF:M> H;C><ML MA>K> BL <
FHMBHG BG MA> OB;K:MBHGL H? :MHFL :G= FHE><NE>L .N>LMBHGL :;HNM FHMBHG :K> BGM>K>LMBG@ @@ v8liH? MA>FL>EO>L

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
?HK<>

,NK ?HKF:E LMN=R H? IARLB<L ;>@BRdhepidtids PAB<A BL =>?BG>= LAty 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 FHO
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:G=aDBG>LBHEH@Rb MA> LMN=R H? ANF:G FHMBHG &G HG> =BF>GLBHG:E DBG=MBaLG=matics

(https://legacy .cnx.org/content/m42126/latest/) P> PBEE LMN=R HGER®MMAH? : ?HHM;.EE ?HK >Q:FIE> PBMAHNM PHKKRBG@ :;HNM
PA:M ?HK<>L <:NL> HK <A:G@> BML FHMBHG ON<A <HGLB=>K:MBHGL <HF> BG HMA>K <A:IIA>KiQ &8 GAABA < ABMELM

MRI> H? FHMBHGG:FHRVBHG :EHG@ : LMK:B@AM EBG> HK HG> =BF>GLBHG:D FiMBHEIG &BGematics

(https://legacy .cnx.org/content/m42126/latest/) P> :IIER <HG<>IML =>O>EHI>= A>K> MH LMN=R FHMBHG :EHG@ <NKO>= |: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
¢ %HP IHLBMBH@&RB??KHF =BLIE:<>F>GM :G= AHP =BLMG¥+ 2BMF =BLIE:<>F>GM
¢ 4A>G MH NL> IHLBMBHG :G= PA>G MH NL> =BLIE:<>F>GM
¢ &=>GMB?R MA:M =BLIE:<>F>GM AL : =BK><MBHG

Figure 2.2 1A>L> <R<EBLMLBBM&: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
BG IHLBMBHG HK =BLIE:<>F>GM BG MA> ?K:F> H? K>?>K>G<> <K>=BM ONS:G E:<D #HMHI>=B:

4ABEyosition :G= displacement FB@AM L>>F EBD> MA>R F>:G MA> L:F> MABG@ MZKERE BBPA:M MA>R F>:G MA:M BL
BFIHKM:GM MH NG=>KLM:G= &M L A>EI?NE MH D>>| MABL BG FBG=:L RHN K>:=:;;HNM MA> MPH :G= I>KA:IL MKR MH INM PA:M MA>
=B2-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 ;> pBsitidH 2Pi4KB; BBNBL :M :GR I:KMB<NE:K MBF>

*HK> IK><BL>ERHN 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®
?K:IF> :G= P> H?M>G =>L<KB;> MA> I[HLBMBHG 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:
KH<D>M E:NG<A PHNE= ;> =>L<KB;>= BG M>KFL H? MA> [HLBMBHG H? MA> KH<D>M PBMA K>LI><M MH MA> ":KMALL : PAHE> PABE> : Ik
IHLBMBHG <HNE= ;> =>L<KB;>= BG M>KFL H? PA>K> LA> BL BG K>E:MBHG MH MA> G>:KiRIRABM> &BHIMA>K <:L>L P>

NL> K>?>K>G<> ?K:F>L MA:M :K> GHM LM:MBHG:KR ;NM :K> BG FHMBHG K>B:MBO=lE:>NA"IKVBVBHG H? : I>KLHG BG :G

BKIE:G> ?HK >Q:FIE> P> NL> MA> :BKIE:G> GHM MA>":KMA :L MA> K>?>K>G<BigKiE2.40>>

IBLIE:<>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
ILL>G@>K FHO>L MHP:K= MA> K>:K H? :G :BKIE:G> MA>G UMHB}EBHG <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:<>=
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IBLIE:<>F>GM
IBLIE:<>F>GM BL Mhange in position H? :G H;C><M
TY Y5' Y

PA>K> T YBL =BLIE:<>F>GNY BL MA> ?BG:E IHLBMBH®% BE-MA> BGBMB:E IHLBMBHG

&G MABL M>QM MA> NII>K <:L> $K>>D EshNEMEKEP:RL F>:GL a<A:G@> BGb PA:M>0>K JN:GMBMR ?HEERREBIGLMANL
change in position EP:RL LHEO> ?HK =BLIE:<>F>GM ;R LN;MK:<MBG@ BGBWIER2KHFLEBBE GILBMBHG

4 > PBEE ;> NLBG@ Y JNBM>: EHM BG MABL <E:LL 4A>G>0O>K RHN L>>Y BG MABL <E:LL BM PBEE :EP:RL F>:G MA> <A:G@> BG PA:M
Y BL BG ?KHGM H? HK ?BG:E FBGNL BGBMB:E

+HM> MA:M MA> 0& NGBM ?HK =BLIE:<>F>GM BL MA> PhlysralR)uassities 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>= (>>| BG FBG= MA:M PA>G NGBM
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:MBY>1MH ":KMA BN@BOEG:R>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 LLL>G@>K FHO>L ?KHF ABL L>:M MH MA> ;:<D H? MA> |E:G> %BL EH<:MBHG K>E:MBO> MH MA> BKA&:G> BL @BOELIR:<>F>GM

H? MA> [:LL>G@>K K>E:MBO> MH MA> |E:G> BL K>IK>L>GM>= ;R :G :KKHP MHP:K= MA> K>:K H? MA> |E:G> +HMB<> MA:M MA> :KKHP K>IK>L>GMBG@ ABL =BLIE
MPB<>:L EHG@ :L MA> :KKHP K>IK>L>GMBG@ MA> =BLIE:<>F>GM H? MA> IKH?>LLHK A> FHQ=leNMPB<> L ?:K BG

+HM> MA:M =BLIE:<>F>GM AL : =BK><MBHG :L P>EE :L : F:@GBMN=> TA=BHE>GRHCM BL  F MH MA> KB@AM :G= MA> :BKEBG>
ILL>G@>K =BLIE:<>F>GM BL F MHP:K= MA> R&KIG> =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
?K>> MH L>E><M IHLBMBO> :L ;>BG@ :GR =BK><MBHGL BGAKMBEIHHBMEHG BL N :G= A>K ?BG:E IHLBMBHG BL

Yo N 1ANL A>K =BLIE:<>F>GM BL
TY Y5 Y N N N

&G MABL <HHK=BG:M> LRLM>F FHMBHG MH MA> KB@AM BL IHLBMBO> PA>K>:L FHMBHG MH MA> BBKI&t Bt G>@:MBO> OBFBE:KER
I.LL>G@>K BGBMB:E IHLBMBHG BL N :G=ABL ?BG:E IHLBMBP@ BL N LHABL =BLIE:<>F>GM BL

TY Y5 Y N' N N
%BL =BLIE:<>F>GM BL G>@:MBO> ;><:NL> ABL FHMBHG BL MHP:K= MA> K>:K H? MA> |E:G> Y#BBE&MBHG EB:MBR=HHK=BG:M>
LRLM>F
IBLM:G<>

EMAHN@A =BLIE:<>F>GM BL =>L<KB;>= BG M>KFL H? =BK><MBH®isBikeGRL Bt?BBNM= Mithe=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>Pistance 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:EDLBL F 1A>=BLM:G<> MA> :BKIE:G> .LL>G@>K P:EDLBL F

‘NLM EBD> PBMA |[HLBMBHG :G= =BLIE:<>F>GM MASKG<BL;>MP?>>C MA> F>:GB@@ah® :G= displacement >0>G
MAHN@A MA>R F:R L>>F LBEBEBM L BFIHKM:GM MA:M RHN NG=>KLMS&MABLIAB??HEEHPBG@ GHM> =BL<NLL>L MABL BG
=>M:BE

*BL<HG<>IMBHG E>KM BLMKB@3=>E>= OL *:@GBMN=>H? IBLIE:<>F>GM

&M BL BFIHKM:GM MH GHMdistnbkMaveled 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
>Q:FIE> MA> IKH?>LLHK <HNE-= |:<> ;:<D :G= ?HKMA F:GR MBF>L I>KA:IL P:EDBG@ : =BLM:G<>H? F =NKBG@ : E><MNK> R>M LMBE
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>G=NIHGER 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>
=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>0O>K PBMA =BLM:G<> MK:0>E>= ,G> P:R MH MABGD :;HNM MABL BL |
:LLNF> RHN F:KD>= MA> LM:KM H? MA> FHMBHG :G= MA> >G= H? MA> FHMBHG 1A> =BLIE:<>F>GK-E<CEFERARA> =B?

IHLBMBHG H? MA> MPH F:KDL :G= BL BG=>I>G=>GM H? MA> |:MA M:D>G BG MK:O>EBG@ ;>MP>>G MA> MPH F:KDL 1A>=BLM:G<> MK
AHP>O>BL MA> MHM:E E>G@MA H? MA> I:MA M:D>G ;>MP>>G MA> MPH F:KDL

Check Y our 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=>K =BLIE:<>F>GMBLY Y5' Y ' LN 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 N LN LI

< 1A> F:-@GBMN=> H? MA> =BLIE:<>F>GNLBL

2.2 Vectors, Scalars, and Coordinate Systems

6HNK .NBS PHNE= HO>K
¢ I>?BGBMBHGL H? O><MHKL :G= L<:E:KL BKMB=>=BRIP>>G MA>F

,MA>K 1ABG@L MH HGLB=+\:I>6=
¢ &G IARLB<L H?M>G MBF>L RHN @>M MH <A:G@> MA> <HHK=BG:M> LRLM>F MH F:M<A MA> LBMN:MBHG LN<A :L =><B=BG@ PA
HKB@BG PBEE ;> LH DGHPBG@ AHP MH F:GBINE:M> MA> <HHK=BG:M> LRLM>F BL : NL>?NE MHHE 1ABL B=>::ELH A:L : ?NG=:F:
<HGG><MBHG MH IARLB<L MA:M P> EE >QIEHK> E:M>K HG
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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>
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
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> |E:G> :EMAHN(
MA> Y <HHK=BG:M> KNGL ?KHF E>?M MH KB@AM PBMA FHMBHG MH MA> KB@AM :L IHLBMBO> :G= FHMBHG MH MA®BAMIEBEDIO:MBO> <K>=BM KF<A:BK

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
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
‘EK>:=R A>:K=H? LN<A L :<<>E>KIMBHG ;NM MA>L> PHK=L :ELH A:O> : FHK> IK><BL> IARLB<L =>?BGBMBHG LH F:D> LNK> MA:M RHI
NG=>KLM:G= MA>L> =>?BGBMBHGL BG K>@:K=L MH IARLB<L

4A:M BL MA> 2BR>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=> IBLIE:<>F>GM BL :G >Q:FIE> H? : O3BM#HKINBIMBMR):FIE> H? : L<:E:K

JN:GMBMRector BL :GR JN:GMBMR PBMAagtitdde 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? : 0><MHK BG HG> =BF>GLBHG:E FHMBHG BL @BO>G LBMEBHENUENL LB@G>3MHKL :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 IKHIHKMBEGHEMMN+ MA@ ><MHK
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

OHF> IARLB<:E JN:GMBMB>L EBD> =BLM:G<> >BMA>K A:0> GH =BK><MBHG HKGi#E-BBLGR-IRBABMR MA:M A:L :
F:@GBMN=> ;NM GH =BK><MBHG #HK >Q:FEESM>FI>K:MNK> MA> DBEH<:EHKB>L ‘EHKB>L H? >G>K@R BG ::<:G=R ;:K

DF ALI>>= EBFBM : I>KLHG™ F A>B@AM :G=:=BLM:G<>H? F :K>:EE L<:E:KL"IN:GMBMB>L PBMA GH LI><B?B>= =BK><MBHG +HM>
AHP>O>HMAM : L<EK <: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>0>K K>IK>L>GM>= ;R :KKHPL

HHK=BG:M> ORLM>FL ?HK ,G> IBF>GLBHG:E *HMBHG

&G HK=>K MH =>L<KB;> MA> =BK><MBHG H? : O:RIMHRNINVGMBBIR 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 @>
=><KB;BG@ AHKBSHGM:E FHMBHG FHMBHG MH MA> KB@AM BL NLN:EER <HGLB=>K>= I[HLBMBO> :G= FHMBHG MH MA> E>?M BL <H(
O>KMB<:E FHMBHG FHMBHG NI BL NLN:EER IHLBMBO> :G= FHMBHG =HPG BL G>@:MBO> &®BMAAASCAHBEO>K

BM <:G ;> FHK> <HGO>GB>GM MH LPBM<A MA> I[HLBMBO> :G= G>@:MBO> =BK><MBHGL #HK >Q:FIE> B? RHN :K>:G:ERSBG@ MA> FHN\
H;C><ML BM <:G ;> NL>?NE MH =>?BG> =HPGP:K=L :L MA> I[HLBMBO> =BK><MBHG &? I>HIE> BG : K:<>:K> KNGGBG@ MH MA> E>?M BN
=>?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 :LLE
=BK><MBHG :G= LM:KM LHEOBG@ : IKH;E>F RHN <:GGHM <A:G@> BM

(>>1 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 =>?B
IHLBMBO> :G= G>@:MBO> =BK><MBHGL AHP>0>K RHN P:GM ;NM HG<> RHN LM:KM PHKDB&@hB:MAG@-NBNVRLM>F RHN
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Figure 2.7 &M BL NLN:EER <HGO>GB>GM MH <HGLB=>K FHMBHG NIP:K= HK MH MA> K B&/AWNBHBMBTBP: K= HK MH MA> E>?M L G>@:MBO>

Check Y our Understanding

I>KLHGL LI>>= <:G LM:R MA> L:F> :L A> HK LA> KHNG=L : <HKG>K :G= <A:G@>L =BK><MBHG $BO>G MABL BG?HKF:MBHG BL LI>>=:
L<:E:K HK : O><MHK JN:GMBMR "QIE:BG
Solution
O0I>>=BL : L<:E:K JN:GMBEMR =H>L GHM <A:G@> :M :EE PBMA =BK><MBHG <A:G@>L MA>K>?HK> BERZABIMPEGBMN=> HGER
O><MHK IN:GBBMIINE= <A:G@> :L =BK><MBHG <A:G@>L >0>G B? BML F:@GBMN=> K>F:BG>= <HGLM:GM

2.3 Time, Velocity , and Speed

Your Quiz would Cover
c !>L<KB;BG@ AHP O>EH<BMRBGHB?KHF LI>>=
¢ &=>GMB?RBG@ MA:M O>EH<BMR A.L : =BK><MBHG
¢ &=>GMB?RBG@ MA:M O>EH<BMR BL :EP:RL I:K:EE>E MH MA> |:MA
¢ OHEOBG@ ?HK IHLBMBHG L : 2NG<MBHG H? MBF> @BO>G O>EH<BMR L : ?NG{MBHE H >R BS @ MARN FER PBMA
LBFNE:MBHGL
Other Things to Consider as Y ou Read:
¢ LPBMA MA> IK>OBHNL L><MBHGL MA>K> :K>: <HNIE> H? =>?BGBMBHGL MH |:R :MM>GMBHG MH 1A>K> :K> LHF> M>KFL RHN F
A>:K=;>?HK> ;NM :@:BG BM L MA> LI><B?B< IARLB<L =>?BGBMBHG MA:M L BFIHKM:GM MH DGHP

Figure 2.8 1A> FHMBHG H? MA>L> K:<BG@ LG:BEL <:G ;> =>L<KB;>= ;R MA>BK LI>>=L :G= MA>BK O>EH<BMB#EB<{O-BM MH;BM:L?EB<DK

1A>K> BL FHK> MH FHMBHG MA:G =BLM:G<> :G= =BLIE:<>F>GM .N>LMBHGL LN<A :L a%HP EHG@ =H>L : ?HHM K:<> M:D> b :G= a4A:M P.
MA> KNGGEAK>>= b <:GGHM ;> :GLP>K>= PBMAHNM :G NG=>KLM:G=BG@ H? HMA>K <HG<>IML &G MABL L><MBHG P> :== =>?BGBMBHGI
O>EH<BMRLI>>= MH >QI:G= HNK =>L<KBIMBHG H? FHMBHG
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1BF>

L =BL<NLL>= B@hysical Quantities and Units (https://legacy  .cnx.org/content/m42091/latest/) MA> FHLM ?NG=:F>GM:E

IARLB<:E JN:GMBMB>L :K>=>?BG>= ;R AHP MA>R :K> F>.LNK>= 1ABL BL MA> <:L> PBMA MBF> "O>KR F>:LNK>F>GM H? MBF> BGOHEO:
F>LNKBG@ : <A:G@> BG LHF> IARLB<:E IN&GMBRIR : GNF;>K HG : =B@BM:E <EH<D : A>:KM;>:M HK MA> IHLBMBHG H? MA> ONG BG
MA> LDRG IARLB<L MA> =>?BGBMBHG H? MBF#imk [BREhERGe HK MA> BGM>KO:E HO>K PAB<A <A:G@> H<<NKL &M BL BFIHLLB;E> MH
DGHP MA:M MBF> AL I:.LL>= NGE>LL LHF>MABG@ <A:G@>L

1A> :FHNGM H? MBF> HK <A:G@> BL <:EB;K:M>= ;R <HFI:KBLHG PBMA : LM:G=:K= 1A> 0& NGBM ?HK MBF> BL MA> L><HG= :;;K>0B:M>=
FB@AM ?HK >Q:FIE> H;L>KO> MA:M : <>KM:BG I>G=NENF F:D>L HG> ?NEE LPBG@ BN MA>@ NL> MA> |>G=NENF MH

F>:LNK> MBF> ;R <HNGMBG@ BML LABGENKiEK ;R <HGG><MBG@ MA> I>G=NENF MH : <EH<D F><A:GBLF MA:M K>@BLM>KL MBF> HG :
=B:E 1ABL :EEHPL NL MH GHM HGER F>:LNK> MA> :FHNGM H? MBF> ;NM :ELH MH =>M>KFBG> : L>JN>G<> H? >O>GML

%HP =H>L MBF> K>E:M> MH FHMBKSNLN:EER BGM>K>LM>= BG >E:|L>= MBF> ?HK : LKMB<NE:K FHMBHG LN<A :L AHP EHG@ BM M:D>L
BKIE:G> |:.LL>G@>K MH @>M ?KHF ABL L>:M MH MA> ;:<D HMNMBS{=GAL:= MBF> P> GHM> MA> MBF> :M MA> ;:>@BGGBG@ :G=>G=

H? MA> FHMBHG :G= LN;MK:<M MA> MPH #HK >Q:FIE> : E><MNK> F:R LM:KM :M *.G=>G=M * LH MA:M MA> >E:IL>=

MBF> PHNE= ;> FB@&lapsed time M BL MA>28>G<> ;>MP>>G MA> >G=BG@ MBF> :G= ;>@BGGBG@ MBF>

TU ' U
PA>K> T | BL MA> <A:G@> BG MBF> HK >E:IL>=¥€|\HBFMA> MBF> :M MA> >G= H? MA> FHMBIBG B> MBF> :M MA> ;>@BGGBG@ H?
MA> FHMBHG L NLN:E MA>=>EM: LRF;AEGL MA> <A:G@> BG MA> JN:GMBMR MA:M ?HEEHPL BM
)B?> BL LBFIE>K B? MA> ;>@BGGRERD MEFESG MH ;> S>KH :L PA>G P> NL> : LMHIP:M<A &? P> P>K>NLBG@ : LMHIP:M<A BM PHNE=
LBFIER K>:= S>KH :M MA> LM:KM H? MA> E><MNK> :G= FBG :\JMA> »A>&@T U LéV l

&G MABL M>QM ?HK LBEIEB<BMR®
¢ FHMBHG LM:KML :M MBF> >JN:E M S>KH

¢ MA> LRF;HHE BL NL>= ?HK >E:IL>= MBF> NGE>LL HMA>KPBL> LTJB g U

4 > PBEE :ELH ;> NLBG@ MABL LBFIEB FBERMBEGRL F>:Gl | :G= BGBMB:E MBF> PBEE :EP:RL ;> S>KH NGE>LL LM:M>= HMA>KPBL>

3>EH<BMR

&M L 2B2NEM MH NG=>KLM:G= IARLB<L PBMAHNM NG=>KLMiGARE HBEM=BKAEBS> PA:M O>EH<BMR BL :G= MABGD :;;HNM PA:M
G>@:MBO> O>EH<BMR F>:GL :L P>EE

6HNK GHMBHG H? O>EH<BMR BL IKH;;;ER MA> L:F> L BML L<B>GMBEDBK P-MBGBRMBRIGNGA:O> : E:K@> =BLIE:<>F>GM BG : LF:EE
:FHNGM H? MBF> RHN A:0> : E:K@> OXEHMBMRO>EH<BMR A:L NGBML H? =BLM:G<>=BOB=>= ;R MBF> LN<A :L FBE>L I>K AHNK HK
DBEHF>M>KL I>K AHNK

O>K:@>3EH<BMR
Average velocity Bldisplacement (change in position) divided by the time of travel
w LYy Yo Y
TU & U
PA>K> V' BL MAawerage BG=B<:M>= ;R MA> ;:K HO>KWB>EH<BMRY BL MA> <A:G@> BG IHLBMBHG HK =BLIE:<>F¥gM :G=
:G= Y :K>MA>?BG:E :G=;>@BGGBG@ IHLBMBHG’QL'GM: MBFKELI><MBO¥ERVIA> LM:KMBG @JNBR#:D>G MH ;> S>KH
MA>G MA> :0>K:@> O>EH<BMR BL LBFIER

TY
W g
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1A> >JN:MBHG :;HO> BL : F:MA>F:MB<:E =>?BGBMBHG &7 RHEINBED ;HNM IARLB<L L : L>KB>KHGMER=>:L MA>
>JN:MBHG BL CNLM :GHMA>K K>IK>L>GM:MBHG H? MA>B+46@ PBMAHABMR>?BGBMBHG PBMA PHK=L &M L BFIHKM:GM MH DGHP PA
O>EH<BMR BL BG ;HMA PHK=L :G= MA> F-MA>F:MB<L :L P>EE :L MH <HGG><M MAHL> MPH =>?BGBMBHGL MH@>MA>K

+HMB<> MA:M MABL =>?BGBMBHG B€&loBity 44 Watd because displacement is a vector &M A:L ;HMA F:@GBMN=> :G= =BK><MBHG
1A> 0& NGBM ?HK O>EH<BMR BL F>M>KL I>K L><HG=HK F L ;NM F:GR HMA>K NGBML LN<A:L DFA FBA :ELH PKBMM>G L FIA :G=<F
:K>BG <HFFHG NL> ONIIHL> ?HK >Q:FIE> :G :BKIE:G> I:.LL>G@>K MHHD L><HG=L MH FHO>f F MA> G>@:MBO> LB@G BG=B<:M>L MA
=BLIE:<>F>GM BL MHP:K= MA> ;:<D H? MA> |IE:G> %BL :0>K:@> O>EH<BMR PHNE= ;>
TY ° N .
W U T N
1A> FBGNL LB@G BG=B<:M>L MA> :0>K:@> O>EH<BMR BL :ELH MHP:K= MA> K>:K H? MA> |E:G>

1A> :0>K:@> O>EH<BMR H? :G H;C><M =H>L GHM M>EE NL :GRMABG@ :;HNM PA:M A:lI>GL MH BM ;>MP>>G MA> LM:KMBG@ IHBGM :G=
AHP>0O>KHK >Q:FIE> P> <:GGHM M>EE ?KHF :0>K:@> O>EH<BMR PA>MA>K MA> :BKIE:G> |:LL>G@>K LMHIL FHF>GM:KBER HK ;:<DL NI
;>?HK> A> @H>L MH MA> ;:<D H? MA> E@>M FHK> =>M:BEL P> FNLM <HGLB=>K LF:EE>K L>@F>GML H? MA> MKBI HO>K LF:EE>K MBF>
BGM>KO:EL

Figure 2.9 FHK> =>M:BE>= K><HK= H? :G :BKIE:G> l:.LL>G@>K A>:=BG@ MHP:K= MA> ;:<D H? MA> IE:G> LAHPBG@ LF:EE>K L>@F>GML H? ABL MKBI

1A> LF:EE>K MA> MBF> BGM>KO:EL <HGLB=>K>= BG : FHMBHG MA> FHK> =>M:BE>= MA> BG?HKF:MBHG 4A>G P> <:KKR MABL IKH<>LL
<HG<ENLBHG P> :K> E>?M PBMA :G BG?BGBM>LBF:EER LF:EE BGM>KO:E ,0>K LN<A :G BGM>KO:E MA> :0>K:@> O>EH<BMR ;><HF>L |
instantaneous velocity HK MAzlocity at a specific instant <:K 'L LI>>=HF>M>KHK >Q:FIE> LAHPL MA> F:@GBMN=> ;NM GHM MA>
=BK><MBHG H? MA> BGLM:GM:G>HNL O>EH<BEBI+2@BO><MB<D>ML ;:.L>= HG BGLM:GM:G>kINM BAEB<BERRE:MBG@ AHP

EHG@ BM PBEE M:D> MH @>M ?KHF HG> IE:<> MH :GHMA>K HG : KH:= MKBI RHN G>>= Mhshirra@eavelocityH<BWEBL

MA> :0>K:@> O>EH<BMR :M : LI><B?B< BGLM:GM BG MBF> HK HO>K :G BG?BGBM>LBF:EER LF:EE MBF> BGM>KO:E

*MA>F:MB<:EElBG=BG@ BGLM:GM:G>HNL O>EHJBMEBL> BGLM: G BGOHEO> M:DBG@ : EBFBM : <:E<NENL HI>K:MBHG ;>RHG=

MA> L<HI> H? MABL M>QM %NB=8i%Ik:GR <BK<NFLM:G<>L P> <:G ?BG= IK><BL> O:EN>L ?HK BGLM:GM:G>HNL O>EH<BMR PBMAHNM
<:E<NENL

Ol>>=

L PBMA IHLBMBHG :G= =BLIE:<>F>GM LI>>=:G= O>EH<BMR :K> :ELH MPH LBFBE:K B=>:L ;RMKPENA =BHNMB&XMHB?
PA:M >:<A F>:GL :G= AHP MA> =BK BG F>:GBG@

&G >0>KR=:R E:G@N:@> FHLM I>HIE> NL> MA> M>KFL alLI>>=b :G= aO>EH<BMRb 8GMR{BXC @HPERAK>R =H GHM A:0>
MA> L:F> F>:GBG@ :G= MA>R :K>=BLMBG<M <HG<>IML ,G2>REB¥H?MA:M LI>>= A:L GH =BK><MBip@edAdNa scalar

‘NLM :L P> G>>= MH =BLMBG@NBLA ;>MP>>G BGLM:GM:G>HNL O>EH<BMR :@>:(EtK @>H<BURBG@NBLA ;>MP>>G
BGLM:GM:G>HNL LI>>=:G=:0>K:@> LI>>=

Instantaneous speed BL MA> F:@GBMN=> H? BGLM:GM:G>HMHR>EHRIBEMRNIIHL> MA> :BKIE:G> |:.LL>G@>K :M HG> BGLM:GM
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A:=:G BGLM:GM:G>HNL O>EH<BMR H? f FL MA>FBGNL F>:GBG@ MHP:K= MA> K>:K H? MA> IE:G> M MA:M L:F> MBF> ABL BGLM:GM:(
LI>>=P:L  FL ,KLNIIHL> MA:M :M HG> MBF> =NKBG@ : LAHIIBG@ MKBI RHNK BGLM:GM:G>HNL O>EH<BMR BLHNI¥ A =N> GHKMA 6
BGLM:GM:G>HNL LI>>=:M MA:M BGLM:GM PHNE= ;> DF A*MA> L:F> F:@GBMN=> ;NM PBMAKNMK: @B Kl><MBAHP>08{

O>KR ZBK>GM ?KHF :0>K:@> O>EterBitRspeed BL MA> =BLM:G<> MK:O>E>= =BOB=>= ;R >E:|L>= MBF>

4 > A:0> GHM>= MA:M =BLM:G<> MK:0>E>= <:G ;> @K>:M>K MA:G =BLIE:<>F>GM O0OH :0>K:@> LI>>= <:G ;> @K>:M>K MA:G :0>K:@> O>E}
PAB<A BL =BLIE:<>F>GM =BOB=>= ;R MBF> #HK >Q:FIE> B? RHN =KBO> MH : LMHK> :G= K>MNKG:GHRHBE A'K? :G AHNK

H=HF>M>K LAHPL MA> MHM:E =BLM:G<> MK:O>E>= P:L DF MA>G RHNK :0>K:@> LI>>HRK :(DK A6 O>EHABRIFO>K

P:L S>KH ;><:NL> RHNK =BLIE:<>F>GM ?HK MA> KHNG= MKBI BL S>KH !BLIE:<>F>GM BL <A:G@> BG IHLBMBHG :G= MANL BL S>KH ?H]
MKBI 1ANL :0>K:@> LI>>;BLLBFIER MA> F:@GBMN=> H? :0>K:@> O>EH<BMR

Figure 2.10 INKBG@ : FBGNM> KHNG= MKBI MH MA> LMHK> MA> MHM:E =BLM:G<> MK:O>E>=BL DF 1A>:0>K:@> LI>>=BL DF A 1A> =BLIE:<>F>GM ?HK M/
KHNG= MKBI BL S>KH LBG<> MA>K> P:L GH G>M <A:G@> BG IHLBMBHG 1ANL MA>:0>K:@> O>EH<BMR BL S>KH

GHMA>K P:R H? OBLN:EBSBG@ MA> FHMBHG H? :G H;C><M BL MH NL>: @K:IA IEHM H? IHLBMBHG HK H? O>EH<BMR L : ?NG<MBHG |
O>KR NL>?NE #HK >Q:FIE> ?HK MABL MKBI MH MA> LMHK> MA>@#LUBMBHU QHEFH<@WRAL :K> =BLIE:R>FBGe 2.11

+HM> MA:M MA>L> @K:IAL =>IB<M : O>KR LBieliEB HB>MA> MKB1 :K> (LLNFBG@ MA:M LI>>= BL <HGLM:GM =NKBG@ MA> MKBI PAB<A

BL NGK>:EBLMB< @BO>G MA:M P>"EE IKH;:;;ER LMHI :M MA> LMHKE L10M F:$PEEHEBRBMEBM PBMA GH LMHIL HK <A:G@>L BG

LI>>= 4 >:K>:ELH LLNFBG@ MA:M MA> KHNM> ;>MP>>G MA> LMHK> :G= MA> AHNL> BL : I>K?><MER LMK:B@AM EBG>

1A> B=>: H? FH=>EEBG@ : LBMN:MBHG PBMA : FHK> LBFIEB?B>= O>KLBHG BL |:KMB<NE:KER NL>?NE #HK >Q:FIE> B? RHN P:GM MH
O>EH<BMR H?: I>KLHG P:EDBG@ ?HKP:K=:M: LI>>= RHN <HNE= MK>:M MA>BK FHMBHG L : LBG@E> IHBGM FHOBG@ ?HKP:K=BG :
EBG> />:EBLMBMBER-KLHG <HNE= ;> P:EDBG@ BG : EBG> MA:WP | HEEB@AMEB @AM HK MA>R <HNE= ;> P:.EDBG@ :M LEB@AMER
O:KRBG@ LI>>=L :G=2=B2GM I:KML H? MA>BK ;H=R <HNE= ;> LAB?MBG@ :KHNG= EBD> MA>BK :KFL <HNE= ;> LPBG@BG@ ;NM H?M>
RHN =HG M K>:EER A:0> MH <:K> 4A>G RHN =H <:K> RHN <:G ?:<MHK BG MAIH?Z2NMMG BBBK. MA> FH=>E BL <EHL>

>GHN@A MH K>:EBNBR NLN:EER HGERH?>P I>K<>GM 1ABL B=>: H? FH=>EBG@ PBEE <HF> NI E:M>K BG MABL <HNKL> :L P>EE
>LI><B:EER PBMA ?HK<>L
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Figure 2.11 -HLBMBHG OL MBF> O>EH<BMR OL MBF> :G=LI>>=OL MBF>HG : MKBI +HM> MA:M MA> O>EH<BMR ?HK MA> K>MNKG MKBI BL G>@:MBO>

‘NLM EBD> AHP MA>K> BL : F:MA>F:MB<:E K>IK>L>GM:MBHG H? O>EH<BMR :G=: K>IK>L>GM:MBHG H? O>EH<BMR BG PHK=L MA> :;H
@K:IAB<:E K>IK>LGM:MBHG H? OMBHRBMIR:IIER MH HMA>K <HG<>IML MA:M P> PBEE =BL<NLL BG <E:LL :G=;>BG@ :;E> MH <HGG><M
:EE H? MA>L> K>IK>L>GM:MBHGL MH@>MA>K MH MA> B=>: PBEE A>El RHNK NG=>KLM:G=BG@
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*DBG@ HGG><MBH@E> ®%HF> &GO>LMB@:MBHG"$>MMBG@ : 0>GL> H? 0I>>=

&? RHN A:O> LI>GM FN<A MBF> =KBOBG@ RHN IKH;;;ER A:0>: @HH= L>GL> H? LI>>=L ;>MP>>G ;;HNM :G= FBE>L I>K AHNK
NM PA:M :K> MA>L> BG F>M>KL I>K L><HG= 4A:M =H P> F>:G PA>G P> L:R MA:M LHF>MABG@ BL FHOBEG@>M : FL 1
>MM>K L>GL> H? PA:M MA>L> O:EN>L K>:EER F>:G =H LHF> H;L>KO:MBHGL :G= <:E<NE:MBHGL HG RHNK HPG

¢ <:E<NE:M> MRIB<:E <K LI>>=L BG F>M>KL I>K L><HG=
¢ >LMBF:M>CH@@BG@ :G=P:EDBG@ LI>>= ;R MBFBG@ RHNKL>E? <HGO>KM MA> F>:LNK>F>GML BGMH ;HMA F L :G=FB A
¢ =>M>KFBG> MA> LI>>=H?:G :GM LG:BE HK ?:EEBG@ E>:?

& PHNE= AB@AER LN@@>LM MKRBG@ HNM MA>L> *DBG@ HGG><MBHGL L><MBHGL L>>BG@ IARLB<L BG MA> K>:E PHKE= PBEE
;>MM>K NG=>KLM:G= MA> IARLB<L BG MABL <E:LL ;NM PBEE F:D> RHN NG=>KLM:G=BG@ :G= :IIK><B:MBHG H? G:MNK> FN<A KB<A>k

Check Y our Understanding

<HFFNM>K MK:BG MK:O>EL ?KHF :EMBEFHABO@MHG ! :G=;<DBG AHNK:G= FBGNM>L 1A>=BLM:G<>;>MP>>G MA>
MPH LM:MBHGL BL :IIKHQBF:M>ER FBE>L 4A:M BL : MA> :0>K:@> O>EH<BMR H? MA> MK:BG :G= ; MA> :0>K:@> LI>>= H? MA> MK:
FL
Solution

: 1A>:0>K:@> O>EH<BMR H? MA> MK:BG BL S>K¥5><NLMA> MK:BG >G=L NI :M MA> L:F> |IE:<> BM LM:KML

; 1A>:0>K:@> LI>>= H? MA> MK:BG BL <:E<NE:M>+HMHRA:M MA> MK:BG MK:O>EL FBE>L HG>P:R :G= FBE>L ;:<D ?HK:
MHM:E =BLM:G<>H? FBE>L

EJHAODE NJM

UJNF NJO®
NJMET 6B _NBFS NJOVUF
NJOVUFNJMF 6B TFDPOE%l

2.4 Acceleration

Your Quiz would Cover
¢ &=>GMB?RBG@ MA:M :<<>E>K:MBHG AL : =BK><MBHG
¢ 2LBG@ MA> K>E:MBHGLABI ;>MP>>G :0>K:@> O>EH<BMR :G= IHLBMBHG MH LHEO> IKH;E>FL :;HNM MA> FHMBHG H? H;C><ML
¢ !>L<KB;BG@ AHP O>EH<BMR PBEE <A:G@> @BO>G :<<>E>K:MBHG

Other Things to Consider as Y ou Read:
¢ <<>E>K:MBHG BL : FHK> ;;LMK:<M <HG<>IM MH PK:l RHNK A>:= :KHNG= MA:G O>EH<BMR :G= IHLBMBHG :G= BM FB@AM M:D> L}
MBF> :G= IK:<MB<> MH NG=>KLM:G=
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Figure 2.12  |E:G> =><>E>K:M>L HK LEHPL =HPG :L BM <HF>L BG ?HK E:G=BG@ BG OM *::KM>G &ML :<<>E>K:MBHG BL HIIHLBM> B&=HK%#<MBHG MH BML O>t
OM>0> HGK#EB<DK

&G >0>KR=:R <HGO>KL:MBHG MH :<<>E>K:M> F>:GL MH LI>>= NI 1A> :<<>E>K:MHK BG : <K <:G BG ?:<M <:NL> BM MH LI>>= NI 1A> @K:
MAzcceleration MA> @K>:M>K MA> <A:G@> BG O>EH<BMR HO>K : @BO>G MBF> 1A> ?HKF:E =>?BGBMBHG H? :<<>E>K:MBHG BL <HGL
MA>L> GHMBHGL ;NM FHK> BG<ENLBO>

O>K:@> <<>E>K:MBHG

Average Acceleration Blthe rate at which velocity changes

g Iw W W
TU ¢ U

PA>K> BBL :0>K:@> :<<>E>K:MBHE. O>EH<@R | BL MBF> 1A>;:K HO>K M2s>:GL average :<<>E>K:MBHG

><:NL> :<<>E>K:MBHG BL O>EH<BMR BG F L =BOB=>= ;R MBF>BG L MA> 0& NGBML RHKI: ENESKENBIG> 464G = LIN:K>=
HK F>M>KL I>K L><HG= I>K L><HG= PAB<A EBM>K:EER F>:GL ;R AHP F:GR F>M>KL I>K L><HG= MA> O>EH<BMR <A:G@>L >O>KR L><HG

/><:EE MA:M O>EH<BMR BL : O><MHK"BM A.L ;HMA F:@GBMN=> :G= =BK><MBHG 1ABL F>:GL MA:M : <A:G@> BG O>EH<BMR <:G ;> : <A(
F:@GBMN=> HK LI>>= ;NM BM <:G :ELH ;> : <A:Gi@ectih #HK >Q:FIE> B? : <:K MNKGL : <HKG>K :M <HGLM:GM LI>>= BM BL
<<>E>KIMBG@ ;><:NL> BML =BK><MBHG BL <A:G@BG@ 1A>JINB<D>K RHN MNKG MA> @K>:M>K MA> :<<>E>K:MBHG OH MA>K> BL :G
PA>G O>EH<BMR <A:G@>L >BMA>K BG F:@GBMN=> :G BG<K>:L> HK =><K>:L> BG LI>>= HK BG =BK><MBHG HK ;HMA

)BD> PBMA O>EHAERIRH BGM>KG:EBS> PA:M :0>K:@> :<<>E>K:MBHG F>:GL BML F:MA>F:MB<:E K>IK>L>GM:MBHG :;HO> :G= MKR MF
<HGG><M MA>L> MPH =>?BGBMHGL

<<>E>K:MBHG ;L >3MHK

<<>E>K:MBHG BL : 0><MHK BG MA> L:F> =BK><¢iBhife B&MA>EH<BMROBG<> O>EH<BMR BL : BMMBKA:G@> >BMA>K
BG F:@GBMN=> HK BG =BK><MBHG <<>E>K:MBHG BL MA>K>?HK> : <A:G@> BG >BMA>K LI>>= HK =BK><MBHG HK ;HMA

(>>1 BG FBG= MA:M :EMAHN@A :<<>E>K:MBHG BL BG MA> =B&ngd/ilBE GHEHVBWIRL GHM :EP:RL BG MA> =BKnatMBHG H?
4A>G :G H;C><M LEHPL =HPG BML :<<>E>K:MBHG BL HIIHLBM> MH MA> =BK><MBHG H? BML Fidd&BH&@idhABL BL DGHPG :L
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Figure 2.13 LN;P:R MK:BG BG 0:H -:NEH K:SBE =><>E>K:M>L :L BM <HF>L BGMH : LM:MBHG &M BL :<<>E>K:MBG@ BG : =BK><MBHG HIIHLBM> MH BML =BK><I
FHMBHG <K>=BWM\B> (:P:L:DB #EB<DK

*BL<HG<>IMBHG E>KM [><>E>K:MBHG OL +>@:MBO> <<>E>K:MBHG

I><>E>K:MBHG :EP:RL K>?>KL MH :<<>E>K:MBHG BG MA> =BK><MBHG HIIHLBM> MH MA>I=8K#/IBBE G ‘BRARLO>EH<BMR
K>=N<>L LI>>= +>@:MBO> :<<>E>K:MBHG ABP>G>K>K:MBHBe negative direction in the chosen coordinate system

+>@:MBO> :<<>E>K:MBHG F:R HK F:R GHM ;> =><>E>K:MBHG :G= =><>E>K:MBHG F:R HK F:R GHM ;> <HGLB=>K>= G>@:MBO>
<<>E>KIMBHG #HK >Q:FIE> <HGEBzrK2.14
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Figure 2.14 : 1ABL <K BL LI>>=BG@ NI :L BM FHO>L MHP:K= MA> KB@AM &M MA>K>?HK> A:L IHLBMBO> :<<>E>K:MBHG BG HNK <HHK=BG:M> LRLM>F ; 1A
LEHPBG@ =HPG :L BM FHO>L MHP:K= MA> KB@AM 1A>K>?HK> BM A:L G>@:MBO> :<<>E>K:MBHG BG HNK <HHK=BG:M> LRLM>F ;><:NL> BML :<<>E>K:MBH
E>?M 1A> <K BL :ELH =><>E>K:MBG@ MA> =BK><MBHG H? BML :<<>E>K:MBHG BL HIIHLBM> MH BML =BK><MBHG H? FHMBHG < 1ABL <:K BL FHOBG@ MH
LEHPBG@ =HPG HO>K MBF> 1A>K>?HK> BML :<<>E>K:MBHG BL IHLBMBO> BG HNK <HHK=BG:M> LRLM>F ;><:NL> BWABL<MHBL:K= MA> KB@AM %HP>0>K
=><>E>K:MBG@ ;><:NL> BML :<<>E>K:MBHG BL HIIHLBM> MH BML FHMBHG = 1ABL <:K BL LI>>=BG@ NI :.L BM FHO>L MHP:K= MA> E>?M &M AL G>@:MBO>
;><:NL> BM BL :<<>E>K:MBG@ MHP:K= MA> E>?Mk HHPBOIEK<<>E>K:MBHG BL BG MA> L:F> =BK><MBHG :L BML FHMBHG n8M BL LI>>=BG@ NI
=><>E>K:MBG@

1ABL FBL<HG<>IMBHG BL : IBM F:GR LMN=>GML ?:EE BGNAFKBE>K>KK><BL> =>?BGBMBHGL ?HK M>KFL LN<A L :<<>E>K:MBHG
MA:M P> P:GM RHN MH DGHBGHPBG@ MA>L> PBEE A>ElI RHN :OHB= MA>L> FBLNG=>KLM:G=BG@L

Example 2.1 Calculating Acceleration: A Racehorse Leaves the Gate

K:<>AHKL> <HFBG@ HNM H? MA> @:M> :<<>E>K:M>L ?KHF K>LM MH : O>EH<BMR H? FL=N>P>LMBG L 4A:M BL BML :O>K:@>
<<>E>K:MBHG
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Figure 2.15 <K>=BM 'HG ONEEBO:G -! -AHMH HK@

Strategy

#BKLM P> =K:P : LD>M<A :G=LLB@G : <HHK=BG:M> LRLM>F MH MA> IKH;E>F 1ABL BL : LBFIE> IKH;E>F ;NM BM :EP:RL A>EIL MH
OBLN:EBS>BM +HMB<>MA:M P> :LLB@G >:LM :L IHLBMBO> :G= P>LM :L G>@:MBO> 1ANL BG MABL <:L> P> A:0> G>@:MBO> O>EH<I

Figure 2.16

4 > <:G LHEO> MABL IKH;E>F ;R B=>GMBYRBS@ | ?KHF MA> @BO>G BG?HKF:MBHG :G= MA>G <:E<NE:MBG@ MA> :0>K:@>

-<<>E>K:MBHG =BK><MER ?KHF MA>BJN=:I¥-¥¥IG—V%:—|\§V

Solution

&=>GMB?R MA> DGHAGL W N MA>G>@:MBO> LB@G BG=B<:M>L =BK><MBHG MHPtK= MA> P>LM

#BG= MA> <A:G@> BG O>BB&BMRIA> AHKL> BL @HBG@ ?KHF S>KH MN BML <A:G@> BG O>EH<BMR >JN:EL BML ?BG:E
O>EH<BMRW i ' N

-EN@ BG MA> DGHPG O:EN¥L:G= T :G= LHEO> ?HK MA> NGDGBIPG
B IW N T NT

TU T

Discussion

1A> G>@:MBO> LB@G ?HK :<<>E>K:MBHG BG=B<:M>L MA:M :<<>E>K:MBHG BL MHP:K= MA> P>LM NGI: <ksEBKLMBHG H?

F>:GL MA:M MA> AHKL> BG<K>:L>L BML O>EH<BMR ;R FL =N>P>LM >:<A L><HG= MA:MBL  F>M>KL I>K L><HG= [>K L><HG=
PAB<A P> PKBM> :L NT 1ABL BL MKNER :G :0>K:@> :<<>E>K:MBHG ;><:NL> MA> KB=> BL.GHNHEHHMAMPK MA:M

:G :<<>E>K:MBHG H? MABL F:@GBMN=> PHNE= K>JNBK> MA> KB=>K MH A:G@ HG PBMA : ?HK<> G>:KER >JN:E MH ABL P>B@AM

&GLM:GM:G>HNL <<>E>K:MBHG

Instantaneous acceleration E HK MAeeceleration at a specific instant in time BL H;M:BG>= ;R MA> L:F> IKH<>LL :L =BL<NLL>=

?HK BGLM:GM:G>HNL O>EHxBMReBGIty , and Speed (https://legacy .cnx.org/content/m42096/latest/) ~MA:M BL ;R

<HGLB=>KBG@ :G BG?BGBM>LBF:EER LF:EE BGM>KO:E H? MBF> %HP =H P> ?BG= BGLM:GM:G>HNL :<<>E>K:MBHG NLBG@ HGER :E@
BL MA:M P> <AHHL> :G :0>K:@> :<<>E>K:MBHG MA:M BL K>IK>L>GM:MBO®H2 MA? EAMBH@K:IAL H? BGLM:GM:G>HNL

:<<>E>K:MBHG O>KLNL MBF> ?HK MPHKOSKRAHBABHGIgW&EG2.17 : MA> :<<>E>K:MBHG O:KB>L LEB@AMER :G= MA> :0>K:@> HO>K

MA> >GMBK> BGM>KO:E BL G>:KER MA> L:F> :L MA> BGLM:GM:G>HNL :<<>E>K:MBHG :M :GR MBF> &G MABL <:L> P> LAHNE= MK>:M M#A
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BM A:=: <HGLM:GM :<<>E>K:MBHG >JN:E MH MA> :0>K:@> BG MABL NL?r-:;EENQure 2.17 ; MA> :<<>E>K:MBHG O:KB>L

=K:LMB<:EER HO>K MBF> &G LN<A LBMN:MBHGL BM BL ;>LM MH <HGLB=>K LF:EE>K MBF> BGM>KO:EL :G= <AHHL> :G :O>K:@> :<<>E>k
#HK >Q:FIE> P> <HNE= <HGLB=>K FHMBHG HO>K MA> MBF> BGM>KO:EL ?KHF MH L :G=?KHF MH L L L>:K:M>FHMBHGL PBMA
<<>E>K:MBHGLH? N T:G= N T K>LI><MBO>ER

Figure 2.17 $K:IAL H? BGLM:GM:G>HNL :<<>E>K:MBHG O>KLNL MBP>RHEMWRE=BBF>GLBHG:E FHMBHGL : %>K> :<<>E>K:MBHG O:KB>L HGER LEB@AMER :G=
BL :EP:RL BG MA> L:F> =BK><MBHG LBG<>BM BL IHLBMBO> 1A>:0>K:@> HO>K MA> BGM>KO:E BL G>:KER MA> L:F> :L MA> :<<>E>K:MBHG :M :GR @BO>G MB
:<<>E>K:MBHG O:KB>L @KKMERK>IK>L>GMBG@ : I:<D:@> HG : IHINB&2<HGO>RHK ;>EM MA:M BL :<<>E>K:M>= ?HKP:K=:G=;:<DP:K=:L BM ;NFIL :EHG@
&M BL G><>LL:KR MH <HGLB=>K LF:EE MBF> BGM>KO:EL LN<A:L ?KHF MH

L PBMA <HGLM:GM HK G>:KER <HGLM:GM :<<>E>K:MBHG BG LN<A : LBMN:MBH(

1A> G>QM L>0O>K:E >Q:FIE>L <HGLB=>K MA> FHMBHG H? MA> LN;P:R MKB€& LABP&®BG MA> LANMME> FHO>L MH MA> KB@AM

:G=BG ; BM FHO>L MH MA> E>?M 1A> >Q:FIE>L K> =>LB@G>= MH ?NKMA>K BEENLMK:M> :LI><ML H? FHMBHG :G= MH BEENLMK:M> L|
K> LHGBG@ MA:M @H>L BGMH LHEOBG@ IKH;E>FL

Figure 2.18 ,G> =BF>GLBHG:E FHMBHG H? : LN;P:R MK:BG <HGLB=ziKpe BG Example 2.3 Example 2.4 Example 2.5 Example 2.6 :G=
Example 2.7 %>K> P> A:0> <AHL>G MA¥:QBL LH MA:M F>:GL MH MA> KB@AMES:EL MH MA> E>?M ?HK =BLIE:<>F>GML O>EH<BMB>L :G= :<<>E>K:MBHGL
: 1A> LN;P:R MK:BG FHO>L MH MA> KB@AM ’:MHW( &ML =BLIE:<>F>GMY BL

DF ; 1A> MK:BG FHO>L MH MA> E>?M YRHAH YZ &ML
=BLIE:<>F>GMI Y:BL '

L +HM>MA:M MA> IKBF> LRF;HE d BL NL>= LBFIER MH =BLMBG@NBLA ;>MP>>G =BLIE:<>¢SVEGMNMBPIGER?
1A> =BLM:G<>L H? MK:O>E :G= MA> LBS> H? MA> <:REKKSNIG.<fE>L MH ?BM >O>KRMABG@ BGMH MA> =B:@K:F

Unit | - Mathematical Tools and Foundational Concepts

52



AIIM>K T (BG>F:MB<L

Example 2.2 Calculating Displacement: A Subway T rain

4A:M K> MA> F:@GBMN=> :G= LB@G H? =BLIE:<>F>GML ?HK MA> FHMBHGL H? MA> LN;P:R MK:BG LAHPGB@&EKML : :G= ; H?
2.18

Strategy

=K:PBG@ PBMA : <HHK=BG:M> LRLM>F BL :EK>:=R IKHOB=>= LH P> =HG'M G>>= MH F:D> : LD>M<A ;NM P> LAHNE= :G:ERS> BM MH
F:D> LNK> P> NG=>KLM:G= PA:M BM BL LAHPBG@ -:R :KMB<NE:K :MM>GMBHG MH MA>HPBB=BBINVE LRENGNF B> NL>
MA> >IN:MBHIGY YGl Y 1ABL BL LMK:B@AM?HKP:K= LBG<> MA> BGBMB:E :G= ?BG:E IHLBMBHGL :K> @BO>G

Solution
&=>GMB?R MA> DGHPGL &G MA> ?B@NK>¥s L>>MA:M :G= Y L ?HK KM @ :G= Y5 L :G=
Y2 L ?HK I:KKM ;

OHEO> ?HK =BLIE:<>F>GM BG KM :
Y Y5 Y LN LN LI

OHEO> ?HK =BLIE:<>F>GM BG |:KM ;
™2 Yz' Y2 LN LN ' L
Discussion

1A> =BK><MBHG H? MA> FHMBHG BG : BL MH MA> KB@AM :G= MA>K>?HK> BML =BLIE:<>F>GM A.L : IHLBMBO> LB@G PA>K>:L FHME
MA> E>?M :G= MANL A.L : G>@:MBO> LB@G

Example 2.3 Comparing Distance T raveled with Displacement: A Subway T rain

4A:M :K> MA> =BLM:G<>L MK:0>E>= ?HK MA> FHMBHGL LAHPG BG I:KML : :G= ; H? MA¥IN/B:R MK:BG BG
Strategy

1H :GLP>K MABL JN>LMBHG MABGD :;HNM MA> =>?BGBMBHGL H? =BLM:G<> :G= =BLM:G<> MK:O>E>= :G= AHP MA>R :K> K>E:M>= M}
=BLIE:<>F>GM !BLM:G<> ;>MP>>G MPH IHLBMBHGL BL =>?BG>= MH ;> MA> F:@GBMN=> H? =BLIE:<>F>GEx&ABA P:L ?HNG= BG

2.2 IBLM:G<> MK:O>E>= BL MA> MHM:E E>G@MA H? MA> |:MA MK:O>E>= ;>MP>>G MAsBREEIHEBMBHGL 0>>

(https://legacy .cnx.org/content/m42033/latest/) &G MA> <:L> H? MA> LN;P:R MK:BG LAHBG{B%18 MA> =BLM:G<>

MK:O>E>= BL MA> L:F> :L MA> =BLM:G<> ;>MP>>G MA> BGBMB:E :G= ?BG:E IHLBMBHGL H? MA> MK:BG

Solution

1A> =BLIE:<>F>GM ?HK I:KM : P:L DF 1A>K>?HK> MA> =BLM:G<> ;>MP>>G MA> BGBMB:E :G= ?BG:E IHLBMBHGL P:.L DF
:G= MA> =BLM:G<> MK:O>E>=P:L DF

1A> =BLIE:<>F>GM ?HK I:KM ; P:L' L M1A>K>?HK> MA> =BLM:G<> ;>MP>>G MA> BGBMB:E :G= ?BG:E IHLBMBHGL P:.L DF
:G= MA> =BLM:G<> MK:O>E>=P:.L DF
Discussion

IBLM:G<>BL : L<:E:&M A:L F:@GBMN=> ;NM GH LB@G MH BG=B<:M> =BK><MBHG

Example 2.4 Calculating Acceleration: A Subway T rain Speeding Up

ONIIHL> MA> MK:BG-BGre 2.18 : <<>E>KIM>L ?KHF K>LM MH  DF ABG MA> ?BKLM L H? BML FHMBHG 4A:M BL BML :O>K:@>
:<<>E>K:MBHG =NKBG@ MA:M MBF> BGM>KO:E

Strategy
&M BL PHKMA BM :M MABL IHBGM MH F:D> : LBFIE> LD>M<A

Figure 2.19
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1ABL IKH;E>F BGOHEO>L MAK>> LM>IL #BKLM P> FNLM =>M>KFBG> MA> <N/&@G>PBEG RO HE=BMRFBG> MA> <A:G@> BG
MBF> :G= ?BG:EER P> NL> MA>L> O:EN>L MH <:E<NE:M> MA> :<<>E>K:MBHG

Solution

&=>GMB?R MA> DGHAGL ~ MA> MK:BGL LM:KML :M\§&LM LN = TU

:E<NE:M> TV 0BG<> MA> MK:BG LM:KML ?KHF K>LM BML <A:G@>TB& O>EH<BMHNBPA>K> MA> IENL LB@G F>:GL
O>EH<BMR MH MA> KB@AM

-EN@ BG DGHPG O:EN>L :G= LHEO> ?HK MA> NBDGHPG
B IW__ LN
TU T
0BG<> MA> NGBML :K> FBQ>= P> A:0> ;HMA AHNKL :G= L><HG=L ?HK MBF> P> G>>= MH <HGO>KM >0>KRMABG@ BGMH 0& NGBM

F>M>KL :G=L><HG=L O0>hysical Quantities and Units (https://legacy .cnx.org/content/m42091/latest/) ?HK FHK>
@NB=:G<>

B L LN4 NA | 4 N
& T63 LNB P

Discussion

1A> IENL LB@G F>:GL MA:M :<<>E>K:MBHG BL MH MA> KB@AM 1ABL BL K>:LHG:;E> ;><:NL> MA> MK:BG LM:KML ?KHF K>LM :G=>G=L
: O>EH<BMR MH MA> KB@AM :ELH IHLBMBO> O0H :<<>E>K:MBHG BL BG MArHargeB&SMBHBRRVEB:RL MA> <:L>

Example 2.5 Calculate Acceleration: A Subway T rain Slowing Down

+HP LNIIHL> MA:M :M MA> >G= H? BML MKBI MAZMK2BIG BGAEHPL MH : LMHI ?KHF : LI>>=H? DFABG L 4AM
BL BML :0>K:@> :<<>E>K:MBHG PABE> LMHIIBG@

Strategy

Figure 2.20

&G MABL <:L> MA> MK:BG BL =><>E>K:MBG@ :G= BML :<<>E>K:MBHG BL G>@:MBO> ;><:NL> BM BL MHP:K= MA> E>?M L BG MA> IK>(
>Q:FIE> P> FNLM ?BG= MA> <A:G@> BG O>EH<BMR :G= MA> <A:G@> BG MBF> :G= MA>G LHEO> ?HK :<<>E>K:MBHG

Solution
&=>GMB?R MA> DGHAGL LN W LN MA>MK:BG BL LMHII>= LH BML O>EH<BMRBL :G=

OHEO> ?HK MA> <A:G@> BG O>EN<BMR

T™W W W LN I LN
-EN@ BG MA> DGHPEN :G= T :G=LHEO> ?HB
B IW LN
TU T
HGO>KM MA> NGBML MH F>M>KL :G= L><HG=L
g IwW I LN4Y N4 |4, N T
TU 3 T 63 LN& P

Discussion

1A> FBGNL LB@G BG=B<:M>L MA:M :<<>E>K:MBHG BL MH MA> E>?M 1ABL LB@G BL K>:LHG:;E> ;><:NL> MA> MK:BG BGBMB:EER A:L :
O>EH<BMR BG MABL IKH;E>F :G=: G>@:MBO> :<<>E>K:MBHG PHNE= HIIHL> MA> FHMBHG @:BG :<<>E>K:MBHG BL BG MA> L:F> =Bl
:L MA>hange BG O>EH<IBMERA BL G>@:MBO> A>K> 1ABL :<<>E>K:MBHG <:G ;> <EE>=: =><>E>K:MBHG ;><:NL> BM A:L : =BK><MBHG
HIIHLBM> MH MA> O>EH<BMR

Unit | - Mathematical Tools and Foundational Concepts 54



AIIM>K T (BG>F:MB<L

1A> @K:IAL H? IHLBMBHG O>E<BME>K:MBHG OL MBF> ?HK MASEMENBGLBGE :G= Example 2.5 :K> =BLIE:R>= BGyure
2.21 4 >A:0> M:D>G MA> O>EH<BMR MH K>F:BG <HGLM:GM ?KHF MH L :?M>K PAB<A MA> MK:BG =><>E>K:M>L

Figure 2.21 : -HLBMBHG H? MA> MK:BG HO>K MBF> +HMB<>NALBMWBHOHKABED>L LEHPER :M MA> ;>@BGGBG @MWRAGABHBHNGS FRK>

JNB<DER :L BM IB<DL NI LI>>= &ML IHLBMBHG MA>G <A:G@>L FHK> LEHPER :L BM LEHPL =HPG :M ¥BMAGFB2/A>HPHINCGSRABE> RIA>

O>EH<BMR K>F:BGL <HGLM:GM MA> IHLBMBHG <A:G@>L :M : <HEEHABMRKHZ-MABMK:BG HO>K MBEXO2BHMBMRBG<K>:L>L :L BM :<<>E>K:M>L :M

MA> ;>@BGGBG@ H? MA>EMIKKEBBL MA> L:F> BG MA> FB==E> H? MA> CHNKG>R PA>K> MA>K> BL GH :<<>E>K:MBHG &M =><K>:L>L :L MA> MK:BG =><>E>K
MA> >G= H? MA> CHNKGAR :<<>E>K:MBHG H? MA> MK:BG HO>K MBF> 1A> MK:BG A:L IHLBMBO> :<<>E>K:MBHG :L BM LI>>=L NI :M MA;M@BGGBG@ H? MA> C
A:L GH :<<>E>K:MBHG :L BM MK:O>EL :M <HGLM:GM O>EH<BMR BG MA> RB#E E<HEMAMBHBIRGER @:MBO> L BM LEHPL =HPG :M MA> >G= H? MA> CHNKG>R

Example 2.6 Calculating A verage Velocity: The Subway T rain

4A:M BL MA> :0>K:@> O>EH<BMR H? MA> MK:B&BGHIKM 2 HB= LAHPG :@:BG ;>EHB? BM M:D>L  FBG MH F:D> BML
MKBI
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Figure 2.22
Strategy
O>K:@> O>EH<BMR BL =BLIE:<>F>GM =BOB=>= ;R MBF> &M PBEE ;> G>@:MBO> A>K> LBG<> MA> MK:BG FHO>L MH MA> E>?M :G=,
=BLIE:<>F>GM
Solution
&=>GMB?R MA> DGHY%L L Y L TU N
I>M>KFBG> =BLIE:<>F>GM Y: 4 > ?HNG=T Y_MH ;> ' L BGxample 2.2
OHEO> ?HK :0>K:@> O>EH<BMR
w I *° L
U N <
HGO>KM NGBML
1 LML NJHO .
w LY LN
u 3 NIJ& 1 6

Discussion
1A> G>@:MBO> O>EH<BMR BG=B<:M>L FHMBHG MH MA> E>?M

Example 2.7 Calculating Deceleration: The Subway T rain

#BG:EERIIIHL> MA> MK:BGBGe 2.22 LEHPL MH : LMHI ?KHF : O>EH<BMR H? DFABG L 4A:M BL BML :O>K:@>
:<<>E>KIMBHG

Strategy
,G<>:@:BG EXMK:P: LD>M<A

Figure 2.23

L ;>?HK> P> FNLM ?BG= MA> <A:G@> BG O>EH<BMR :G= MA> <A:G@> BG MBF> MH <:E<NE:M> :0>K:@> :<<>E>K:MBHG

Solution
&=>GMB?R MA> DGHAGL ' LN W LN TU
‘E<NE:M> TV 1A> <A:G@> BG O>EH<BMR A>K> BL :<MN:EER IHLBMBO> LBG<>
TW W W Y LN I LN
OHEO> ?HKB
B IW LN
TU T

HGO>KM NGBML
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1 LN4L N4 | 4
B 3 T 63 LN& t i

Discussion

1A> IENL LB@G F>:GL MA:M :<<>E>K:MBHG BL MH MA> KB@AM 1ABL BL K>:LHG:;E> ;><:NL> MA> MK:BG BGBMB:EER A:L : G>@:MBO>
MA> E>?M BG MABL IKH;E>F :G=: IHLBMBO> :<<>E>K:MBHG HIIHL>L MA> FHMBHG :G= LH BM BL MH MA> KB@AM @:BG :<<>E>K:ME
L:F>=BK><MBHG L Mtrenge BG O>EH<BAMERA BL IHLBMBO> A>K>ExaBBle 2.5 MABL :<<>E>K:MBHG <:G ;> <:EE>=:

=><>E>K:MBHG LBG<> BM BL BG MA> =BK><MBHG HIIHLBM> MH MA> O>EH<BMR

0B@G :G=BK><MBHG

->KA:IL MA> FHLM BFIHKM:GM MABG@ MH GHM> :;HNM MA>L> >Q:FIE>L BL MA> LB@GL H? MA> :GLP>KL &G HNK <AHL>G <HHK=BG:M>
IENL F>:GL MA> JN:GMBMR BL MH MA> KB@AM :G= FBGNL F>:GL BM BL MH MA> E>?M 1ABL BL >:LR MH BF:@BG> RK =BLIE:<>F>GM :G
BM BL : EBMME> E>LL H;OBHNL ?HK :<<>E>K:MBHG *HLM I>HIE> BGM>KIK>M G>@:MBO> :<<>E>K:MBHG :L MA> LEHPBG@ H? :G H;C><N\
<:L> BG=xample 2.7 PA>K>: [HLBMBO> :<<>E>K:MBHG LEHP>= : G>@:MB¢>GKBEHBEMEBLMBG<MBHG P:L MA:M MA> :<<>E>K:MBHG

P:L BG MA> HIIHLBM> =BK><MBHG ?KHF M&& @>dH<BM@:MBO> :<<>E>K:MBti€aBBEG>@:MBO> O>EHABMR):FIE> MA>

MK:BG FHOBG@ MH MASgEFPRMBGBL LI>= NI ;R :G :<<>E>K:MBHG MH MA> E>?M &G MA:M<GE> ;HME& G>@:MBO> 1A>

IENL :G= FBGNL LB@GL @BO> MA> =BK><MBHGL H? MA> :<<>E>K:MBHGL &? :<<>E>K:MBHG A:L MAMABRH;B&6! BIMA> O>EH<BMR
LI>>=BG@ NI &? :<<>E>K:MBHG A:L MA> HIIHLBM> LB@G :L MA> BXEH&BRIR. EHPBG@ =HPG

Check Y our Understanding

G :BKIE:G> E:G=L HG : KNGP:R MK:O>EBG@ >:LM !>L<KB;> BML :<<>E>K:MBHG

Solution
&? P> M:D> >:LM MH ;> IHLBMBO> MA>G MA> :BKIE:G> AL G>@:MBO> :<<>E>K:MBHG :L BM BL :<<>E>K:MBG@ MHP:K= MA> P>LM &M
=><>E>K:MBG@ BML :<<>E>K:MBHG BL HIIHLBM> BG =BK><MBHG MH BML O>EH<BMR

-A"1 "QIEHK:MBHGL *HOBG@ *:G OBFNE:MBHG

)>:KG :;HNM IHLBMBHG O>EHB=BMRE>K:MBHG @K:IAL *HO> MA> EBMME> F:G ;:<D :G= ?HKMA PBMA MA> FHNL> :G= |IEHM ABL
FHMBHG 0>M MA> IHLBMBHG HBCEM<BMRMBHG :G= E>M MA> LBFNE:MBHG FHO> MA> F:G ?HK RHN

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

Your Quiz would Cover
¢ !>L<KB;BG@ MA> NGBML H? MA> O:EN> LEHI> :G= MA> :K>: NG=>K :GR @K:IA
¢ 2LBG@ LEHI>H? : IHLBMBHG OL MBF> @K:IA MH LD>M<A : O>EH<BMR OL MBF> @K:IA
¢ 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
¢ 2LBG@ MA> :K>: NG=>K : O>EH<BMR OL MBF> @K:IA MH LD>M<A : IHLBMBHG OL MBF> @K:IA

Other Things to Consider as Y ou Read:
¢ L PBMA MA>HMA>K L><MBHGL MA>K>:K>=>?BGBMBHGL H? ;:LB< <HG<>IML MA:M P> PBEE ;> NLBG@PBERHN@AHNM MA> <HI
:ELH ;> PHKDBG@ PBMA @K:IAL : EHM :L P>EE

@K:IA EBD>: IB<MNK> BL PHKMA : MAHNL:G= PHK=L $K:IAL GHM HGER <HGM:BG GNF>KB<:E BG?HKF:MBHG MA>R :ELH K>0O>:E K>E
;>MP>>G |ARLB<:E JN:GMBMB>L 1ABL L><MBHG NL>L @K:IAL H? =BLIE:<>G=GM>G>KHABMR O>KLNL MBF> MH BEENLMK:M> HG>
=BF>GLBHG:E DBG>F:MB<L
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OEHI>L :G= $>G>K:E />E:MBHGLABIL

#BKLM GHM> MA:M @K:IAL BG MABL M>QM A:0> |>KI>G=B<NE:K :Q>L HG> AHKBSHGM:E :G= MA> HMA>K O>KMB<:E 4A>G MPH IARLB<:
IEHMM>= :@:BGLM HG> :GHMA>K BG LN<A : @K:IA MA> AHKBSHGM:E :QBL BL NLN:EERded&idertKarididld ;> & MA>
O>KMB<:E :QBépendent variable &? P> <:EE MA> AHKBSHGM:E QRIBMAS= MA> O>KMB<:E :QBL®BL :L BGigure 2.25 :

LMK:B@AM EBG> @K:IA A:L MA> @>G>K:E ?HKF
Z NY C

%>K> N BL M#Astope =>?BG>= MH ;> MA> KBL> =BOB=>= ;R MA> KNG :L L>>G BG MA> ?B@NK> H? MA> LMK BIGMM-ERES 1A> E>SMM>K
MAYy-intercept PAB<A BL MA>IHBGM :M PAB<A MA> EBG> <KHLL>L MA> O>KMB<:E :QBL

Figure 2.25 LMK:B@AM EBG> @K:IA 1A> >IJN:MBHG ?HK : LMK:E@AM PBGE BL

$K:IAH? IBLIE:<>F>GM OLBF>a LH vBL<HGLM:GM

1BF> BL NLN:EER :G BG=>|>G=>GM O:KB:;E> MA:M HMA>K JN:GMBMB>L LN<A :L =BLIE:<>F>GM =>I>G=NIHG @K:IA H? =BLIE:<>F>GM
O>KLNL MBF> PHNE= MANL WAHBMA> O>KMB<:E :QBLHG-MA> AHKBSHGM:EgQBL2.26 BL CNLM LN<A : LMK:B@AM EBG> @K:IA

&M LAHPL : @K:IA H? =BLIE:<>F>GM O>KLNL MBF> ?HK : C>M IHP>K>= <:K HG : O>KR ?E:M =KR E:D> ;>= BG +>0:=:

Figure 2.26 $K:IA H? =BLIE:<>F>GM O>KLNL MBF> ?HK : C>M IHP>K>= <:K HG MA> HGG>OBEE> 0:EM #E:ML

2LBG@ MA> K>E:MBHGLABI ;>MP>>G =>|>G=>GM :G= BG=>|>G=>GM O:KB:;E>L P> L>> MA:M MA> LEHI> BG MA> @K:IA :;HO> BL :O>K:@>
O>EH<BMRG= MA> BGM>K<>IM BL =BLIE:<>F>GM :M MBF> S>KH"DMIMBIMNMBG@ MA>L> LRF;HEL BGEMIHC @BO>L

Y W'Y

HK
Y Y W

1ANL : @K:IA H? =BLIE:<>F>GM O>KLNL MBF> @BO>L : @>G>K:E K>E:MBHGLABI :FHG@ =BLIE<{BEM :DPEHEBMBBOBG@
=>M:BE>= GNF>KB<:E BG?HKF:MBHG :;HNM : LI><B?B< LBMN:MBHG

1A> OEHI>HR OL t
1A> LEHI> H? MA> @K:IA H? =BLIE:<>FrGMMBF3 BL O>EH<BMR
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TMPQl.lif(J v

+HMB<> MA:M MABL >JN:MBHG BL MA> L:F> :.L MA:M =>KBO>= :E@>;K:B<:EER ?KHF HMA*OFHMBHGI=IN:MBHGL BG
Constant Acceleration in One Dimension (https://legacy .cnx.org/content/m42099/latest/)

#KHF MA> ?B@NK> P> <:G L>> MA:M MA> <K A:L : =BLIE:<>F>GMH? F:M L:G= F:M L &ML =BLIE:<>F>GM :M HMA>K
MBF>L <:G ;> K>:= ?KHF MA> @K:IA ?NKMA>KFHK> BG?HKF:MBHG :;HNM BML O>EH<BMR :G= :<<>E>K:MBHG <:G :ELH ;> H;M:BG>= ?KHI
@K:IA

Example 2.8 Determining A verage V elocity from a Graph of Displacement versus T  ime: Jet Car

#BG= MA> :0>K:@> O>EH<BMR H? MA> <:K PAHL> IHLBMBH&BLe@KRTA>= BG
Strategy

1A> LEHI> H? : @K:IAHAOL | BL :0>K:@> O>EHKB®I®> LEHI> >JN:EL KBL> HO>K KNG &G MABL <:L> KBL> <A:G@> BG
=BLIE:<>F>GM :G= KNG <A:G@>BG MBF> LH MA:M

TMP dT'ﬁ( W
U
0BG<> MA> LEHI> BL <HGLM:GM A>K> :GR MPH IHBGML HG MA> @K:IA <:G ;> NL>= MH ?BG= MA> LEHI> $>G>K:EER LI>:DBG@ BM Bl

:<<NK:M> MH NL> MPH PB=>ER L>:K:M>= IHBGML HG MA> LMK:B@AM EBG> 1ABL BL ;><:NL>:GR >KKHK BG K>:=BG@ =:M: ?KHF MA>
IKHIHKMBHG:EER LF:EE>K B? MA> BGM>KO:E BL E:K@>K

Solution

AHHL> MPH IHBGML HG MA> EBG> &G MABL <:L> P> <AHHL> MA> IHBGML E:;>E>= HG MA> @K:IA L F .G= L
F +HM> AHP>0O>KIA:M RHN <HNE= <AHHL> :GR MPH IHBGML

ON;LMBMNM> Mas= | O:EN>L H? MA> <AHL>G IHBGML BGMH MA> >IN:MBHG />F>F;>K BG <:E<NE:MBGEPRLG @>
NL> ?BG:E O:EN> FBGNL BGBMB:E O:EN>

w gy —
RB>E=BG@

W N
Discussion

1ABL BL :G BFIK>LLBO>ER E:K@> E:G=LI>>= DFA HK:;HNM FBA FN<A @K>:M>K MA:G MA> MRIB<:E AB@AP:R LI>>= EBFBM H?
FBA FLHK DFA ;NM<HGLB=>K:ERLARH? MA>K><HK=H? FL DFAHK FBA L>MBG
$K:IAL H? *HMBHG PA>EBL <HGLM:GM Biv
1A> @K:IAL BEgure 2.27 ;>EHP K>IK>L>GM MA> FHMBHG H? MA> C>M IHP>K>= <K :L BM :<<>E>K:M>L MHP:K= BML MHI LI>>= ;NM HGER

=NKBG@ MA> MBF> PA>G BML :<<>E>K:MBHGHH><HGKMIGM 3>KH ?HK MABL FHMBHG :L B? F>:LNK>= PBMA : LMHIP:M<A :G= MA>
=BLIE:<>F>GM :G= O>EH<BMR :K>BGBMB:EER F:G= FL K>LI><MBO>ER
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Figure 2.27 $K:IAL H? FHMBHG H? : C>M IHP>K>= <:K =NKBG@ MA> MBF> LI:G PA>G BML :<<>E>K:MBHG BL <HGLM:GMOL 1AGIEWBH? :G
O>EH<BMBL BL LAHPG :M MPH IHBGML :G= MA> BGLM:GM:G>HNL O>EH<BMB>L H;M:BG>= :K> IEHMM>= BG MA> G>QM @K:IA &GLM:GM:G>HNL O>EH<BMR :M
LEHI> H? MA> M:G@>GM :M MA:M IHBGM ; 1A> LEWBLHA MASIA BL <HGLM:GM ?HK MABL I:KM H? MA> FHMBHG BG=B<:MBG@ <HGLM:GM :<<>E>K:MBHG <

<<>E>K:MBHG A:L MA> <HGLM:GM O:EN> NP "HO>K MA> MBF> BGM>KO:E IEHMM>=
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Figure 2.28 20 BK#HK<>C>M <:K LI>>=L =HPG : MK:<D <K>=BMKHUME> #EB<DK

1A> @K:IA H? =BLIE:<>F>GM O>KLNL MBR¥@B%G27 : BL : <NKO> KIMA>K MA:G : LMK:B@AM EBG> 1A> LEHI> H? MA> <NKO> ;><HF>L
LM>>>K :L MBF> IKH@K>LL>L LAHPBG@ MA:M MA> O>EH<BMR BL BG<K>:LBG@ HO>K MBF> 1A> LEHI>:M :GR IHBGM HG : =BLIE:<>F>(
MBF> @K:IA BL MA> BGLM:GM:G>HNL O>EH<BMR :M MA:M IHBGM &M BL ?HNG= ;R =K:PBG@ : LMK:B@AM EBG> M:G@>GM MH MA> <NK
BGM>K>LM :G= M:DBG@ MA> LEHI> H? MABL IG@-EBEIABEBG K4 LAHPG ?HK MPHRHBGML2BG &? MABL BL =HG> :M >O>KR

IHBGM HG MA> <NKO> :G= MA> O:EN>L :K> IEHMM>= :@:BGLM MBF> MA>G MA> @K:IA H? O>EH<BMR«O2KINLBUBF> LAHPG BG
H;M:BG>= #NKMA>KFHK> MA> LEHI> H? MA> @K:IA H? O>EH<BMR O>KLNL MBF> BL :<<>E>K:MBIE 2PAB<A BL LAHPG BG

Example 2.9 Determining Instantaneous V elocity from the Slope at a Point: Jet Car

:E<NE:M> MA> O>EH<BMR H? MA> C>M <K :M : MBF>H? L ;R ?BG=BG@0A> LEHFABGINA> @K:IA ;>EHP

Figure 2.29 1A> LEHI> H? GYoL | @K:IA BL O>EH4RBRBL LAHPG :M MPH IHBGML &GLM:GM:G>HNL O>EH<BMR :M :GR IHBGM BL MA> LEHI> H? MA> M:G@>
‘M MA:M IHBGM
Strategy
1A> LEHI> H? : <NKO> :M : IHBGM BL >JN:E MH MA> LEHI> H? : LMK:B@AM EBG> M:G@>GM MH MA> <NKO> :M MA:M IHBGM 1ABL IKBG
BEENLMK:MS5B&2.29 PA>K> . BL MA> IHBGMUM
Solution

#BG= MA> M:G@>GM EBG> MH MAXKNKO> :M

I>M>KFBG> MA> >G=IHBGML H? MA> M:G@>GM 1A>L> <HKK>LIHG=MH : [HLBMBHG H? F:M MBF> L :G=:IHLBMBHGH? F
‘M MBF> L

-EN@ MA>L> >G=IHBGML BGMH MA> >JN:MBHG MH LHEO¥ ?HK MA> LEHI>

1ANL
w —3 N
Discussion
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1ABL BL MA> O:EN> @BO>G BG MABIE2B@NKM U "1A>O:EN>H? FL ?HKW BL IEHMM>EiBGe 2.29 1A>
>GMBK> @K:IAHOL | <:G ;> H;M:BG>= BG MABL ?:LABHG

‘KKRBG@ MABL HG> LM>| B¥KBHMEK MA:M MA> LEHI> H? : O>EH<BMR O>KLNL MBF> @K:IA BL :<<>E>K:MBHG OEHI> BL KBL> =BOB=>=;
HG: VOL |@K:IA KBL> <A:G@> BG O>EHABMRKNG <A:G@>BG MBFb

1A>0EHI> HY OL t
1A> LEHI> H? : @K:IA H? O>EHYEMRMBFA BL :<<>E>K:MBHEG

TMPQ-T[I%V E

0BG<> MA> O>EH<BMR O>KLNL MBFg@K:2ABG BL : LMK:B@AM EBG> BML LEHI> BL MA> L:F> >0O>KRPA>K> BFIERBG@ MA:M
:<<>E>K:MBHG BL <HGLM:GM <<>E>K:MBHG O>KLNL MBF=®BLe@KTA%= BG

==BMBHG:E @>G>K:E BG?HKF:MBHG <:G ;> H;MEBGr=2KHEG= MA> >QIK>LLBHG ?HK : LMK:B@AM BB&E> C

&G MABL <:L> MA> O>KMB<BIQBLMA> BGM>K<€IBL W MA> LEHI>N BL E :G= MA> AHKBSHGM:EY@RLl ON;LMBMNMBG@
MA>L> LRF;HEL RB>E=L
W W B

@>G>K:E K>E:MBHGLABI ?HK Gz=BB=RMBHG :G= MBF> AL :@:BG ;>>G H;M:BG>= ?KHF : @K:IA +HMB<> MA:M MABL >JN:MBHG P:L
:ELH =>KBO>=:E@>;K:B<:EER ?KHF HMA>K FHMBHG/MINIVBHGIBE for Constant Acceleration in One Dimension
(https://legacy .cnx.org/content/m42099/latest/)
&M BL GHM :<<B=>GM:E MA:M MA> L:F> >JN:MBHGL :K> H;M:BG>= ;R @K:IAB<:E :G:ERLBL L ;R :E@>;K:B< M><AGBJIN>L &G ?:<M :G BFIH
P:R MHliscover IARLB<:E K>E:MBHGLABIL BL MH F>:LNK> O:KBHNL IARLB<:E JN:GMBMB>L :G= MA>G F:D> @K:IAL H? HG> JN:GMBMR :@:|
:GHMA>K MH L>> B? MA>R :K> <HKK>E:M>= BIBKGE:RIBHGL BFIER IARLB<:E K>E:MBHGLABIL :G= FB@AM ;> LAHPG ;R LFHHMA @K:IAL
LN<A :L MAHL> ;;HO> #KHF LN<A @K:IAL F:MA>F:MB<:E K>E:MBHGLABIL <:G LHF>MBF>L ;> IHLMNE:M>= #NKMA>K >QI>KBF>GML :K> M.
I>K?HKF>= MH =>M>KFBG> MA> O:EB=BMR H? MA> ARIHMA>LBS>= K>E:MBHGLABIL

$K:IAL H? *HMBHG 4A>K> <<>E>K:MBHG BL +HM HGLM:GM

+HP <HGLB=>K MA> FHMBHG H? MA> C>M <:K :.L BM @H>L ?KHF F L MH BML MHI O>EH<BMRA{RIre 2 BG@KBR>=@BG
LM:KML :M S>KH :G= MA> BGBMB:E =BLIE:<>F>GM :G= O>EH<BMR :K> F:G= FL KtARG<NBER>BR> ?BG.E =BLIE:<>F>GM

:G= O>EH<BMR H? MA> <:K BG MA> FHMBHGI@:IA3% BG<>E>K:MBHG @K:=N:EER =><K>:L>L ?KH¥ ~MH S>KH PA>G MA>
<KABML FL 1A>LEHI>H? MAYOL | @K:IA BG<K>:L>L NGMBE ' :?M>K PAB<A MBF> MA> LEHI> BL <HGLM:GM OBFBE:KER

O>EH<BMR BG<K>:L>L NGMBE L :G= MA>G ;><HF>L <HGLM:GM LBG<> :<<>E>K:MBHG =><K>:L>L MH S>KH :M L :G=K>F:BGL S>KH
?M>KP:K=
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Figure 2.30 $K:IAL H? FHMBHG H? : C>M IHP>K>= <:K :L BM K>:<A>L BML MIABDFEHMBNIR ;>@BGL PA>K> MA> FHMBEIG. BG>G=L : 1A>
LEHI> H? MABL @K:IA BL O>EH<BMR BM BL IEHMM>= BG MA> G>QM @K:IA ; 1A> O>EH<BMR @K:=N:EER :IIKH:<A>L BML MHI O:EN> 1A> LEHI> H? MABL @K:IA
BM BL IEHMM>= BG MA> ?BG:E @K:IA < <<>E>K:MBHG @K:=N:EER =><EBG>L MH S>KH PA>G O>EH<BMR ;><HF>L <HGLM:GM

Example 2.10 Calculating Acceleration from a Graph of V' elocity versus T ime

:E<NE:M> MA> :<<>E>K:MBHG H? MA> C>M <K :M : MBF> H? L ;R ?BG=BG@M2{> LERIK: I Bz re 2.30 ;

Strategy
1A> LEHI> H? MA> <NKOXJM "BL >JN:E MH MA> LEHI> H? MA> EBG> M:G@>GM :M MA:M IHBGM)uteBEENLMK:M>= BG

Solution
I>M>KFBG> >G=IHBGML H? MA> M:G@>GM EBG> ?KHF MA> ?B@NK> :G= MA>G IEN@ MA>F BGMH MA>E>IN:MBHG MH LHEO> ?HK LEF

T, N T N
TP g —
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Discussion

+HM> MA:M MABL O:ENBB2HKHGLBLM>GM PBMA MA> O:ENFitEHMM:E BGM U

@K:IA H? =BLIE:<>F>GM O>KLNL MBF> <:G ;> NL>= MH @>G>K:M> : @K:IA H? O>EH<BMR O>KLNL MBF> :G=: @K:IA H? O>EH<BMR O>K
<:G ;> NL>= MH @>G>K:M> : @K:IA H? :<<>E>K:MBHG O>KLNtHBABLAR ?BG=BG@ MA> LEHI> H? MA> @K:IAL :M >O>KR IHBGM &? MA>
@K:IABL EBG>K B> :EBG>PBMA : <HGLM:GM LEHI> BM BL >:LR MH ?BG= MA> LEHI> :M :GR IHBGM :G= RHN A:0O> MA> LEHI> ?HK >O:
$K:IAB<:E :G:ERLBL H? FHMBHG <:G ;> NL>= MH =>L<KB;> ;HMA LI><B?B< :G= @>G>K:E <A:K:<M>KBLMB<L H? DBG>F:MB<L $K:IAL <:G :E

NL>= ?HK HMA>K MHIB<L BG IARLB<L G BFIHKM:GM :LI><M H? >QIEHKBG@ IARLB<:E K>E:MBHGLABIL BL MH @K:IA MA>F :G= EHHD ?H
K>E:MBHGLABIL

Check Y our Understanding

@K:IA H? O>EH<BMR OL MBF> H? : LABI <HFBG@ BGMH : A:K;HK BL IAHR®;>BH> FHMBHG H? MA> LABI ;:L>= HG MA>
@K:IA ; 4A:M PHNE=: @K:IA H? MA> UABI>E>K:MBHG EHHD EBD>

Figure 2.31
Solution

: 1A> LABI FHO>L :M <HGLM:GM O>EH<BMR :G= MA>G ;>@BGL MH =><>E>K:M> :M : <HGLM:GM K:M> M LHF> IHBGM BML =><>E>K:M
=><K>:L>L &M F:BGM:BGL MABL EHP>K =><>E>K:MBHG K:M> NGMBE BM LMHIL FHOBG@

;. @KIA H? :<<>E>K:MBHG OL MBF> PHNE= LAHP S>KH :<<>E>K:MBHG BG MA> ?BKLM E>@ E:K@> :G= <HGLM:GM G>@:MBO> :<<>E
MA> L><HG=E>@ :G=<HGLM:GM G>@:MBO> :<<>E>K:MBHG

Figure 2.32

2.6 Simulations

Your Quiz would Cover
¢ $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

1ABL L><MBHG BL ;:L>= HG OB=>HL ?KHF MA> 2*:LL -ARLBHNN;%1:@> 1A> OB=>H K>:EER :==L LHF>MABG@ ;>RHG= MABL

M>QM MAHN@A :G= LH ?HK MABL LhigMiBl#zddNnBhded MA:M RHN P:M<A MA> OB=>HL BGLM>:= %>K> :K> MA> EBGDL MH MA>
OB=>HL

¢ 1A>HKR HG OHEOBG@ -KH;E>FL PBMA OBRNE:MBIG .youtube.com/watch?v=ilelRzD7HYQ
(https://www .youtube.com/watch?v=i1elRzD7HYQ)

¢ #BKLM "Q:FIE> H? OHEOBG@ : -KH;E>F PBMA OBRINE:MBK@ .youtube.com/watch?v=]_HBtIT s948
(https://www .youtube.com/watch?v=j_HBtIT s948)
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¢ *HK> HFIE>Q "Q:FIE> H? OHEOBG@ : -KH;E>F PBMA OBFNEtMBHGvw .youtube.com/watch?v=6FoKBtxuEhg
(https://lwww .youtube.com/watch?v=6FoKBtxuEhg)

1A>HKR HG OHEOBG@ -KH;E>FL 2LBG@ OBFNE:MBHG

OBFNE:MBHG BL @HBG@ MH ;> : MHHE MA:M P> NL> ?K>JN>GMER BG MABL <E:LL MH-BIEESKIBREBLLAKREE>FL :K> GHM

LHEO:;E> PBMA CNLM :E@>;KRHHMFB@AM A:O> LNLI><M>= MABL :G= ?B@NK>FNANGHD RBMA :E@>;K: ;NM F:R;>B? &

BGOHD> LHF> AB@A>K F:MA LN<A :L <.E<NENL & <:G LM:KM MH =H K>:E IARLBEE INIA;E>AREAL ;NM >O>G PBMA <:E<NENL :G=

LHF> H? MA> FHLM LHIABLMB<:M>= F:MA HNM MA>K> RHN LMBEE <:G'M LHEO> FHLM H? MA> BGM>K>LMBG@ K>{ENPHKE= IKH;E>FL M
<:G LHEO> FH=>EL RHN <:G LHEO> LBFIEB?B<:MBHGL ;NM MH MKR :G= @>M >0>KRMABG@ MA> |IKH;E>FL :K> :<MN:EER NG=H:;E>

#HK >Q:FIE> CNLM MH F:D> :G >QMK>F> >Q:FIE> MABGD :;HNM MA> ":KMA MA>0ONG :G= MA> FHHG 1A> ?HK<> HG MA>L> MAK>> H;C>
<:G ;> =>L<KB;>= ;R : ?HK<> E:P ?KHF MA> MA <>GMNK% MA:M L:RL MA> ?HK<> H? @K:OBMR ;>MP>>G MPH F:LL>L L:R MA>

>:KMA :G= MA> FHHG BL MA>BK F:LL>L :G= MA> =BLM:G<> ;>MP>>G MA>F LINBK>#HKANUWPH H;C><MCNLRI MA> ":KMA :G=

MA> FHHG RHN <:G PKBM> :G >JN:MBHG MA:M =>L<KB;>L MA>BK FHMBHG NUB{BPEO*ABHINeEikxot EKBM> =HPG :G

>JN:MBHG MA:M =>L<KB;>L MA> FHMBHG H? MA> ONG MA> ":KMA :G= MA> FHHG RHN G>>= @H MHUB+BE-MBHE *HK>HO>K
LBFNE:MBHG MA:M P>'K> @HBG@ MH ;> =BL<NLLBG@ A>K> :G= MAKHN@AHNM MABL <E:LL :K>;>BG@ NL>= FHK> :G= FHK> BG >LL>G|
H? L<B>G<> MH LHEO> <HFIE>Q IKH;E>FL &G MA>#.EE LHESLINBKA> 0&L ?HK -ARLB<L P:L NLBG@ MA>L> L:F> B=>:L MH

LHEO> IKH;E>FL BG ABL EB?> L<B>G<> ;:L>= L>GBHK AHGHKL MA>LBL L :G NG=>K@ KABIVBFKHLEPNEERG RHN MA>

K>E>0:G<> H? MABL M><AGBJN> MH :EE ?B>E=L H? L<B>G<> :G= F>=B<BG> BG MA> FH=>KG =R

4A:M'L MA> IABEHLHIMR> IK>FBL> ;>ABG= MA> B=>: H? LBFNE:MBH®ABL BL I>KA:IL ;>LM =HG> BG MA> <HGM>QM H? :G >Q:FIE>

)>ML L:R P> A:O> : KNGG>IG= P> K> EHHDBG@ :M MA> KNGG>K :M LHF> BGLM:GM :G= MA>G LHF>ILREE MBF> E:M>K

L><HG=L E:M#K-EE B? P> P:GM MH FH=>E MA> FHMBHG H7MRHKES GHABGD :;HNM MA> :0>K:@> O>EH<BMR iG= AHP MA:M"

K>E:M>= MH MA>BK IHLBMBHG :G= MA> <A:G@> BG MBF> &? P> BF:@BG> : K>:EER LF:EE :FHNGMLH>NEBRBNWRSBHFABIRKNGG>K

MA> ?BKLM BGLM:GM MH MA> G>QM BGLM:GM =H>L GHM <AIG@HBHKR MKARIMA:M MA>L> MPH :K> LNI>K <E&RPMH@>MA>K

F:D> HNK MBF> BGM>KO:E LF:EE >GHN@A MA>G MA> O>EH<BMR >LL>GMB:EER ;:MB:>GNHVEEBGIHGOMGBMA> KNGG>K

<HNE= ;> KNGGBG@ :M H.IR:M MA> ?BKLM BGLM:GM :G= ‘M MA> G>QM BGLM:GM ;NM MA> <A:G@> BL LF:EE >GHN@A PA>K> P> <H
CNLM L:R MA:M MA> KNGG>K BL KNGGBG@ :M MA> :0>K:@> ;>MP>>G MAHL> MPH O>EH<BMB>L PAB<A BL >LL>GMB:EER F L :GRP:RL

+HP P>'K> @HBG@ MH =H : EBMME> ;BM H? :E@>;K: 2LBG@ MA> :>?WBMB%|.GHI?NEEBIER\%@ YM MH MA> HMA>K LB=> @BO>L

NL

W U Y
HK

WU Yg Y

KBG@BG@ HO>K MA> BGBMB:E IHLBMBHG H? MA> KNGG>K @BO>L NL MA> ?BG:E IHLBMBHG

WUY Y
4 > K> LLNFBG@ MA:M MA> LI>>=BL >LL>GMB:EER <HGLM:GM LH P> <:G NL> MA> KNGG>KL BGBMB:E LI>>= ?HK :O>K:@> LI>>= :G= L}
LHEO> ’?H'K( PA>K> MA>R :K>:M MA> >G= H? MABL MBF> BGM>KO:E &G HMA>K PHK=L B? P> DGHFRAK=&IRRG KR

&F ?K>> MH :LLNF> MA:M FR LI>>= PHG'M <A:G@> ;><:NL> & F <HGLB=>KBG@ CNLM : MBGR MBF> BGM>KO:E MA>G & <:G NL> MA:M B(
MH IK>=B<M PA>K> &'F @HBG@ MH ;> BG MA> ?NMNK> 1ABL BL MA> B=>: H? LBFNE:MBHG & NL> PA:M & DGHP :;;HNM MA> LRLM>F :M :
BGLM:GM MH IK>=B<M AHP MABG@L :K> @HBG@ MH ;> BG MA> G>QM LF.EE MBF> EBMME> ;BM H? MBF> E:M>K

1A> L:F> IABEHLHIAR AHE=L MKN> ?HK :<<>E>K:MBHG & <HNE= A:O> K>|>:M>= MA> >GMBK> L>KB>L H? LM>ILLLIRBKM :<<>E>K:MBHG )>\
PBMA MA> =>?BGBMBHG H? :<<>Bi>K:M-B¥1(&? & F MABGDBG@ :;HNM : O>KR LF:EE MBF> BGM>KO:E MA>G MA> :0>K:@> :<<>E>K:MBHG
@HBG@ MH ;> MA> :<<>E>K:MBHG MA> :<<>E>K:MBHG BL GHM @HBG@ MH <A:G@> O>KR FN<AC: HEHG(@ BB G@1 BL K>.EER
EBMME> ;:BM H? :E@>;K:

B U V

B U W' W

B UW W

@:BG B? & DGHP FR LI>>=:M LHF> BGLM:GM FR :<<>E>K:MBHG :M LHF> BGLM:GM :G=FR YM BL LF:EE >GHN@A MA>G & <:G NL> MA!
BG?HKF:MBHG MH IK>=B<M PA:M FR YO BL @HBG@ MH ;> LHF> 4 B:HEEMBEN BN KIABL MAKHN@AHNM MA> <HNKL> PBMA : PB=>
O:KB>MR H? <HG<>IML ?KHF ?HK<>L MH M>FI>K:MNIRSNEE-GMKHRHN K> NLBG@ PA:M RHN DGHP GHP MH IK>=B<M PA:M PBEE
A:lI>G : LF:EE MBF> E:M>K
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"Q:FIE> H? OHEOBG@ : -KH;E>F 2LBG@ OBFNE:MBHG
)>MC M:D> : O>KR LBFIE> LBMN:MBHG :G= PHKD HNK P:R NI
;:EE BL =KHII>= ?KHF F>M>KL :;HO> MA> @KHNG= :G=:L P>EE L>> E:M>K BG MA> <HNKL> : 2.EEBG@ H;C><M NG=>K@H>L : <HGLM:

:<<>E>K:IMBHG H?  F L4 >EE =BL<NLL MABL BG FHK> =>NEBBPEBRE-®>M BGMH MA> IARLB<L H? ?K>>?:EE :M E>SG@MA ;NM ?HK GHP
P>"EE CNLM LAHP RHN AHP MH KNG MA> F><A:GB<L H? MA> LBFNE:MBHG %HP ?:K :;HO> MA> @KHNG= BL MA> ;:EE  L><HG=L E:M>K

4 >’K>=>:EBG@ PBMA O>KR LF:EE :FHNGML H? MBF> LH HNK :LLNFIMBHG MA:M MABG@L :K>-H@GM: RN PBE BP> EIKN>MINI
T ME>

,NK M:;E> AL IHLBMBHG O>EK<BEMR:MBHG :G= MBF> :L MA>L> PBEE :EE IE:R BGMH MA> FHMBHEE H2 NG NEA>4>@BGGBG@
H? MA>=KHI:MM PBMA :G BGBMB:E IHLBMBHG H? F>M>KL :G= MA> BGBMB:E O>EH<BMR H? FL :L MA>;EE BLG'M FHOBG@ :M M:/

>@BGGBG@ H? MA> =KHI #HK MA> :<<>E>K:MBHG L B¥M>F+KEBX®:BG =HG'M @>M MHH >G@KHLL>= BG MA> IARLB<L KB@AM
GHP P>"EE M:ED ;;HNM PARGBMR:MBO> :G=: IHLBMBO> FN<A#EIKISKIR: CNLM P:GM MH @H MAKHN@A MA> F><A:GB<L

+HP P>"EE FHO> HG MH LHF> MBFA4E:MSK@HBG@ MH @H LHF> LF:EE :FHNGM H?IMBESMBMBKINK <A:G@> BG MBF> MH ;>
LBG<>BMLF:EE :G=?BML BGMH  L><HG=L GB<sfERK MABL PAHE> B=>: BL IK>=B<:M>= HG MA> :LLNFIMBHG MA:M O>EH<BMR

:G= 1<<>E>KIMBHG :K>G'M <A:G@BG@ O>KR FN<A HO>K MA> MBF> :G= MA> HGER P:R MA:M <:G ;> MKN> BL B? MA> MBF> BL LF:EE LH

M:D> LF:EE MBF> LM>IL #HK MA> G>QM MBF> LM>l MA> MBF> BL MA> IK>OBHNL MBF> IENL NUA>&IARA@=/BEHABEHMM

MH ;> <<>E>K:MBHG PHG'M <A:G@> LH P> <:G E>:0> MA:M :L BL

+HP PA:M ;;HNM MA> O>EH<BMR :G= MA> IHLBMBHG #KHF :;HO> P> LHEO>= ?HK ?BG:E IHLBMBHG :G= ?BG:E O>EH<BMR L
WUY Y
B U W W

4 > <:G NL> MA> BGBMB:E IHLBMBHG BGEBB&EHKNBWES MH LHEO> ?HK MA> ?BG:E O>EH<BMR :G= ?BG:E IHBBMBHG />F>F;>K

P>'K>M:DBG@ : LF:EE MBF> LM>l MA> O>EH<BMR PHG'M <A:G@> FN<A LH P> <:G K>IE:<> MA> :0>K:@> O>EH<BMR PBMA CNLM MA> |
O>EH<BMRE>K:MBHG =H>LG'M <A:G@> LH MA> :0>K:@> :<<>E>K:MBHG BL CNLM PA:M BM LM:KM>=:L BG MA> ;>@BGGBG@ -EN@@E

GNF>KL@BOSLNNE T N N

I N4 N N
3 16 7 =

4 > <:G NL> MA>L> GNF;>KL MH <HGMBGN> HNK M:;E>

1, E>

4 > <:G K>1>:M MABL IKH<>LL ?HK MA> G>QM LM>| BG MBF> NLBG@ MA> O:EN>L P> ?HNG= ?HK MA> G>QM MBF> LM>I| :L HNK G>P BGBI
<HG=BMBHGL OH IEN@@BG@ BG MA> GNF;>KL BGMH MA> >JN:MBHGL
v ST N N

4 - :
R

G=INMMBG@ HNM G>P O:EN>L BGMH MA> M:;E>
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1:E>

OH MA> :GLP>K MH HNK BGBMB:E IKH;E>F BL MA:M MA> ;:EE BL ? MA>M@KHNG= L><HG=L E:M>K

1A> ;:EE =H>LG'M FHO> O>KR ?:K BG MA> LAHKM :FHNGM H? MBF> P> <HNE= A:0> ?B@NK>= MA:M HNM IKH;: JEEBE@GMNBMBHG %HF
LBFNE:MBHGL <:G ;>MM>K RHNK NG=>KLM:G=BG@ H? <HG<>IML LN<A :L :<<>E>KHIBHEFE>CSHEMBEMRIA:M MA> ;:EE’

IHLBMBHG =H>LG'M <A:G@> BG MA> ?BKLM MBF> LM>| 1AKHN@A MABL LBFNE:MBHG RHN <:G L>> MA:M MA> :<<>E>K:MBHG =H>L GH
<A:G@> BG IHLBMBHG BFF>sRMKBRA>K : <A:G@> BG O>EF<BMRIABL O>EH<BMR MA:M <:NL>L MA> <A:G@> BG IHLBMBHG

*HK> HFIE>Q "Q:FIE>

)>ML L:R RHN A:0> : <XKLM:KMBG@ :M K>LM PBMA :G :<<>E>K:MBHG =BBIG>= NEI b

%HP ?:LM BL BM FHOBG@ :?M>K L
4A>K> BL BM :?M>K L

4A:M B? BM <A:G@>BM —'_Fl U PA>K>PHNE=BM ;>:?M>K L

1ABL >Q:FIE> A:L : ?7>P =B2K>GM I:KML PA>K> HNK :<<>E>K:MBHG BL GHM MA> GB<> LBFIE> <HGLM:GM &G MA> IK>OBHNL >Q:FIE> M/
<<>E>K:MBHG P:L <HGLM:GM LH RHN <HNE= LHEO> BM PBMAHNM NLBG @RB#ANEMB&SE IKHPBOEHAAN<HGLM:GM MA>

HGER P:R RHN <:G LHEO> BM BL MAKHN@A LBFNE:MBHG

)>ML @>M LM:KM>= PBMA |:KM : #BKLM P> F:D> HNK M:;E> :G= INM BG HNK BGBMB:E <HG=BMBHGL @:BG P> NG=MBF> IHLBMBHG C
<<>E>K:MBHG ?HK HNK Ms:ES £>M MBF> MH LM:KM :M  :G= IHLBMBHG MH LM:KM :M LBG<> MA> IKH;E>F =H>LG M LI><B?R : LM:KMBG
IHLBMBHG &GBMB:E O>EH<BMR BL LBG<> MA> <HK1BGKMANBGRMBIE <<>E>K:MBHG P> IEN@ BG HNK MBF> BGMH MA> :<<>E>K:Mk
@BO>G ;R MA> IKH;E>F LH

1n4 N
B _N N
376 T

OH MA> BGBMB:E :<<>E>K:MBHG BL :L P>EE

1E>

+HP E>MM:D> HNK ?BKLM LM>| :G= @H MH  L><HG=L PA>K> P>'K>LMBEE @HBG@ MH ;> NLBG@ MA>L> MPH >QIK>LLBHGL
WUY Y

B U W W
& =HG'M P:GM RHN MH F>FHKBS> MASEB>GHHK MA>L> CNLM <HF> ?KHF MA> =>?BGBMBHGL H? O>EH<BMR :G=:<<>E>K:MBHG 1A>L>C
MA> =>?BGBMBHGL H? MA>L> JN:GMBMB>LLKSGAKBNEMPG IN-NEBBHG MBW L:F> =>?BGBMBHGL P>"0> ;>>G >QIEHKBG@ BG MABL >GMBK>
IK>:K:IMBHG @:BG P>IEN@ BG MA> BGBMB:E O:EN>L BGMH MA> MP&-I—%IK>LLEHGL N N

1_N4 T N N
3 T 6 T 7T
4 > :ELH A:0> MH LHEO> ?HK HNK G>P :<<>E>K:MBHG NLBG@ MA> ?HKFNE: @BO>G BG MA> IKH;E>F >?HK> P> EHO> HG GHMB<> MA:
| BG HNK >QIK>LLBHGL ?HK ?BG:E IHLBMBHGNBND%EH<BNMRG MA> ?HKFNE: ?HK :<<>E>K:MBHG MAKEEER
BGM>K<A:G@>:;E> ;NM BG MABL IKH;E>F MA>R F>:G MPH L>:K:M> MABG@L 1A> <hiG@*BAMBBFXM>IL PABE>MA>
MHM:E MBF> NI MH MA:M LN>BAHKBIGM MH D>>| BG FBG= MABL =BLMBG<MBHG OHEOBG@ ?HK MA> G>P :<<>E>K:MBHG @BO>L NL

1n4 N

B 376 T
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G=HNK G>P M:;E> EHHDL EBD>

1.:E>

>1>:MBG@ MA> IKH<>LL ?HK  @BO>L NL
1T NN

1 _N4 T N N
3 T T T
4 N

6
1
B 376 T

—lz

+HMB<>MA:M  BL NL>= ?HK MA> MBF> BG MA> :<<>E>K:MBHG @:BG D>>| BG FBG= MA> =BLIGBG{BBHG\»>MP:ES-
#BEEBG@ HNM MA> M:;E> @BO>L NL

1E>

OH MA> :GLP>K MH MA> JN>LMBHG BL MA:M MA> <:K BL FHOBG@ FL:?M>K L><HG=L

EKB@AM LH GHP P>'0> LHEO>= MABL IKH;E>F ;R A:G=?HK NIMH L><HG=L @K>:M 1A>G>QM JN>LMBHG BL PA>K> BL BM :?M>K ?E
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
MBF> I8N <HNE==H BM ;NM RHN'=;>:M BM ?HK JNBM>: PABE> 1ABL BL PA>K> MA> ;>G>?BM H? NLBG@ : <HFINM>K MH LHEO> MA> IK
<HF>BGMH IEGBG<> LBFNE:MBHG BL FHLMER CNLM : IKH<>LL RHN <:G A:0> : <HFINM>K IKH@K:F EBD> "Q<>E HK $HH@E> OIK>:=LA>>
KNG MAKHN@A MA> IKH<>LL ?HREEHN @HBG@ HO>K AHP MH =H MABL BG <E:LL

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

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

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

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

deceleration : :<<>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<BI

dependent variable : MA> O:KB:;E> MA:M BL ;>BG@ F>:LNK>= NLN:EER IEHMMZ=QBHG@ MA>

displacement : MA> <A:G@> BG IHLBMBHG H? :G H;C><M

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

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

elapsed time : MA> =BK>G<> ;>MP>>G MA> >G=BG@ MBF> :G= ;>@BGGBG@ MBF>

independent variable : MA> O:KB:;E> MA:M MA> =>|>G=>GM O:KB:;E> BL F>:LNK>= PBMA K>LI><M MH NLN:EERYEpBUM>= :EHG@ MA>
instantaneous acceleration : :<<>E>K:MBHG :M : LI><B?B< IHBGM BG MBF>

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

instantaneous velocity : O>EH<BMR :M: LI><B?B< BGLM:GM HK MA> :0>K:@> O>EH<BMR HO>K :G BG?BGBM>LBF:E MBF> BGM>KO:E
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kinematics : MA> LMN=R H? FHMBHG PBMAHNM <HGLB=>KBG@ BML <:NL>L

model : 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 LBMI
position : MA> EH<:MBHG H? :G H;C><M :M : LKMB<NE:K MBF>

scalar: : IN:\GMBMR MA:M BL =>L<KB;>= ;R F:@GBMN=> ;NM GHM =BK><MBHG

slope : MA> =BK>G<> BBO:EN> MA> KBL> =BOB=>= ;RMK>G8? BBO:EN> MA> KNG H? MPH IHBGML HG : LMK:B@AM EBG>

time: <A:G@> HK MA> BGM>KO:E HO>K PAB<A <A:G@> H<<NKL
vector : : IN.GMBMR MA:M BL =>L<KB;>= ;R ;HMA F:@GBMN=> :G= =BK><MBHG

y-intercept : MA>ZO:EN>PA>GY HK PA>G MA> @K:IA <KHLL>L MA®BL

Section Summary

2.1 Displacement

¢ (BG>F:MB<L BL MA> LMN=R H? FHMBHG PBMAHNM <HGLB=>KBG@ BML |NLBL EREBMBL MAt IMMBHG :EHG@ : LMK:B@AM EBG>
<:EE>= HG> =BF>GLBHG:E FHMBHG

¢ IBLIE:<>F>GM BL MA> <A:G@> BG IHLBMBHG H? :G H;C><M

¢ &G LRF;HEL =BLIE:<>F>AW BL =>?BG>= MH ;>

TY Y'Y

PA>K> Y BL MA> BGBMB:E IHLBMEHBE i@&> ?BGE IHLBMBHG &G MABL M>QM MR>=#EMD EPMANLFC :GL a<A:G@>
BGb PA:M>0>K JN:GMBMR ?HEEHPL BM 1A> 0& NGBM ?HK =BLIE:<>F>GM BL MA> F>M>K F IBLIE:<>F>GM A.L : =BK><MBHG :L P>E
F:@GBMN=>

¢ 4A>G RHN LM:KM : IKH;E>F LLB@G PAB<A =BK><MBHG PBEE ;> IHLBMBO>

IBLM:G<> BL MA> F:@GBMN=> H? =BLIE:<>F>GM ;>MP>>G MPH [HLBMBHGL
¢ !BLM:G<> MK:O>E>= BL MA> MHM:E E>G@MA H? MA> I:MA MK:O>E>= ;>MP>>G MPH IHLBMBHGL

o

2.2 Vectors, Scalars, and Coordinate Systems
¢ O><MHK BL :GR JN:GMBMR MA:M A:L F:@GBMN=> :G= =BK><MBHG
L<:E:K BL :GR JN:GMBMR MA:M A:L F:@GBMN=> ;NM GH =BK><MBHG
IBLIE:<>F>GM :G= O>EH<BMR :K> O><MHKL PA>K>:L =BLM:G<> :G= LI>>= K> L<:E:KL
&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

O o0 o0

2.3 Time, Velocity , and Speed
¢ 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

TU ' U
PA>K> Lé BL MA> ?BG:E MBF-U®t. 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 MA3G CNLM
¢ O>K:@> O>EH<BMBR. =>?BG>=:L =BLIE:<>F>GM =BOB=>= ;R MA> MK:O>E MBF> &G LRF;HEL :0>K:@> O>EH<BMR BL

W TY Yo' Y
TU
1A> 0& NGBM ?HK O>EH<BMR BL F L
3>EH<BMR BL : O><MHK :G= MANL A:L : =BK><MBHG
&GLM:GM:G>HNL O>EM8BNR> O>EH<BMR :M : LI><B?B< BGLM:GM HK MA> :0>K:@> O>EH<BMR ?HK :G BG?BGBM>LBF:E BGM>KO:
&GLM:GM:G>HNL LI>>= BL MA> F:@GBMN=> H? MA> BGLM:GM:G>HNL O>EH<BMR
&GLM:GM:G>HNL LI>>=BL : L<:E:K IN:GNBBMRL GH =BK><MBHG LI><B?B>=
O>K:@> LI>>= BL MA> MHM:E =BLM:G<> MK:0O>E>= =BOB=>= ;R MA>GEKI@®@>= MBF= Blot MA> F:@GBMN=> H? MA>
:O>K:@> O>EH<BMR=BL : L<:E:K IN:GMBMR BM A:L GH =BK><MBHG :LLH<B:M>= PBMA BM

O 00 o000

2.4 Acceleration
¢ <<>E>K:MBHG BL MA> K:M> :M PAB<A O>EH<BMR <A:G @aler@Gel&REptdtation B BL

B Iw W W
TU & U

¢ 1A>0& NGBM ?HK :<<>E>K:MBHG BL
¢ <<>E>K:MBHG BL : O>BAHWANL A:L : ;HMA : F.@GBMN=> :G= =BK><MBHG
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¢ <<>E>K:MBHG <:G ;> <:NL>= ;R >BMA>K : <A:G@> BG MA> F.@GBMN=> HK MA> =BK><MBHG H? MA> O>EH<BMR
¢ &GLM:GM:G>HNL :<<>E>K:MBHBIA> :<<>E>K:MBHG :M : LI><B?B< BGLM:GM BG MBF>

¢ I><>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
¢ $K:IAL H? FHMBHG <:G ;> NL>= MH :G:ERS> FHMBHG
$K:IAB<:E LHENMBHGL RB>E= B=>GMB<:E LHENMBHGL MH F:MA>F:MB<:E F>MAH=L ?HK =>KBOBG@ FHMBHG >IN:MBHGL
1A> LEHI> H? : @K:IA H? =BLIE:<>F>GRIL MBF: BL O>EH<BMR
1A> LEHI> H? : @K:IA H? O>EHYEMRMBF @K:IA BL :<<>E>K:MHBHG
O>K:@> O>EHEIM:GM:G>HNL O>EB=BMRE>K:MBHG <:G :EE ;> H;M:BG>= ;R :G:ERSBG@ @K:IAL

o O oo

2.6 Simulations
¢ OBFNE: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 ;> LHE
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:
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 O0I>>=L H? NI MH
{N %T — N gA: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 PKBMvhird that is diving for prey has a speed of ' N Tb4A:M BL PKHG@ PBMA MA> LMINEMSFFGM 4A:M

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

5. 4A:M BL MA> LI>>= H? MA> ;BR=dBGse 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:C

7. P>MA>K ?HK><:LM LM:M>L MA:M MA> M>FI>K:MNK> BL IK>2B<KISMMH?HEEHPBG@LNVRABL M>FI>K:MNK> : O><MHK HK :
L<:E:K IN:GMBMR "QIE:BG

2.3 Time, Velocity , and Speed

8. $BO> :G >Q:FIE> ;NM GHM HG> ?KHF MA> M>QM H? : =>0B<> NL>= MH F>.LNK> MBF> :G= B=>GMB?R PA:M <A:G@> BG MA:M =>0B<>
BG=B<:M>L : <A:G@> BG MBF>

9. 1A>K> BL : =BLMBG<MBHG ;>MP>>G :0>K:@> LI>>= :G= MA> F:@GBMN=> H? :GBQ@:SOLEHEBNRA:M BEENLMK:M>L MA>
=B2K>G<> ;>MP>>G MA>L> MPH JN:GMBMB>L

10. IH>L : <K 'L H=HF>M>K F>:LNK> [HLBMBHG 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:0O>E>= HG : <:K MKBI :L =>M>KFBG>= ;R MA> H=HF>M>K ;R MA> MBF> ?HK MA> MKBI :K>
<:EXNE:MBG@ MA> :0>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:G
L:F>

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

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 AL : G>@:MBO> O>EH<BMR :G= MA>G <HF>L MH : LMHI PA:M BL MA> =BK><MBHG H?
:<<>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:MBI
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>KLNiiMBESBG®IH =>L<KB;> MA> <A:G@> BG O>EH<BMR HO>K MBF>
&=>GMB?R ; MA> MQF>L€ y Lé HK | :M PAB<A MA> BGLM:GM:G>HNL O>EH<BMR BL @K>:M>LM < MA> MBF> :M PAB<A BM BL S>KF

= MA> MBF> :M PAB<A BM BL G>@:MBO>

Figure 2.33

19. : OD>M<A: @K:IA H? O>EH<BMR O>KLNL MBF> <HKK>LIHG=BG@ MH MA> @K:IA H? =BLIE:<>F>GM@»&KPNI4MBF> @BO>G BG
&=>GMB?R MA> MBF> HHMBE>LJ >M< :M PAB<A MA> BGLM:GM:G>HNL O>EH<BMR BL @K>M>LM < M PAB<A MBF>LBL BM S>KH =

PAB<A MBF>L BL BM G>@:MBO>

Figure 2.34
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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> @Ki#ArEN<A :L MA> HG> BG
2.35 ; :L>=HG MA> @K:IA AHP =H>L :<<>E>K:MBHG <A:G@> HO>K MBF>

Figure 2.35
21. : OD>M<A: @K:IA H? :<<>E>K:MBHG O>KLNL MBF> <HKK>LIHG=BG@ MH MA> @K:IA H? O>EH<BMBLO=>KINL MBF> @BO>G BG
&=>GMB?R MA> MBF> HKLMBQ>LLQ >M< M PAB<A MA> :<<>E>K:MBHG BL @K>:M>LM < M PAB<A MBF>L BL BM S>KH = M PAB<A MBI

BL BM G>@:MBO>

Figure 2.36
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22. HGLB=>K MA> O>EH<BMR OL MBF> @K:IA H? : I>KLHG BG :G >E>OiMHKALAHRBIBE > MA> >E>0:MHK BL BGBMB:EER :M K>LM

&M MA>G <<>E>K:M>L ?HK L><HG=L F:BGM:BGL MA:M O>EH<BMR ?HK L><HG=L MA>G =><>E>K:M>L ?HK L><HG=L NGMBE BM LMH
<<>E>K:MBHG ?HK MA> >GMBK> MKBI BL GHM <HGLM:GM LH P> <:GGHM NL> MA> >INi\B HG L8 iEHMBEHG KK FHF

Acceleration in One Dimension (https://legacy  .cnx.org/content/m42099/latest/) ?HK MA> <HFIE>M> MIKBIHME= AHP>0O>K

NL> MA>F BG MA> MAK>> BG=BOB=N:E L><MBHGL PA>K> :<<>E>K:MBHG BL : <HGLM:GM 0D>M<A @K:IAL H? : IHLBMBHG OL MBF> :G:
<<>E>K:MBHG OL MBF> ?HK MABL MKBI

Figure 2.37

23. <REBG=>K BL @BO>G : INLA :G= MA>G KHEEL NI :G BG<EBG>= |[E:G> &? MA> HKB@BG BL MA> LM:KMBG@ IHBGM LD>M<A MA> |HL
:G=:<<>E>K:MBHG H? MA> <REBG=>K OL MBF>:L BM @H>L NI :G= MA>G =HPG MA> |[E:G>
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Problems & Exercises 11. LMN=>GM =KHO> MH MA> NGBO>KLBMR ?KHF A>K AHF> :G=

GHM>= MA:M MA> H=HF>M>K K>:=BG@ H? A>K <K BG<K>:L>= ;R
2.1 Displacement DF 1A>MKBIMHHD FBG : 4A:M P:L A>K :0>K:@> LI>>=
; &? MA> LMK:B@AM EBG> =BLM:G<> ?KHF A>K AHF> MH MA> NGBO>KLB|
BL DFBG:=BK><MBHG :LHNMAH?>:LM PA:M P:L A>K
:0>K:@> O>EH<BMR < &? LA> K>MNKG>= AHF> ;R MA> L:F> :MA
A FBG :?M>K LA> E>?M PA:M P>K> A>K :0>K:@> LI>>=:G=
O>EH<BMR ?HK MA> >GMBK> MKBI

12. 1A> LI>>= H? IKHl:@:MBHG H? MA> :<MBHG IHM>GMB:E :G
>E><MKB<:E LB@G:E BG : G>KO> <>EE =>|>G=L BGO>KL>ER HG MA>
=B:F>M>K H? MA> :QHG G>KO> ?B;>K &? MA> G>KO> <>EE <HGG><MBGC(C
MA> LIBG:E <HK= MH RHNK ?>>M BL FEHG@ :G= MA> G>KO>

BFINEL> LI>>=BL FL AHP EHG@ =H>L BM M:D> ?HK MA> G>KO>
LB@G:E MH MK:O>E MABL =BLM:G<>

13. HGO>KL:MBHGL PBMA :LMKHG:NML HG MA> ENG:K LNK?:<> P>K>

<A:K:<M>KBS>= R : DBG= H? ><AH BG PAB<A MA> >:KMA;HNG=

[>KLHG OHB<> P:L LH EHN= BG MA> :LMKHG:NASEF>M

MA:M BM P:L IB<D>= NI ;R MA> :LMKHRBRKWIAHG> :G=

1. #BG= MA> ?HEEHPBG@ PHKAiYlAe BGS : 1A> MK:GLFBMM>= ;:<D MH ":KMA &M BL K>:LHG:;E> MH :LLNF> MA:M MA>

=BLM:G<> MK:O>E>= : 1A> F:@GBMN=> H? MA> =BLIE:<>F>GW¥AH MBF> >JN:EL MA> MBF> G><>LL:KR ?HK MA> K:=BH P:0> MH

2KHF LM:KM MH ?BGBLA < 1A> =BLIE:<>F>GM 2KHF LM:KM M’«@tfsﬂ&HF MA> ":KMA MH MA> *HHG :G=;:<D MA:M BL G>@E><MBG@
GR MBF> =>E:RL BG MA> >E><MKHGB< >JNBIF>GM :E<NE:M> MA>

2. #BG= MA> ?HEEHPBG@ ?HKAibAe BGS - 1A> =BLM:G<> ?KHF ":KMA MH MA> *HHG @BO>G MA:M MA> ><AH MBF> P:L
=BLM:G<> MK:0>E>= ; 1A> F:@GBMN=> H? MA> =BLIE:<>F>GM "o MA-M K2BH P-OSL MKCOSE M MAS Lisoe 12 EB@AM
2KHF LM:KM MH ?BGBLA < 1A> =BLIE:<>F>GM ?KHF LM:KM MH ?BGBLA '

3. #8G= MA> ?HEEHPBG@ ?HKHilylAe BG8 : 1A> T

=BLM:G<> MK:O>E>= ; 1A> F:@GBMN=> H? MA> =BLIE:<>F>QM, ?HHM;:EE JN:KM>K;:<D KNGL F LMK:B@AM =HPG MA>
?KHF LM:KM MH ?BGBLA < 1A> =BLIE:<>F>GM ?KHF LM:KM NFHRBGRB-#B>E=BG L %> BL MA>G ABM :G=INLA>= F

4. #BG= MA> ')HEEHPBG@ 7HKFHMAG BGS : 1A> LMKB@AM ;. <DP:K=BG L %> ;K>:DL MA> M:<DE> :G= KNGL
=BLM:G<>MK:O>E>= ; 1A> F:@GBMN=> H? MA> =BLIE:<>F>GMK:B@AM ?HKP:K=:GHMA>K ~ FBG L :E<NE:M>ABL

2KHF LM:KM MH ?BGBLA < 1A> =BLIE:<>F>GM 2KHF LM:KM MPP¥E@BIGCEH<BMR : ?HK >:<A H? MA> MAK>> BGM>KO:EL :G= ; ?HK
MA> >GMBK> FHMBHG

2.3 Time, Velocity , and Speed 15. 1A> IE:G>M:KR FH=>E H? MA> :MHF IB<MNK>L >E><MKHGL
5. E<NE:M> “KMA :05K:@> LI>>= K>E:MBO> MH MA> ONG HK:BMBG@ MA> :MHFB< GN<E>NL FN<A 'L IE:G>ML HK;BM MA> ONG &G
4A:M BL BML :0>K:@> O>EH<BMR HO>K : [>KBH= H? HG> R>:iIABL FH=>E RHN <:G OB>P AR=KH@>G MA> LBFIE>LM :MHF :L

6. A>EB<HIM>K :E:=> LIBGL :M >Q:<MER K>OHENMBHGL I>ROBG@ : LBG@E>>E><MKHG BG <BK<NE# HK;BMN BG
FBGNM> &ML MBIBL  F ?KHF MA> <>GM>K H? KHM:MBHG =B:F>M>K &? MA>:0>K:@> LI>>= H? MA> >E><MKHG BG MABL HK;BM
:E<NE:M> MA> :O>K:@> LI>>=H? MA> ;E:=> MBI BG MA> BL DGHPG MH ;> — N <:E<NE:M> MA> GNF;>K H?

) . ') ’) . . . .
gﬁiﬂ;'ﬁﬁgj&gjk>>'g|fE<,\TMI’3H4'é'M BLBML:O>K:@> | OHENMBHGL 15K L><HG= BM F:D>L ::HNM MA> GN<E>NL : 4A:M
BL MA> >E><MKBIX:@> O>EH<BMR
7. 1A> +HKMA F>KB<:G :G= "NKHI>:G <HGMBG>GML :K> FHOBG@
KM :M : K:M> H? :HNM <F R MABL K:M> AHP EHG@ PBEE BM/ Acceleration
: =KB? ?: | : K>
M:D> MASF MH =KB?M  DF 2:KMA>K ::KM MA:G MA>R :K> :M 16 CASSMA <G <SEK M 2KHE KoLM MH - Lisoe H?  F L

IK>L>GM L 4A:M BL BML :<<>E>K:MBHG

8.):G= P>LM H? MA> 0:G G=K>:L :NEM BG LHNMA>KG :EB? i%nP BL | Aplicati

FHOBG@ :M :G :0>K:@> O>EH<BMR H? ::HNM <F R GHKMAP rofessional Application

K>E:MBO> MH E:G= >LM H? MA> 2:NEM )HL G@>E>L BL P>LNKHPIMB>:NE OM:1l P:L 20 BK #HK<> H?B<>K PAH LMN=B>=

2:NEM :G= F:R MANL LHF>=R :> :M MA> L:F> E:MBMN=> :L 0:GMA> 92<ML H? >QMK>F> =><>E>K:MBHG HG MA> ABF:G :H=R
#K:G<BL<H PAB<A BL >:LM H? MA> ?:NEM %HP ?2:K BG MA> ?NMNK>HPBEE OM:Il KH=> : KH<D>M LE>= :<<>E>K:MBG@

MABL H<<NK B? MA> =BLIE:<>F>GM MH ;> F:=>BL DF ?KHF KS>LM MH : MHI LI>>=H? FL DFA BG L G=

GHKMAP>LM :LLNFBG@ MA> FHMBHG K>F:BGL <HGLM:GM P:L ;KHN@AM C:KKBG@ER ;:<D MH K>LM BG HGER L :E<NE:M> ABL

9. G*R - LMK>:FEBG>= LM:BGE>LL LM>>E =B>L>E MK:BG <<"E>KIMBHG :G= | =><>E>K:MBHG "QIK>LL >:<ABG
<:EE>= MA> 7>IARK L>M MASLFBHEEMHI EHG@ =BLM:G<> LI>FNEMBIE>L H? N T :RM:DBG@ BML K:MBH MH MA>
K><HK= 2HK MK:BGL &ML KNG ?KHF 1>GO>K MH AB<:@H MHHDL £ -MBHG H? @K-OBMR

AHNKL FBGNM>L L><HG=L :G= P:L PBMG>LL>= :R FHK>

MA:G : FBEEBHG I>HIE> :EHG@ MA> KHNM> 1A> MHM:E =BLM&<sHFFNM>K ;:<DL A>K <K HNM H? A>K @:K:@> PBMA :G
MK:O>E>=P:L  DF 4A:M P:L BML :0>K:@> LI>>=BGDFA :<<>E>K:MBHG H? N : %HP EHG@ =H>L BM M:D> A>K MH
‘G=FL K>i<A:LI>>=H? FL : &? LA> MA>G :K:D>L MH : LMHI BG
10. 1B=:E ?KB<MBHG BL LEHPBG@ MA> KHM:MBHG H? MA> ":KMA PA:M BL A>K =><>E>K:MBHG

K>LNEM MA> HK:BM H? MA> *HHG BL BG<K>:LBG@ BG K:=BNL :M : K:M> H?

IKHQBF:M>ER <F R>:KLLNFBG@ MABL MH :> : <HGLM:GM K:M>

AHP F:GR R>:KL PBEE I:LL ;>?HK> MA> K:=BNL H? M&> *HHG"

HK;BM BG<K>:L>L:R — N

Figure 2.38
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19. LLNF> MA:M :G BGM>K<HGMBG>GM:E ;:EEBLMB< FBLLBE22@HBG@HKHQBF:M> O:EN>L <:E<NE:M> MA> LEHI> H? MA>
K>LM MH : LN;HK;BM:E LI>>=H? DFLBG L MA>:<MN:E <NKO> B@ure 2.41 MH O>KB?R MA:M MA> 0O>EH<BMR :M

LI>>=:G= MBF> K> <E:LLB?B>= 4AM BL BML :O>K:@> BL FL LLNF>:EE O:EN>L :K>DGHPG MH LB@GB?B<:GM
:<<>E>K:MBHGMNG T:G= BG FNEMBIE>IFH? NT ?B@NK>L

23. RM:DBG@ MA> LEHI> H? MA> <Ni(@>BE& O>KB?R MA:M
2.5 Graphical Analysis of One-Dimensional MA> <<>E>K:MBHG BLN T:M U
Motion

+HM> 1A>K> BL :EP:RL NG<>KM:BGMR BG GNF;>KL M:D>G ?KHF

@K:IAL &? RHNK :GLP>KI>KBKHF >QI><M>= O:EN>L >Q:FBG>

MA>F MH L>> B? MA>R :K> PBMABG =:M: >QMK:<MBHG NG<>KM:BGMB>L
>LMBF:M>= ;R RHN

20. : RM:DBG@ MA> LEHI> H? MA> <RKOe=B&E9 O>KB?R

MA:M MA> O>EH<BMR H? MA>C>M <KBU FL:M R

M:DBG@ MA> LEHI> H? MA> <NKO> :M :GR)IHBGNDBG

0O>KB?R MA:M MA>ICxM>EKK:MBHG BL N

Figure 2.42

24. HGLMKN<M MA> =BLIE:<>F>GM @K:IA ?HK MA> LN;P:R LANMME>
MK:BG L LAHPGB@100 (https://legacy .cnx.org/content/
m42100/latest/#import-auto-id2590556) : 6 HNK @K:IA

LAHNE= LAHP MA> I[HLBMBHG H? MA> MK:BG BG DBEHF>M>KL ?KHF M
MH L 6HN PBEE G>>= MH NL> MA> BG?HKF:MBHG HG :<<>E>K:MBHG
:G= O>EH<BMR @BO>G BG MA> >Q:FIE>L ?HK MABL ?B@NK>

Figure 2.39

Figure 2.40

21. 2LBG@ :IIKHQBF:M> O:EN>L <:E<NE:M> MA> LEHI> H? MA>
<NKO> B@ure 2.41 MH O>KB?R MA:M MA> O>EH<BMR :M

BL FL LLNF>:EE O:EN>L :K>DGHPG MH LB@GB?B<:GM
?B@NK>L

Figure 2.41
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25. 1 1 :D>MA> LEHI> H? MA> <NKQRIBG2.43 MH ?BG=MA> 26. @K:IAH? WU BL LAHPG ?HK : PHKE= <E:LL MK:<D LIKBGM>K

CH@@-®>EH<BMRUM  * ; >I>MM L 1A>L> BG: FKi<> 0>> Figure 246 : 4A:MBL ABL :0>K:@>
O:EN>L FNLM ;> <HGLBLM>GM PBMA MAS@@i: [A‘BG O>EH<BMR ?HK MA> ?BKLM L ; 4A:M BL ABL BGLM:GM:G>HNL O>EH<BM
M U " < 4A:M BL ABL :0>K:@> :<<>E>K:MBHG ;>MP>>G

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

Figure 2.43
Figure 2.46
27. Figure 2.47 LAHPL MA> =BLIE:<>F>GM @K:IA ?HK : :KMB<E>
?HK L K:P MA> <HKK>LIHG=BG@ O>EH<BMR :G= :<<>E>K:MBHG
@K:IAL

Figure 2.44
Figure 2.47

Figure 2.45
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Figure 3.1 "O>KR=:R FHMBHG MA:M P> >QI>KB>G<> BL MAKGSERNEERIKMNHNL :L : KHEE>K<H:LM>K KB=> EBD> MABL"MA> |K: QHGBOSIBE0I:BG"
-HKM O>GMNK: FNL>F>GM -:KD %HP>GHKM FHMBHG BL BG <NKO>= K:MA>K MA:G LMK:B@AM EBG> |:MAL *HMBHG :EHG@ : <NKO>= I:MA BL MPH HK MAK>>
=BF>GLBHG:E FHMBHG :G= <:G ;> =>L<KB;>= BG : LBFBE:K ?:LABHG MH HG> =BF>GLBHG:E FHMBHG <K>=BM HKBL 4BDBF>=B: HFFHGL

A:IM>K ,NMEBG>

3.1. Kinematics in T wo Dimensions-An introduction
¢ O><MHKBL : JN:GMBMR PBMA : F:@GBMN=> :G= =BK><MBHG
¢ HGO>KMBG@ ;>MP>>G F:@GBMN=> =BK><MBHG :G= MA> <HFIHG>GM ?HKRBRMBXEBCMHNIMK> -RMA: @HK>:G

1A>HK>F

3.2. Vector Addition and Subtraction: Graphical Methods
¢ $BO>G MPH @K:IAB<:E K>IK>L>GM:MBHGL H? O><MHKL ;> :;E> MH =K:PMASLNF HK =B?
¢ !>L<KB;>;HMA OBLN:EER :G= F:MA>F:MB<:EER PA:M A:lI>GL PA>G : L<:E:K BL FNEMBIEB>= ;R : O><MHK
¢ HGO>KM ;>MP>>G F:@GBMN=> =BK><MBHG :G= <HFIHG>GM ?HKF ?HK :GR O><MHK

3.3. Vector Addition and Subtraction-Analytical Methods
¢ ==BG@ O><MHKL ;R <HFIHG>GML

3.4. Addition of V elocities

Introduction to T wo-Dimensional Kinematics

1A> :K<H?:;:.LD>M;:EE MA> HK;BM H? : LLM>EEBM> : ;B<R<E> KHNG=BG@ : <NKO> : LPBFF>K =BOBG@ BGMH : IHHE ;EHH= @NLABG@
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>
<NKO>= I:MAL K:MA>K MA:G LMK:B@AM EBG>L *HMBHG :EHG@ : <NKO>= :MA HG : ?E:M LNK?:<> HK: |[E:G> LN<A:L MAIM H? : ;EE HG :
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
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> FHMBF
IK>OBHNL <A:IM2KBL LBFIE>>QM>GLBHG PBEE :EEHP NL MH :lIER IARLB<L MH F:GR FHK> LBMN:MBHGL :G= BM PBEE :ELH RB>E= NG>
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BGLB@AML :;;HNM G:MNK>

3.1 Kinematics in T wo Dimensions-An introduction

Your Quiz would Cover
¢ O><MHKBL : JIN:GMBMR PBMA : F:@GBMN=> :G= =BK><MBHG
¢ HGO>KMBG@ ;>MP>>G F:@GBMN=> =BK><MBHG :G= MA> <HFIHG>GM ?HRBRIMBERBCMIVIMK> -RMA:@HK>:G
1A>SHK>F

Figure 3.2 4 :ED>KL :G= =KBO>KL BG : <BMR EBED+KP B:K>ER ;;E> MH MK:O>E BG LMK:B@AM EBG>L MH K>:<A MA>BK =>LMBG:MBHGL &GLM>= MA>R FNLM
KH:=L :G= LB=>P:EDL F:DBG@ MPH =BF>GLBHG:E SB@S:@@>= I'MAL <K>=BIMKNI@:KIM 4

1PH !BF>GLBHG:E *HMBHE&RBG@ BG : BMR

ONIIHL> RHN P:GM MH P:ED ?KHF HG> IHBGM MH :GHMA>K BG : <BMR PBMA NGB?HKF LIN:K> fEHxBB.3L IB<MNK>= BG

Figure 3.3 [>=>LMKB:G P:EDL : MPH =BF>GLBHG:E I:MA ;>MP>>G MPH IHBGMIGBEABIBIMRG> :EE ;EH<DL :K> LIN:K> :G=:K> MA> L:F> LBS>

1A> LMK:B@AM EBG> |:MA MA:M : A>EB<HIM>K FB@AM ?ER BL ;EH<D>= MH RHN :L : I>=>LMKB:G :G=LH RHN :K> ?HK<>= MH M:D> : MPH
=BF>GLBHG:E :MA LN<A:L MA>HG> LAHR®:ED ;EH<DLBG :EE >:LM?HEEHP>=;R GHKMA 4A:M BL MA> LMK:B@AM EBG>
=BLM:G<>

G HE= =:@> LM:M>L MA:M MA> LAHKM>LM =BLM:G<> ;>MP>>G MPH IHBGML BL : LMK:B@AM EBG> 1A> MPH E>@L H? MA> MKBI :G= MA
I:MA ?HKF : KB@AM MKB:G@E> :G=LH MA> -RMA:@HK>B5 MAGHK>D <:G ;> NL>= MH ?BG= MA> LMK:B@AM EBG> =BLM:G<>
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Figure 3.4 1A>-RMA:@HK>:G MA>HK>F K>E:M>L MA> E>SG@MA H? MA> E>@L H? : KB@EMBMKIECF@EA BASERIHM>GNL> E:EEDA>

K>E:MBHGLABI BL @B0aBG :RC D 1ABL<:G ;> K>PKBMM>G LHEORG@DRHK B C

4 > PBEE ;> NLBG@ MA> IRMA:@HK>:G MA>HK>F :EE MAKHN@AHNM MPH =BF>GLBHG:E DBG>F:MB<L :L P>EE :L MAKHN@AHNM MAE
<HNKL> &? RHN :K> NG<HF?HKM:;E> HK NG?:FBEB:K PBMA MA> -RMA:@HK>:G 1A>HK>F HK >0>G B? BM L CNLM ;>>G : EHG@ MBF> |
RHN O> NL>=BM IE>:L> <HF> L>> RHNK BGLMKN<MHK :L LHHG L IHLLB;E> :G= MA>R PBEE @>M RHN NI MH LI>>=

1A> ARIHM>GNL> H? MA> MKB:G@E> BL MA> LMK:B@AM EBG> I:MA :G=LH BG MABL <:L>BML E>G@MA BG NGBML H? <BMR ;EH<DL BL
\/ CMPD CMPD C M1 <HGLB=>K:;ER LAHKM>K MA:G MA> ;EH<DL RHN P:ED>= +HM> MA:M P> :K>NLBG@ MAK>>

LB@GB?B<:GM ?B@NK>L BG EMAIBNEABM :[1>:KL MA:M a b :G=a b A:0> HGER HG> LB@GB?B<:GM =B@BM MA>R :K> =BL<K>M> GNF;>
MABL <:L>a ;EH<DLb BL MA>L:F>:La HK ;EH<DLAO> =><B=>= MH NL> MAK>> LB@GB?B<:GM ?B@NK>L BG MA> :GLP>K BG HK=>|
LAHP MA> K>LNEM FHK> IK><BL>ER

Figure 3.5 1A> LMK:B@AM EBG> I:MA ?HEEHP>= ;R : A>EB<HIM>K ;>MP>>G MA> MPH IHBGML BL LAHKM>K MA:G MA> ;EH<DL P:ED>= ;R MA> [>=>LMKB:G EE;
LIN:K> :G= MA> L:F> LBS>

1A> ?:<M MA:M MA> LMK:B@AM EBG> =BLM:G<> FigE<Dh BGE>LL MA:G MA> MHM:E =BLM:G<> P:ED>= ;EH<DL BL HG>
>Q:FIE> H? : @>G>K:E <A:K:<M>KBLMB< H? O><MHKL véetoEE MAIN:GMBMB>L MA:M A:O> ;HMA F:@GBMN=> :G= =BK><MBHG

L ?HK HG> =BF>GLBHG:E DBG>F:MB<L P> NL>:KKHPL MH K>IK>L>GM O><MHKL 1A>E>G@MA H? MA> :KKHP BLUKHIHKMBHG:E MH MA
F:@GBMN=> 1A> :KHHP>G@MA BL BG=B<:M>= ;R A:LA FEKDLeB=3 :G= Figure 3.5 1A>:KKHP IHBGML BG MA> L:F>=BK><MBHG

L MA> O><M#HK MPH =BF>GLBHG:E FHMBHG MA> |:MA H? :G H;C><M <:G ;> K>IK>L>GM>= PBMA MAK>> O><MHKL HG> O><MHK LAHPL
LMK:B@AM EBG> I:MA ;>MP>>G MA> BGBMB:E :G= ?BG:E IHBGML H? MA> FHMBHG HG> O><MHK LAHPL MA> AHKBSHGM:E <HFIHG>GM
HG> O><MHK LAHPL MA> O>KMB<:E <HFIHG>GM H? MA> FHMBHG 1A> AHKBSHGM:E :G= O>KMB<:E <HFIHG>GML H? MA> FHMBHG :==|
@BO> MA> LMK:B@AM EBG> I:MA #HK >Q:FIE> H;L>KO> MA> NTAK»e ©5<UKPEKEM K>IK>L>GML : ;EH<D =BLIE:<>F>GM

>:ILM 1A> L><HG=K>IK>L>GML : ;EH<D =BLIE:<>F>GM GHKMA 1A>L> O><MHKL :K> :==>= MH @BOPBM& MABK+<D><MHK

MHM:E =BLIE:<>F>GM 1A> MABK= O><MHK BL MA> LMK:B@AM EBG> |:MA ;>MP>>G MA> MPH IHBGML +HM> MA:M BG MABL >Q:FIE> MA
K> :==BG@ :K> I>KI>G=B<NE:K MH >:<A HMA>K :G= MANL ?HKF : KB@AM MKB:G@E> 1ABL F>:GL MA:M P> <:G NL> MA> -RMA:@HK>:G M
MH <:E<NE:M> MA> F:@GBMN=> H? MA> MHM:E =BLIE:<>F>GM +HM> MA:M P> <:GGHM NL> MA> -RMA:@HK>:G MA>HK>F MH :== O><M}
GHM I>KI>G=B<NE:XPBEE =>0>EH| M><AGBJN>L ?HK :==BG@ O><MHKL A:OBG@ :GR =BK><MBHG GHM CNLM MAHL> I>KI>G=B<NE:K N
:GHMA>RG/ector 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/)
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1A> &G=>>G=>G<> H? ->KI>G=B<NE:K *HMBHGL

1A> B=>: H? MA> BG=>I>G=>G<> H? I>KI>G=B<NE:K FHMBHG BL : ?NG=:F>GM:E HG> MA:M RHN LAHNE= M:D> LHF> MBF> MH MABGD :;
:G= MA>K> :K> LHF> JN>LMBHGL :;;HNM MABL HG MA> AHF>PHKD

1A> I>KLHG M:DBG@ MA> I:MA LARRGrBG.5 P:EDL >:LM :G= MA>G GHKMA MPH [>KI>G=B<NE:K =BK><MBHGL %HP ?:K A> HK LA>
P:EDL >:LM BL HGER<®M>= ;R ABL HK A>K FHMBHG >:LMP:K= G8HBEKER HK LA> P:EDL GHKMA BL?H&@#R="R ABL HK A>K
FHMBHG GHKMAP:K=

&G=>I>G=>G<> H? *HMBHG

1A> AHKBSHGM:E :G= O>KMB<:E <HFIHG>GML H? MPH =BF>GLBHG:E FHMBHG :K> BG=>I>GRFEIMBIRG:BG WNAA>K
AHKBSHGM:E =BK><MBHG =H>MFHNWIBHG BG MA> O>KMB<:E =BK><MBHG :G= OB<> O>KL:

1ABL BL MKN> BG : LBFIE> L<>G:KBH EBD> MA:M H? P:EDBG@ BG HG> =BK><MBHG 23K BY :FHEEHN= R fFHWAHEIEB<:M>=

FHMBHG BGOHEOBG@ FHO>F>GM BG MPH =BK><MBHGL :M HA<zHEHK>QIAHEHEBWGL H? MPH ;:L>;:EEL ,G>;:L>;:EEBL

=KHII>= ?KHF K>LM M MA> L:F> BGLM:GM :GHMA>K BL MAKHPG AHKBSHGM:EER ?KHF MA> L:F> A>SB@AM :G= ?HEEHPL : <NKO>= :MA
LMKH;HL<HI> A:L <:IMNK>= MA> IHLBMBHGL H? MA> ;:EEL :M ?BQ>= MBF> BGM>KO:EL :L MA>R ?:EE

Figure 3.6 1ABL LAHPL MA> FHMBHGL H? MPH B=>GMB<:E ;:EEL"HG> ?:EEL ?KHF K>LM MA> HMA>K A:L :G BGBNBNE|AJKBSNGNLBIOBHB<EMB

>JN:E MBF> BGM>KO:E KKHPL K>IK>L>GM AHKBSHGM:E :G= O>KMB<:E O>EH<BMB>L :M >:<A I[HLBMBHG 1A> ;:EE HG MA> KB@ANBE:IMEBGBMB:E AHKBSHGI
:EE HG MA> E>?M A:L GH AHKBSHGMALBNEHMBMRBR>G<> BG AHKBSHGM:E O>EH<BMB>L MA> O>KMB<:E O>EH<BMB>L :G= IHLBMBHGL :K> B=>GMB<:E ?HK
1ABL LAHPL MA:M MA> O>KMB<:E :G= AHKBSHGM:E FHMBHGL :K> BG=>I>G=>GM

1ABL @K:IAB< =BLIE:RL MABL <HG<>IM JNBM> GB<>ER GHMB<> AHP ;HMA ;:EEL ?:EE =HPGP:K=:M MA> L:F> LI>>=:M >:<A [HBGM >O
MAHN@A HG> H? MA> ;:EEL A:L : AHKBSHGM: EB:HERBMRO>EH<BMR H? MA> ;:EE BG MA> Q =BK>2MBHBANAGH >?
O>EH<BMR BG MA> R =BK><MBHG :G= OB<> O>KL: 1ABL PBEE ;> :G BFIHKM:GM B=>: >LI><B:EER PA>G PHKDBG@ PBMA O><MHKL

&M BL K>F:KD:;E> MA:M ?HK >:<A ?E:LA H? MA> LMKH;> MA> O>KMB<:E IHLBMBHGL H? MA> MPH ;:EEL :K> MA> L:F> 1ABL LBFBE:KBMR
MA> O>KMB<:E FHMBHG BL BG=>I>G=>GM H? PA>MA>K HK GHM MA> ;:EE BIL ENKIEBE@ GtHBSKGBIRER <> MA> O>KMB<:E

FHMBHG H? : 2.EEBG@ H;C><M BL BG?EN>G<>= ;RGHHOIBRRGIGERKBSHGM:E ?HK<>L :K>?NE >Q:FBG:MBHG H? MA> ;:EE MAKHPG
AHKBSHGM:EER LAHPL MA:M BM MK:O>EL MA> L:F> AHKBSHGM:E =BLM:G<> ;>MP>>G ?E:LA>L 1ABL BL =N> MH MA> ?:<M MA:M MA>K>
?HK<>L HG MA> ;:EE BG MA> AHKBSHGM:E =BK><MBHG :?M>K BM BL MAKHPG 1ABL K>LNEM F>:GL MA:M MA> AHKBSHGM:E O>EH<BMI
1?7?><M>= G>BMA>K ;R O>KMB<:E FHMBHG GHK ;R @K:OBMR PAB<A BL O>KMB<:E +HM> MA:M MABL <:L> BL MKN>HGER ?HK B=>:E <}
PHKE= :BK K>LBLM:G<>PBEBVIA> LI>>= H? MA> ;:EEL BG ;HMA =BK><MBHGL

1A> MPH =BF>GLBHG:E <NKO>= [:MA H? MA> AHKBSHGM:EER MAKHPG ;.EE BL <HFIHL>= H? MPH BG=>I>G=>GM HG> =BF>GLBHG:E FHN
AHKBSHGM:E :G= O>KMB<:E 1A>D>R MH :G:ERSBG@ LN</Afeitdidei@otiltEBL Midsolve ;K>:D BM BGMH FHMBHGL :EHG@
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I>KI>G=B<NE:K =BK><MBHGL />LHEOBG@ MPH =BF>GLBHG:E FHMBHG BGMH I>KI>G=B<NE:K <HFIHG>GML BL IHLLB;E> ;><:NL> MA> <}
‘K> BG=>I>G=>GM>4.A:EE L>> AHP MH K>LHEO> O><MtiKL/AB@ition 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/) 4 > PBEE ?BG= LN<A M><AGBJN>L MH ;> NL>?NE BG F:GR :K>:L H? IARLB<L

-A"1 "QIEHK:MBHGL ):=R;N@ *HMBHG !

)>:KG ;;HNM IHLBMBHG O>EH<BMR :G= :<<>E>K:MBHG O><MHKL *HO> MA> E:=R;N@ ;R L>MMBG@ MA> IHLBMBHG O>EH<BMR HK :<
:G=L>> AHP MA> O><MHKL <A:G@> AHHL> &BIGNK:K HK >EEBIMB<:E FHMBHG :G= K><HK= :G= IE:R;:<D MA> FHMBHG MH :G:ERS>
MA> ;>A:0BHK

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

Your Quiz would Cover

¢ $BO>G MPH @K:IAB<:E K>IK>L>GM:MBHGL H? O><MHKL ;> :;;E> MH =K:PMAS £ NA AKK=BK> LHF> LBFIE>
IKH<>=NK>L MH ?HBBHEB=B?R RHNK NG=>KLM:G=BG@ H? MA>L> IKH<>=NK>L :G= P> <:G PHKD HG PAR MABL F:D>L L>GL> BG
<E:LL

c I>L<KB;>;HMA OBLN:EER :G= F:MA>F:MB<:EER PA:M A:lI>GL PA>G : L<:E:K BL FNEMBIEB&2 & @BSNMRHN : O><MHK
:G=: GNF;>K RHN LAHNE= ;> :;;E> MH MNKG MA> <K:GD :G= FNEMBIER MA>F F&AFMBAEERBG@ RHN MH ;>
;;E> MH =H MABL @K:IAB<:EER :G= PBEE GHM :LD RHN PA:M BM F>:GL 'NLM ?H<NL HG MA> F><A:GB<L H? AHP MH =H BM

¢ HGO>KM ;>MP>>G F:@GBMN=> =BK><MBHG :G= <HFIHG>GM ?HKF ?HK :GR O><MHK

Figure 3.8 IBLIE:<>F>GM <:G ;> =>M>KFBG>= @K:IAB<:EER NLBG@ : L<:E> F:| 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>GlI
=BLIE:<>F>GM H? MA> CHNKG=BM 20 $>HEH@B<:E ONKO>R

3><MHKL B&1BF>GLBHGL

vector BL : IN:GMBMR MA:M A:L F:@GBMN=> :G= =BK><MBHG !BLIE:<>E=GH>@NBHBMR= ?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 FBG
=BF>GLBHGL = AHP>OPKk 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 |
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:G :KKHP A:OBG@ E>G@MA IKHIHKMBHG:E NIHFNGG EDANMHIG= 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*=zeBf@tics in T wo Dimensions: An Introduction (https://legacy .cnx.org/content/m42104/latest/)
4 > LA:EE NL> MA> GHM:MBHG MA:M : ;HE=?:<> LRF;HEALNMAGEL ?HK : O><MNK F:@GBMN=> BL K>IK>L>GM>= ;R MA> LRF;HE BG

BM:EB<¥ :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 MABY 1

&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<> P
0><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:

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@EHKMA H? >:LM

Figure 3.10 1H =>L<KB;> MA> K>LNEM:GM O><MHK ?HK MA> |>KLHG P:EDBG@ BG FrBMRB<H@UIBHBEBRP :G :KKHP MH K>IK>L>GM MA> MHM:E
=BLIE:<>F>GM 0><MUK2LBG@ : IKHMK:<MKIR : EBG> :M :G :G@E>K>E:MBO> MH MA> >:LM P>LM :QBL 1AYE+G@MAKKHP BL IKHIHKMBHG:E MH MA>

O><MHHK:@GBMN=> :G= BL F>:LNK>= :EHG@ MA> EBG> PRRIMAREKFIE> MA> F:@GBRAN2MA> O><MHK BL  NGBML :G= MA> =BKBisMBHG
GHKMA H? >:LM
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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>|
‘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 %>:-=BEHMAH=

1A> head-to-tail method BL : @K:IAB<:E P:R MH :== O><MHKL =>L<KBgrrB&11 ;>EHP :G= BG MA> LM>IL ?HEEHPBGI@ 1A>
H? MA> O><MHK BL MA> LM:KMBG@ IHBGNBH MiiAednt>+MHUBI 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> |>KLHG
BG : <BMR <HGLB=>K»iIB&G.9 : K:P: O0><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> ?BKIK\VP > EBGEH BRINBR & OFBEIHR MA> >:LM IHBGMBG@ O><MHK MH MA>

A>:= H? MA> GHKMA IHBGMBG@ O><MHK MH ?HiEllAbUeNHK U 1A> E>G@MA H? MA> :KIBR IKHIHKMBHG:E MH MA: BX@GIBMN=> :G= BL
F>LNK>=MH ;> NGBML &ML =BK><MBHG =>L<KB;>=:L MA>:G@E> PBMA K>LI><M MH MA> >:LM IBK RHKREHSNBMAQBKHMK:<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 MPlatAtBHiMAthe 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 Megsultant HK MA>LNF H? MA> HMA>K
O><MHKL

Figure 3.14

Step 5. 1H @>M MAagnitude H? MA> K>LNEKh&€28ure its length with a ruler. (Note that in most calculations, we will use the
Pythagorean theorem to determine this length.)

Step 6. 1H @>M Mikection H? MA> K>LNEM#8uUre 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=
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

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@
=BLIE:<>F>GML HG : ?E:M ?B>E= #BKLM LA>P:EDL F BG : =BK><IBBHGIA H? >:.LM 1A>G LA>P:EDL F A>=BG@

GHKMA H? >:LM #BGABBWNKGL :G=P:EDL F BG : =BK><MBHG U LHNMA H? >:LM
Strategy

[>IK>L>GM >:<A =BLIE:<>F>GM O><MHK @K:IAB<:EER PBMR;xEBG@MA> 7BKUK> L><HG# :G= MA> MAB&=
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:
F>MAH= HNMEBG>= ;;HO> PBEE @BO> : P:R MH =>M>KFBG> MA> F:@GBMN=> :G= =BK><MBHG H? MA> K>LNEB1:GM =BLIE:<>F>GM =:

Solution
IK:P MA> MAK>> =BLIE:<>F>GM O><MHKL
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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

IK:P MA> K>LNEM:GM O><@HK

Figure 3.17

2L>: KNE>K MH F>:LNK> MA> F:@GBMN3>:82 : IKHMK:<MHK MH F>:LNK> MA> =BK><MBABE+MA> =BK><MBHG H? MA>
0O><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
: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:3>BeGM>G MH A:O> : F-@GBMN=>H? F :G= MH EB> BG : =BK><MB¥\A H? >:LM R
NLBG@ BML F:@GBMN=> :G= =BK><MBHG MABL O><MHK <:G3> >QIK>LLb: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>
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
BEENLMK:M=3gB&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> :==>=B&>GBPHKMAC K>LNEM BL MA> L:F> 1ABL <A:K:<M>KBLMB< BL MKN> BG
>0O>KR <:L>:G=BL :G BFIHKM:GM <A:K:<M>KBLMB< HXGi-MHEKBVBE®Biutative 3><MHKL <:G ;> :==>= BG :GR HK=>K

T

1ABL BL MKN> ?HK MA> :==BMBHG H? HK=BG:KR GNF;>KL :L P>EE"RHN @>M MA> L:F> K>LNEM PAKMA>K RN ==
>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'Y
YO BLOOs3>EH<BMR BL : O3RN K> EHHDBG@ :M : 0O><MHK LN;MK:<MBHG PA>G>0>K RHN K> PHKDBG@ PBMA :<<>E>K:MBHG

3><MHK ON;MK:<MBHG

3><MHK LN;MK:<MBHG BL : LMK:B@AM?HKP:K=>QM>GLBHG H? 280 N:MBVEVEHGE L:R P> P:GM MH A AHIKtRN

PKBMM3G # P> FNLM ?BKLM =>?BG> PA:M P> F>:G ;R LN;MK:<Miig&tiviedsl? : O><MH#& BL =>?BG>= MH ;# MA:M BL

@K:IAB<:EffR negative of any vector has the same magnitude but the opposite direction :L LAHPG BGigure 3.20 &G HMA>K

PHK=L # A:.L MA> L:F> E>SG@MA :l# ;NM IHBGML BG MA> HIIHLBM> =BK><MBHGPY.CNEMBEBRMA> 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@ BGAVBL-WNHBI@: MBR>EVIBHG OH
BM AL MA> L:F> E>G@MA ;NM HIIHLBM> =BK><MBHG

1A> subtraction H? O><MHK?KHF O><MHKBL MA>G LBFIER =>?BG>= MH ;> MA> :==B#BHG HPHM> MA:M O><MHK LN;MK:<MBHG
BL MA> :==BMBHG H? : G>@:MBQABDHKMHKH? LN;MK:<MBHG =H>2>6MNI2> 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:<MA= @¥<WBBIRER HNMEBG>= :;HO> :K> NL>= :L MA>
?HEEHPBG@ >Q:FIE> BEENLMK:M>L

Example 3.2 Subtracting V ectors Graphically: AW 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
GHKMA H? >:LM ?KHF A>K <NKK>GM EH<:MBHG :G= MA>G MK:O>E F BGGHBKAMBHEGM HK P>LM H?

GHKMA &? MA> PHF:G F:D>L : FBLM:D> :G= MK:O>BpgisiABK><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'PB&A MA><IMHKG= E>@ H? MA> MKBI PBMA : D= NMHKD BL
EH<:M>=:M : EH<:MBHG # &? MA> PHF:G FBLM:D>GER MK:O>Bp®Gitel ABK><MBHG ?HK MA> L><HG= E>@ H?IM&> CHNKG>R

PBEE MK:O>E : =BLM{G<>F BG MA> =BK><MBHG Zz z z LHNMA H? >:LM> K>IK>L>GM MABL # :L LAHPG
;>EHP 1A> O><MHK# A:L MA> L:F> F:@GBMN=> :i# ;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? RBMAHME> 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 B=P O#<MHKL
-E:<> MA> O><MHKL A>:= MH M:BE
IK:P MA> K>LNEM:GM O><BIHK
2L> : KNE>K :G= IKHMK:<MHK MH F>:LNK> MA> F:@GBMN=> :G= =BK><MBHG H?

Figure 3.23
&G MABL <:L3 N:G= LHNMA H? >:LM
1 H=>M>KFBG> MA> EH<:MBHG H? MA> =H<D P> K>I>:M MABL F>MAH='MB==A<MHKLBG MA> K>LNEM:GM O><MHK
3
Figure 3.24
&G MABL <:L3 :G= GHKNHR>:LM

4 > <:G L>> MA:M MA> PHF:G PBEE >G= NI : LB@GB?B<:GM =BLM:G<> ?KHF MA> =H<D B? LA> MK:O>EL BG MA> HIIHLBM> =BK><MBHG
L><HG=E>@ H? MA> MKBI
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Discussion

><:NL> LN;MK:<MBHG H? : O><MHK BL MA> L:F> :L :==BMBHG H? : O><MHK PBMA MA> HIIHLBM> =BK><MBHG MA> @K:IAB<:E F>MAH-
LN;MK:<MBG@ O><MHKL PHKDL MA> L:F> :L ?HK :==BMBHG

&? RHN O> M:D>G :GHMA>K IARLB<L <HNKL> RHN O> IKH;:;BfR Lt48_ >IN:MBHG PBEE IE:R : LB@GB?B<:GM KHE> BG MABL <E:LL
:G= RHN EE GHMB<> MA:M F:LL BL :G=:EK>E>K:MBHG BL : O>kNINK=>KLM:G=BG@ AHP L<:E:KL :G= O><MHKL FNEMBIER PBEE
;> BFIHKM:GM

*NEMBIEB<:MBH&MPIBL :G= 0<:E:KL

&? 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> PHN
— NHK F BG:=BK><MBHG zGHKMA H?>:LM 1ABL BL :G >Q:FIE> H? FNEMBIERBG@ : O><MHK¢a|& : IHLBMBO>

+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 RAGGEBMNMAG3>@HBBAKL MA> G>P O>sihiditlA>

=BK><MBHG #HK >Q:FIE> B? RHN FNEMBIER ;R] MA>F:@GBMN=> =HN;E>L ;NM MA> =Bi:&NIBIFG: KBS>@MA>KU> KNE>L BG

MA> ?HEEHPBG@ P:R 4A>G O>BIHHIEMBIEB>= ;R : L<:E:K

¢ MA>F:@GBMN=>H? MA> O><MHK ;><HF>L MA> :;LHENI>'O:EN> H?
¢ B?LBL IHLBMBO> MA> =BK><MBHG H? MA> O><MHK =H>L GHM <A:G@>
¢ B?L[BL G>@:MBO> MA> =BK><MBHG BL K>0>KL>=

&G HNK <:L>D :G= I 3><MHKL :K> FNEMBIEB>= ;R L<:E:KL BG F:GR LBMN:MBHGL +HM> MA:M =BOBLBHG BL MA> BGO>kK

FNEMBIEB<:MBHG #HK >Q:FIE> =BOB=BG@ ;R BL MA> L:F>:L FNEMBIERBG@ ;R MA> O:EN> 1A> KNE>L ?HK FNEMBIEB<:MBHG H?
L<:E:KL :K>MA> L:F> ?HK =BOBLBHG LBFIER MK>:M MA> =BOBLHK ;L : L<:E:K ;>MP>>G :G=

4A>G =>:EBG@ PBMA O><MHKL NLBG@ :G:ERMB< F>MAH=L PAB<A BL <HO>K>= BG MA> G>QM L><MBHG RHN G>>= MH ;K>:D =HPG
BGMH >LL>GMB:EER Q <HFIHG>GML :G= R <HFIHG>GML 1ABL G>QM |:KM <HO>KL MABL B=>: LH MKR MH ?:FBEB:KBS> RHNKL>E? PE
=HPG O><MHKL :L RHN K>:=

/[>LHEOBG@ »8MHK BGMH HFIHG>GML

&G MA>>Q:FIE>L ;;HO> P> A:0> ;>>G :==BG@ O><MHKL MH =>M>KFBG> MA> KAGENMEEM:D3<MHR>0O>R> PBEE G>>= MH

=H MA> HIIHLBM>>#BEE G>>= MH M:D> : LBG@E> O><MHK :G= ?BG= PA:M HMA>K O><MHKL :==>= MH@>MA>K IKH=N<>BM &G FHLM <:
BGOHEO>L =>M>KFBGBG@ MA> |>Kio@pBrNEsK H? : LBG@E> O>2MKKQ:FIE> MA>and y <HFIHG>GML HK MA> GHKMA LHNMA

:G=>:LM P>LM <HFIHG>GML

#HK >Q:FIE> P> F:R DGHP MA:M MA> MHM:E =BLIE:<>F>GM H? : I>KLHG P:EDBG@ BG : <BMR BL  ;EH<DL BGHKBKKVIBHG

>:LM :G= P:GM MH ?BG= HNM AHP F:GR ;EH<DL >:.LM :G= GHKMA A:= MH ;> P:ED>= 1ABL F#N#fhtrtBe eoftpenents (or

parts) H? MA> =BLIE:<>F>GM BG MA> >:LM :G= GHKMA =BK><MBHGL :G= BM BL MA> BGO>KL> H? MA> IKH<>LL ?HEEHP>= MH ?BG= MA>
=BLIE:<>F>GM &M BL HG> >Q:FIE> H? ?BG=BG@ MA> <HFIHG>GMI>K? :IO>RIGRKIIEB<:MBHGL BG IARLB<L PA>K> MABL BL :

NL>?NE MABG@ MH BBEE L>> MABL LHMG®Ble Motion (https://legacy .cnx.org/content/m42042/latest/)  :G= FN<A FHK>

PA>G P> <HO>fdrces BGynamics: NewtonOs Laws of Motion (https:/legacy .cnx.org/content/m42129/latest/)  *HLM H?

MA>L> BGOHEO> ?BG=BG@ <HFIHG>GML :EHG@ I>KI>G=B<NE:K :Q>L LN<A :L GHKMA :G=>:LM LH MA:M KB@AM MKB:G@E>L :K>BGC
:G:ERMB<:E M><AGBJN>L IK>L>@&Mtsx BG&dition and Subtraction: Analytical Methods (https://legacy .cnx.org/content/

m42128/latest/) :K>B=>:E ?HK ?BG=BG@ O><MHK <HFIHG>GML

-A"1 "QIEHK:MBHGL *:S> $:F>

)>:KG :;HNM IHLBMBHG O>EG=BMRE>K:MBHG BG MA> K>G:H?-BG 2L> MA> @K>>G :KKHP MH FHO> MA> ;:EE == FHK> P:EEL
MH MA> :K>G: MH F:D> MA> @:F> FHRB<MEXRIMH F:D>: @H:E :L ?:LM :L RHN <:G
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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
¢ ==BG@ O><MHKL ;R <HFIHG>GML !'HG'M ?H<NL MHH FN<A HG PA:M BM F>:GL MH :== O><MHKL 'NLM E>:KG MA> F><A:GB<L H?
AHP MH =H BM BBEE M:ED :;HNM MA> F>:GBG@ BG <E:LL

Analytical methods H? O><MHK :==BMBHG :G= LN;MK:<MBHG >FIEHR @>HF>MKR :G= LBFIE> MKB@HGHF>MKR K:MA>K MA:G MA> KNE>
IKHMK:<MHK H? @K:IAB<:E F>MAH=L -:KM H? MA> @K:IAB<:E M><AGBJN> BL K>M:BG>= ;><:NL> O><MHKL :K> LMBEE K>IK>L>GM>= ;R :
>:LR OBLN:EBS:MBHG %HRZ6RKIB<:E F>MAH=L :K> FHK> <HG<BL> :<<NK:M> :G= IK><BL> MA:G @K:IAB<:E F>MAH=L PAB<A :K>
EBFBM>= ;R MA> :<<NK:<R PBMA PAB<A : =K:PBG@ <:G ;> F:=> G:ERMB<:E F>MAH=L :K> EBFBM>= HGER ;R MA> :<<NK:<R :G= IK><BLB}
PBMA PAB<A IARLB<:E JN:GMBMB>L :K> DGHPG

/>LHEOBG@ >8MHK BGMH ->KI>G=B<NE:K HFIHG>GML

G:ERMB<:E M><AGBJN>L :G= KB@AM MKB:G@E>L @H A:G= BG A:G= BG IARLB<L ;><:NL> :FHG@ HMA>K MABG@L FHMBHGL :EHG@ I>
=BK><MBHGL :K> BG=>I>G=>GKKR H?M>G G>>= MH L>:K:M> : O><MHK BGMH I>KI>G=B<NE:K <HFIHG>GML #HK >Q:FIE> @BO>G : O><l
EBD3 BGigure 3.26 P> F:R PBLA MH ?BG= PAB<A MPH I>KI>G=B<NE:K Ox<@HKL ; :== MH IKH=N<> BM

Figure 3.26 1A> O><MHK PBMA BML M:BE :M MA> HKB @8@HKZEE:M> LRLM>F BL LAHPG MH@>MA>IGEBMABIMG>GML " \:G= " 7
1A>L> O><MHKL ?HKF : KB@AM MKB:G@E> 1A> :G:ERMB<:E K>E:MBHGLABIL :FHG@ MA>L> O><MHKL :K> LNFF:KBS>= ;>EHP

" y:G= " 7:K>=>?BG>= MH ;> MA> <HFIHG>GNMLERG@ MA>G= y :Q>L 1A> MAK>> O><MHKL" y :G= " 7 ?HKF : KB@AM
MKB:G@E>

+HM> MA:M MABL K>E:MBHGLABI ;>MP>>G 0><MHK <HFIHG>GML :G= MA> K>LNEM:GM O><MHK AHE=L HGER ?HK O><MHK JN:GMBMB>
;HMA F:@GBMN=> :G= =BK><MBHG 1A> K>E:MBHGLABI =H>L GHM :IIER ?HK MA> F:@GBMN=>L :EHG> #HWX=QNFIE> B?

"z NGHKMA G2 NGHKMA >:LM MA>G BM BL MKN> MA:M'Mp> O2sMHKL %HP>0>BM Bat MKN> MA:M MA> LNF
H? MA> F:@GBMN=>L H? MA> O><MHKL BL :ELH >JN:E 1A:M BL
N N u I
1ANL
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Y zu

&? MA> O><MHBL DGHPG MA>G BML F:@GBMNH>E>G@MA :G=BML :GHE=BK><MBHG :K>DBRBG=1y:G= " ; BML
:G=y <HFIHG>GML P> NL> MA> ?HEEHPBG@ K>E:MBHGLABIL ?HK : KB@AM MKB:G@E>
"y "DP"

"z "TJC

Figure 3.27 1A> F:@GBMN=>L H? MA> O><MHK <HFIHGp@ML " 7 <:G ;> K>E:M>= MH MA> K>LNEM:GM O:S<MWiK> :G@E> PBMA MKB@HGHF>MKB<

B=>GMBMB>L %>K>P>L>>MAM" DP.c= "z " TJ(

ONIIHL> ?HK >Q:FIE> MA:M BL MA> O><MHK K>IK>L>GMBG@ MA> MHM:E =BLIE:<>F>GM H? MA> |>KLHG P:EDBG@ BG : <BMR <HGLB=>

Kinematics in T wo Dimensions: An Introduction (https://legacy .cnx.org/content/m42104/latest/) :G= Vector Addition and
Subtraction: Graphical Methods (https://legacy  .cnx.org/content/m42127/latest/)

Figure 3.28 4 > <:G NL> MA>K>E:MBHGLARIL " DP .= "z " T J(MH=>M>KFBG> MA> F:@GBMN=> H? MA> AHKBSHGM:E :G= O>KMB<:E
<HFIHG>GM 0><MHKL BG MABL >Q:FIE>

1A>G " ;EH<DL :G= LH MA:M
"y "DPT} CVMEDPT & c N
", "TJO L CMBDO & C NI

‘E<NE:MBG@ : />LNEM:EMBK
&? MA> I>KI>G=B<NE:K <HFIHG*GME= " 7H?:0><MHK :K> DGHPG MA>G <:G :ELH ;> ?HNG= :G:ERMBLHPRG= MA>
F:@GBMN=2 :G==BK><MBHGI? : 0><MHK ?KHF BML I>KI>G=B<NE:K <HFIHGE83ML ; P> NL> MA> ?HEEHPBG@ K>E:MBHGLABIL

Y z
BO "z "v
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Figure 3.29 1A> F:@GBMN=> :G= =BK><MBHG H? MA> K>LNEM:GM O><MHK <:G ;> =>M>KFBG>= HG<> MA> AHKBSHGM:E ﬁ@@>KM@G®<HFIHG>GML
>>G =>M>KFBG>=

+HM> MA:M MA> >JN:M’BHQ "y " 7BLCNLM MA> -RMA:@HK>:G MA>HK>F K>E:MBG@ MA> E>@L H? : KB@AM MKB:G@E> MH MA> E>C

ARIHM>GNL> #HK >Q:FIE> 'BQ:G= " 7 :K> :G= ;EH<DL K>LI><MBOMR-G" ;EH<DL :@:BG <HGLBLM>GM

PBMA MA> >Q:FIE> H? MA> I>KLHG P:EDBG @E&BERBMR=BK><MBHG BILB O i L ;>?HK>

I>M>KFBGBG@&MHKL :G=>8MHK HFIHG>GML PBMA G:ERMB<:E *>MAH=L
"INNMBHGL"y " DP:G= "z " TJ(CK>NL>=MH ?BG= MA> I>KI>G=B<NE:K <HFIHG>GML H? : O><MHK"MA:M BL MH @H

PKHF" :G= MH"y:G= "7z "NIMBHGL" |\ "y "z:G= BO "z "y :K>NL>=MH ?BG=: 0><MHK ?KHF BML
HMA IKH<>LL>L :K> <KN<B:E MH :G:ERMB<:E F>MAH=L

I>KI>G=B<NE:K <HFIHG>GML"MA:M BL MH @H TB#F" ; MH" :G
H? O><MHK :==BMBHG :G= LN;MK:<MBHG

+HP MA:M RHN DGHP AHP MH ;K>:D =HPG O><MHKL BGMH <HFIHG>GML A>K> L : IKH<>=NK> MH :==BG@A#MHKL :G:ERMB<:EER
LHF> MKB@HGHF>MKR BGOHEO>= LH :@:BG B? RHN K> GHM ?:FBEB:K HK <HF?HKMFE>L BB NRA NIK BGIENBERMHIR

LAHNE= ;> ?:FBEB:K PBMA ;HMA F>MAH=L RHN LAHNE= ;> :;E> MH :== MPH O><MHKL @BO>G MA>BK Q :G= R <HFIHG>GML :G=RHN L
;> E> MH =K:P MA> K>LNEMBG@ O><MHK H? MPH :==>= O><MHKL ELH P>PBEE @H HO>K AHP MH NL> MA>L> MH LHEO> IKH;E>FL
IKBF:KBER HG MA> F>MAH=L H? :==BG@ O><MHKL

==BG@ 3<MHKL 2LBG@ G:ERMB<:E *>MAH=L

1H L>> AHP MH :== O><MHKL NLBG@ I>KI>G=B<NE:K <HFIHG>GMbu<#{GBB=8G PAB<A MA> O><NMHBE # :K>:==>= MH
IKH=N<> MA> K>LNENS:GM
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Figure 3.30 3><MHKL' :G= # :K>MPH E>@L H? : P:ED :@=BL MA> K>LNEM:GM HK MHM:E =BLIEN=F>GM> 6G:ERMB<:E F>MAH=L MH =>M>KFBG>
MA> F:@GBMN=> :G= =BK><MBHG H?

&?" :G= # K>IK>L>GM MPH E>@L H? : P:ED MPH =BLIE:<>F>GBIIBIMAMEMHM:E =BLIE:<>F>GM 1A> I>KLHG M:DBG@ MA> P:ED
>G=L NI :M MA> MBI BI?1A>K> :K> F:GR P:RL MH :KKBO> :M MA> L:F> IHBGM &G IMMBKIKEMG <HNE= A:O> P:ED>= ?BKLM BG MA>
X =BK><MBHG :G= MA>G\BBNANMBHG 1AHL> I:MAL :Ke Me&>y <HFIHG>GML H? MA> K>LNEBNGBE 3 7 &? P> DGHR3

:G= 37 P><:G?BG=3:G= NLBG@ MA>>IN:MBHGI/ "y "z :G= BO "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? : 0><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>>IJN:MBHGLy " DP " :G= "z " T J(MH?BG=MA> <HFIHG>GNiL&G.31

MA>L> <HFIHG>GML K> " ; #y :G= #7 1A>:G@E>L MA:M O><MHIE= # F:D>PBMAMA>QBL:K> « :G= 4
K>LI><MBO>ER

Figure 3.31 1H == 0><MHKI' :G= # ?BKLM =>M>KFBG> MA> AHKBSHGM:E :G= O>KMB<:E <HFIHG>GMEIL?: K<i &> <MMKI>= O><Nlll-'ﬂ(L

"7 #\:6= #7LAHPG 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 B@ure 3.32

3y "y #y

3z "z #z
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Figure 3.32 1A> F:@GBMN=> H? MA> O><"M17HGL= #\ == MH @BO> MA> F:@GBBNH’? MA> K>LNEM:GM O><MHK BG MA> AHKBSHGM:E =BK><MBHG 0BFBE:KEFR
MA> F:@GBMN=>L H? MA> O$'<M}0\‘-L # 7 :== MH @BO> MA> F:@GB@@H? MA> K>LNEM:GM O><MHK BG MA> O>KMB<:E =BK><MBHG

HFIHG>GML :EHG@ MA> L:F>:QBL L:RMBBL :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>GMLYE®BI@ ##&>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:EH? ;><:NL>MA>R :K>:EHG@ MA> L:F>=BK><MBHG
K>LHEOBG@ O><MHKL BGMH <HFIHG>GML :EHG@ <HFFHG :Q>L F:D>L BM >:LB>K MH :== MA>F +HP MA3:KIADGHPIBIG>GML H?

BML F:@GBMN=> :G= =BK><MBHG <:G ;> ?HNG=

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

3 3y 37

Step 4. To get the direction of the resultant:
BO 37 3y

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> O0><MHK MH MA> O><MHKAHPG BEgure 3.33 NLBG@ I>KI>G=B<NE:K <HFIHG>GML :EXG& MA>L 1A> X
:G=y :Q>L K> :EHG@ MA> >:LM]P>LM :G= GHKMA]LHNMA =BK><MBHGB KMHEMBOHR-GML MA> ?BKLM E>@ H? : P:ED BG
PAB<A : I>KLHG P:EDL NBG : =BK><MBHG z GHKMA H? >:LMMHHKE K>IK>L>GML MA> L><HG= E>@ : =BLIE:<>F>GM H?

N BG : =BK><MBHG z GHKMA H? >:LM

Figure 3.33 3><MHK' AL F:@GBMN=> N:G==BK><MBHG  Z GHKMA H? M@BL 3><MHK# A:L F:@GBMN=> N :G= =BK><MBHG
Z GHKMA H? M@BL 6iN <:G NL> :G:ERMB<:E F>MAH=L MH =>M>KFBG> MA> F:@GBMN=> :G3 =BK><MBHG H?

Strategy

1A> <HFIHG>GML H? :G= # :EHG@ MA>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
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Solution
#HEEHPBG@ MA> F>MAH= HNMEBG>= :;HO> P> ?BKLM ?BG= MA> G4FIHGEEM@HDA>G= y :Q>L +HM> MA:M
" [ " # l:G= # 4 > ?BG= MA=HFIHG>GML ;RNLBG@ " D P~ PAB<A
@BO>L
"y "DPT NDPT
N N
:G=
#vy #DPTL NDPT
N N

OBFBE:KERY <HFIHG>GML :K> ?HNG=NLEG@ " TJ O

", "TJO N TJO
N N
:G=
47,  #TJQ NTJO z
N N
1A>x :G= y <HFIHG>GML H? MA> K>LNEM:GM :K> MANL
3y "y #y N N N
:G=
37 "7 #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 {3y 37 Y N
LH MA:M
3 N

#BG:EEFR ?BG= MA> =BK><MBHG H? MA> K>LNEM:GM
BO 37 3y WBO

1ANL
B O z

Figure 3.34 2LBG@ :G:ERMB<:E F>MAH=L P> L>> MA:M MA> F:@B3BBIN=> H? N :G= BML =BK><MBHG Blz GHKMA H? >:LM

Discussion
1ABL >Q:FIE> BEENLMK:M>L MA> :==BMBHG H? O><MHKL NLBG@ |>KI>G=B<NEHK<HFNHC=RBBHGBNLBG@ |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

ON;MK:<MBHG H? O><MHKL BL :<<HFIEBLA>= ;R MA> :==BMBHG H? : GA®:BIBO>' O#<WIHK # 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> <HFIHGHGWSHR :G= y <HFIHG>GML H? MA> K>LNEM:G#¥ Z:K> MANL

3y "v 3 #¢¥

" 1 4
3z "z 3 #z

:G= MA> K>LM H? MA> F>MAH= HNMEBG>= :;HO> BL B=>GMB<:E MH MAIND2HK3SEBMBHG 0>>

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> [>KI>G=B<NE:K JN:GME
H?M>G BG=>I>G=>GM H? HG> :GAMB>RM FH=N[E>»0jectile 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><MHKLQAEBGBGA> <HFIHG>GML H? # K> MA> G>@:MBO>L H? MA> <HFIHGHENIBH?
F>MAH= H? LN;MK:<MBHG BL MA> L:F> :L MA:M ?HK :==BMBHG
-A"1 "QIEHK:MBHGL>3MHK ==BMBHG

)>:KG AHP MH :== O><MHKL K:@ O><MHKL HGMH : @K:IA <A:G@> MA>BK E>G@MA :G=:G@E> :G=lANF MA>F MH@>MA>K
F:@GBMN=> :G@E> :G= <HFIHG>GML H? >:<A O><MHK <:G ;> =BLIE:R>= BG L>0O>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>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>:= F
diagonally K>E:MBO> MH MA> LAHKSgUtd8&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 =HPGLME2:FLBERBIBKIERG> ?EB>L HO>KA>:= BG : LMKHG@ <KHLLPBG= RHN <:G
LHF>MBF>L L>> MA:M MA> |E:G> BL GHM FHOBG@ BG MA> =BK><MBHG BG PAB<A BM BEitHBGIMEE= IABHERMICM>= BG

FHOBG@ LMK:B@AM :A>:= K>E:MBO>NMHNWASSFEBIO>F>GM H? MA> :BK F:LL K>E:MBO> MH MA> @KHNG= <:KKB>L BM LB=>P:RL
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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<BM
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 N
BG MA> =BK><MBHG BM IHBBMIFHO4ABG MA> =BK><MBHG H? BML MHM:E O>EH<BMR LHEB=:KKHP

&G >:<A H? MA>L> LBMN:MBHGL :G H;Cweldcityl. 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<BMfEl toMiie-dtisirvdd BL MA> LNF H? MA>L> O>EH<BMR O><MHKL L
BG=B<:M>=B@re 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 M
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>EH<BMR BL : O><MHK BM A:L ;HMA F:@GBMN=> :G= =BK><MBit®r MitiiKINE=BIENLL>= 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=
#HK >Q:FIE> B? : ?B>E= AH<D>R IE:R>K BL FHOBN@LIWK:B@AM MHP:K= MA> @H:E :G= =KBO>L MA> ;:EE BG MA> L:F> =BK><MBHG PBM/
O>EH<BMR H?N K>E:MBO> MH A>KNH=& MA> O>EH<BMR H? MA> ;NE BREE:MBO> MH MA> LM:MBRISLXER 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>PRBEE=HG=EB4BE>IHG

:G:ERMB<:E M><AGBJN>L 1A>?HEEHPBG@ >JN:MBHGL @BO> MA> K>E:MBHGLABIL ;>MP>>G MA> F:@GBMM:6=G= =BK><MBHG H? O>
:G=BML <HFIHG>GMYY :G= Wy :EHG@ MA=G= y :Q>L H? :G :IIKHIKB:M>ER <AHL>G <HHK=BG:M> LRLM>F

W WP’
W W J(
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W W W

BO W W

Figure 3.39 1A> O>EH<BMRH? :G H;C><M MK:O>EBG@ :M :G :GI@&A> AHKBSHGM:E :QBL BL MA> LNF H? <HFIHGY§MS>MHKL

1A>L> >IN:MBHGL :K> O:EB= ?HK :GR O><MHKL :G=:K> :=:IM>= LI><B?B<:EER2IR KN NBMRIN: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=> :(
H? O>EH<BMR PA>G BML <HFIHG>GML :K> DGHPG

1:D> %HF> "QI>KBF>GM />E:MBOER<BMR H? : H:M

#BEE : ;:MAMN; A:E? ?NEE H2:BMMHR ;H:M HK LHF> HMA>K H;C><M MA:M ?EH:RIG IBEN@:MA% =K:BG LH P:M>K LM:KML MH
=K:BG KR INLABG@ MA> ;H:M ?KHF HG> LB=> H? MA> MN; MH MA> HMA>K :G= |>KI>G=B<NE:KAAB M REHPRIHNP :M>K
G>>= MH INLA MA> ;H:M LH MA:M BM >G=L NI BFF>=B:M>ER HIIHLBM> HFI:K> MA> =BK><MBHGL HR}BGI@HH? NAB:M>K
;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>>=  FL 1A> <NKK>@GHWBEOMREKBOM : LI>>=H? FLMH
MA>KB@AM 4A:M BL MA> MHM:E =BLIE:<>F>GM H? MA> ;H:M K>E:MBO> MH MA> LAHK>

/>?>K MRigure 3.40 PAB<A LAHPL : ;H:M MKRBG@ MH @H LMK:B@AM :<LNMAEKBEMS MA> F:@GBMN=> :G= =BK><MBHG
H? MA> ;HIMD>EH<BMR K>E:MBO> MH :G H;L>KO>K HA/f§A2AABKEH<BMR H? MA>V&:M BL FLBGMA>Z

=BK><MBHG K>E:MBO> MH MA> KBO>K :G= MA> O>EM§ﬁNIIBlH? NFA>MB Qe KB@AM

Strategy

4 > LM:KM ;R <AHHLBG@ : <HHK=BG:M> LRLM>F :PBUAREE>E MH MA> O>EH<BMR HR M¥R@BBGKure 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> MHQBL>8:M>K BL I:K:EE>E MH MA
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I>KI>G=B<NE:K MH MA> O>EH<BMR HAMAPKBOG K== MA> MPH O>EH<BMB>L ;R NLBG@ MA>\%}®I:I\M .G=
BO W W =BK><MER

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

Wu W WY

PA>K>

W Vs N
:G=

W Wesu N
1ANL

W, N T N T
RB>E=BG@
Wy N

1A> =BK><MBHG H? MA> MHM:E B:EBRBBMR ;R
BO WW WBO

1ABL >JN:MBHG @BO>L

Discussion

HMA MA> F:@GBMN=6&= MA> =BK><MBHH3Z MA> MHM:E O>EH<BMR :K> <HGEBLM>GNPBMIM> 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 |
;R MA> LF.EE :G@E> HGER 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> LBMNEMBH&GIZAHRE>BIG: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.BIH? F L BG : =BK><MBHG

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

Strategy

&G MABL IKH;E>F LHF>PAR+KBGM ?KHF MA> IK>OBHNL >Q:FIE> P> DGHP MA> MHWjfe .G=BWaBMEM BL MA> LNF H? MPH
HMA>K O>EH<BMB>UA> PBG= :GW MA> |[E:G> K>E:MBO> MH MA> :BK F:LL 1A> JWCBMHMEHPG :G= P> :K>:LD>= MH
?BGVY +HG> H? MA> O>EH<BMB>L K> I>KI>A¥B<BMBL IHLLB;E> MH ?BG= MA>BK <HFIHG>GML :EHG@ : <HFFHG L>M H?
I>KI>G=B<NEK :Q>L &? P> <:G ?BG= MA> <HFIHGM}{MMAISG P> <.G <HF;BG> MA>F MH LHEO> ?HK BML F:@GBMN=> :G=

=BK><MBHG L LAHFGBE 3.41 P> <AHHL> : <HHK=BG:M> LRLM>F PRMZBBMN> >:LM :G= BMOQBL =N> GHKMA [:K:EE>E
MHW 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 BG

Addition and Subtraction: Analytical Methods (https://legacy .cnx.org/content/m42128/latest/)
Solution
><NL> Wy BL MA> O><MHK LNF H¥W1&5= V¢ BML :G= y <HFIHG>GML :K> MA> LNFL H2M@&= y <HFIHG>GML H?

MA> PBG= :G= [E:G> O>EH<BMB>L +HM> MA:M MA> IE:G> HGER A:L O>KMB<:E <HFIHE$GM HG3>ENzBMILEA:M
BL
Wor WXy

Wz Wz W9

4 > <:G NL> MA> ?BKLM H? MA>L> MPH >JN:MBMN§L MH ?BG=

Wz Way WPPT
><NL> Wy N1.Gc= DPT z P> A:O0>
Wz N T N

1A> FBGNL LB@G BG=B<:M>L FHMBHG P>LM PAB<A BL <HGLBLM>GM PBMA MA> =B:@K:F
+HP MH ?BG#{; P> GHM> MA:M

W Wz W
%>K>Wpz WeJ JO MANL
Wz N T ' N T N
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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> [>KI>G=B<NE:K <HFIHG>GML H? MA> PBOK QXEH<BIRK> DGHPG P> <:G ?BG= MA> F:@GBMN=> :G=

=BK><MBHQ/M?#BKLM MA> F:@GBMN=> BL

W | Wey Wz

y o NT N T

LH MA:M

1A> =BK><MBHG BL
BO Wy Wy WBO ' '

@BOBG@

Discussion

1A> PBGE'LI>>= :G= =BK><MBHG :K> <HGLBLM>GM PBMA MA2+B@BRIBBGM AP HG MA> MHM:E O>EH<BMR H? MA> IE:G> L
L>>G BGigure 3.41 ><:NL>MA> |IE:G> BL ?B@AMBG@ : LMKHG@ <HF;BG:MBHG H? <KHLLPBG=:G= A>:= PBG= BM >G=L NI PBMA : MHI
O>EH<BMR LB@GB?B<:GMER E>LL MA:G BML O>EH<BMR K>E:MBO> MH MA> :BK REKAGR-EBKEAUBIBG @ BG : =B?

+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
HG> :QBL I:K:EE>E MH HG> H? MA> O>EHRBEBKEIA:M>=ER ?BG= MA:M <AHHLBG@ :G :IIKHIKB:M> <HHK=BG:M> LRLM>F F:D>L IKH;E>F
LHEOBG@ >:#B#K>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>>EH<BMB>L :G= E:LLB<:E />E:MBOBMR

4A>G :==BG@ O>EH<BMB>L P> A:0> ;>>G <:K>?NE MH LI><@sBciAiM&live 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?BcE M BIHFERML O>EH<BMR K>E:MBO>

MH MA> @KHNG= HMA K> JRBMSNVBZKHF MA> O>EH<BMR H? :G :BKIE:G> K>E:MBO> MH BML [:LL>G@>KL PAB<A LAHNE= ;> <EHL> MH
/>E:MBO> O>EH<BMB>L :K> HG> :kétatMityl? PAB<A BL =>?BG>= MH ;> MA> LMN=R R2K&@VFB2 >KO>KL FHOBG@ K>E:MBO> MH

>:<A HMA>K F>:LNK> MA> L:F> IA>GHF>GHG

+>:KER >0>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<
MA> MA <>GMNBBLM>BG K>OHENMBHGBS>= HNK OB>P H? GodBK-MBMKRBL? K>E:MRBBMR> 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><MI?BRI<M:£BB<NL K>E {HBGBMRER ;R $:EBE>H :G=

&L::< +>PMHCClassical 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 *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 MBK=B% H;L>KO>KL L>> BG : LBMN:MBHG :G:ERS>= EHG@ :@H ;R $:EBE>H ONIIHL>: 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 H
;>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 F
MA> ;:L>H? MA> F.LM :M : IHBGM =BK><MER ;>EHP BML IHBGM H? K>E>:L> +HP E>M NL <#@EBi K RAKOMRHL=BPA>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:0> GH AHKBSHGM:E O>EH<BMR K>E:ME
H;L>KO>K HG MA> LABI :G=LH A> L>>L MA>F ?:EE LMK:B@AM =HPG MARIE13VI2052H MA> H;L>KO>K HG LAHK> MA>

;BGH<NE:KL :G= MA> LABI A:Oséme>AHKBSHGM:E O>EH<BMR FHO> MA> L:F> =BLM:G<> ?HKP:K= PABE> MA> ;BGH<NE:KL :K>

?:EEBG@ 1ABL H;L>KO>K L>>L MA> <NKO>= |:MAIiipAlelPBG BGEMAHN@A MA> |:MAL ERHE>EB2 MH M2AK=BM H;L>KO>KL

>:<A L>>L MA> L:F> KSLNEM”MA> ;BGH<NE:KL ABM :M MA> ;:L> H? MA> F:LM :G= GHI@ =M B> BMKK><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

Unit | - Mathematical Tools and Foundational Concepts 102



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

Figure 3.42 E:LLB<:E K>E:MBOBMRF> FHMBHG :L OB>P>= ;R MPE=8SGM 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>= |:MA FHOBG@ ?HKP:K= PBMA MA> LABI |
L>> MA> ;BGH<NE:KL LMKBD> MA> =><D :M MA> ;:.L> H? MA> F:.LM 1A> BGBMB:.E AHKBEHGM: KXE-RECBNRBUABMPH H;L>KO>KL 1A>LABIBL LAHPG

FHOBG@ K:MA>K ?:LM MH >FIA:LB®>#M> >?

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

G :BKEBG> |:.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?>
?EHHK  F;>EHP BML IHBGM H? K>E>:L> : *>/LNK>= K>E:MBO> MH MA> |[E:G> ; *>LNK>= K>E:MBO> MH MA> ":KMA

Figure 3.43 1A> FHMBHG H? : <HBG =KHII>= BGLB=> :G :BKIE:G> :L OB>P>=2RMBM +BL>KO>KL : G H;L>KO>K BG MA> |[E: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:KKM : MA> BGBMB:E O>EH<BM|
BL S>KH K>E:MBO> MH MA> |[E:G> LH MA> FHMBHG BL MA:M H? : 2.EEBG@ H;C><M HG> =BF>GLBHG:E &G I:KM ; MA> BGBMB:E O>I
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 E
<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
O>EH<BMR <:G ;> ?HNG= NLBG@ MA> >IN:MBHG
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W W,' HZ Z
ON;LMBMNMBG@ DGHPG O:EN>L BGMH MA> >JN:MBHG P> @>M
W ' N T N' N N T
RB>E=BG@
W N
4 > DGHP MA:M MA> LIN:K> KHHM H?  A:L MPH KHHML :G= > <MHHL> MA> G>@:MBO> KHHM ;><:NL> P> DGHP MA:M MA>

O>EH<BMR BL =BK><M>= =HPGP:K=L :G= P> A:0> =>?BG>= MA> IHLBMBO> =BK><MBHG MH ;> NIP:K=L 1A>K> BL GH BGBMB:E AHKBS
O>EH<BMR K>E:MBO> MH MA> |E:G> :G= GH AHKBSHGM:E :<<>E>K:MBHG :G=LH MA> FHMBHG BL LMK:B@AM =HPG K>E:MBO> MH M

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? AHK
?BG:E O>KMB<:E O>EH<BMR ?HK MA> <HBG K>E:MBW$ MH MA> @XHNGABLF> :L ?HNG= BG I:KM : &G <HGMK:LM MH

I:KM : MA>K> GHP BL : AHKBSHGM:E <HFIHG>GM H? MAHBRSEHKBGHR: MA>K> BL GH AHKBSHGM:E :<<>E>K:MBHG MA> BGBMB:E
:G= ?BG:E AHKBSHGM:E O>EH<BMB>L :K> MAYL:F>:GN 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

Wiw W

1ANL

RB>E=BG@

1A> =BK><MBHG BL @BO>G ;R

LH MA:M

Discussion

&G I:KKM : 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
: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> |[E:G> BL 7ZERBG@ AHKBSHGM:E
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>>
=B2K>GM FHMBHG ?HK MA> <HBG 1A> |[E:G> BL FHOBG@ LH ?:LM AHKBSHGM:EER MH ;>@BG PBMA MA:M BML ?BG:E O>EH<BMR BL
MA> BGBMB:E O:E&i<EMBG P> L>> MA:M BG MPH =BF>GLBHGL O><MHKL =H GHM :== EBD> HK=BG:KR GNF;>KL"MA> ?BG:E O>EH<B|
BG I:KM ; Bhot N K:MA>BM BL N 1A> O>EH<BMR@GBMN=> A:= MH ;> <:E<NE:M>= MH ?BO> =B@BML MH

L>>:GR =B2K>G<> ?KHF MA:M H? MA> :BKIE:G> 1A> FHMBHGL LI2¥GMR ER2KO>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 >
MA:M MA> O>EH<BMR H? MA> |IE:G> BL RKMAM@AK MPH H;L>KO>Kéry=B2K>GM I:MAL O0%Rure 3.43 &G

:==BMBHG ;HMA H;L>KO>KL L>>MA><HBG ?:EE = F DIKMBx:HER 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 :MA MA> HMA>K : G>:KER AHKBSHGM:E |: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:RER QIGBRI>RBMA H;L>KG>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@E4LBMHEHE:(dBEB<BMR
O><MHKL *HO> MA> ;:EE PBMA MA> FHNL> HK E>M MA> LBFNE:MBHG FHO> MA> ;:EE BG ?HNK MRI>L HZBRHMBHG MRI>L H? EBG>:K
A:KFHGB< <BK<E>
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Figure 3.44 Motion in 2D (http://legacy .cnx.org/content/m64143/1.3/motion-2d_en.jar)

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

classical relativity : 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@AMMA:M BL E>LL MA:G DFL

commutative : K>?>KL MH MA> BGM>K<A:G@>:;BEBMR H? HK=>K BG : ?NG<MBHG O><MHK :==BMBHG BL <HFFNM:MBO> ;><:NL> MA> |
O><MHKL :K> :==>= MH@>MA>K =H2EOHMA? ?BG:E LNF

component (of a 2-d vector) : :IB><>H?: O><MHK MA:M IHBGML BG >BMA>K MA> O>KMB<:E HK MA> AHKBSHGM:E =BK><MBHG >0O>KR
<:G ;> >QIK>LL>=:L : LNF H? MPH O>KMB<:E :G= AHKBSHGM:E O><MHK <HFIHG>GML

direction (of a vector) : MA> HKB>GM:MBHG H? : O><MHK BG LI:<>

head (of a vector) : MA>>G=IHBGM H? : O><MHK MA> EH<:MBHG H? MA> MB(KITIMA=OELMHK ?>KK>= MH :L MA> aMBIb

head-to-tail method : : 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>
magnitude (of a vector) : MA>E>G@MA HK LBS> H? : O><MHK F:@GBMN=> BL : L<:E:K IN:GMBMR

relative velocity : MA> O>EH<BMR H? :G H;C><M L H;L>KO>= ?KHF : IKMB<NE:K K>?>K>G<> ?K:F>

relativity : MA>LMN=R H? AHRKBGM H;L>KO>KL FHOBG@ K>E:MBO> MH >:<A HMA>K F>.LNK> MA> L:F> IA>GHF>GHG

resultant : MA> LNF H? MPH HK FHK> O><MHKL

resultant vector : MA> O><MHK LNF H? MPH HK FHK> O><MHKL

scalar: : IN:\GMBMR PBMA F:@GBMN=> ;NM GH =BK><MBHG

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

vector : : IN:.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=>
=BK><MBHG

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

velocity : LI>>=BG : @BO>G =BK><MBHG

Section Summary

3.1 Kinematics in T wo Dimensions-An introduction
¢ 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
PBMA AHKBSHGM:E :G= O>KMB<:E <HFIHG>GML
¢ 1A> AHKBSHGM:E :G= O>KMB<:E <HFIHG>GML H? : O><MHK :K> BG=>I>G=>GMWBHE BCIMMAARKKBSHGM:E =BK><MBHG =H>L
GHM 72<M FHMBHG BG MA> O>KMB<:E =BK><MBHG :G= OB<> O>KL:

3.2 Vector Addition and Subtraction: Graphical Methods

¢ 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:GN8 @Bt<tIBG>= LN<AMAM# 3 1A> F:@GBMN=> :G= =BK><MBBI&KH"?
MA>G =>M>KFBG>= PBMA : KNE>K :G= [KBMKWBOCER

¢ 1A> graphical method of subtracting vector # ?KHF " BGOHEO>L :==BG@ MA> HIIHLBM> H? BABMAIBL =>?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 8><MHK

¢ ==BMBHG H? O><MétitinBitative LN<AMANM # # "
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¢ 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 |
LN;L>IN>GM O><MHK :M MA> A>:= H? MA> IK>OBHAR IOSIMENKGM O><MHK BL MA>G =K:PG ?KHF MA> M:BE H? MA> ?BKLM O><MHK
MA> A>:= H? MA> ?BG:E O><MHK

¢ &?:0><MHKBL FNEMBIEB>= ;R : L<:E:K IN:AMBMRF:@GBMN=> H? MA> IKH=N<M BL @B&2GBR IHLBMBO> MA>
=BK><MBHG H? MA> IKH=N<M IHBGML BG MA> L:F>'=@BBIBES@:MBO> MA> =BK><MBHG H? MA> IKH=N<M IHBGML BG MA>
HIIHLBM> =BK><MBHG L

3.3 Vector Addition and Subtraction-Analytical Methods
¢ 1A>:G:ERMB<:E F>MAH= H? 0><MHK :==BMBHG :G= LN;MK:<MBHG BGOHEO>L NLBG@ MA> -RMA:@HK>:G MA>HK>F :G= MKB@HG
B=>GMBMB>L MH =>M>KFBG> MA> F:@GBMN=> :G= =BK><MBHG H? : K>LNEM:GM O><MHK
¢ 1A>LM>IL MH :== O><MHKtG= # NLBG@ MA> :G:ERMB<:E F>MAH=:K> :L ?HEEHPL
OM>| 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>GM
0><MHK NLBG@ MA> >JN:MBHGL

"y "DP’

#y  #DP’
G=

"z "TJC

#,  #TJC
OM> == MA> AHKBSHGM:E :G= O>KMB<:E <HFIHG>GML H? >:<A O><MHK MH =>M>KFBG3\W&> <B5HGMBML
K>LNEM:GM O><3/HK

3y v #y
:G=

3z "z #z

OM>|  2L> MA> -RMA:@HK>:G MA>HK>F MH =>M>KFBG> MA> FIa&BMA=K>LNEM:GM B<MHK

3 13y 3z

OM>| 2L>: MKB@HGHF>MKB< B=>GMBMR MH =>M>KFBG> MA>3-BK><MBHG

BO 37 3y

3.4 Addition of V elocities
¢ 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 WP
W W J(

W W W

BO W W
¢ />E:MBO> O>EH<BMR BL MA> O>EH<BMR H? :G H;C><M :L H;L>KO>= ?KHF : :KMB<NE:K K>?>K>G<> ?K:F> :G= BM O:KB>L =K:F:MB<
K>?2>K>G<> ?2K:F>
¢ Relativity BL MA> LMN=R H? APHK=BM H;L>KO>KL F>LNK> MA> L:F> IA>SGHF>GHG |:KMB<NE:KER PA>G MA> H;L>KO>KL FHO>
K>E:MBO> MH HG> :Gldgsital 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><MHKA>BELANE MA> :EMBMN=> HG *M "O>K>LM MA>:@> H? MA>":KMA MA> ;HBEBG@ IHBGM H*
MA> <HLM H? MABL ;HHD MAXMIKEAIBHG MA> :<<>E>K:MBHG H? @K:OBMR

2. $BO>: LI><B?B< >Q:FIE> H? : O><IMHKMBG@ BML F:@GBMN=> NGBML :G==BK><MBHG
3. 4A:M =H O><MHKL :G= L<:E:KL A:O> BG <HFFHG %HP =H KAKXR =B?
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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> >:2&H40OBIG®A =BBEENLMK: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> <}
:GRPA>K> HG MA> <BK<E> LAHBGBG46 4A:M HMA>K BG?HKF:MBHG PHNE= A> G>>= MH @>M MH 0:<K:F>GMH

Figure 3.46

6. ONIIHL> 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> @3>t PBRRV <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@ #{BBMLNF 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>I2HR=@W¥ LBS>L <:G RHN >G= NI :M RHNK LM:KMBG@ IHBGM & MBH@sKBERL PEMK=GW
F:@GBMN=>L >0>K :== MH S>KH :G MAK>> HK FHK>

3.3 Vector Addition and Subtraction-Analytical Methods

9. ONIIHL> RHN :== MPH O><MHKLG= # 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
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:0> : <HFIHG>GM @K>:M>K MA:G BML HPG F:@GBMN=>

12. &? MA> O><MHKG= # K> I>KI>G=B<NEKA:M BL MA> <HFIHG>GM HEHG@ MA> =BK><MBHGAIA 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 :BK
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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@ ?:L
=H>LG M A> G>>= MH D>>| 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
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 PHN
FHMBHG H? MA> ;:EE :11>:K MH MA> |>KLHG PAH MAK>P BM

16. 1A> AAM H? : CHQ@@>K KNGGBG@ :M <HGLM:GM Q:NeA<BMRI?EFBLHS:= |K:P : LD>M<A LAHPBG@ MA> |:MA H? MA> A:M BG MA>
CH@@>XK:F> H? K>?>K>G<> IK: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 4/
=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>El
;>?HK> BM ABML "QIE:BG RHNK :GLP>KL
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Problems & Exercises 5. ONIIHL> RHN ?BKLM P:ED  F BG : =BK><MBH®&>LM H?

GHKMA :G=MA>G F BG:=BK><MBHGLHNMA H? P>LM

3.2 Vector Addition and Subtraction: Graphical %HP ?2:K :K> RHN ?KHF RHNK LM:KMBG@ IHBGM :G= PA:M BL MA>
Methods <HFI:LL =BK><MBHG H? : EBG> <HGG><MBG@ RHNK LM:KMBG@ IHBGM M
Use graphical methods to solve these problems. Y oumay ~ RHNK7BG:EIHLBMBHG &? RHN K>IK>L>GM MA> MPH E>@L H? MA> P:ED
assume data taken from graphs is accurate to three 'L O><MHK =BLIE:<>F>GMLG= # :L BGFigure 3.49 MA>G

digits. MABL IKH;E>F ?BG=L MA>BR LNF" j

1. #8G= MA> ?HEEHPBG@ ?HKHiAe BG7 : 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 3.49

Figure 3.47 1A> O:KBHNL EBG>L K>IK>L>GM |:MAL M:D>&>B8MBSHIE> 6. /51>:M MAS [KH-ESE ~HO> ‘NM K>O>KL> MA> HK=>K H? MA> MPH
P:EDBG@ BG : <BEAEH<DL :K> F HG : LB=> > > IKAE>F 5R0> 2O>KL> MA> HK=>K A2 MA>
E>@L H? MA> P:ED LAHP MA:M RHN @>M MA> L:F> ?BG:E K>LNEM 1A:M

2. #BG= MA> ?HEEHPBG@ ?HKHibihe BG7 : MA>MHM:E  p| RHN ?BKLM P.EEERAB<ABL F BG : =BK><MBHG >Q:<MER
=BLM:G<>MK:0>E>= :G= ; MA> F:@GBMN=> :G= =BK><MBHG H2 MA> "~ _ G MASE .
=BLIE:<>F>GM ?KHF LM:KM MH ?BGBLA :LHNMAH? P>LM :G=MA>G EPEB<ABL  FBG:

3. #BG= MA> GHKMA :G= /LM <HFIHG>GML H? MA> BLIE:<>FRFMBHG >Q:<MBR-LM H? GHKMA 1ABL IKHE>F LAHPL MAM
?HK MA> ABD>KL LAHRGIBG.45 # #

4.ONIIHL>RHN P:ED F LMK:B@AM P>LM :G=MA>G F 7. : [>1>:M MA> IKH;E>F MPH IKH;E>FL IKBHNW ?HK MA>

LMK:B@AM GHKMA %HP ?:K :K> RHN ?KHF RHNK LM:KMBG @) #B{éM £S@ RHN P:ED  F BG : =BK><MBHGGHKMA H? >:LM

PA:M BL MA> <HFI:LL =BK><MBHG H? : EBG> <HGG><MBG@ R R% _ _ _
LM:KMBG@ IHBGM MH RHNK ?BG:E IHLBMBHG &? RHN K>IK>IF;|L> TGRS INEP:E>CGM MH LN:MK R4BE@"MA:M BL MH

E>@L H? MA> P:ED :L O><MHK =BLIE:<SF:@Mi# :L BG ?BG=BGEZ " ' # ; />I>MMA>IKH;E>F MPH IKH;E>FL
Figure 3.48 MA>G MABL IKH;E>F :LDL RHN MH ?BG= MA>BK LN BHINM GHP RHN ?BKLM P:ED  F BG : =BK><MBHGINMA
3 " # H? P>LM :G= MA>G  F BG : =BK><MBHG >.LM H? LHNMA

PAB<A BL >JNBO:E>GM MH LN;MK:2KHF&H#"MA:M BL MH
?BG=BG®® 2 # " 3. O0AHP MA:M MABL BL MA> <:L>

8. 0OAHP MA:M Medler H? :==BMBHG H? MAK>> O><MHKL =H>L GHM
:22><M MA>BK LNF OAHP MABL IKHI>KMR :R <AHHLBG@ :GR MAK>>
O><MHKL # :G= $ :EE A:OBG@=BIGM E>G@MAL :G=
=BK><MBHGL #BG= MA% LNF# {MA>G ?BG= MA>BK LNF

PA>G :==>= BG : =BSK>GM HK=>K :G= LAHP MA> K>LNEM BL MA>
L:F> 1A>K> :K>?BO> HMA>K HK=>KL BG'PABKAG= $

<:G ;> :==>= <AHHL> HGER HG>

9. 0AHP MA:M MA> LNF H? MA> O><MHKL =BL=NIthpe BG
3.2 @BO>L MA> K>LNEM LAHPG BG4

Figure 3.48 1A> MPH =BLIE:<>F>GML :G= # :== MH @BO> : MHM:E
=BLIE:<>F>GM3 A:OBG@ F:@GBMN=:6= =BK><MBHG
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10. #8G= MA> F:@GBMN=>L H? O>BAKEBABAV BG-igure 15. #BG= MA> GHKMA :G= >:LM <HFIHG>GML H? MA> =BLIE:<>F>GM
3.50 ?KHF 0:G #K:G<BL<H MH 0:<K:F>GMH LAHRGBG3.52

Figure 3.50 1A> MPH O>EH<BMW#>tG= W :== MH @BO> : MHWMR

11. #BG= MA> <HFIHG>GMIWH{i:EHG@ MA=G=y :Q>L BG

Figure 3.50 Figure 3.52

12. #BG= MA> <HFIHG>GMIV¢:EHG@ : L>M H? I>KI>G=B<NE:K{ g 5 MA> 2HEEHPBG@ IKH:E>F NLBG@ :G:ERMB<:E M><AGBIN>L

Q>L KHM:M>= z <HNGM>K<EH<DPBL> K>E:MBO> MH MAHL>®@#IHL> RHN P:ED F LMK:B@AM P>LM :G= MA>G F

Figure 3.50 LMK:B@AM GHKMA %HP 2:K :K> RHN ?KHF RHNK LM:KMBG@ IHBGM :G=
PA:M BL MA> <HFI:LL =BK><MBHG H? : EBG> <HGG><MBG@ RHNK

3.3 Vector Addition and Subtraction-Analytical LM:KMBG@ IHBGM MH RHNK ?BG:E IHLBMBHG  &? RHN K>IK>L>GM MA> M
E>@L H? MA> P:ED :L O><MHK =BLIE:<3F:@ML# L BG

Methods
) Figure 3.53 MA>G MABL IKH:E>F :LDL RHN MH ?BG= MA>BK LNF
13. #BG= MA> ?HEEHPBG@ ?HKHiAe BG1 : 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 3.53 1A> MPH =BLIE:<>F>GML :G= # :== MH @BO>: MHM:E

Figure 3.51 1A> O:KBHNL EBG>L K>IK>L>GM |:MAL M:D>&>RBMB2HIE>
=BLIE:<>F>GM3 A:OBG@ F:@GBMIB=:6= =BK><MBHG

P:EDBG@ BG : <BEIfEH<DL :K> FHG:LB=>
14. #BG= MA> ?HEEHPBG@ ?HKAiMAE BGL : MA>MHM:E  +HM>MA:M RHN <:G :ELH LHEO> MABL @RUABKIEERR MA>
=BLM:G<> MK:O>E>= :G= : MA> F:@GBMN=> :G= =BK><MBHG GERMB<:E M><AGBJIN> ?HK LHEOBG@ MABL IKH;E>F BL IHM>GMB:EER
=BLIE:<>F>GM ?KHF LM:KM MH ?BGBLA &G MABL I:KM H? MABHIK; EsiNK:M> MA:G MA> @K:IAB<:E M><AGBJN>
>QIEB<BMER LAHP AHP RHN ?HEEHP MA> LM>IL H? MA> :G:ERMBTsR\ Exercise 3.16 NLBG@ :G:ERMB<:E M><AGBJN>L :NM
F>MAH= H? O><MHK :==BMBHG K>0>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>0>KL> HK=>K @BO>L MA> L:F> K>LNEM*MA:M BL
# " " IBL<NLL AHP M:DBG@ :GHMA>K I:MA MH
K>:<A MA> L:F> IHBGM FB@AM A>El MH HO>K<HF> :G H;LM:<E>
‘EH<DBG@ RHN HMA>K I:MA
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18. 6HN =KBO> L IBG : LMK:B@AM EBG> BG : =BK><MBH@2. ?:KF>K P:GML MH ?>G<2ABL ?HNK LB=>= IEHM H? ?E:M E:G=
>LM H? GHKMA : #BG= MA> =BLM:G<>L RHN PHNE= A:0> MEe2EBANK>L MA> ?BKLM MAK>> LB=>L LAHP&:LG= $
LMK:B@AM >:LM :G= MA>G LMK:B@AM GHKMA MH :KKBO> :MdAZ#3.55 :G= MA>G <HKK><MER <:E<NE:M>L MA> E>G@MA :G=
IHBGM 1ABL =>M>KFBG:MBHG BL >JNBO:E>GM MH ?BG= MAZKB>GM:MBHG H? MA> ?HNKMA: VBBt ABL K>LNEM
<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>0>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 MHLMK:B@AM LHNMA

1ABL BL >IJNBO:E>GM MH LN;M#:2KIBE@ MA:M BL ?BG=BG@

32 " i />>M:@:BG ;NM GHP RHN ?BKLM P:ED

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

LN;MK:<M ?KHF # AMA'IMBL MH?BG= # $ &L MA:M
<HGLBLM>GM PBMA RHNK K>LNEM
20. G>P E:G=HPG>K AL : MKB:G@NE:K IB><> H? ?E:M E:G= LA>
PBLA>L MH ?>G<> OM:KMBG@ :M MA> PEAM ReHKKSKL
MA>?BKLM LB=>MH ;> FEHG@ :G=MA>G>QMMH > F 0355

>L> LB=>L :K> K>IK>L>GM>= L = <>F> >k
1A>L>1B _L K> KZIKL>GM L =BLIE:<>F>GM O=<MHKL 23. &G :G :MM>FIM MH >L<:I> ABL BLE:G= $BEEB@:G ;NBE=L : K:?M
?KHF # BGrigure 3.54 0A> MA>G <HKK><MER <:E<NE:M>L MAXG= L>ML MH L>: 1A> PBG= LAB?ML : @K>:M =>:E =NKBG@ MA> =R

E>G@MA :G= HKB>GM:MBHG H? MAS MABKBLB%SK :G= A> BL ;EHPG :EHG@ MA> ?HEEHPBG@ LMK:B@AM EBG>L
K>LNEM GHKMA H? P>LM MA>G L | LHNMA H? >:LM
MA>G LD LHNMA H? P>LM MA>G L |LMK:B@AM
>LM MA>G LM >:LM H? GHKMA MA>G L |
LHNMA H? P>LM :G= ?BG:EERL | GHKMA H?

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

24. ONIIHL> : IBEHM ?EB>L L IBG : =BK><MBHGGHKMA H?
>:LM :G= MA>G ?EB>L L IBG : =BK><MBHGGHKMA H? >:LM

:L LAHPG BGigure 3.56 #BG= A>K MHM:E =BLNRAGKHF MA>
LM:KMBG@ IHBGM :G= MA> =BIKI<MBHEMK:B@AM EBG> |: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= ARP<IMAF>A>

PBG= PHNE= =>I>G= HG ;HMA PBG= LI>>=:G= MA> LI>>= H? MA>

IE:G> K>E:MBO> MH MA> :BK F:LL

Figure 3.54

21. 6HN ?ER L IBG: LMK:B@AM EBG> BG LMBEE :BK BG MA>
=BK><MBHG LHNMAH? P>LM : #BG= MA> =BLM:G<>L RHN

PHNE= A:0O> 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:0> MH
?ER ?BKLM BG : =BK><MBIHHINMA H? P>LM :G= MA>G BG :

=BK><MBHG P>LM H? GHKMA 1A>L> K> MA> <HFIHG>GML H?
MA> =BLIE:<>F>GM :EHG@>B3M L>M H? :Q>L"HG> KHM:M>=

Z

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 MASKEBO>K MH :I $KBL +>S HG

‘NG> : %>?E>P ?HK  FBG :M:G :0>K:@> O>EH<BMR

H? FLBG:=BK><MBHG zLHNMA H? >:LM 4A:M P:L ABL

MHM:E =BLIE:<>F>GM ; EE>G >G<HNGM>K>=: A>:=PBG=
:0>K:@BG@  FL: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
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26. L>:@NEE ?EB>L :M: O>EH<BMR H?  F L LMK:B@AM BGBB{ Ms>@K>:M :LMKHGHF>K "=PBG %N;;E> =BL<HO>K>= MA:M :EE

PBG= : & BMM:D>L MA> :BK= FBG MHMK:O>E DF K>E=BROEGM @:E:QB>L :K> K><>=BG@ ?KHF HRIK:IBERPBMA

MH MA> ":KMA PA:M BL MA> O>EH<BMR H? MA> PBG= ; &? NDYEHB(BMB>L IKHIHKMBHG:E MH MA>BK =BLM:G<>L &M :II>:KL MH :G

MNKGL :KHNG= :G= ?EB>L PBMA MA> PBG= AHP EHG@ PBEEA>KMDKME MA> ":KMA MA:M P> :K> :M MA> <>GM>K H? :G

K>MNKG DF < IBL<NLL AHP MA> PB@><ML MA> MHM:E >QI:G=BG@ NGBO>Kie 3.57 BEENLMK:M>L MABL ?HK ?BO>

KHNG= MKBI MBF> <HFI:K>= MH PA:M BM PHNE= ;> PBMA GH @BEOB>L ERBG@ :EHG@ : LMK:B@AM EBG> PRN/ENYR> *BEDR 4

27. +>:K MA> >G= H? : F:K:MAHG K:<> MA> ?BKLM MPH KNGGIgMAS <>GNERBG@ MA> =:M: ?KHF MA> ?B@NK> <:E<NE:M>MA>

L>I:K:M>= R : =GI;>LM:G<> H? S 1A> 2KHGM KNGG>K AL :GGO>lEH<BMB>L . K>E:MBO> MH @:E:QR :G= ; K>E:MBO> MH @:E:QR
1A> K>LNEML F>:G MA:M H:L>KO>KL HG :EE @:E:QB>L PBEE L>>

O>EH<BMR H? FL :G=MA>L><HG=:0>EH<BMRH? FL
>E;€}£E MA> <>GM>K H? MA> >QI:G=BG@ NGBO>KL> :G= MA>R
BD>

4A:M BL MA> O>EH<BMR H? MA> L><HG= KNGG>K K>E:MBO>
%@? > P:K>H? K>E:MBO> O>EH<BMB>L <HG<EN=BG@ MA:M E
G

&2 MA> FKHGM KNGG>K BL P 2KHF MA> 2BGBLA EBG> P _:\_-/ IHLLB;E> MH EH<:M> MA> <>GM>K H? >QI:GLBHG PBMA MA>
PBG MA> K:<> LLNFBG@ MA>R KNG :M <HGLM:GM O>EH<B ’ ' ’ ’
HQ;G BG?HKF:MBHG

4A:M =BLM:G<> :A>:= PBEE MA> PBGG>K ;> PA>G LA> <KHLL>
?BGBLA EBG>

28. 3>KB?R MA:M MA> <HBG =KHII>= ;R MA> :BKEBG> |:.LL>G@>K BG

MA%®xample 3.6 MK:O>EL F AHKBSHGM:EER PABE> ?:EEBG@

F BG MA> ?K:F> H? K>?>K>G<> H? MA> ":KMA

29. ?HHM;:EE JN:KM>K;:<D BL FHOBG@ LMK:B@AM ;:<DP:K=:M:

LI>>=H?  FLPA>G A>MAKHPL: LLLMH: IE:R>K  F Figure 3.57 #BO> @:E:QB>L HG : LMK:B@AM EBG> LAHPBG@ MA>BK =BLM:G<>L :G=
LMK:B@AM =HPG?B>E= 1A> ;:EE BL MAKHPG :M :G :G@E> H>EH<BMB>L K>E:MBO> MH NRAS4BEBRR  1A> =BLM:G<>L :K> BG

K>E:MBO> MH MA> @KHNG= :G= BL <:N@AM :M MA> L:F> A>B@BRBIHGBM?BEB@AM R>:KL *ER PA>K>:EB@AM R>:K BL MA> =BLM:G<> EB@AM
K>E>:L>= 4A:M BL MA> BGBMB:E O>EH<BMSRHPMAhREE  MK:0>EL BG HG> RASKO>EH<BMB>L :K> G>:KER IKHIHKMBHG:E MH MA>
quarterback =BLM:G<>L 1A>LBS>L H? MA> @:E:QB>L :K> @K>:MER >Q:@@>K:M>= :G

30. LABIL>ML L:BE ?KHF /HMM>K=:F 1A> +>MA>KE:G=L  ‘O”K:@> @EQRBL:HNM *ER:<KHLL

A>=BG@ =N> GHKMA :M F L K>E:MBO> MH MA> ENK:KE 37. : 2L> MA> =BLM:G<> :G= O>EH<BMR EiylirBG.57 MH

H<>:G <NKK>GM BL F L BG : =BK><MBHGGHKMA H? >:.LM ?BG=MA> K:M> H? >QI:GLBHG L : ?NG<MBHG H? =BLM:G<>

4A:M BL MA> O>EH<BMR H? MA> LABI K>E:MBO> MH MA> ":KMA&? RHN >QMK:IHE:M> ;:<D BG MBF> AHP EHG@ :@H PHNE=:EE H?
31. : C>M:BKIE:G>?ERBG@ ?KHF :KPBG NLMK:EB: AL :GMi® @E:QB>L A:0> >>G :M :IIKHQBF:M>ER MA> L:F> IHLBMBHG

As MPH I:KML H? MABL IKH;E>F @BO> RHN LHF> B=>: H? AHP MA>
=H? = 2 y

LI>>=H?  FLBG:=BK><MBHG ~LHNMAH?P>LM &M BL BGg%Kli;?b <HGLM:GM ?HK NGBO>KL:E >QI:GLBHG :G= MA> MBF> ::<D MH

C>M LMK>F PAB<ABL ;EHPBG@ :M FL BG:=BK>sMBHG MA> B@ :G@ :K>=>M>KFBG>= K>LI><MBO>ER

LHNMA H? >:LM 4A:M BL MA> O>EH<BMR H? MA> :BKIE:G> K>EMBORMH 1> <kHLL>L:  F PB=> KBOSK :R LPBFFBG@
MA> "KMA ; IBL<NLL PA>MA>K RHNK :GLP>KL :K> <HGLBLMEGM 625 NEK MH MAs B:MoK <NKKSGM M Lisoc 7 F L

PBMA RHNK >QI><M:MBHGL ZHKIIAZ MA> PBG= HG MAZ IE:GR>E:MBO> MH MAS®BMEK<A>L MA> HIIHLBM> LB=> M :

:MA =BLM:G<> F =HPGLMK>:F ?KHF ABL LM:KMBG@ IHBGM %HP ?:LM BL

32. : &G PAM =BK><MBHG PHNE= MAS1ABEBG.30 AO>  MA>P:M>K BG MA> KBO>K ?EHPBG@ PBMA K>LI><M MH MA> @KHNG= 4A
MH MK:O>E BG HK=>K MH A:0> : O>EH<BMR LMK:B@AM GHKBIAMAE IMBESHAMA> LPBFF>K PBMA K>LI><M MH : 2KB>G= :M K>LM HG
MA>"KMA :LLNFBG@ BML LI>>= K>E:MBO> MH MA> P:M>K KMAB@KHNG=

N 4A:M PHNE= BML LI>>= ;> K>E:MBO> MH MA> ":KMA | A | .BEBG@ BG MA> $NE? OMK>:F BL A>:=BB@M
33. : GHMA>K :BKIE:G> BL ?ERBG@ BG : C>M LMK>:F MA:M BI2EHRBG@M : LI>>=H?  F L K>E:MBO> MH MASNF:M>K
‘M FLBG : =BK><MBHG z LHNMA H? >:LM :LEBGrcise O>EH<BMR K>E:MBO> MH MA>":KMA BL ~ P>LM H?
3.31 &ML =BK><MBHG H? FHMBHG K>E:MBO> MH MA> ":KMAGHKMA 4A:M BL MA> O>EH<BMR H? MA> $NE? OMK>:F 1A> O>EH<BMR
LHNMA H? P>LM PABE> BML =BK><MBHG H? MK:0>E K>E:MBOMIGGRmBL AEHE<:E ?HK MA> fNE? OMK>:F : ?>P ANG=K>=
LHNMA H? P>LM 4A:M BL MA> :BKIE:6>K>E:MBO> MH DBEHF>M>KAINGR>>:LM <H.LM H? MA> 2GBM>= OM:M>L
MA> :BK F:LL : 4A:M BL MA> :BKIEiGE>>= K>E:MBO> MH MA>40. G B<>AH<D>R IE:R>K BL FHOBG@ :M  F L PA>G A> ABML
uKMA MA> IN<D MHP:K= MA> @H:E 1A> LI>>= H? MA> IN<D K>E:MBO> MH
34. L:G=E BL =KHII>= ?KHF MA> MHIH? . F AB@A F:LM MA> |[E:R>KBL FL 1A> EBG> ;>MP>>G MA> <>GM>K H? MA> @H:E
HG:LABIFHOBG@M FL=N>LHNMA :E<NEM>MA> 0. MA> IERKEDAL: ‘GOE> K>EMBO> MH ABL A :L
O>EH<BMR H? MA> L:G=:E PA>G BM ABML MA> =><D H? MA> FABPG BEgure 3.56 4A:M :G@E> FNLM MA> INADEH<BMR
K>E:MBO> MH MA> LABI :G= ; K>E:MBO> MH : LM:MBHG:KR HLPREEIME0> MH MA> IE:R>K BG ABL ?K:F> H? K>?>K>G<> MH ABM
LAHK> < IBL<NLL AHP MA> :GLP>KL @BO> : <HGLBLM>GM KYERERICM>K H? MA> @H:E
2HK MA> IHLBMBHG :M PAB<A MA> L:G=:E ABML MA> =><D
35. 1A> O>EH<BMR H? MA> PBG= K>E:MBO> MH MA> P:M>K BL <KN<B:E MH
L:BE:H:ML ONIIHL> : L:BE;H:M BL BG :G H<>:G <NKK>GM MA:M A:L
:O>EH<BMR H? F L BG : =BK><MBHG>:LM H? GHKMA
K>E:MBO> MH MA> ":KMA &M >G<HNGM>KL : PBG= MA:M A:L : O>EH<BMR
H? FLBG:=BK><MBHG H? LHNMA H? P>LM K>E:MBO> MH

MA>":KMA 4A:M BL MA> O>EH<BMR H? MA> PBG= K>E:MBO> MH MA>

P:M>K
Figure 3.58 G B<>AH<D>R IE:R>K FHOBG@ :<KHLL MA> KBGD FNLM LAHHM

;:<DP:K= MH @BO> MA> IN<D : O>EH<BMR MHP:K= MA> @H:E
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41. Unreasonable Results ONIIHL> RHN PBLA MH LAHHM

LNIIEB>L LMK:B@AM NI MH :LMKHG:NML BG :G HK;BM DF :;HO>
MA> LNK?:<> H? MA>"KMA : M PA:M O>EH<BMR FNLM MA>
LNIIEB>L ;> E:NG<A>= ; 4A:M BL NGK>:LHG:;E> :;;HNM MABL
O>EH<BMR < &L MA>K>: IKH;E>F PBMA MA> K>E:MBO> O>EH<BMR
>MP>>G MA> LNIIEB>L :G= MA> :LMKHG:NML PA>G MA> LNIIEB>L
K>:<A MA>BK F:QBFNF A>SB@AM = &L MA> IK>FBL> NGK>:LHG:;E>
HK BL MA> :0:BE:;E> >JN:MBHG BG:IIEB<:;;E> "QIE:BG RHNK

:GLP>K
42. Unreasonable Results <HFF>K<B:E :BKIE:G> A.L :G :BK
LI>>=H? N =N>>:LM :G=?EB>L PBMA : LMKHG@ M:BEPBG= &M

MK:O>EL DF BG : =BK><MBEHGHNMA H? >LMBG A :

4A:M P:L MA> O>EH<BMR H? MA> |IE:G> K>E:MBO> MH MA> @KHNG= ;
:E<NE:M> MA> F:@GBMN=> :G= =BK><MBHG H?IMA> M:BEPBG="
O>EH<BWRA:M BL NGK>:LHG:;E> :;;HNM ;HMA H? MA>L>

O>EH<BMB>L = 4AB<A IK>FBL> BL NGK>:LHG:;E>

43. Construct Y our Own Problem HGLB=>K :G :BKIE:G>

A>:=>=?HK : KNGP:R BG : <KHLL PBG= HGLMKN<M : IKH;E>F BG

PAB<A RHN <:E<NE:M> MA> :G@E> MA> :BKIE:G> FNLM ?ER K>E:MBO> MH
MA> :BK F:LL BG HK=>K MH A:0> : O>EH<BMR |:K:EE>E MH MA> KNGP:R
FHG@ MA> MABG@L MH <HGLB=>K :K> MA> =BK><MBHG H? MA> KNGP:R
MA> PBG= LI>>= :G= =BK><MBHG BML O>EH<BMR :G= MA> LI>>=H?

MA> |[E:G> K>E:MBO> MH MA> :BK F:LL ELH <:E<NE:M> MA> LI>>= H?

MA> :BKIE:G> K>E:MBO> MH MA> @KHNG= IBL<NLL :GR E:LM FBGNM>
F:G>NO>KL MA> IBEHM FB@AM A:O> MH I>K?HKF BG HK=>K ?HK MA>
|IE:G> MH E:G= PBMA BML PA>>EL IHBGMBG@ LMK:B@AM =HPG MA>
KNGP:R
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L?2@;=?

1BCM OHCN CM =?HN?L?> [H NB? C>?; |@ @IL=?M 0l QB;N @OH>;G?HN;FFS @ERRHNB@M®NBR @CE@MN OHCN Q? N;FE?> ;<ION &H
NB? @CLMN OHCN Q? CHNLI>O=?> NB? C>?;M |@ JIMSNEGRFPRINEGNSH> Q? OM? NB?M? C>?;M NI >?M=LC<? BIQ NBCHAM

GIP? 4 ?;L? ?P?H ;<F? NI OM? ;H CN?L;NCP? =;F=0OF;NCIH NI MCGOF;N? NB? GINCIH |@ ;H I<D?=N GIPCHA OH>?L OHC@ILG ;==?F?L;NC
NBCM OHCN Q?\L? AICHA NI <? GIPCHA <?SIH> NB?M? C>?;M ;H> <OCF>CHA OJIH NB?G NI N;FE ;<ION NB? KO?MNCIH ]QBS >I?M NB? G
1@ ;H I<D?=N =B;HA? »

& Q;HN NI >L;Q SIOL ;NN?HNCIH NI NQI J;LNC=OF;L JICHNM Q?\L? GIPCHA @LIG >?M=LC<CHA BIQ I<D?=NM GIP? NI QBS I<D?=NM GIP? ;
NB? KO?MNCIH CM QBS >I?M GINCIH =B;HA? HIN QB;N =;0M?M GINCIH 1B?M? @?.NBNNES?MNGIHM HXDB2HED

<?NQ??H NB?M? KO?MNCIHM CM L?;FFS ;N NB? =IL? |@ NB? F;QM I@ &M;;= +?QNIH NB;N @ILG NB? =IL? I@ NBCM =I0LM? 0l Q?\L? MQC
@LIG >?M=LC<CHA BIQ I<D?=NM GIP? NI QBS >I?M GINCIH =B;HA?

1BCM CM ; GIL? MCAHC@C=;HN MQCN=B NB;H CN GCABIC&CINBY 07U @ ; @;FFCHA I<D?=N #IL GCFF?HHC; J?IJF? ?RJF;CH?>

NB;N I<D?=NM @;FF OMCHA NB? FIAC=1@ LCMNINF? LCMNINF? JIMCN?> NB;N NB? H;NOL;F MN;N? 1@ ;H I<D?=N CM NI <? ;N L?MN IH N
?;,LNB 1BCM ?RJF;H;NCIH M??G?> NI @CN ;FF I<M?LP;NCIHM ;N NB? NCG? <ON F;=E?> ;HS G?=B;HCMG |I@ QBS NBCM Q;M NB? =;M? &}
N?LGM Q? QIOF> =;FF NBCM ; JB?HIG?HIFIAC=;F >?M=LCJINCIH |@ QB;N B;JJ?HM &N M;S8WNBHBECNOM NVFENZNG NB?G NI

@;FF Q? >IH\N L?;FFS EHIQIIBSN NB;N NB?S @ ;FRB?EINy?HIFIAC=;F >?M=LCJINCIH QCNBION ;HS >?M=LCJINCIH |I@ G?=B;HCMG IH

QBS > NBCHAM @;FF H> QCNBION ;H OH>?LMN;H>CHA |@ G?=B;HCMG Q? =;H LOH CHNI NLIO<F?

#IL ?R;GJF? NB? +?Q %ILCTIHM MJ;=? JLI<? NB;N B;M DOMN PCMCN?> -FONI ;H> CM =OLL?HNFS IH CNM Q;S ION I@ NB? MIF;L MSMN?G
=F?;LFS HIN AICHA NI =IG? NI MIG? H;NOL;F MN;N? 1@ L?MN IH NB? MOL@;=?NM@NBANINB?&MICHA @ILAR?IP?L NBCM

MQCN=B @LIG >?M=LCJINCIH NI G?=B;HCMG CM ; BOA? J;LN I@ NB? ?R=CNCHA >?P?FIJG?HNM CH NB? FC@? M=C?H=?M NB;N ;L? N;EC
HIQ FINI@ NB? FC@? M=C?H=?M ;L? L?;FFS MN;LNCHA NI GIP? CHNI GR&B*:HA NMMEBR CHN?L?MNCHA ;H> ?R=CNCHA

M=C?H=? AFF FIIE ; FCNNF? <CN GIL? ;}i@4B?H2@?NQ??H JB?HIG?HIFIAC=;F ;H> G?=B;HCMNC= >?M=LCJINCIHM CH MIG? L?;>CHAM
@LIG NB? 2HCP?LMCNS |@ *;LSF;H> ;M Q?FF ;M CH NB? CHNLI>O=NCIH NI =B;JN?L @IOL CH NB? ,J?HON;R N?RN<IIE

0l QBS >I1?M GINCIH =B;HA? &H ; QIL> @IL=?M #IL=?M =;0M? GINCIH NI =B;HA? 1BCM CM IH? |@ NB? E?S JICHNM @IL NBCM ?HNCL?
=IOLM? +IQ NBCM C>?; GCABN <? =IOHN?L NI SIOL ?P?LS>;S ?RJ?LC?H=? &H IOL ?P?LS>;S ?RJ?LC?H=? CN M??GM NB;N @IL=?M =;0M
GINCIH #IL ?R;GJF? C@ NB? =;<CH?N CM MFC>CHA ;=L&B/R®BM @R ILIOMBCHA NI E??J CN GINCIH & B;P? NI E??J ;JJFSCHA ;

@IL=? IL NB? =;<CH?N QCFF MNIJ GIPCHA 0l CH IOL ?P?LS>;S ?RJ?LC?H=? CN M??GM NB;N @IL=?M =;0M? GINCIH <ON CN NOLHM IOM
CM HIN NLO? #IL=?M >IH\N =;0M? GINCIH @IL=?M =;0M? GINCIH NI =B;HAZ@PL?NBCM?>MNC®?H IOL ?P?LS>;S ?RJ?LC?H=? ;H>

NB? L?;F F;,QM NB;N AIP?LH NB? OHCP?LM? CM <?=;0M? IOL QILF> CM P?LS =IGJFC=;N?> &H NB? ?R;GJF? |@ NB? =;<CH?N NB? @LC=N
<?NQ??H NB? =;<CH?N ;H> NB? @FIIL CM =IGJFC=;NCHA ;H> CGJ?>CHA IOL O#*N.MN;D2@@2°A @ILIQBISHA IH Q?

H??> NI L?GIP? ;FF NB? =IGJFC=;NCIHM 1@ IOL L?;F QILF¥ BIBEME ;<ION L?GIPCHA =IGJFC=;NCIHM 1BCM C>?; QBC=B CM ?RJFIL?>
GIL? CH ,J?HON;R =B;JN?L  CM =LCNC=;F NI JBSMC=M ;H> CM <?=IGCHA GIL? |@ ; @?;NOL? CH INB?L M=CPNBZMECE? <CIFIAS
0=C?H=?M <?ACH NI FIIE GIL? ;H> GIL? ;N G?=B;HCMNC= ?RJF;H;NCIHM NB? C>?; CM NI MNLCJ ;Q;S ;FF NB? =IGJFC=;NCIHM @LIG NB? C
;H>NBCHE ;<ION NB? MCGJF?MN JIMMC<F? QILF> =F;MMC= ?R;GJF? CM NB? QILF> QCNBION ;HS @LC=NCIH ;H> QCNBION ;HS NSJ? I(
L?MCMN;H=? 1B?H NBCHECHA ;<ION NBCM QILF> SIO @CAOL? IONN@BHNIA;NGIQIPS @CAOL?> ION QB;N NB? @OH>;G?HN;F

F;QM ;L? SIO =;H ;>> NB? =IGJFC=;NCIHM <;=E CH

0l QBCF? Q?\FF MJ?H>; FIN I@ NCG? CH NBCM =F;MM N;FECHA ;<ION QILF>M QCNBION @LC=NCIH ;H>;CL L?MCMN;H=? & Q;HN SIO NI
C>?; B;M QILE?> P?LS Q?FF ;H>B;M >?P?FI1J?>; P?LS MNLIHA M?N |@ @OH>;G?HN;F JBSMC=;F F;QM ;H> NB?M? @OH>;G?HN;F JBSMC-
F;QM >I NL;HMF;N? NI SIOL INB?L =IOLM?M 1B? F;QM I@ +?QNIH NB;N Q?\L? AICHA NI MNO>S CH NBCM =IOLM? ;L? NB? @OH>;G?HN;F F
NB;N ?P?LS INB?L M=C?H=? =IOLM? SIO ?P?L QCFF N;E?'BIBOINCH#2?EM =IHMNL;CH?> <S NB? F;QM |@ JBSMC=M B?GCMNLS CM
=IHMNL;CH?> <S NB? F;QM |I@ JBSMC=M 1B?S\L? DOMN NB?M? INB?L =IGJFC=;NCIHM NB;N Q? MNLCJ ;Q;S CH NBCM =IOLM? <ON A?N;
CH MI F?;,LHCHA NI NBCHE CH ; Q;S 1@ L?GIPCHA =IGJFC=;NCIHM ;H> ;>>CHA NB?G <;=E CH CM IH? |@ NB? E?S Al;FM |@ NBCM =I0OLM?
QB;N >l @IL=?M >| #IL=?M =;0M? GINCIH NI =B;HA? &@ SIO A?N HINBCHA ?FM? @LIG NBCM =F;MM & Q;HN SIO NI A?N NBCM C>?; NB;N
=,0M? GINCIH NI =B;HA? &H =F;MM Q? QCFF >I MIG? JL;=NC=;F ?R?L=CM?M NI @OLNB?L >?P?FIJ NBCM C>?;
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B;JN?L U ISH;GC=M #IL=? ;H>+?QNIH M );QM

Figure 1.1 +?QNIHM F;QM 1@ GINCIH >?M=LC<? NB? GINCIH |@ NBPI:NBBELR>CN 'CH ";HA

B;JN?L ,ONFCH?

1.1. Phenomenology and Mechanism
_ "RJF;CHCHA NB@2C®=? <?NQ??H ; IB?HIG?HIFIAC=;F ;H> G?=B;HCMNC= >?M=LCJNCIH
1.2. Development of Force Concept
_ 1?@CHCHA ; @IL=? ;M ; JOMB IL ; JOFF
_ IGIJONCHA NB? H?N @IL=? <S ;>>CHA @IL=?M ;M P?=NILM
_ 1?M=LC<CHA QB;N; @L?? <I>S >C;AL;G CM
1.3. Object Egotism
_ 1?@CHCHA NB? C>?; 1@ I<D?=N ?AINCMG
1.4. Newton's First Law - Inertia
_ "RJF;CHCHA +?QNH)QM CH SIOL IQH QIL>M
1.5. Newton's Second Law - Concept of a System
_ "RJF;CHCHA +?QNMH\QM CH MCGJF? N?LGM
_ $CP?H ;FF 1@ NB? @IL=?M ;=NCHA IH ;H I<D?=N ;JJFSQAA@RNIHPN?LGCH? NB? ;==?F?L;NCIH 1@ ;H I<D?=N ;N ;HS
ACP?H CHMN;HN
_ $CP?H; H?N ;==?F?L;NCIH JL?>C=NCHA NB? >CL?=NCIH ;H> G;AHCNO>? 1@ NB? H?N @IL=? ;=NCHA IH ;H I4D?=N
1.6. Simulations: Iterative Force Calculations

1.7. Newton's Third Law - Symmetry in Forces

Introduction to Dynamics - Newton's Laws of Motion

*INCIH >L;QM IOL ;NN?HNCIH *INCIH CNM?F@ =;H <? <?;ONC@OF =;0MCHA OM NI G;LP?F ;N NB? @IL=?M H??>?> NI ;=BC?P? MJ?=N;=0I
GINCIH MO=B ;M NB;N I@ ; >IFJBCH DOGJCHA ION |@INBRE?,RQFN?LL NB? @FCABN 1@ ; <CL> IL NB? IL<CN |@ ; M;N?FFCN? 1B?
MNO>S |@ GINCIH CM ECH?G;NC=M <ON ECHESoNB=dWNBF ;S I<D?=NM GIP?ZNB?CL P?FI=CNS ;H> NB?CL ;==?F?L;NCIH

Dynamics =IHMC>?LM NB? @IL=?M®&B:W;E@B? GINCIH |@ GIPCHA I<D?=NM ;H> MSMN?W,; @RQMHEINCIH ;L? NB?

Unit Il - Forces 119
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@IOH>;NCIH |@ >SH;GC=M 1B?M? F;QM JLIPC>? ;H ?R;GJF? |@ NB? <L?;>NB ;H> MCGJFC=CNS 1@ JLCH=CJF?M OH>?L QBC=B H;NOL? (
1B?S ;L? ;FMI OHCP?LM;F F;QM CH NB;N NB?S ;JJFS NI MCGCF;L MCNO;NCIHM IH ";LNB ;M Q?FF ;M CH MJ;=?

&M;;=+?QNIHVM Y F,QM 1@ GINCIH Q?L? DOMN IH? J;LN 1@ NB? GIHOG?HN;F QILE NB;N B;M G;>? BCG F?H®M>;LS

>?P?FIJG?HN 1@ +?QNVHY;QM G;LEM NB? NL;HMCNCIH @LIG NB? /?H;CMM;H=? CHNI NB? GI>?LH ?L; 1BCM NL;HMCNCIH Q;M =B;L;=N?LC
<S; L?PIFONCIH;LS =B;HA? CH NB? Q;S J?IJF? NBIOABN ;<ION NB? JBSMC=;F OHCP?LM? #IL G;HS =?HNOLC?M H;NOL;F JBCFIMIJB?LM E
>?<;N?>NB? H;NOL? |@ NB? OHCP?LM? <;M?> F;LA?FS |H =?LN;CH LOF?M I@ FIAC= QCNB AL?;N Q?CABN ACP?H NI NB? NBIOABNM |@ 7
=F;MMC=;F JBCFIMIJB?LM MO=B ;M LCMNINF? Y GIHA NB? G;HS AL?;N NBCHE?LM QBI =IHNLC<ON?> NI NBCM =B;HA? Q?L?
+?QNIH ;H> $;FCF?I

Figure 1.2 &M;;= +?QNIHV GIHOG?HN;F QILEhilosophiae Naturalis Principia Mathematica Q;M JO<FCMB?> CH &N JLIJIM?> M=C?HNC@C= F;QM NB;N ;L?
MNCFF OM?> NI>;S NI >?M=LC<? NB? GINCIH I@ I<D?=NM =L?>CN 0?LPC=? =IGGOH >? F; >I=O0G?HN;NCIH >? F 2HCP?LMCNV >? ONL;M<IOLA

$;FCF?1 Q;M CHMNLOG?HN;F CH ?MNykE€&MBICHM NB? ;<MIFON? >?N?LGCH;HN 1@ NLONB L;NB?L NB;H JFIAC=;F" ;LADG?HN $;FCF?I\
OM? I@ NB? N?F?M=1J? Q;M BCM GIMN HIN;<F? ;=BC?P?G?HN CH >?GIHMNL;NCHA NB? CGJILN;H=? 1@ I<M?LP;NCIH %? >CM=IP?L?> GlI
IL<CNCHA 'OJCN?L ;H> G;>? INB?L I<M?LP;NCIHM NB;N Q?L? CH=IHMCMN?HN QCNB =?LN;CH ;H=C?HN C>?;M ;H> L?FCACIOM >IAG; #IL |
L?;MIH ;H><?=,0M? |@ NB? G;HH?L CH QBC=B B? >?;FN QCNB NBIM? GRCPRBY;MNN.C?> <S NB? &HKOCMCNCIH ;H> JOHCMB?>

%? MJ?HN NB? @CH;F S?;LM |@ BCM FC@? OH>?L ; @ILG 1@ BIOM? ;LL?MN ?=;0M? INB?LM <?@IL? $;FCF?I B;> ;FMI G;>? >CM=IP?LC?N
observing NB? H;NOL? I@ NB? OHCP?LM? ;H><?=;0M? L?J?;N?> I<KM?LP;NCIHM P?LC@C?> NBIM? |@ $;FCF?I BCM QILE =IOF> HIN <?
MOJIL?MM?> IL >?HC?> @N?L BCM >?;NB BCM QILE Q;M P?LC@C?> <S INB?LM ;H> BCM C>?;M Q?L? ?P?HNO;FFS ;==?JN?> <S NB? =B
M=C?HNC@C= =IGGOHCNC?M

$;FCF?1 ;FMI =IHNLC<ON?> NI NB? @ILG;NCIH |@ QB;N CM HIQ =MFR@CLRONRLD 1@ GINCIH +?QNIH G;>? OM? |@ NB? QILE |I@ BCM
JL?>?=?MMILM QBC=B ?H;<F?>BCG NI >?P?FIJ F;,QM |@ GINCIH >CM=IP?L NB? ERRE@HAN-FFIF-OM ;H> G;E? AL?;N

=|[HNLC<ONCIHM NI NB? NB?ILC?M |@ FCABNGNG;EHICHA NB;N G;HS I@ NB?M? >?P?FIJG?HNM Q?L? G;>? QCNB +?QNIH QILECHA
;FIH? QCNBION NB? <?H?@CN I@ NB? OMO;F CHN?L;=NCIHM NB;N N;E? JF;=? ;GIHA M=C?HNCMNM NI>;S

&N Q;M HIN OHNCF NB? ;>P?HN 1@ GI>?LH JBSMC=M ?;LFS CH NB? NB =?HNOLS NB;N CN Q;M M MERPI@>NBNH-?QNIH\

JLI>0=?; All> ;JJLIRCG;NCIH NI GINCIH IHFS QB?H NB? I<D?=NM ;L? GIPCHA ;N MJ??>M GO=B GO=B F?MM NB;H NB? MJ??> |@ FCABN
:H> QB?H NBIM? I<D?=NM ;L? F;LA?L NB;H NB? MCT? I@ GIMN GIF?=0F?M ;N@Ml >C;G?N?L 1B?M? =IHMNL;CHNM >?@CH? NB?

L?;FG 1@ =F;MMC=;F G?=B;HC=M ;M >CM=0MM?®@=tCH to the Nature of Science and Physics (https://legacy .cnx.org/
content/m42119/latest/) N NB? <?ACHHCHA 1@ NB22HNOLB<?LN"CHMN?CH Y  >?P?FI1J?> NB? NB?ILS I@ L?F:NCPCNS

;H> ;FIHA QCNB G;HS INB?L M=C?HNCMNM >?P?FIJ?> KO;HNBGWRBBRIES >1?M HIN B;P? NB? =IHMNL;CHNM JL?M?HN CH =F;MMC=;F

JBSMC=M FF 1@ NB? MCNO;NCIHM Q? =IHMC>?L CHNBENIBB/INRL?=?>CHA NB? CHNLI>O=NCIH |@ EREINCRENS/CH
(https://legacy .cnx.org/content/m42525/latest/)  ;L? CH NB? L?;FG 1@ =F;MMC=;F JBSMC=M

*ECHA IHH?=NCIHM -;MN ;H>-L?M?HN -BCFIMIJBS

The importance of observation ;H> NB? =IH=?JN I@use and effect Q?L? HIN ;FQ;SM Ml ?HNL?H=B?> CH BOG;H NBCHECHA 1BCM
L?;FCT;NCIH Q;M ; J;,LN I@ NB? ?PIFONCIH 1@ GI>?LH JBSMC=M @LIG H;NQAIBR JESFIMAIBZINM 1@ $;FCF?l +?QNIH

"CHMN?CH ;H> INB?LM Q?L? E?S GCF?MNIH?M CH NB? BCMNILS I@ M=C?HNC@C= NBIOABN *IMN 1@ NB? M=C?HNC@C= NB?ILC?M |
CH NBCM <IIE >?M=?H>?> @LIG NB? QILE |@ NB?M? M=C?HNCMNM

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Unit Il -

B;JN?L UISH;GC=M #IL=? ;H>+?QNIH M );QM

1.1 Phenomenology and Mechanism

Your Quiz will Cover
_ "RJF;,CHCHA NB@2C®@1=? <?NQ??H ; JB?HIG?HIFIAC=;F ;H> G?=B;HCMNC= >?M=LCJNCIH

1B? @IFFIQCHA CM <;M?> |H

OG><?LA -B?HIG?HIFIAS ;H> G?=B;HCMG P;CF;<F? ;NMttp://umdberg.pbworks.com/w/page/54513653/
Phenomenology%20and%20mechanism (http://lumdberg.pbworks.com/w/page/54513653/
Phenomenology%20and%20mechanism) ==?MM?> NB'OFS

INB JB?HIG?HIFIAC=;F ;H> G?=B;HCMNC= ?RJF;H;NCIHM ;L? CGJILN;HN CH GI>?LH M=C?H=? &H NBCM OHCN Q? QCFF <? FIIECHA ;N
G?=B;HCMNC= ?RJF;H;NCIHM @IL GINCIH QBCF? NB? F;MN OHCN Q;M JOL?FS JB?HIGIHIFIAC=;F

1QI BOH>L?> S?;LM ;Al <CIFIAS Q;M GIMNFS ;<ION @CAOLCHA ION QB;N ECH> 1@ FCPCHA ILA;HCMGM NB?L? Q?L? ;H> BIQ NI >?M=LC<
=F;MMC@S NB?G =@ )CHH;?0OM ON<S S?;LM;Al M=C?HNCMNM FCE? |,LQ@PM?HESPEB23;H> INB?LM <?A;H NI >?P?FIJ
;H OH>?LMN;H>CHA 1@ BIQ FCPCHA <?CHAM QILE?> ;H> BIQ NB?S @CN QCNB NB?CL ?HPCLIHG?HNM ;H> QCNB INB?L ILA;HCMGM

11>;S ;H>P?LS FCE?FS @IL NB? H?RN @?Q >?=;>?M NB? GIMN ?R=CNCHA >?P?FIJG?HNM ;L? CH NB? ;L?;M |@ @CAOLCHA ION BIQ <ClI
ILAJHCMGM QILE BIQ NB?S @OH=NCIH CH >?N;CF NBLIOAB ;H OH>?LMN;H>CHA 1@ NB?CL MNLO=NOL? >IQH NI NB? <CI=B?GCMNLS ;!
NIGC= ;H> GIF?=0F;L F?P?F ;H>BIQ NB?S CHN?L;=N BIQ JIJOF;NCIHM ;H> =IGGOHCNC?M I@ ILA;HCMGM <?B;P? NBLIOAB ;H
OH>?LMN;H>CHA 1@ ?=IFIAS ;H> ?PIFONCIH

CIFIAS L?G;CHM BCABFS =IGJFC=;N?> ;H>NB?L? ;L? F;,LA? M?NM I@ N?LGM NI F?;LH ON NB? NL?H>M CH GI>?LH <CIFIAS G?;HM NB;N
<CIFIACMN IL B?;FNB =;L? JLI@?MMCIH;F QBI Q;HNM NI E??J OJ QCNB >?P?FIJG?HNM H??>M NI G2 £PNCE?HO@|
ECH>M I@ M=C?HNC@C= NBCHECHA B?HIG?HIFIAS ;H> G?=B;HCMG

Phenomenology
1B? N?LGhenomenology <;MC=;FFS G?;HM NB? MNO>S |@ JB?HIG?HIH QB;N NB?L? CM ;H> QB;N B;JJ?HM &N M F;LA?FS >?M=LCJINCP?
Mechanism

1B? N?LG G?=B;HCMG G?;HM =IHMC>?LCHA ; JB?HIG?HIH ;N ; @CH?L AL;CH?> F?P?F 4B;N J;LNM >I?M CN B;P? 4B;N ;L? NB? L?F;NCIHM
1@ NB? J;LNM NI ?;=B INB?L 4B;N ;L? NB? =B;CH 1@ ?P?HN NB;N F?;> NI ; NL;HM@ILG;NCIH N;ECHA JF;=? *?=B;HCMNC= NBCHECHA CM ;|

CN <L?;EM NBCHAM >IQH *?=B;HCMNC= NBCHECHA CM P;FO;<F? HIN DOMN CH M=C?H=? &N B?FJM SIO OH>?LMN;H> QB?NB~?L SIOL
ILA;HCT? ; J;LNS @IL SIOL @LC?H>M QCFF QILE ;H> QB?NB?L ; JIFCNC=C;HM JF;H @IL NB? =IOHNLS G;E?M M?HM?

HS M=C?H=? CHPIFP?M <INB JB?HIG?HIFIAS ;H> FIIECHA @IL G?=B;HCMG >?M=LCJNCIH ;H> ;H;FSMCM

&H <CIFIASB? JB?HIG?HIFIAS 1@ JBINIMSHNB?MCM GCABN M;S NB;N JF;HNM =IHP?LN FCABN CHNI MOA;LM ;H> MN;L=B?M NB;N =;H M~?L
@II> @IL ;HCG;FM 2H>?LMN;H>CHA NB? G?=B;HCMG 1@ JBINIMSHNB?MCM QIOF> L?KOCL? NB;N Q? OH>?LMN;H> QBC=B FCABN @LIG
?@?=NCP? IHFS =?LN;CH P?LS MJ?=C@C-= =IFILM QILE QB;N =B?GC=;FM ?RCMN CH NB? JF;HN NB;N L?MOFNM CH NBCM NL;HM@ILG:
NB? J;NBQ;S |@ =B?GC=;F NL;HM@ILG;NCIHM NB;N N;E? JF;=?

&H JBSMC=M Q? =;H I<M?LP? NB;N QB?H Q? BIIE ; <;NN?LS 0J NI NQI C>?HNC=;F <OF<M =IHHBNZORHI1 1LI>CGG?L NB;H

QB?H Q? IHFS BIIE OJ ; MCHAF? <OF< 1B;N M JB?HIG?HSRBAQ? ;H;FST? NB? =CL=OCN <S C>?HNC@SCHA NB? L?F?P;HN JLIJ?LNC?M 1@ |
<NN?L8OF<M ;H>QCL? PIFN;A? L?MCMN;H=? ;H>=OLL?HN ;H> @CAOL? ION NB? L?F;NCIHMBCJM <?NQ??H NB?G Q7? ;L? ?RJIFILCHA
G?=B;HCMG

+IN? NB;N ;H;FSTCHA G?=B;HCMG =;H I==0OL ;N G;HS F?P?FM 4CNB IOL <;NN?LC?M ;H> <OF<M OH>?LMN;H>CHA =OLL?HNM PIFN;A? ;H
L?MCMN;H=? CM ; G;=LIM=JC= G?=B;HCMG &@ Q? F?;LH GIL? ;H> OH>?LMN;H> NB;N =OLL?HNM CH ; <;NN?LS ;H> <OF< =CL=OCNM ;L?
?F?=NLIHM NB;N ;L? M?J;L;N?> @LIG NB?CL ;NIGM ;H> GIPCHA NBLIOAB NB? QCL?M Q? =;H ?RJFIL? ; GC=LIM=1JC= G?=B;HCMG &H
<CIFIAS Q? =;H Al OJ IL >IQH CH M=;F? 1B? G?=B;HCMG I@ JBINIMSHNB?MCM >?M=LC<?> ;<IP? CHN?LGM I@ =B?GCMNLS CM;
GC=LIM=1JC= G?=B;HCMG ON Q? GCABN ;FMI =IHMC>?L BIQ JBINIMSHNB?MCM ?PIFP?> CH N?LGM |@ @BRZEHN?L;=NCIH |@ >C@
ILA;HCMGM ;H> CH ;H ?=IFIAC=;F =IHN?RN ; G?=B;HCMG ;N ; F?P?F ;<IP? NB? @OH=NCIHCHA 1@ ; MCHAF? ILA;HCMG

0CH=?JBSMC=M M?NM NB? LOF?M =IHMNL;CHCHA BIQ NBCHAM =;H <?B;P? JBSMC=M CM J;LNC=0F;LFS CGJILN;HN QB?H NLSCHA NI
<CIFIAC=;F G?=B;HCMGM
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1.2 Development of Force Concept

Your Quiz will Cover
_ ?@CHCHA ; @IL=? ;M ; JOMB IL ; JOFF
_ IGJONCHA NB? H?N @IL=? <S ;>>CHA @IL=?M ;M P?=NILM
_ ?M=LC<CHA QB;N ; @L?? <I>S >C;AL;G CM

M QCNB GIMN >?@CHCNCIHM NB?L? M ; A?H?L;F C>?; 1@ QB;N ; @IL=? CM ; JOMB IL ; JOFF <ON NB? M=C?HNC@C=>?@CHCNCIH C
HO;H=?> +IN? NB;N @IL?M =;H ;FMI <? L?JL?M?HN?> ;M ; P?=NIL Q? QCFF <? QILECHA QCNB @IL=?M ;M P?=NILM NBLIOAB NBCM =I0OL

Dynamics CM NB? MNO>S 1@ NB? @IL=?M NB;N =;0M? I<D?=NM ;H> MSMN}GALMIGIP? NBCM Q? H??> ; QILECHA >?@CHCNCIH I@
@IL=? ,OL CHNOCNCP? >?@QHERKE:N@M ; JOMB IL ; JOFFZCM ; All> JF;=? NI MN2.EHIQ NB;N ; JOMB IL JOFF B;M <INB

G;AHCNO>? ;H>>CL?=NCIH NB?L?@IL? CN CM ; P?=NIL KO;HNCNS ;H> =;H P;LS =IHMC>?L;<FS CH ?;=B L?A;L> #IL ?R;GJF? ; =;HHIH
?R?LNM ; MNLIHA @IL=? IH ; =;HHIH<;FF NB;N CM F;OH=B?> GHIN{INBR;K@N ";LNB ?R?LNM IHFS ; NCHS >IQHQ;L> JOFF IH ; @F?;

,OL ?P?LS>;S ?RJ?LC?H=?M ;FMI ACP? OM ; All> C>?; 1@ BIQ GOFNCJF? @IL=?M ;>> &@ NQI J?@FR 20NBILR=XEGHM IH ;

NBCL> J?LMIH ;M CFFOMNtigN®=> CB Q? GCABN ?RJ?=N NB? NIN;F @IL=? NI <? CH NB? >CL?=NCIH MBIQH OCH=? @NL=? CM ; P?=NIL
;>>M DOMN FCE? INB?L P?=NILM ;M CFFOMNLIN®> @HL NQI C=? ME;N?LM #IL=?M FCE? INB?L P?=NILM ;L? L?JL?M?HN?> <S

;LLIQM ;H> =;H <? ;>>?> OMCHA NB? @;GCFC;L B?;> NI N;CF G?NBI> IL <S NLCAIHIG?NLC= G?NBI>M 1B?M? C>?;M Q?L? >?P?FIJ?> CH
Two-Dimensional Kinematics (https://legacy  .cnx.org/content/m42126/latest/)

Figure 1.3 -;,LN ; MBIQM ;H IP?LB?;> PC?Q I@ NQI C=? ME;N?LM JOMBCHA [H ; NBCL> #IL=?M ;L? P?=NILM ;H>;>> FCE? INB?L P?=NILM MI NB? NIN;F @IL=? IH
NB? NBCL> ME;N?L CM CH NB? >CL?=NCIH MBIQH &H J;LN < Q? M??; @L?? <I>S >C;AL;G L?JL?M?HNCHA NB? @IL=?M ;=NCHA IH NB? NBCL> ME;N?L

HINB?L Al;F B?L? CM NI ?RJIM? SIO NI NB? C>7?; 1@ NB? @L?? <I>S >C;QICEF4? JL;=NC=CHA OMCHA @L?? <I>S >C;AL;GM CH
=F;MM MI NB? @|=OM CM NI DOMN A?N ;H C>?; |@ QB;N ; @L?? <I>S >C;AL;G CM

Figure 1.3 < CM IOL @CLMN ?R;GJRr2&@ody diagram QBC=B CM ; N?=BHCKO? OM?> NI CFFOMatealFErdis? ;=NCHA

IH; <I>S 1B? <I>S CM L?JL?M?HN?> <S ; MCHAF? CMIF;N?> JICHN IL @L?? <I>S ;H> IHFS NBIM2rgNB?X=SNZHSG NB?

IONMC>? ?RN?LH;F @IL=?M ;L? MBIQH 1B?M? @IL=?M ;L? NB? IHFS IH?M MBIQH <?=;0M? IHFS ?RN?LH;F @IL=?M ;=NCHA IH NB? <I>S
;@7?=N CNM GINCIH;H CAHIL? ;HS CHN?LH;F @IL=?M QCNBCHNB2<lIs5>C;AL;GM ;L? P?LS OM?@OF CH ;H;FSTCHA @IL=?M

;=NCHA I|H ; MSMN?G ;H> ;L? ?GJFIS?> ?RN?HMCP?FS CH NB? MNO>S ;H> ;JJFC=; NGI}QND @ QM BIH

GIL? KO;HNCN;NCP? >?@CHCNCIH |@ @IL=? =;H <? <;M?> IH MIG? MN;H>;L> @IL=? DOMN ;M >CMN;H=? CM G?;MOL?> CH OHCNM L?F;

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWMHFAA=3HN?HN =IF
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MN;H>;L>>CMN;H=? ,H? JIMMC<CFCNS CM NI MNL?N=B ; MJLCHA ; =?LN;CH @CR?> >CMN;H=P.4;MICFEDMANBR @ICEP CN

?R?LNM NI JOFF CNM?F@ <;=E NI CNM L?F;R?> MB3RzZingFAdeeZ;M ; MN;H>;L> 1B? G;AHCNO>? |@ ;FF INB?L @IL=?M =;H <?

MN;N?> ;M GOFNCJF?M |@ NBCM MN;H>;L> OHCN 1@ @IL=? *;HS INB?L JIMMC<CFCNC?M ?RCMN @IL MN;H>;L> @IL=?M ,H? NB;N Q? Q
Magnetism (https://legacy .cnx.org/content/m42365/latest/) CM NB? G;AH?NC= @IL=? <?NQ??H NQI QCL?M =;LLSCHA ?F?=NLC= =0OLL?HN
0IG? ;FN?LH;NCP? >?@CHCNCIHM |@ @IL=? QCFF <? ACP?H F;N?L CH NBCM =B;JN?L

Figure 1.4 1B? @IL=? ?R?LN?> <S ; MNL?N=B?> MJLCHA =;H <? OM?> ;M ; MN;H>;L> OHCN I@ @IL=? ; 1BCM MJIMQB?B;0HFCMANBI?> < 4B?H
MNL?N=B?> ; >CMN;H=3 NB? MIJLCHA ?R?LNM ; L?MNILCHA @t QBC=B CM L?JLI>O=C<F? = MJILCHA M=;F? CM IH? >?PC=? NB;N OM?M ; MJLCHA NI

G?;MOL? @IL=? 1B? @ILé?gz ® E CM ?R?LN?> IH QB;N?P?L CM ;NN;=B?> NI NB? BIIE Y2gP £ B:M ; G;AHCNO>? |@ OHCNM CH NB? @IL=? MN;H>;L>
<?CHA ?GJFIS?>

LE? %IG? "RI?LCG?HN #IL=? ON;H>;L>M

1 CHP?MNCA;N? @IL=? MN;H>;L>M ;H> =;,0M®7HN A@N NQI C>?HNC=;F LO<<?L <;H>M 9%;HA IH? LO<<?L <;H> P?LNC=;FFS I|H ;

BIIE #CH> ; MG;FF BIOM?BIF> CN?G NB;N =IOF> <? ;NN;=B?> NI NB? LO<<?L <;H> OMCHA ; J;J?L =FCJ ;H> OM? NBCM CN?G ;M ;
Q?CABN NI CHP?MNCA;N? NB? MNL?N=B |I@ NB? LO<<?L <;H> *?;MOL? NB? ;GIOHN |@ MNL?N=B JLI>0O=?> CH NB? LO<<?L <;H> QCNB
NQI ;H> @IOL I@ NB?M? C>?HNC=;F CN?GM MOMJ?H>?> @LIG NB? LO<<?L <;H> 4B;N CM NB? L?F;NCIHMBCJ <?NQ??H NB? HOG<"?L
CN?GM ;H>NB? ;GIOHN I@ MNL?N=B %IQ F;LA? ; MNL?N=B QIOF> SIO ?RJ?=N @IL NB? M;G? HOG<?L I@ CN?GM MOMJ?H>?> @LIG NC(
LO<<?L <;H>M 4B;N B;JJ?HM NI NB? ;GIOHN 1@ MNL?N=B I@ NB? LO<<?L <;H> QCNB NB? Q?CABNM ;NN;=B?> C@ NB? Q?CABNM ;L?;
JOMB?> NI NB? MC>? QCNB ; J?H=CF

1.3 Object Egotism

Your Quiz will Cover
_ 1?@CHCHA NB? C>?; 1@ I<D?=N ?AINCMG

1B? @IFFIQCHA CM <;N@+@®
0OG><?LA ,<D?=N ?AINCMB;CF;<F? ;Mttp://lumdberg.pbworks.com/w/page/45451187/Object%20egotism.
(http://umdberg.pbworks.com/w/page/45451187/Object%20egotism) ==?MM?> NB 'OFS

1B? ?MM?H=? |@ I<D?=N ?AINCMG @IL @IL=?M CM NB;N NB? IHEB?@NL EMDEN M2=="F?L;NCIH ;L? NB? @IL=?M ;=NCHA |H CN
;N NB;N CHMN;HN ;H> NB? I<D?=NM B;P? HI G?GILS 1@ 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?LE@BAMPCRBLSNBCHA ?FM? CH ; BOA? N;HAF?> Q?< |@ Tb® NBTM DR<L
J;LN @IL F;QM 1@ GINCIH Q? =;H MO==??> <S AICHA >IQH NI NB? MCGJF?MN MCNO;NCIH OH>?LMN;H>CHA BIQ CN QILEM ;H>NB?H M¥
<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 1@ L?>0
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=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 <CIFIA:
ON CH JBSMC=M NB? MO==?MM |@ NBCM ;JJLI;=B CH NBCM =B;HH?F IH =;N N?F?PCMCIH GCABN <? QB;N B;M ?MN;<FCMB?> NB? ?HNC
MCGJIF?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 > Q? B;P? NI2fFNI A?N CN NI GIP? .
Q? GCABN JOMB CN ON NI @IFFIQ IOL AOC>CHA MN;L 1@ MN;LNCHA QCNB NB? MCGJF?MN JIMMC<F? =;M? F?N M E??J NB;N JOMB NI
)?N M MNLCE? CN KOC=EFS QCNBB;B;8Q322HM 4 ?FF NB? <FI=E DOGJM ; <CN ;H>MNIIJM &N & BCN CN ;A;,CH CN DOGJM ;A;CH ;H>
MNIIJM & GCABN BSJINB?MCT? NB;N ; N;J QB;N NB? B;GG?L >?FCP?LM NI NB? <FI=E JLI>0=?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=; RN IQEBHNINMIE >C@

JIMCNCIH GO=B GIL? 1@ ; =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?=? 1@ N;J?>
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;RCIH Q? =;H =IH=?CP?
B;P? NB? M?HM? NB;N NB? B;GG?L CM QB;N GIP?M NB? <FI=E ;H> NB? MOL@;=? |@ NB? N;<F? CM QB;N MNIJM CN 0l NB?L? M??G NI <? |
NBCHAM AICHA IH NB? B;GG?L MN;LNCHA NB? GINCIH ;H> NB? N;<F? OINRIGHSKCNQB;N CM AICHA IH Q? B;P? NI @I1=OM IH

NB? <FI=E

1BCHECHA FCE? ; <FI=E

11 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
Q7?;L? JOMBCHA ; <IR ;FIHA ; =IH=L?N? @&MLEHIQ Q? B;P? NI E??J JOMBCHA C@ Q? Q;HN CN NI E??J GIRCHM?Z @LIG IOL

PC?Q ;M JOMBRIB;N ; MCHAF? @IL=? CM ;MMI=C;N?> QCNB ; =IHMNG®NE@FSONS5;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 @7??F NB? J?LMIH JOMBCHA IH SIOL MBIOF>?LM <ON NB? LIOAB ;H>JI
J;CH@OF >L;A1@ NB? =IH=L?N? @FIIL IH SIOL KIN®IEZFBNQI CGJILN;HN CHN?L;=NCIHM HIN DOMN IH?

& =;FF NBCM ;JJLI;=B 1@ <?=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? |@ G?NBI>;=NCHA JL;=NC=?><S MO=B @;GIOM ;=NILM ;M 0?;H -?HH /I<?LN !? +CLI -;OF
+?QG;H !OMNCH %@@5;H ;H>*LFIH L;H>l 1B? G?NBI> Q;M CHP?HN?> CHNB? M <S ON;HCMF;PMEC CH /OMMC; 1B? NLC=E CM NI
NLS NI <?=1G? NB? =B;L;=N?L NI OH>?LMN;H>BCG IL B?L ;H> F?;LH NI NBCHE ;H> <?B;P? FCE? 8IB;N =B;L;=N?L

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?MJ
NI QB;N SIO @??F H> SIO B;P? HI G?GILS |@ QB;N B;JJ?H?> ?;LEGAQGG;LCT? NBCM ;M ; @OH>;G?HN;F ;MMOGJINCIH 1@ +?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?=NMCNM G? G? G? ;H>LCABN HIQ

+1Q 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 |
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 MQCGGCH
G;E? SIOLM?F@ Al <;=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>
CH?LN I<D?=N®@OF> B;P? NI M;S NB;N NB? <FI=E GIP?> QB?H BCN <S NB? B;GG?L <?=;0M? 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 Al %?L? Q? B;P? >?=C>?> NI MCGJFC@S ;M GO=B ;M JIMMC+
MI ;M NI MN;LN QCNB J;CLM I@ I1<D?=NM L;NB?L NB;H NBL?? ;H> NI =IHMC>?L CH?LN I<D?=NM ;M |IQENSICNBNR(EIFE 4?

;<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;HCM
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

Your Quiz will Cover
_ "RJF;CHCHA +?QNH\QM CH SIOL IQH QIL>M

"RJI?LC?H=? MOAA?MNM NB;N ;H I<D?=N ;N L?MN QCFF L?G;CH ;N L?MN C@ F?@N ;FIH? ;H>NB;N ;H I<D?=N CH GINCIH N?H>M NI MFIQ:
MNIJ OHF?MM MIG@R@ CM G;>? NI E??J CN GIPCHAN4RNNG first law of motion  MN;N?M BIQ?P@M NB? @IFFIQCHA

+2QNIHM #CLMN );Q 1@ *INCIH

<I>S ;N L?MN L?G;CHM ;N L?MB@LCH GINCIH L?G;CHM CH GINCIH ;N ; =IHMN;HN P?FI=CNS OHF?MM ;=N?> IH <S ; H?N ?RN?LH;F
@IL="?

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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+?QNIH M @CLMN F;Q QCFF JF;S ;H CGJILN;HN LIF? CH NBCM =IOLM? MI J;S =FIM? ;NN?HNCIH NI NBCM M?=NCIH

+IN? NB? L?J?;N?> OM? |@ NB? P?L<]L?G;CHMM MBCHE |@ NBCM F;Q ;M JL?M?LPCHA NB? MN;NOM KOI |@ GINCIH

/;NB?L NB;H =IHNL;>C=NCHA IOL ?RJ?L@&onC first law of motion  MN;N?M NB;N NB?L? GOMbus®; QBC=B CM ; H?N

?RN?LH;F @ILfe? there to be any change in velocity (either a change in magnitude or direction) 4 ? QCFF >?@@tHxternal force

CHNB? H?RN M?=NCIH H I<D?=N MFC>CHA ;=LIMM ; N;<F? IL @FIIL MFIQM >IQH >0O? NI NB? H?N @IL=? |@ @LC=NCIH ;=NCHA IH NB? I<i
@LC=NCIH >CM;JJ?;L?> QIOF> NB? I<D?=N MNCFF MFIQ >IQH

1B? C>7?; 1@ =;0M? ;H>@®=N CM =LO=C;F CH ;==0OL;N?FS >?M=LC<CHA QB;N B;JJ?HM CH P;LCIOM MCNO;NCIHM #IL ?R;GJF? =IHMC>?L
B;JJ?HM NI ;H I<D?=N MFC>CHA ;FIHA ; LIOAB BILCTIHN;F MOL@;=? 1B? I<D?=N KOC=EFS ALCH>M NI ; B;FN &@ Q? MJL;S NB? MOL@;="
N;F=0G JIQ>?L NI G;E? NB? MOL@;=? MGIINB?L<D?=N MFC>?M @@\Q?.G;E? NB? MOL@;=? ?P?H MGIINB?L <S LO<<CHA
FO<LC=;NCHAICF IH CN NB? I<D?=N MFC>?M @;LNB?L S?N "RNL;JIF;NCHA NI ; @LC=NCIHF?MM MOL@;=? Q? =;H CG;ACH? NB? I<D?=N
MNL;CABN FCH? CH>#@CHCENHFRSM NBCAUNBE® NB? MFIQCHA =IHMCMN?HN QCNERCIMNHY;Q 1B? I<D?=N QIOF> HIN MFIQ

>|QH ;N ;FF C@ @LC=NCIH Q?L? =IGJF?N?FS ?FCGCH;N?> [HMC>?L ;H ;CL BI=E?S N;<F? 4B?H®BBCUCHENBICF2M@IFS ;

MBILN >CMN;H=? <?@IL? @LC=NCIH MFIQM CN NI ; QBRHMB?ALCM NOLH?>IH CN =L?;N?M ; H?;LFS @LC=NCIHF?MM MOL@;=? ;H>
NB? JO=E AFC>?M FIHA >CMN;H=?M QCNBION MFIQCHA >IQE@-QCEEI PABOAB ;<ION NB? @LC=NCIH Q? =;H ;==OL;N?FS JL?>C=N

BIQ KOC=EFS NB? I<D?=N QCFF MFIQ >IQH #LC=NCIH CM ;H ?RN?LH;F @IL="?

+?QNIHM @CLMN F;Q CM =IGJF?N?FS A?H?L;F ;H> =;H <? ;JJFC?> NI ;HSNBCHA @LIG ;H I<D?=N MFC>CHA IH ; N;<F? NI ; M;N?FFCN? CH |
<FII> JOGJ?> @LIG NB? B?;LN "RJ?LCG?HNM B;P? NBILIOABFS P?LC@C?> NB;N ;HS =B;HA? CH P?FI=CNS MJ??> IL >CL?=NCIH GOMN <
=,0M?> <S ;H ?RN?LH;F @IL=? 1B? Cxg&r@ally applicable or universal laws CM CGJILN;HN HIN IHFS B?L?ZCN CM ; <;MC= @7?;NOL? 1@

;FF F,QOM I@ JBSMC=M &>?HNC@SCHA NB?M? F;QM CM FCE? L?=IAHCTCHA J;NN?LHM CH H;NOL? @LIG QBC=B @OLNB?L J;NN?LHM =;|
1B? A?HCOM 1@ $;FCF?I QBlI @CLMN >?P?FIJ?> NB? C>?; @ILNB? @GN NDBIGF;LC@C?> CN Q;M NI ;ME NB? @OH>;G?HN;F

KO?MNCIH ]4B;N CM NB? =;,0M? " 1BCHECHA CH N?LGM |@@2eNEN>QIeF>PC?Q @OH>;G?@FREN-@EIG NB? NSJC=;F

;H=C?HN $L?7?E ;JJLI;=B QB?H KO?MNCIHM MO=B ;M ]4BS >I?M ; NCA?L B;P? MNLCJ?M ” QIOF> B;P? <??H ;HMQ?L?> CH LCMNIN?FC;H
@;MBCIH ]1B;N CM NB? H;NOL? |@ NBLEZNRLBUM <ON HIN ; OM?@OF CHMCABN

$?H?L;FF$;MM CM BIQ GO=B M&IG® CH MIG?NBCHA ;M 13JIM?> NI Q?CABN QBC=B CM BIQ GO=B NB? @IL=? 1@ AL;PCNS CM IH
MIG?NBCHA 1BCM CM ;FF SIO H??> NI EHIQ ;<ION G;MM @IL HIQ Q? QCFF N;FE GIL? ;<ION G;M&?H¥ BQIGNQ2C&BN CH
=F;MM MI SIO =;H JLI<;<FS MECJ NBCM M?=NCIH

*MM

1B? JLIJ?LNS I@ ; <I>S NI L?G;CH ;N L?MN IL NI L?G;CH CH GINCIH QCNB =IHMN;HN P?irier@aSICRINIAVP@ CLMN F;Q CM I@N?H
=,FF?>NBaw of inertia M Q? EHIQ @LIG ?RJ?LC?H=? MIG? I<D?=NM B;P? GIL? CH?LNC; NB;H INB?LM &N CM I<R@GIDFSIGIL? >C@

NI =B;HA? NB? GINCIH 1@ ; F;,LA? <IOF>?L NB;H NB;N |@ ; <;ME?N<;FF @IL ?R;GJF? 1B? CH?LNC; |@ ;H I<D?=N @M35?;MOL?> <S CNM
/IOABFS MJ?,ECHA G;MM CM ; G?;MOL? |@ NB? ;GIOHN@® IMEM®?L CH MIG?NBCHA 1B? KO;HNCNS IL ;GIOHN I@ G;NN?L CH ;H
I<D?=N CM >?N?LGCH?> <S NB? HOG<?LM I@ ;NIGM ;H> GIF?=0F?M I@ P;LCIOM NSJ?M CN =IHN;CHM 2HFCE? Q?CABN G;MM >|?M HIN
FI=NCIH 1B? G;MM I@ ;H I<D?=N CM NB? M;G? IH ";LNB CH IL<CN IL IH NB? MOL@;=? 1@ NB? *IlH &H JL;=i0EN SM-FMHN >C@

;H> C>?HNC@S ;FF 1@ NB? ;NIGM ;H> GIF?=0F?M CH ;H I<D?=N MI G;MM?M ;L? HIN I@N?H >?N?LGCIHRNCHHBENB3;HH?L

G;MM?M I@ I1<D?=NM ;L? >?N?LGCH?> <S =IGJ;LCMIH QCNB NB? MN;H>;L> ECFIAL;G

Check Y our Understanding

4BC=B B;M GIL? G;MM ; ECFIAL;G |I@ =INNIH <;FFM IL ; ECFIAL;G |@ AlF>
Solution

1B?S ;L? ?KO;F ECFIAL;G 1@ IH? MO<MN;H=? CM ?KO;F CH G;MM NI ; ECFIAL;G 1@ ;HINB?L MO<MN;H=? 1B? KO;HNCNC?M NB;N GCAE
>Q@?L <?NQ??H NB?G ;L? PIFOG? ;H>>?HMCNS
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1.5 Newton's Second Law - Concept of a System

Your Quiz will Cover
_ "RJF;CHCHA +?QNH\QM CH MCGJF? N?LGM
_ $CP?H ;FF I@ NB? @IL=?M ;=NCHA IH ;H I<D?=N ;JIFSQUA@RONINMPN?LGCH? NB? ;==?F?L;NCIH |@ ;H I<D?=N ;N ;HS
ACP?H CHMN;HN
_ $CP?H ; H?N ;==?F?L;NCIH JL?>C=NCHA NB? >CL?=NCIH ;H> G;AHCNO>? I@ NB? H?N @IL=? ;=NCHA IH ;H I<D?=N

the GIMN @OH>;G?HN;F =IH=?JNM CH NBCM ?HNCL? =IOLM? MI <? MOL? NI ACP? NBCM M?=NCIH ; NBILIOAB L?;>

Newton( second law of motion CM =FIM?FS L?F;N?> NI +MDEIBLMN F;Q I@ GINCIH &N G;NB?G;NC=;FFS MN;N?M NB?=NOM? ;H> ?@
L?F;NCIHMBCJ <?NQ??H @IL=? ;H> =B;HA?M CH GINCIM M?8INIHIF;Q I@ GINCIH CM GIL? KO;HNCN;NCP? ;H> CM OM?> ?RN?HMCP?FS NI
=;F=0OF;N? QB;N B;JJ?HM CH MCNO;NCIHM CHPIFPCHA ; @IL=? ?@IL? Q? =;H QLONM3#QH>QNNH} MCGJIF? ?KO;NCIH

ACPCHA NB? ?R;=N L?F;NCIHMBCJ I@ @IL=? G;MM ;H>;==?F?L;NCIH Q? H??> NI MB;LJ?H MIG? C>?;M NB;N B;P? ;FL?;>S <??H
G?HNCIH?>

#CLMN QB;N >l Q? G?;H <S ; =B;HA? CH GINCIH 1B? ;HMQ?L CM NB;N ; =B;HA? CH GINCIH CM ?KOCP;F?HN NI ; =B;HA? CH P?FI=CNS
=B;HA? CH P?FI=CNS G?;HM <S >?@CHCNCIH NB;achi#EeizioM ;H?QNIHM @CLMN F;Q M;SM NB;N ; H?N ?RN?LH;F @IL=? =;0M?M ;
=B;HA? CH GINCIH NBOM Q? M?? N8;Kxternal force causes acceleration

HINB?L KO?MNCIH CGG?>C;N?FS ;LCM?M 4B;N >l Q? G?;H <S ;H ?RN?LH;F @IL=? H CHNOCNCP? HINCIH |I@ ?RN?LH;F CM =ILL?=NZ;H
external force ;=NM @LIG IONMC>23WEM 1@ CHN?L?MN #IL ?R;GJF2g@id 1.5 ; NB? MSMN?G I@ CHN?L?MN CM NB? Q;AlH JFOM

NB? =BCF> CH CN 1B? NQI @IL=?M ?R?LN?><S NB? INB?L =BCF>L?H ;L? ?RN?LH;F @IL=?M H CHN?LH;F @IL=? ;=NM <?NQ??H ?F?G?H]
MSMN?G A;CH FIIECHAIigNre 1.5 ; NB? @IL=? NB? =BCF> CH NB? Q;AlH ?R?LNM NI B;HA IHNI NB? Q;AIH CM ;H CHN?LH;F @IL="?
<?NQ??H ?F?G?HNM |@ NB? MSMN?G 1@ CHN?L?MN ,HFS ?R®?EN;RERIGHRRIMA@ ; MSMN?G ;==IL>CHA NWVH@QNMN F;Q

1B? CHN?LH;F @IL=?M ;=NO;FFS =;H=?F ;M Q? MB;FF M?? CH NB?¥¢2RhLstaefiG@Hthe boundaries of the system before

you can determine which forces are external 0IG?NCG?M NB? MSMN?G CM I<PCIOM QB?L?;M INB?L NCG?M C>?HNC@SCHA NB? <IOH>;LC"
1@ ; MSMN?G CM GIL? MO<NF? 1B? =IH=?JN |@ ; MSMN?G CM @OH>;G?HN;F NI G;HS ;L?;M |@ JBSMC=M ;M CM NB? =ILL?=N ;JJFC=;NCI
+?QNIHM F;QM 1BCM =IH=?JN QCFF <? L?PCMCN?> G;HS NCG?M IH IOL DIOLH?S NBLIOAB JBSMC=M

+IN? NB? @L?? <I>S >C;AL;GM B?L? A;CH >IH N QILLS ;<ION <?CHA ;H ?RJ?LN IH =L?;NCHA NB?G ;H> OMCHA NB?G Q? QCFF Al
IP?L NB;N CH =F;MM

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWHFAA=3HN?HN =IF
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; <ISCH; Q;AlH CM JOMB?> <S NQI ACLFM NIQ;L> NB? LCABN 1B? @IL=? IH NB? <IS CM L?JL?M?HN?> <S P?=NIL # IH? NIQ;L> NB? LCABN ;H>NB? @IL=? IHN
Q;AIH CM L?JL?M?HN?> <S P?=NIL # NQI CH NB? M;G? >CL?=NCIH ==?F?L;NCIH ; CM MBIQH <S ; P?=NIL ; NIQ;L> NB? LCABN ;H>; @LC=NCIH @IL=? @ CM ;=NC
13JIMCN? >CL?=NCIH L?JL?M?HN?><S ; P?=NIL JICHNCHA NIQ;L> NB? F?@N 1B? Q?CABN 4 1@ NB? Q;AlH CM MBIQH <S ; P?=NIL ;=NCHA >IQHQ;L> ;H> NB? HIL
@IL=? ;=NCHA OJQ;L> IH NB? Q;AIH CM L?JL?M?HN?><S ; P?=NIL + @L?? <I>S >C;AL;G CM ;FMI MBIQH QCNB # IH? ;H> # NQI L?JL?M?HN?> <S ;LLIQM CH NB?
M;G? >CL?=NCIH NIQ;L> NB? LCABN ;H> @ L?JL?M?HN?> <S ;H ;LLIQ NIQ;L> NB? F?@N MI NB? L?MOFN;HN @IL=? # H?N CM L?JL?M?HN?> <S ;H ;LLIQ NIQ;L> NI
4 CM L?JL?M?HN?> <S ;H ;LLIQ >IQHQ;L> ;H> + CM L?JL?M?HN?> <S ;H ;LLIQ OJQ;L> <INB NB? ;LLIQM B;P? M;G? F?HANB < <IS CH; Q;AlHCM JOMB?>
<S;QIG;H QCNB ; @IL=? #;>OFN L?JL?M?HN?> <S ;H ;LLIQ JICHNCHA NIQ;L>NB? LCABN P?=NIL ; JLCG? L?JL?M?H{IE€<SNH=ELIRPL;NCIH
NIQ;L>NB? LCABN #LC=NCIH @IL=? L?JL?M?HN?><S; P?=NIL @ ;=NM NIQ;L>NB? F?@N 1B? Q?CABN |@ NB? Q;AlH 4 CM MBIQH <S ; P?=NIL JICHNCHA >IQHC
NB? +ILG;F @IL=? L?JL?M?HN?> <S ; P?=NIL + B;PCHA M;G? F?HANBWMDAQ;L> @L?? <I>S >C;AL;G @IL NBCM MCNO;NCIH MBIQM @IL=? # L?JL?M?HN?>
<S;H ;LLIQ JICHNCHA NI NB? LCABN B;PCHA ; F;,LA? F?HANB ; @LC=NCIH @IL=? P?=NIL L?JL?M?HN?> <S ;H ;LLIQ @ JICHNCHA F?@N B;M ; MG;FF F?HANB 1B?
L?2JL?M?HN?> <S ;H ;LLIQ JICHNCHA >IQHQ;L> ;H>NB? HILG;F @IL=? + CM L?JL?M?HN?> <S ;H ;LLIQ JICHNCHA OJQ;L> B;PCHA NB? M;G? F?HANB ;M 4

Figure 1.5 IC@?L?HN @IL=?M ?R?LN?> |H NB? M;G? G;MM JI@®:2MAG @ ?F?L;NCIHMDI;=BCF>L?H JOMB ; Q;AlH QCNB ; =BCF> CHCN LLIQM
L?JL?M?HNCHA ;FF 2RN?LH;F @IL=?M ;L? MBIQH 1B? MSMN?G I@ CHN?L?MN CM NEBQ@ACABNENG INBL?MSMN?G ;H> NB? MOJJILN |@ NB?
ALIOH> [ ;L2 ;FMI MBIQH @IL =IGJF?N?H?MM ;H> ;L? ;MMOG?> NI =;H=?F 1B? FENIL?M?HNM NB? @LC=NCIH ;=NCHA IH NB? Q;AIH ;H> CN ;=NM NI NB?
F?@N 1JJIMCHA NB? GINCIH I@ NB? QAIH < FF 1@ NB? ?RN?LH;F @IL=?M ;=NCHA IH NB? MSMN?G ;>> NIA?NB?L N| 1plpQE? @rrRe@ItS?
>C:AL;G MBIQM ;FF I@ NB? @IL=?M ;=NCHA IH NB? MSMN?G 1@ CHN?L?MN 1B? >IN L?JL?M?HNM NB? =?HN?L 1@ G;MM I@ NB? MSMN?G ";=B @IL=? P?=NIL ?RI
NBCM >IN ?=;0M? NB?L? ;L? NQI @IL=?M ;=NCHA NI NB? LCABN Q? >L;Q NB? P?=NILMIARPEGINIFN?LH;F @IL=? JLI>O=?M ; F;LA?L ;==?F?L;NCIH

B " E QB?H;H;>OFN JOMB?M NB? =BCF>

+1Q CN M??GM L?;MIH;<F? NB;N ;==?F?L;NCIH MBIOF> <? >CL?=NFS JLIJILNCIH;F NI ;H> CH NB? M;G? >CL?=NCIH ;M NB? H?N NIN;F ?RI
@IL=?;=NCHA IH ; MSMN?G 1BCM ;MMOGJNCIH B;M <??H P?LC@C?> ?RJ?LCG?HN;FF S|z €MZC DML N 2AMEB FF?L

@IL=? =,0M?M ; MG;FF?L ;==?F?L;NCIH NB;H NB? F;LA?L @IL=? CFFOMNL;N?> CH J;LN = #IL =IGJF?N?H?MM NB? P?LNC=;F @IL=?M ;L?
MBIQH NB?S ;L? ;MMOG?> NI =;H=?F MCH=? NB?L? CM HI ;==?F?L;NCIH CH NB? P?LNC=;F >CL?=NCIH 1B? P?LNC= @IL=?M ;L? NB? Q?
;H> NB? MOJJILN 1@ NB? ALI@H:;H> NB? BILCTIHN;F @ILE2?JL?M?HNM NB? @IL=? I@ @LC=NCIH 1B?M? QCFF <? >CM=OMM?> CH GIL?
>?N;CF CH F;N?L M?=NCIHM 4R RICFF >?@aiién ;M ; @IL=? NB;N 1JJIM?M NB? GINCIH J;MN ?;=B INB?L 1@ I<D?=NM NB;N ;L?
NIO=BCHAgure 1.5 < MBIQM BIQ P?=NILM L?JL?M?HNCHA NB? ?RN?LH;F @IL=?M ;>> NIA?NB?L NI JLI>0=75 H?N @IL="?

1 I<N;CH ;H ?KO;NCIH @IL +?QNIM?=IH> F;@Q? @CLMN QLCN? NB? L?F;NCIHMBCJ 1@ ;==?F?L;NCIH ;H> H?N ?RN?LH;F @IL=? ;M NB?
JLIJILNCIH;FCNS

B2' og

QB?L? NB? MSG<IRZ G?;HM JJLIJILNCIH;F NI~ ;H>' oy CM NB@t external force  1B? H?N ?RN?LH;F @IL=? CM NB? P?=NIL MOG 1@

;FF ?RN?LH;F @IL=?M ;H> =;H <? >?N?LGCH?> AL.OBAGHARSB? B?;> NI N;CF G?NBI> IL ;H;FSREECHRS=IGIIH?HNM 1B?

N?=BHCKO?M ;L? NB? M;G? ;M @IL NB? ;>>CNCIH 1@ INB?L P?=NILM ;H> ;[RcIPPhe>sCHal Kinematics

(https://legacy .cnx.org/content/m42126/latest/) 1BCM JLIJILNCIH;FCNS MN;N?M QB;N Q? B;P? M;C> @tt&dratitin is

directly proportional to the net external force ,H=? NB? MSMN?G |@ CHN?L?MN CM =BIM?H CN CM CGJILN;HN NI C>?HNC@S NB? ?RN?LH;F
;H> CAHIL? NB? CHN?LH;F IH?M &N CM ; NL?G?H>IOM MCGJFC@C=;NCIH HIN NI B;P? NI =IHMC>?L NB? HOG?LIOM CHN?LH;F @IL=?M ;=
<?NQ??H I<D?=NM QCNBCH NB? MSMN?G MO=B ;M GOM=0F;L @IL=M<QENBTH NB? 8BCFESLC;> 1@ @IL=?M <?NQ??H ;NIGM

CH NB? I<D?=NM <ON <S >ICHA MI Q? =;H ?;MCFS MIFP? MIG? P?LS =IGJF?R JLI<F?GM QCNB IHFS GCHCG;F ?LLIL >O? NI IOL MCGJFC(

+1Q CN ;FMI M??GM L?;MIH;<F? NB;N ;==?F?L;NCIH MBIOF> <? CHP?LM?FS JLIJILNCIH;F NI NB? G;MM |@ NB? MSMN?G &H INB?L QIL>M
F;LA?L NB? G;MM NB? CH?LNC; NB? MG;FF?L NB? ;==?F?L;NCIH JLI>0=?><S ; ACP?H @IL=? H> CH>?P3guM CF-OMNL;N?> CH

M;G? H?N ?RN?LH;F @IL=? ;JJFC?> NI ; =;L JLI>O=?M ; GO=B MG;FF?L ;==?F?L;NCIH NB;H QB?H ;JJFC?> NI ; <;ME?N<;FF 1B?
JLIJILNCIH;FCNS CM QLCNN?H ;M

B2y

QB?L? NCM NB? G;MM I@ NB? MSMN?G "RJ?LCG?HNM B;P? MBIQH NB;N ;==?F?L;NCIH CM ?R;=NFS CHP?LM?FS JLIJILNCIH;F NI G;MM
CN CM ?R;=NFS FCH?;LFS JLIJILNCIH;F NI NB? H?N ?RN?LH;F @IL="?

Forces 127



B;IJN?L U ISH;GC=M #IL=?;H>+?QNIH M );QM

7 SME?N<;FF JF;S?L JOMB?M NB? <;FF QCNB NB? @IL=? MBIQH <S ; P?=NIL # NIQ;L> NB? LCABN ;H>
;H;==2?F?L;NCIH ; IH? L?JL?M?HN?> <S ;H ;LLIQ NIQ;L> NB? LCABN * MO< I|H? CM NB? G;MM 1@ NB?
<FF < 1B? M;G? <;ME?N<;FF JF;S?L CM JOMBCHA ; =;L QCNB NB? M;G? @IL=? L?JL?M?HN?> <S NB?
P?=NIL # NIQ;L>M NB? LCABN L?MOFNCHA CH ;H ;==?F?L;NCIH MBIQH <S ; P?=NIL ; NIQ;L> NB? LCABN 1B?
G;MM 1@ NB? =;L CM G MO< NQI 1B? ;==?F?L;NCIH CH NB? M?=IH> =;M? ; MO< NQI CM L?JL?M?HN?><S
; MBILN?L ;LLIQ NB;H CH NB? @CLMN =;M? ; MO< IH?
Figure 1.6 1B? M;G? @IL=? ?R?LN?> IH MSMN?GNQI@2HNGG;MM?M JLI>O=@WE@HR ;==?F?L;NCIHM ; <;ME?N<;FF JF;S?L JOMB?M IH ; <;ME?N<;FF NI
G;E?;J;MM 1B? ?@?=N |@ AL;PCNS IH NB? <;FF CM CAHIL?> < 1B? M;G? JF;S?L ?R?LNM ;H C>?HNC=;F @IL=? IH ; MN;FF?> 023 ;H> JLI>0=?M ; @;L MG;FF?L
;==?F?L;NCIH ?P?H C@ @LC=NCIH CM H?AFCAC<F? = 1B? @L?? <I>S >C;AL;GM ;L? C>?HNC=;F J?LGCNNCHA >CL?=N =IGJ;LCMIH I@ NB? NQI MCNO;NCIHM
J;NN?LHM @IL NB? @L?? <I>S >C;AL;G QCFF ?G?LA? ;M SIO >| GIL? JLI<F?GM

&N B;M <??H @IOH> NB;N NB? ;==?F?L;NCIH 1@ ;H I<D?=0hly2APNBYIH?N ?RN?LH;F @IL=? ;H> NB? G;MM |@ NB? I<D?=N
IGKCHCHA NB? NQI JLIJILNCIH;FCNC?M DOMN ACP?H SC?F>M +?QNIH M M?=IH> F;Q I@ GINCIH

1B? <FI=E <?FIQ CM NB? MN;N?G?HN |@ +?QNIH M 0?=8#bNQP?LS MCGJF? FIIECHOR@N B;M @;L L?;,=BCHA CGJFC=;NCIHM
IIHN MECJ NI NBCM <FI=E <? MOL? NI OH>?LMN;H> NB? L?;MIHCHA <?BCH> NB? F;Q

+?2QNIHM 0?=IH> );Q 1@ *INCIH

1B? ;==?F?L;NCIH 1@ ; MSMN?G CM >CL?=NFS JLIJILNCIH;F NI ;H> CH NB? M;G? >CL?=NCIH ;M NB? H?N ?RN?LH;F @IL=? ;=NCHA IH NB'
MSMN?G ;H> CHP?LM?FS JLIJILNCIH;F NI CNM G;MM

&H ?KO;NCIH @ILG +?QUIMPY=IH> F;Q I@ GINCIH CM

B I (0)®]

1BCM CM I@N?H QLCNN?H CH NB? GIL? @;GCFC;L @ILG
"o NB

4B?H IHFS NB? G;AHCNO>? |@ @IL=? ;H> ;==?F?L;NCIH ;L? =IHMC>?L?> NBCM ?KO;NCIH CM MCGJFS
"o NE

FNBIOAB NB?M? F;MN NQI ?KO;NCIHM ;L? L?;FFS NB? M;G? NB? @CLMN ACP?M GIL? CHMEWBR-CHNT,QBIY; HAONBR
F;Q CMcause and effect relationship ;GIHA NBL?? KO;HNCNC?M NB;N CM HIN MCGJFS <;M?> IH NB?CL >?@CHCNCIHM 1B? P;FC>CNS I@ N
M?=IH> F;Q CM =IGJF?N?FS <;M?> IH ?RJ?LCG?HN;F P?LC@C=;NCIH

2HCNM |@ #IL=?
! oB NE CM OM?> NI >?@CH? NB? OHCNM |@ @IL=? CH N?LGM I@ NB? NBL?? <;MC= OHCNM @IL G;:MM F?HANB :H>NCG? 1B? 0& C
=:FF?> NBfewton ;<<L?PC:N?>+ :H>CM NB? @IL=? H??>?> NI ;:==?F?L:N?: EA MSMN?G ;N NBN_;NP1&N CM MCH=?
'oe NE
/ HWN T

4BCF? ;FGIMN NB? ?HNCL? QILF> OM?M NB? H?QNIH @IL NB? OHCN I@ @IL=? CH NB? 2HCN?> ON;N?M NB? GIMN @;GCFC;L OHCN I@ (
JIOH> F< QB?L? + F<

#??F @L?? NI MECJ NB? @IFFIQCHA MQDRERIR?L AL;PCNS ;H> Q?CABN CH =F;MMIMIQ?PHLE ;N ?R;GIF?M
;H>  CHNBCM M?=NCIH 1B? JLI<F?GM CH NBIM? ?R;GJF?M ;L? NB? ECH> |@ JLI<F?GM SIO ;L? ?RJ?=N?> NI <? ;<F? NI >| CH NB?
BIG?QILEM ;H>IH NB? KOCTT?M MI C@ SIO Q;HN NI A?N ; All> M?HM? |@ NB?G <? MOL? NI L?;> NB?G NBLIOAB

4 ?CABN ;H> NB? $L;PCN;NCIH;F #IL="?

4B?H ;H I<D?=N CM >L1JJ?> CN ;==?F?L;N?M NIQ;L> NB? =?HN?L |@ ";LNBMZNHF;Q MN;N?M NB;N ; H?N @IL=? IH ;H I<D?=N CM
L?MJIIHMC<F? @IL CNM ;==?F?L;NCIH &@ ;CL L?MCMN;H=? CM H?AFCAC<F? NB? H?N @IL=? IH ; @;FFCHA I<D?=N CM NB? AL;PCN;NCIF

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWMHFAA=3HN?HN =IF

Unit Il - IEBorcés 128



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

=:FF?> Cidight X 4 2CABN =H <? >?HIN?> ;M ; P?=NX.<?=;0M? CN B;M ; >CL?=NG#h CM <S >?@CHCNCIH NB? >CL?=NCIH |@
AL;PCNB> B?H=? Q?CABN CM ; >IQHQ;L> @IL=? 1B? G;AHCNO>? |@ Q?CABN CMX%2{RCE2IND;M CHMNLOG?HN;F CH MBIQCHA
NB;N CH NB? ;<M?H=? 1@ ;CL L?MCMN;H=? ;FF I<D?=NM @:FF QCNB NB? MZBICE£SACRENPMOFN ;H> +?QMIMP=IH>

F;:Q Q? =;H >?LCP? ;H ?KO;NCIH @IL Q?CABN

IHMC>?L :H I<D?=N QCNB G;MM®;FFCHA >IQHQ;L> NIQ;L> ";,LNB &N ?RJ?LC?H=?M IHFS NB? >IQHQ;L> @|.@BTEBE;MCNS
G;AHCNO>X +?QNIHM M?=IH> F;Q MN;N?M NB;N NB? G;AHCNO>? I@ NB? H?N ?RN?LH;F @IL=7 Iy il I<dP=N CM

0CH=? NB? I<D?=N ?RJ?LC?H=?M IHFS NB? >IQHQ;L> @IL=? {@)g-;PENS? EHIQ NB;N NB? ;==?F?L;NCIH 1@ ;H I<D?=N >0? NI
AL,PCNSEML B F 00O<MNCNONCHA NB?M? CHMIM?8INIHIF;Q ACP?M

4 ?CABN
1BCM CM NB? ?KO;NGQVeightzNB? AL;PCN;NCIH;F @IL=? IH ; G;MM
X NF
0CH=?H N TIH"LNB NB? Q?CABN 1@ ; EAI<D?=NIH"LNBCM + ;M Q? M??
X NH H N T /

/?=;FF NB;NF =;H N;E? ; JIMCNCP? IL H?A;NCP? P;FO? >?J?H>CHA IH NB? JIMCNCP? >CL?=NCIH CH NB? =IIL>CH;N? MSMN?G ? MOL? |
N;E? NBCM CHNI =IHMC>?L;NCIH QB?H MIFPCHA JLI<F?GM QCNB Q?CABN

4B?H NB? H?N ?RN?LH;F @IL=? IH ;H I<D?=N CM CNM Q?CABN Q? Ke8-fill;NLBINCNWIOKB? IHFS @IL=? ;=NCHA IH NB? I<D?=N CM
NB? @IL=? |@ AL;RENEB? L?;F QILF> QB?H I<D?=NM @;FF >IQHQ;L> NIQ;L> ";LNB NB?S ;L? H?P?L NLOFS CH @L?? @;FF <?=;0M? NB?L?
;FQ;SM MIG? OJQ;L> @IL=? @LIG NB? ;CL ;=NCHA IH NB? I<D?=N

1B? ;==?F?L;NCIH >0? NI AL;PENSLC?M MFCABNFS IP?L NB? MOL@;=? 1@ ";LNB MI NB;N NB? Q?CABN I@ ;H I<D?=N >?J?H>M IH FI=;NCIH
;H> CM HIN ;H CHNLCHMC=JLIJ?LNS |@ NBTKBNFNLE?M >L;G;NC=;FFS C@ IH? F?;MNOLI@IBY? ,H NB? *IIH @IL ?R;GJF?

NB? ;==?F?L;NCIH >0? NI AL;PCNS CM IHRE 1 EA G;MM NBOM B;M ; Q?CABN I@ +IH";LNB ;H>IHFS ;<ION +IH

NB? *IIH

1B? <LI;>?MN >?@CHCNCIH I@ Q?CABN CH NBCrh&»Eilgtt GMVaNBhHject is the gravitational force on it from the nearest large

body MO=B ;M ";LNB NB? *llIH NB? OOH ;H>MIIH 1BCM CM NB? GIMN =IGGIH ;H> OM?@OF >?@CHCNCIH |@ Q?C&BNMH JBSMC=M &N
>L;G;NC=;FFEQ?P?L @LIG NB? >?@CHCNCIH I@ Q?CABN OM?> <S + 0 ;H> NB? JIJOF;L G?>C; CH L?F;NCIH NI MJ;=? NL;P?F ;H>
?RJFIL;NCIH 4B?H NB?S MJ?;E |@ |Q?CABNF?MMH?MM” ;H> |GOBPA;PTINGFFS L?@?LLCHA NI NB? JB?HIG?HIH Q? =;FF |@L??

@;FF* CH JBSMCMB#F OM? NB? ;<IP? >?@CHCNCIH 1@ Q?CABN ;H> Q? QCFF G;E? =;L?@O0OF >CMNCH=NCIHM <?NQ??H @L?? @;FF ;H:
Q?CABNF?MMH?MM

&N CM CGJILN;HN NI <?;Q;L? NB;N Q?CABN ;H> G;MM ;@ R2AEDEIBBMC=;F KO;HNCNC?M ;FNBIOAB NB?S ;L? =FIM?FS L?F;N?> *;MM CM
NB? KO;HNCNS 1@ G;NN?L BIQ GO@B |MIYCGE&@M HIN P;LS CH =F;MMC=;F JBSMC=M QB?L?;M Q?CABN CM NB? AL;PCN;NCIH;F @IL=? ;H>
>|?M P;LS >?J?H>CHA |H AL;P&NSM N?GJINCHA NI ?KO;N? NB? NQI MCH=? GIMN |I@ IOL ?R;GJF?M N;E? JF;=? IH ";,LNB QB?L? NB?
Q?CABN @ ;H I<D?=N IHFS P;LC?M ; FCNNF? QCNB NB? FI=;NCIH 1@ NB? I<D?=N #Qhb&?|LG Ve iy Bt?; N? OG>

CHN?L=B;HA?;<FS CH ?P?LS>;S F;HAO;A? @IL ?R;GJF? IOL G?>C=;F L?=IL>M I@N?H MBIQ IOL ]Q?CABN” CH ECFIAL;GM <ON H?P?L CH
=ILL?=N OHCNM I@ H?QNIHM

IGGIH *CM=IH=?JNCIHM *;MM PM 2CABN

*MM ;H> Q?CABN ;L? I@N?H OM?> CHN?L=B;HA?;<FS CH ?P?LS>;S F;HAO; AZHMECPRE? NB?M? N?LGM ;L? >CMNCH=NFS
>C@?L?HN @LIG IH? ;HINBWM CM ; G?;MOL? I@ BIQ GO=B G;NN?L CM CH ;H I<D?=N 1B? NSJC=;F G?;MOL? |I@ G;MM CM NB?
ECFIAL;G IL NB? ][MFOA" CH "HAFCMB THBNMHANB? INB?L B;H> CM ; G?;MOL? I@ NB? @IL=? |@ AL;PCNS ;=NCHA IH ;H I<D?=N
4 ?CABN CM ?KO;F NI NB? G;MM |@ ;H IKDGENFNCJIFC?> <S NB? ;==?F?L;NCIH >0? NIAL)IRERFS INB?L @IL=? Q?CABN

CM G?;MOL?> CH N?LGM I@ H?QNIHM IL JIOH>M CH "HAFCMB OHCNM

MMOGCHA NB? G;MM 1@ ;H I<D?=N CM E?JN CHN;=N CN QCFF L?G;CH NB? M;G? L?A;L>F?MM |@?SNWRIQRCABN6IQ?P?L
>?J?H>M IH NB? ;==?F?L;NCIH >0? NI ALNBINZ?CABN |@ ;H I<ba&sNdhange QB?H NB? I<D?=N ?HN?LM CHNI ; L?ACIH QCNB

MNLIHA?L IL Q?;E?L AL;PEINSR;GJF? NB? ;==?F?L;NCIH >0? NI AL;PCNS IH NB? *IIHCM\ T QBC=B CM GO=B F?MM NB;H

NB? ;==?F?L;NCIH >0? NI AL;PCNS IH";,LNBN T &@ SIO G?;MOL?> SIOL Q?CABN IH ";,LNB ;H> NB?H G?;MOL?> SIOL Q?CABN

IHNB? *IIH SIO QIOF> @CH> NB;N SIO ]JQ?CAB" GO=B F?MM ?P?H NBIOAB SIO >| HIN FIIE ;HBGMECMHRC2LOM? NB? @IL="?
1@ AL;PCNS CM Q?;E?L IH NB? *IIH &H @;=N QB?H J?IJF? M;S NB;N NB?S ;L? [JFIMCHA Q?CABN "~ NB?S L?;FFS G?;H NB;N NB?S ;L? FIM(
1G;MM”* QBC=B CH NOLH =;0M?M NB?G NI Q?CAB F?MM
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LE? %IG? "RI?LCG?HN *;MM ;H> 4?CABN

4B;N > <;NBLIIG M=;F?M G?;MOL? 4B?H SIO MN;H> |H ; <;NBLIIG M=;F? QB;N B;JJ?HM NI NB? M=;F? &N >?JL?MM?M MFCABNFS

1B? M=;F? =IHN;CHM MJLCHAM NB;N =IGJL?MM CH JLIJILNCIH NI SIOL Q?CABNZMCGCF;L NI LO<<?L <;H>M ?RJ;H>CHA QB?H JOFF?>
MJILCHAM JLIPC>? ; G?;MOL? |@ SIOL Q?CABN @IL ;H I<D?=N QBC=B CM HIN ;==?F?L;NCHA 1BCM CM; @IL=? CH H?QNIHM IL JIOH>N
GIMN =IOHNLC?M NB? G?;MOL?G?HN CM >CPC>?><S NI ACP?; L?;>CHA CH G;MM OHCNM |I@ ECFIAL;GM 1B? M=;F? G?;MOL?M Q?
<ON CM =;FC<L;N?> NI JLIPC>? CH@ILG;NCIH ;<ION G;MM 4BCF? MN;H>CHA IH ; <;NBLIIG M=;F? JOMB >IQH IH ; N;<F? H?RN NI SIO
4B;N B;JJ?HM NI NB? L?;>CHA 4BS 40F> SIOL M=;F? G?;MOL? NB? M;G? ]G;MM” |H ";LNB ;M IH NB? *IIH

Example 1.1 What Acceleration Can a Person Produce when Pushing a Lawn Mower?

00JJIM? NB;N NB? H?N ?RN?LH;F @IL=? JOMB GCHOM @LC=NCIH ?R?LN?>IH; F;QH GIQ?LCM + ;<ION F< J;L;FF?F NI NB?
ALIOH> 1B? G;MM |@ NB? GIQ?L CM EA 4B;N CM CNM ;==?F?L;NCIH

G;H JOMBCHA ; F;,QHGIQ?L NI NB? LCABN L?>P?=NIL ;<IP? NB? F;QHGIQ?L CM
JICHNCHA NI NB? LCABN ;H> F;<?F?># MO< H?N
Figure 1.7 1B? H?N @IL=? IH ; F;QH GIQ?L CM + NINB? LCABN N QB;N L;N? >I1?M NB? F;QH GIQ?L ;==?F?L;N? NI NB? LCABN

Strategy
OCH=?"' g;H> N;L? ACP?H NB?;==?F?L;NCIH =;H <? =;F=OF;N?> >CL?=NFS @VUIG?228NFQ ;M MN;N?> CH
"ow NE

Solution

1B? G;AHCNO>? |@ NB? ;==?F?L;ECQMB —'%—( "HN?LCHA EHIQH P;FO?M ACP?M

/
B~

0O<MNCNONCHA NBRIERINK @IL + SC?F>M

B N T NT

Discussion

1B? >CL?=NCIH I@ NB? ;==?F?L;NCIH CM NB? M;G? >CL?=NCIH ;M NB;N |@ NB? H?N @IL=? QBC=B CM J;L;FF?F NI NB? ALIOH> 1B?L?
CH@ILG;NCIH ACP?H CH NBCM ?R;GJF? ;<ION NB? CH>CPC>O;F ?RN?LH;F @IL=?M ;=NCHA IH NB? MSMN?G <ON Q? =;H M;S MIG?NBC
NB?CL L?F;NCP? G;AHCNO>?M #IL ?R;GJF? NB? @IL=? ?R?LN?><S NB? J?LMIH JOMBCHA NB? GIQ?L GOMN <? AL?;N?L NB;H NB? @L
1JJIMCHA NB? GINCIH MCH=? Q? EHIQ NB? GIQ?L GIP?M @ILQ;L> ;H>NB? P?LNC=;F @IL=?M GOMN =;H=?F C@ NB?L? CM NI <? HI
;==?F?L;NCIH CH NB? P?LNC=;F >CL?=NCIH NB? GIQ?L CM GIPCHA IHFS BILCTIHN;FFS 1B? ;==?F?L;NCIH @IOH> CM MG;FF ?HIOAB N
L?;MIH;<F? @IL ; J?LMIH JOMBCHA ; GI@®=B ;H ?@ILN QIOF> HIN F;MN NIl FIHA <?=;0M? NBNMRLVINH??> QIOF>

MIIH <? L?;=B?>

Example 1.2 What Rocket Thrust Accelerates This Sled?

-LCIL NI G;HH?> MJ;=? @FCABNM LI=E?N MF?>M Q?L? OM?> NI N?MN ;CL=L;@N GCMMCF? ?KOCJ@PHNMHBSMEIFIAC=;F ?@
MO<D?=NM ;N BCAB MJ??>M 1B?S =IHMCMN?> |@ ; JF;N@ILG NB;N Q;M GIOHN?> |H IH? IL NQI L;CFM ;H> JLIJ?FF?> <S M?P?L;F
LI=E?NM ;F=OF;N? NB? G;AHCNO>? |@ @IL=? ?R?LN?> <S ?;=B LI=E?N =;FER>@NMNBBEDOINLI=E?N JLIJOFMCIH MSMN?G
MBIQH CHgure 1.8 1B? MF?M CHCNC;F ;==?F?L;NCIH\EMIT NB? G;MM 1@ NB? MSMN?G CM  EA ;H>NB? @IL=? |@ @LC=NCIH
1IJJIMCHA NB? GINCIH CM EHIQH NI <?  +

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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MF?> CM MBIQH QCNB @IOL LI=E?NM ?;=B JLI>O=CHA NB? M;G? NBLOMN
L2JL?M?HN?> <S 2KO;F F?HANB LLIQM F;<?F?> ;M P?=NIL 1 JOMBCHA NB? MF?>
NIQ:L> NB? LCABN #LC=NCIH @IL=? CM L?JL?M?HN?> <S ;H LLIQ F;<?F?> ;M P?=NIL @
JICHNCHA NIQ;L> NB? F?@N IH NB? MF?> 1B? Q?CABN I@ NB? MF?> CM L2JL?M?HN?> <S
H LLIQ Fi<?F?> ;M P?=NIL 4VBIQH JICHNCHA >IQHQ;L> ;H> NB? HILGF @IL=?
CM L2JL?M?HN?> <S ;H ;LLIQ F;<?F?> ;M P?=NIL + B;PCHA NB? M;G? F?HANB ;M 4
:=NCHA 0JQ;L> IH NB? MF?> @L?? <I>S >C;AL;G CM ;FMI MBIQH @IL NB? MCNO;NCIH
#I0L ;LLIQM 1@ ?KO;F F?HANB L?JL?M?HNCHA P?=NIL 1 JICHN NIQ:L> NB? LCABN ;
P?=NIL @ L2JL?M?HN?> <S ; MG;FF?L ;LLIQ JICHNM F?@N P?=NIL + CM ;H LLIQ
JICHNCHA 0JQ;L> ;H> NB? Q?CABN 4 CM ;H LLIQ I@ ?KO:F F?HANB JICHNCHA
>IQHQ;L>
Figure 1.8 MF?> 2RJ?LC?H=?M ; LI=E?N NBLOMN NB;N ;==?F?L;N?M CN NI NB? LCABN ";=B LI=E?N =L?;N?NOHIG:CHINB2E MENOYNCIHM
QB?L? NB?L? CM IHFS BILCTIHN;F ;==?F?L;NCIH NB? P?LNC=;F @IL=?M =;H=?F 1B? ALIOH> ?R?LNMIHNERMSNNRENB;N CM ?KO;F CH
G;AHCNO>? ;H> 13JIMCN? CH >CL?=NCIH NI CN}M QBeABBMN?G B2L? CM NB? MF?> CNM LI=E?NMI #iHROE?NB? @IL4®iveen NB2M?

I<D?=NM ;L? =IHMC>?L?> 1B? ;LLIQ L?JL?M?HNCHA @KIM:NCQH F;LA?L NB;H M=;F?

Strategy

FNBIOAB NB?L? ;L? @IL=?M ;=NCHA P?LNC=;FFS ;H> RIRCNIMOGFFEB? P?LNC=;F @IL=?M =;H=?F MCH=? NB?L? CM HI P?LNC=;F
;==?F?L;NCIH 1BCM F?;P?M OM QCNB IHFS BILCTIHN;F @IL=?M ;H>; MCGJF?L IH? >CG?HMCIH;F JLI<F?G ICL?=NCIHM ;L? CH>C=;N?>
JFOM IL GCHOM MCAHM QCNB LCABN N;E?H ;M NB? JIMCNCP? >CL?=NCIH 0?? NB? @L?? <I>S >C;AL;G CH NB? @CAOL?

Solution

0CH=7?;==?F?L;NCIH G;MM ;H>NB? @IL=? 1@ @LC=NCIH ;L? ACP?H Q? MNNLNRCMNBFQQNHHIIE @IL Q;SM NI @CH> NB?
NBLOMN I@ NB? ?HACH?M O0CH=? Q? B;P? >?@CH?> NB? >CL?=NCIH |@ NB? @IL=? ;H>;==?F?L;NCIH ;M ;=NCHA NI NB? LCABN * Q? H
=IHMC>?L IHFS NB? G;AHCNO>?M I@ NB?M? KO;HNCNC?M CH NB? =;F=0OF;NCIHM %?H=? Q? <?ACH QCNB

"o NB
QB?L? ' 5y CM NB? H?N @IL=? ;FIHA NB? BILCTIHN;F >GL2+NG#2 @LIGigure 1.8 NB;N NB? ?HACH? NBLOMNM ;>> QBCF?
@LC=NCIH 1JJIM?M NB? NBLOMN &H ?KO:NCIH @ILG NB? H?N ?RN?LH;F @IL=? CM
‘og o' C
00<MNCNONCHA NBCM CNNVIP2@MFQ ACP?M
‘og NB 5' C

2MCHA ; FCNNF? ;FA?<L; Q? MIFP? @IL NB? NIN;F NBLOMN

5 NB G
OO<MNCNONCHA EHIQH P;FO?M SC?F>M
5 NB G H N T /
0I NB? NIN;F NBLOMN CM
5  —
:H>NB? CH>CPC>O;F NBLOMNM ;L?
5 — / —

Discussion

1B? HOG<?LM ;L? KOCN? F;LA? MI NB? L?MOFN GCABN MOLJLCM? SIO "RJ?LCG?HNM MO=B ;M NBCM Q?L? J?L@ILG?> CH NB? ?;LFS
NI N?MN NB? FCGCNM I@ BOG;H ?H>0OL;H=? ;H> NB? M?NOJ >?MCAH?> NI JLIN?=N BOG;H MO<D?=NM CH D?N @CABN?L ?G?LA?H=S°
0J??>M |@ EG B Q?L? I<N;CH?> QCNB ;==?F?L;NCIHM I@M /?=;FF NB;N- NB? ;==?F?L;NCIH >O? NI AL;BGNS

N ~ 4B?H Q? M;S NB;N ;H ;==?F?L;NCIH CM-M CN CM— N ~ QBC=BCM;JJLIRCG;N?FS N ~ 4BCF?

FCPCHA MO<D?=NM ;L? HIN OM?> ;HS GIL? F;H>MJ??>M |@ EG B B;P? <??H I<N;CH?> QCNB LI=E?N MF?>M &H NBCM ?R;GJF? ;M
CH NB? JL?=?>CHA IH? NB? MSMN?G |@ CHN?L?MNTCYORPMIOMCH F;N?L ?R;GIJF?M NB;N =BIIMCHA NB? MSMN?G 1@ CHN?L?MN CM
=LO=C;FZ;H>NB? =BIC=? CM HIN ;FQ;SM I<PCIOM

+?QNIHM M?=IH> F;Q 1@ GINCIH CM GIL? NB;H ; >?@CHCNCIH CN CM ; L?F;NCIHMBCJ ;GIHA ;==?F?L;NCIH @IL=? ;H>G;MM &N =;H B?
OM G;E? JL?>C=NCIHM ";=B |@ NBIM? JBSMC=;F KO;HNCNC?M =;H <? >?@ CH M CIB2N?=HHPHRESN?FFM OM MIG?NBCHA
<;MC= ;H> OHCP?LM;F ;<ION H;NOL? 1B? H?RN M?=NCIH CHNLI>0=?M NB? NBCL> ;H> @CH;F F;Q |@ GINCIH
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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 1@ ;H I<D?=N ;=N?> [H <S ; @IL="?

)JCHEM
_lterative Force Calcluations (https://www  .youtube.com/watch?v=QFhYJrsDIPO0)
_lterative Force Calculations - A more complex example (https://www .youtube.com/watch?v=6v4kVX_8VF8)

&N?L;NCP? #IL=? ;F=OF;NCIHM "R;GJF?

&H NB? F;MN OHCN Q? B;P? FIIE?> ;N >?M=LC<CHA GINCIH OMCHA CN?L;NCP? G?NBI>M ACP2:H M|ER?RRILLNBHA UIMCNCIH

;H>NB? P?FI=CNS MN?J <S MN?R#QHN NI ;>>NB? C>?; |@ NBCM OHCN @IL=?M QBC=B ;L? NB? =;,0M?M |@ ;==?F?L;NCIH E?S
JLCH=CJF? CH MIFPCHA MAQRHN> F;Q JLI<F?GM CN?L;NCP?FS CM NB? C>7?; |@ I<D?=N ?AICMG >CM=0MM?> ?;LFC?L CH NBCM JL?J;L;!
,<D?=N ?AICMG =;H <? MOGG;LCT?> NBLIOAB NB? C>?; |@ ]G? G? G?" ;H> LCBBM HjR <? L?MN;N?> ;M NB;N IHFS NB? @IL=?M

NB;N ;L? ;=NCHA ;N ;HS ACP?H CHMN;HN IH ;H I<D?=N ;L? L?F?P;HN 4B;N B;JJ?H?> <?@IL? QB;N B;JJ?H?> CH NB? @ONOL? >IH\N L?;FFS
G;NN?11B? ?;MC?MN Q;S NI F?;LH BIQ NI MIFP? +?@N¥=IH> F;Q JLI<F?GM NBLIOAB CN?L;NCP? G?NBI>M CM JLI<;<FS NBLIOAB ;H
?R;GJF?

0l F?NVI <?ACH QCNB IOL @CLMN ?R;GJF? 0;S Q? B;P?; ECFIAL;G =;L MNIJJ?> ;N MNIJFCABN 4B?H NB? FCABN NOLHM AL??H NB?
?HACH? |@ NB? =;L QCFF <?ACH NI ;JJFS ; =IHMN;HN @IL=? 1@ +?QNIHM RIQBN-NLGI>?F NB? GINCIH |@ NBCM =;L @IL NB?
@CLMN  M?=IH>M OMCHA CN?L;NCP? G?NBI>M QCNB ; MZ=4AGMRS 2IHMNLO=NCHA IOL N;<F? QB?L? Q? B;P? NB? OMO;F
=IFOGHM I@ NCG? JIMCNCIH RPRI=EGNE?L;NCIH

1;<F?

Time (s) Position (m) Velocity (m/s) Acceleration (m/s 2) Force (N)

4 ?2\P? HIQ ;>>?>; H?Q =IFOGH @IL=? QCNB NB? OHCNM +?QNIHM ;H>Q? B;P? IOL NCG?M  <?=;,0M? Q?\L? QILECHA ;N ;

M?=IH> MN?J ;H>NB?H M?=IH>M QBC=B CM ;M @;L ;M Q? =;L? NI Al @IL NBCM J;LNC=ORL<RACFPQORE\N NBCHECHA

;<ION IH? CHMN;HN ;N ; NCG? 4B;N CM B;JJ?HCHA QCNB NB? =2FN R? #4;H >?@CH? NB? MNIJFCABN NI <? ;N JIMCNCIH ?KO;FM Ml
Q?\FF >l MI £ ;FMI EHIQ NB;N NB? =;L CM MNIJJ?> QBC=B N?FFM OM NB;N NB? CHCNC;F P?FI=CNS I@ NB? =;,L CM ;FMI 4B;N ?FM? >I Q
NN 4 ?FF Q? EHIQ NB;N NB? ?HACH? CM JLIPC>CHA ; H?N @IL=? 1@ H?QNIHM NI NB? =;L Q? =;H HIQ OM? NBCM H?N @IL=? NI MIFF
@IL NB? ;==?F?L;NCIH |@ NB? =;L OMCHMAGNHAF;G¥ G; IL L?;LL;HA?> NB? ;==?F?L;NCIH CM NB? @IL=? ;JJFC?>>CPC>?><S

NB? G;MM I@ NB? &H NBCM J;LNC=0OF;L =;M? NB? @IL=? ;JJFC?>CM H?QNIHM ;H> NB? G;MM CM ECFIAL;GM ACPCHA OM ;H
;==?F?L;NCIH 1@ G?N?LM J?L M?=IH> MKO;L?>

1,<F?

Time (s) Position (m) Velocity (m/s) Acceleration (m/s 2) Force (N)

+1Q F?NV GIP? IH NI NB? H?RN CHMN;HN CH NCG?  M?=IH>M A;CH Q? EHIQ NB;N NB? @IL=? NB;N NB? ?HACH? CM ;JJFSCHA NI NB? =
:=IHMN;HN  H?QNIHM MI Q? =;H DOMNJON CH  H?QNIHM @IL NB? @IL=? ;JJFC?>NPNB?MIEP? @IL NB? ;==?F?L;NCIH

I@ NB? =;L CH NB? M;G? Q)8CHA # G; QBC=B ;A;CHQ?B;P?  H?QNIHM >CPC>?><S  ECFIAL;GM ACPCHA OM ;A;CH ;H

:==?F?L:NCIH I@ G MB? H?RN NBCHA Q? GCABN <? CHN?L?MN?> CH CM NB? P2HECGRNEZNBZ=E NI BIQ Q? MIFP?

JLI<F?GM CN?L;NCAPEBJLCH=CJF? NB;N IH? CHMN;HN JL?>C=NM NB? H?RN 0l CH NBCM =:M? Q?\L? AICHA NI OM? N NI JL?>C=N N

4 ?\L? AICHA NI OM? NB? @OH>;G?HN;F >?@CHCNCIH 1@ ;==?F?L;RCGiH ARIPXANB? XP CHEId®PeHCNER L?;LL;HA? NB?

?KO;NCIH CHNI NBCM@IFECRCNEN, OL CHCNC;F P?FI=CNS CM  NB? ;==?F?L;NCI@IGBINBM;<F? ;<IP? ;H> IOL XN CM

NB? NCG? MN?J 00<MNCNONCHA CH NB?M? P;FO?M ACP?M ; @CH;F P?FI=CNS 1@ G M

1B? H?RN NBCHA Q? GCABN <? CHN?L?MN?> CH CM NI MIFP? @IL NB? JIMCNCIH A;CH IH? CHMN;HN JL?>C=NM NB? H?RN MI Q?\L? Al
N NIJL?>C=NN  1BCM NCG? Q?\L? AICHA NI OM? NB? @OH>;G?HN;F >?@CHCNCIH |@ P7RIENINBPXIROOHHNI
RacHReHeNd > > MIG? ;FA?<L;C= G;HCJOF;NCIH NI A?N NBCM @;GCaE:R@ICEIRNA? L?J?;N NB? M;G? JLI=?MM ;M ;<IP?

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWMHFAA=3HN?HN =IF
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&HCNC;F JIMCNCIH CM  P?FI=CNS CM ;H>IOL XN CM ;H> MO<MNCNONCHA NB?M? P;FO?M CH ACP?M OM ; @CH;F JIMCNCIH |@

1,<F?

)?NM NBCHE ;<ION NB? A?H?L;F JLI=?>0L? #CLMN Q? C>?HNC@S QB;N CM NB? @IL=? ;N ;HS ACP?H CHMN;HN 0?=IH> Q? NBCHE ;<IOl
NL;HMF;NCHA NB;N @IL=? NI NB? ;==?F?L;NCIH ONMOWA#PQRIRABCL> Q? GIP? CHNI MIFPCHA @IL NB? RAMBCNG=;M? Q7

OM? IH? CHMN;HN NI JL?>C=N NB? H?RN ;H>NB? >?@CHCNCIH 1@ ;=7FGIRI@HNICHEEE;NCHA NB? PNB2CONSCNCIH

QB?L? ;A;,CH IH? CHMN;HN JL?>C=NM NB? H?RN ;H>Q? OM? NB? @OH>;G?HN;F >?@ZROICEA NBOVREGREBM Q? =H

@CHCMB NB? N;<F?

1;,<F?

*IL? IGIF?R "R;GJIF?
)?NM B;P?; FIIE ;N ; M?=IH> GIL? =IGJF?R ?R;GJF?

H I<D?=N |@ G;MM @CP? ECFIAL;GM <?CHA ;=N?> OJIH <S NB? ?GJCL@G=HRAWB?_Z;R CM NB? JIMCNCIH I@ NB? I<D?=N ;H>E
?KO;FNI +G CM; =IHMN;HN G?;MOL?> @LIG NB? >;N; 1B? I<D?=N <?ACHM ;N G?N?LM QCNB ; MJ??>1@ G M OIFP? @IL NB?
GINCIHI@ NB? I<D?=N;N M CN?L;NCP?FSCH M MN?JM

4 ? Q;HN NI MIFP? @IL NB? GINCIH 1@ NB? I<D?=N @I2L;NORP2R$>M OMCHA ; MN?J 1@ M?=IH>M MIIOL N;<F? QCFF IHFS
B;P? NQILIQM N ;H>N QCNB NB? OMO;F =IFOGHM NCG? JIMCNCIH=P?FPLOWNIH ;H> @IL=7?

1,<F?

)?NM <?ACH QCNB N 4B;N >1 Q? EHIQ 2F Q? EHIQ NB;N NB? I<D?=N CM CHCNC;FFS ;N G?N?LM MI Q? =;H MO<MNCNON? CH NB;N P
;H>Q? EHIQ CNM CHCNC;F MJ??>CM G M MI Q? =H MO<MNCNON? CH NB;N P;FO? +IQ Q? GIP? IH NI NB? @IL=? CH NBCM JLI<F?G 1B
CM HIN ; MCGJF? HOG<VL; @DH=NCIH # ER BHIQ QB;N (CM KN\ &NV ACP?H NI OM CH NB? JLI<F?G ON HIQ Q? AIN NI NBCHE

;<ION R QBC=B R MBIOF> Q? OMFH NB? C>?; @ I<D?=N ?AICMG N?FFM OM ]G? G? G?" ;H>MIGABRPH I NBCHE ;<ION

QB;NM AICHA IH QCNB NB? I<D?=N LCABABNIQIONB? I<D?=N CM ;N  G?N?LM ;H> MI Q? MO<MNCNON? G?N?LM CH @IL R OIFPCHA
NB? JLIKF?G Q? A?N; @IL=? 1@ + +1Q Q? =;H GIP? IH NI MIFPCHA @IL NB? ;==?F?L;NCIH OMGHA?=2QNHG G;

+ @IL=? >CPC>?><S ECFIAL;GM ACP?M OM ;H ;==?F?L;NCIHI@ G M:

1,<F?

0l IOL @IL=? ;H> IOL ;==?F?L;NCIH ;L? CH IJJIMCN? >CL?=NCIHM #LIG IOLRPFPECNINS CM JIMCNCP? ;==?F?L;NCIH CM H?A;NCP?

1BOM @LIG IOL 2HCN EHIQF?>A? Q? =;H JL?>C=N NB;N NB? I<D?=N MBIOF> JLI<;<FS MFIQ >IQH 4B?H Q? Al @LIG NI +1Q

CH NB? F;MN JLI<F?G Q? MN;LN?> QCNB @MU 3MBMIA;CH ,OL @IL=? F;Q CM MNRGMCER EHIQ NB;N E CM ?KO;F NI <ON

Q7? >IH\N EHIQ QB;N R CM #??> NI OM? ]G? G? G?" ;H> LCABN HIQ >IH\N EHIQ NB? JIMCNCIH I@ NB? I<D?=N LOABN QTQ

EH?Q QB?L? CN Q;M <ONWNBIN\QB;N G;NN?LM CH JBSMC=M QB;N G;NNRLMICNAQB;NI NB? I<D?=N LCABNDIENM ;L?

MNOJC> @IL NB? GIMN J;LN NB?S >IH\N LRG3E<4?2?> NI NBCHE Q®&;NICHA IH LCABN EHQ Q? >IH\N EHIQMI

=IHM?KO?HNFS Q? MBIOF> JLI<;<FS MIFP? @IL JIMCNCIH @CLMN OMCHA NB? >?@CHCNCIH 1@ P?FI=CNS ?RM#ERN CHNI NBCM OMO;|
FIIECHA ;N JFOAACHA CH NB? HOG<?LM 1B? CHCNC;F JIMCNCIHCM G NB? CHCNC;F P?FI=CNSCM GM ;H>NB? XN @LIG NI CM
QBC=B=IG?MIONNI  G?N?LM +IQ NB;N Q? B;P?; JIMCNCIH Q? =;H OM? NBCM JIMCNCIH CH IOL @IL=? F;Q NI MIFP? @IL NB? @IL="? ;!
A?N; @IL=?1@ + +IQ Q? =;H=IHNCHO? CH IOL GIL? OMO;F Q;S |@ OMCHA # G; NI MIFP? @IL NB? ;==?F?L;NCIH H?QNIHM >CPC>?>
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<S ECFIAL;GM QCFF ACP? OM ;H ;==?F?L;NCIH |@#CI5RFQ? B;P? NI >?;F QCNB NB? P?FIFNE? OM? NB? >?@CHCNCIH |@
;==?F?L;NCIH ?RJ;H>?> CHNI NBCM NSJC=;F ;FA?<L;C= @ILG ;H> Q? FIIE ;N MO<MNCNONCHA IOL HOG<?LM 1B? CHCNC;F P?FI=CNS IP

CHN?LP;FCM MI Q? MO<MNCNON? G M ,OL CHCNC;F ;==?F?L;NEIDICKN C¥M M OLHCHA NB? =L;HE IH NB?M? HOG<?LM
Q? A?N; P?FI=CNS1@ G M MIIOL I<D?=N B;M MFIQ?> >IQH CH ;AL??G?HN QCNB IOL ?RJ?=N;NCIHM

1;<F?

Time (s) Position (m) Velocity (m/s) Acceleration (m/s 2) Force (N)

,OL I<D?=N Q?HN @LIG GMNI GM QBC=B CM QB;N Q? ?RJ?=N ACP?HNB;N ;NN [OL P?FI=CNS ;H> IOL ;==?F?L;NCIH ;L? CH
1JJIMCN? >CL?=NCIHM OME2NFFO>? *HS I@ NB? JLI=?>0L?M NB;N Q?\P? >CM=OMM?> CH NBCM PC>?| ;L? FCE? NB? CN?L;NCP?
=;F=0OF;NCIHM Q? B;P? ;FL?;>S >CM=0OMM?> CH OHCN IH? /?G?G<?L NI NBCHE ;<ION IH? CHMN;HN ;N ; NCG? ;H> NI OM? IH? CHMN;HN I
JL?>C=N NB? H?RN 1B? H?Q J;LN CHNLI>O=?> CH NBCM PC>?| CM NB;N NB? ;==?F?L;NCIH ;N ; ACP?H CHMN;HN CM >?N?LGCH?> <S NB
M;G? CHMN;HN MI Q? OM? NB? @IL=? ;NN  NIMIFP? @IL NB? ;==?F?L;NCIH 1BCM CM CH FCH? QCNB IOL I<D?=N ?AICMG I@ ]G? G? G
;H>LCABN HIQCGCF;LE® NB? @IL=? >?J?H>M OJIH INB?L P;LC;<F?M MO=B ;M JIMCNCIH IL P?FI=CNS NB?H & H??> NI OM? NB? P;FO?M (
NB? M;G? CHMN;HN @IL QBC=B & Q;HN NI =;F=0OF;N? NB? @IL=? 0l C@ & Q;HN NI =;F=OF;N? NB? @IL=? ;N  M?=IH>M ;H> CN >?J?H>M
JIMCNCIH NB?H & H??> NI OM? NB? JIMCNCIH ;N M A;CH ]G? G? G?";H>LCABN HIQ

1.7 Newton's Third Law - Symmetry in Forces

1BCM M?=NCIH CM B?L? @IL SIOL L?@?L?H=? Q? QCFF <? AICHA IP?L NBCM G;N?LC;F CH =F;MM MI NBCM L?;>CHA CM HIN L?KOCL?

1B?L? CM ; J;MM;A? CH NB? GOM@m;6f la Mancha NB;N L?F;N?M NI +?QMINBCL> F;Q |@ GINCIH 0;H=BI CH >?M=LC<CHA ; @CABN

QCNB BCM QC@? NI''IH .OCRIN? M;SM ],@ =IOLM? & BCNDBAL <2E<GN MBA\; FIN B;L>?L NB;H G? ;H> SIO EHIQ QB;N NB?S

M;S [4B?NB?L NB? MNIH? BCNM NB? JCN=B?L IL NB? JCN=B?L BENVMIMZCNINTHZ>GRIL NB? JCN=HBXLM CM ?R;=NFS QB;N

B;JJ?HM QB?H?P?L IH? <I>S ?R?LNM ; @IL=? IH ;HINB?LZNB? @CLMN ;FMI ?RJ?LC?H=?M ; @IL=? ?KO;F CH G;AHCNO>? ;H> IJJIMCN? CH
>CL?=NCIH +OG?LIOM =IGGIH ?RJ?LC?H=?M MO=B ;M MNO<<CHA ; NI? IL NBLIQCHA ; <;FF =IH@CLG NBCM &N CM JL?=CM?FS MN;N?:
NewtonGs third law of motion

+?QNIHM 1BCL> );Q I@ *INCIH

4B?H?P?L IH? <I>S ?R?LNM ; @IL=? IH ; M?=IH> <INB? @CLMN <I>S ?RJ?LC?H=?M ; @IL=? NB;N CM ?KO;F CH G;AHCNO>? ;H>
1IJJIMCN? CH >CL?=NCIH NI NB? @IL=? NB;N CN ?R?LNM

1BCM F;Q L?JL?M?HNM ; =2yBldtry in nature #IL=?M ;FQ;SM I==OL CH J;CLM ;H>IH? <I>S =;HHIN ?R?LN ; @IL=? IH ;HINB?L

QCNBION ?RJ?LC?H=CHA ; @IL=?TMNIGZR@GPM L?@7?L NI NBCM F;Q FIIM?FS ;M ];=NCIH L?;=NCIH * QB?L? NB? @IL=? ?R?LN?> CM NB?
;=NCIH ;H> NB? @IL=? ?RJ?LC?H=?> ;M ; =IHM?KO?H=? CM NB? L?;,=N®IHNBCONF:IQ B;M JL;=NC=;F OM?M CH ;H;FSTCHA NB? ILCACH
1@ @IL=?M ;H> OH>?LMN;H>CHA QBC=B @IL=?M ;L? ?RN?LH;F NI ; MSMN?G

4 ? =H L?;>CFS M?? +?QNVH\NBCL> F;Q ;N QILE <S N;ECHA ; FIIE ;N BIQ J?IJF? GIP? ;<ION [HMC>?L ; MQCGG?L J@GVBCHA |@

NB? MC>? 1@ ; JIIF ;M CFFOMNENGeCH) 0B? JOMB?M ;A;CHMN NB? JIIF Q;FF QCNB B?L @??N ;H> ;==?F?L;N?M CH NB? >CL?=NCIH
opposite NI NB;N 1@ B?L JOMB 1B? Q;FF B;M ?R?LN?> ;H ?KO;F ;H> IJJIMCN? @IL=? <;=E IH NBBEAMQCBBIINBCHE NB;N NQI

?KO;F ;H> I1JJIMCN? @IL=?M QIOF> =;H=?F <ON NB?%ehbsH they act on different systems &H NBCM =;M? NB?L? ;L? NQI

MSMN?GM NB;N Q? =IOF> CHP?MNCA;N? NB? MQCGG?L IL NB? Q;FF &@ Q? M?F?=N NB? MQCGG?L NI <? NB? MSMN?G |@ CHN?L?MN
@CAOL? NB%k \ ME E CM ;H ?2RN?LH;F @IL=? IH NBCM MSMIE'E= 14 (@M GINCIH 1B? MQCGG?L GIP?M CH NB? >CL?=NCIH |@

' xBMMEE &H =IHNL;MN NB? @lLg?g p @ :=NM IH NB? Q;FF ;H> HIN IH IOL MSMN?G |@ CHN?L?M glBOM | >I?M HIN
>CL?=NF@2@N NB? GINCIH 1@ NB? MSMN?G ;H> >I?M HIN 5idfie g +IN? NB;N NB? MQCGG?L JOMB?M CH NB? >CL?=NCIH
13JIMCN? NI NB;N CH QBC=B MB? QCMB?M NI GIP? 1B? L?;=NCIH NI B?L JOMB CM NBOM CH NB? >?MCL?> >CL?=NCIH

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWHFAA=3HN?HN =IF
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Figure 1.9 4B?H NB? MQCGG?L ?R?LNM ; @'IL@?B p @ |IHNB? Q;FF MB? ;==?F?L;N?M CH NB? >CL?=NCIH IJJIMCN? NI NB;N 1@ B?L JOMB 1BCM G?;HM NB?
H?N ?RN?LH;F @IL=? IH B?L CM CH NB? >CL?=NCIH BN @4l 1BCM 1JJIMCNCIH I==0LM <?=,0M? CH ;==IL>H=? QCNBHIBGIL\F,Q |@
GINCIH NB? Q;FF ?R?LNM ; @‘IL)‘{% M ME E IH B?L ?KO;F CH G;AHCNO>? <ON CH NB? >CL?=NCIH IJJIMCN? NI NB? IH? MB? ?R?LNM IH CN 1B? FCH? ;LIOH> NB?
MQCGG?L CH>C=;N?M NB? MSMN?G |@ CHN?L?MI&;-@\I?FNﬁq\bI?M HIN ;=N IH NBCM MSMN?G NB? MQCGG?L ;H> NBOM >I?M HIN =;H=?F

' XB M MF E 1BOM NB? @L?? <I>S >C;AL;G MBIQM I'HR:B M MFE X NB? AL;PCN;NCIH;F @IL=?#H> NB? <OIS;HN @IL=? |@ NB? Q;N?L

MOJJILNCHA NB? MQAGG?CABN 1B? P?LNC=;F @ =37M # ' =H=?F MCH=? NB?L? CM HI P?LNC=;F GINCIH

NB?L ?R;GJF?M 1@ +?QNVHNBCL> F;Q ;L? ?;MS NI @CH> M ; JLI@?MMIL J;=?M CH @LIHN 1@ ; QBCN?<I;,L> MB? ?R?LNM ; @IL="?
<,=EQ;L>IH NB? @FINLB? @FIIL ?R?LNM ; L?;=NCIH @IL=? @ILQ;L> IH NB? JLI@?MMIL NB;N =,0M?M B?L NI ;==?F?L;N? @ILQ;L> OCGCF;LF
; =L ;==?F?L;N?M <?=;0M? NB? ALIOH> JOMB?M @ILQ;L>IH NB? >LCP? QB??FM CH L?;=NCIH NI NB? >LCP? QB??FM JOMBCHA <;=EQ;L>
NB? ALIOH>16 =;H M?? ?PC>?H=? |@ NB? QB??FM JOMBCHA <;=EQ;L> QB?H NCL?M MJCH IH ; AL;P?F LI;> ;H> NBLIQ LI=EM <;=EQ;L>

&H ;HINB?L ?R;GJF? LI=E?NM GIP? @ILQ;L> <S ?RJ?FFCHA A;M <;=EQ;L> ;N BCABAMB2EMENB? LI=E?N ?R?LNM ; F;LA?

<=EQ;L> @IL=? IH NB? A;M CH NB? LI=E?N =IG<OMNCIH 5B:G:82 A;M NB?L?@IL? ?R?LNM ; F;LA? L?,=NCIH @IL=? @ILQ;L> IH NB?

LI=E?N 1BCM L?;=NCIH @IL=? ChhrsiF &N CM ; =IGGIH GCM=IH=?JNCIH NB;N LI=E?NM JLIJ?F NB?GM?FP?M <S JOMBCHA IH NB?
ALIOH> IL IHNB? ;CL <?BCH> NB?G 1B?S ;=NO;FFS QILE <?NN?L CH ; P;=00G QB?L? NB?S =;H GIL? L?;>CFS ?RJ?F NB? ?RB;OMN A;M?N
%?FC=1IN?LM MCGCF;LFS =L?;N? FC@N <S JOMBCHA ;CL >IQH NB?L?<S ?RJ?LC?H=CHA ;H 0JQ;L> L?;=NCIH @IL=? CL>M ;H>;CLJF;H"
<S ?R?LNCHA @IL=? IH ;CL CH ; >CL?=NCIH I1JJIMCN? NI NB;N 1@ QB;N?P?L @IL=? NB?S H??> #IL ?R;GJF? NB? QCHAM |I@ ; <CL> @IL=7;
>IQHQ;L> ;H> <;=EQ;L> CH IL>?L NI A?N FC@N ;H> GIP? @ILQ;L> H I=NIJOM JLIJ?FM CNM?F@ CH NB? Q;N?L <S ?D?=NCHA Q;N?L NBLIO,
@OHH?F @LIG CNMIEGSF;L NI ; D?N MEC &H ; MCNO;NCIH MCGEFILNDPCMMEIH;F =;A? @CABN?LM ?RJ?LC?H=? L?,=NCIH @IL=?M
QB?H NB?S JOH=B MIG?NCG?M <L?;ECHA NB?CL B;H> <S BCNNCHA<ESIJIH?HN\

Example 1.3 Getting Up T o Speed: Choosing the Correct System

JBSMC=M JLI@?MMIL JOMB?M ; =,LN 1@ >?GIHMNL;NCIH ?KOCJG?HN NI ; F?=NOLFBjFE 1M MZBRALCEMM CM
EA NB? =;IMICM  EA ;H>NB? ?KOCJGRHEM EA ;F=OF;N? NB? ;==?F?L;NCIH JLI>0=?> QB?H NB? JLI@?MMIL ?R?LNM ;
<=EQ;L>@IL=? 1@ +IH NB? @FIIEF @IL=?M IJJIMCHA NB? GINCIH MO=B ;M @LC=NCINIQBBFMLN* ;CL L?MCMN;H="?
NIN;F -+
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Figure 1.10 JLI@?MMIL JOMB?M ; =;LN 1@ >?GIHMNL;NCIH ?KOCJG?HN 1B? F?HANBM I@ NB? ;LLIQM ;L? JLIJILNCIH;F NI NB? G;AHCNO>?M |@ NB? @IL=?M
?2R=2JN @II{ MCH=? CN CM NIl MG;FF NI >L;Q NI M@PR?HINGKO?MNCIHM ;L? ;ME?> CH ?;=B ?R;GJF? NBOM NB? MSMN?G |@ CHN?L?MN GOMN <? >?@CH?>

>Q@?L?HNFS @IL ?;=B OSMN?G CM ;JILIILENA@IL.4 MCH=? CN ;MEM @IL NB? ;==?F?L;NCIH 1@ NB? ?HNCL? ALIOJ 1@ SfB?F,HM MFs

;L? 2RN?LH;F @IL=?M ;=NCHA IH 0OSMN?G ;FIHANB? FCH? I@ GINCIH FF INB?L @IL=?M ?CNB?L =;H=?F IL ;=N IH NB? IONMC>? QILF> 0SMN?G CM =BIM?H (
NBCM ?R;GJF? MI Né:l‘@g QCFF <? ;H ?RN?LH;F @IL=? ;H> ?HN?L CHNI MPBHAHENF; GHIN? NB;N NB? @L?? <I>S >C;AL;GM QBC=B ;FFIQ OM NI

;JIFS +?QNIHV M?=IH> F;@®;LS QCNB NB? MSMN?G =BIM?H

Strategy

0CH=? NB?S ;==?F?L;N? ;M ; OHCN Q? >?@CH? NB? MSMN?G NI <? NENJH@?KMIIG?HN 1BCM CM 0SMNRGIreCH
1.10 1B? JLI@?MMIL JOMB?M <;=EQ;L> QCNB ; @§p31@ + ==IL>CHA NI +?QNIHM NBCL> MB? @FIIL ?R?LNM ;

@ILQ;L>L?;=NCIH @”::S?P (1@ +IHOSMN?G  ?=,0M? ;FF GINCIH CM BILCTIHN;F Q? =H ;MMOG? NB?L? CM HI H?N @IL="?
CH NB? P?LNC=;F >CL?=NCIH 1B? JLI<F?G CM NB?L?@IL? IH? >CG?HMCIH;F ;FIHA NB? BILCTIHN;FGICLR4NCNBM HIN?>
GINCIH ;H> CM NBOM CH NB? 1JJIMCN? >CI_"?S—7NQIHII@ NB;N Q? > HIN CH=FO>? NB? @'IL@’@/IIL ' Dp<?=0M?

NB?M? ;L? CHN?LH;F @IL=?M ;H>Q? >I HIN CHC-EFPQ’?:;OM? CN ;=NM IH NB? @NIIH NB? MSMN?G 1B?L? ;L? HI INB?L

MCAHC@C=;HN @IL=?M ;=NCHA IH 0OSMN?G &@ NB? H?N ?RN?LH;F @IL=? =;H <? @IOH> @LIG ;FF NBCM CH@&ILG;NCIH Q? =;H OM? "
M?=IH> F;Q NI @CH> NB? ;==?F?L;NCIH ;M L?KO?MN?> 0?? NB? @L?? <I>S >C;AL;G CH NB? @CAOL?

Solution
+?QNIHM M?=IH> F;Q CM ACP?H <S

B —¢°
1B? H2N ?RN?LH;F @IL=? IH OSMN?G CM >?>0=251@LIG.0 ;H> NB? >CM=OMMCIH ;<IP? NI <?
‘ov 'yppsC I / /
1B? G;MM I@ OSMN?G CM
N LH IH

1B?M? P;FO?M I@qg g ;H> N JILI>O=? ;H ;==?F?L;NCIH |I@

B;,%—B

/
™ N T

Discussion
+IH? |@ NB? @IL=?M <?NQ??H =IGJIH?HNM I@ OSMN?G MO=B ;M <?NQ??H NBPBIHEMMIHNB? =;LN =IHNLC<ON? NI NB?

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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H?N ?RN?LH;F @IL=? <?=;0M? NB?S ;L? CHN?LH;F NI OSMN?G  HINB?L Q;S NI FIIE ;N NBCM CM NI HIN? NB;N @IL=?M <?NQ??H
=IGJIH?HNM 1@ ; MSMN?G =;H=?F <?=,0M? NB?S ;L? ?KO;F CH G;AHCNO>? ;H> IJJIMCN? CH >CL?=NCIH #IL ?R;GJF? NB? @IL="?
?R?LN?><S NB? JLI@?MMIL IH NB? =;LN L?MOFNM CH ;H ?KO;F ;H> IJJIMCN? @ I&RE’NBEM =B <INB @IL=?M ;=N IH NB?

M;G? MSMN?G ;H> NB?L?@IL? =;H=?F 1BOM CHN?LH;F @IL=?M <?NQ??H =IGJIH?HNM I@ ; MSMN?G =;H=?F BIIMCHA OSMN?G
Q;M =LO=C;F NI MIFPCHA NBCM JLI<F?G

Example 1.4 Force on the CartNChoosing a New System

;F=OF;N? NB? @IL=? NB? JLI@?MMIL ?R?LNM IH NB2=UNL.CHOMCHA >;N; @LIG NB? JL?PCIOM ?R;GJF? C@ H??>?>
Strategy

&@ Q? HIQ >?@CH? NB? MSMN?G |@ CHN?L?MN NI <? NB? =;LN JFOM ?KOEIEPHN I0SMNBZE NBP H?N ?RN?LH;F @IL="
IHOSMN?G CM NB? @IL=? NB? JLI@?MMIL ?R?LNM IH NB? =,LN GCHOM @LC=NCIH 1B? @IL="? M%’é’R?MNMI IHNB? =,LN

?RN?LH;F @IL=? ;=NCHA IH OSMN?@B Q;M CHN?LH;F NI OSMN?G <ON CN CM ?RN?LH;F NI 0SMN?G ;H> QCRF ?HN?L +?QNIH\

M?=IH> F;Q @IL 0OSMN?G
Solution
+?QNIHM M?=IH> F;Q =;H <? OM?> NI @Ctﬁ!&; ON;LNCHA QCNB

B L,QJ
:H> HINCHA NB;N NB? G;AHCNO>? I@ NB? H?N ?RN?LH;F @IL=? IH 0SMN?G CM
"o 'omc G
Q? MIFP? @IL g NB? >?MCL?> KOHNCNS

osc o8 C

1B? P;FO? I@( CM ACP?H MI Q? GOMN =;F=OF;N)y ;N =;H <? >IH? MCH=? <INB NB? ;==?F?L;NCIH ;H> G;MM I@ 0SMN?G
:L? EHIQH 2MCHA +?QNIM\M?=IH> F;Q Q? M?? NB;N

'og NB
QB?L? NB? G;MM I@ 0OSMN?G CM [2)) EA EA ;H>CNM ;==?F?L;NCIH Q;M @IOH> NI <B N TCHNB?
JL?PCIOM ?R;GJF? 1BOM
'og NB
o H NT /

+1Q Q? =;H @CH> NB? >?MCL?> @IL=?
"osc o® G

Come I

Discussion

&N CM CHN?L?MNCHA NB;N NBCM @IL=? CM MCAHC@C=;HNFS F?MM NB;H NB? + @IL=? NB? JLI@?MMIIN?RRPLE?> <;=EQ;L> IH NB? (
NB;N + @IL=? CM NL;HMGCNN?> NI NB? =;LN MIG? |@ CN ;==?F?L;N?M NB? JLI@?MMIL

1B? =BIC=? |@ ; MSMN?G CM ;H CGJILN;HN ;H;FSNC=;F MN?J <INB CH MIFPCHA JLI<F?GM ;H> CH NBILIOABFS OH>?LMN;H>CHA NB? JE
1@ NB? MCNO;NCIH QBC=B CM HIN H?=?MM;LCFS NB? M;G? NBCHA

-B"1 "RJIFIL;NCIHM $L;PCNS #IL=7?);<

3CMO;FCT? NB? AL;PCN;NCIH;F @IL=? NB;N NQI I<D?=NM ?R?LBHA2-RINBRC?M |@ NB? I<D?=NM CH IL>?L NI M?? BIQ CN
=B;HA?M NB? AL;PCNS @IL=?
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Figure 1.11 Gravity Force Lab (http://legacy .cnx.org/content/m64297/1.1/gravity-force-lab_en.jar)

acceleration : NB? L;N? ;N QBC=B ;H I<DPPRFI=CNS =B;HA?M IP?L ; J?LCI> |@ NCG?
dynamics : NB? MNO>S |@ BIQ @ILE@RMNANB? GINCIH |@ I1<D?=NM ;H> MSMN?GM
external force : ; @IL=? ;=NCHA IH ;H I<D?=N IL MSMN?G NB;N ILCACH;N?M IONMC>? |@ NB? I<D?=N IL MSMN?G

force : ; JOMB IL JOFF IH ;H I<D?=N QCNB ; MJ?=C@C= G;AHCNO>? ;H> >CL?=NCIH =;H <? L?JL?M?HN?> <S P?=NILM =;H <? ?RIL?MM?>
;M ; GOFNCJF? 1@ ; MN;H>;L> @IL=?

free-body diagram : ; ME?N=B MBIQCHA ;FF |@ NB? ?RN?LH;F @IL=?M ;=NCHA IH ;H I<D?=N IL MSMN?G NB? MSMN?G CM L?JL?M?HN?>
>IN ;H>NB? @IL=?M ;L? L?IL?M?HN?> <S P?=NILM ?RN?H>CHA IONQ;L> @LIG NB? >IN

free-fall : ; MCNO;NCIH CH QBC=B NB? IHFS @IL=? ;=NCHA IH ;H I<D?=N CM NB? @IL=? >0? NI AL;PCNS

friction : ; @IL=? J;MN ?;=B INB?L 1@ I<D?=NM NB;N ;L? NIO=BCHA ?R;GJF?M CH=FO>? LIOAB MOL@;=?M ;H> ;CL L?MCMN;H=?
inertia : NB? N?H>?H=S |@ ;H I<D?=N NI L?G;CH ;N L?MN IL L?G;CH CH GINCIH

law of inertia : M?? +?QNIHW @CLMN F;Q |@ GINCIH

mass: NB? KO;HNCNS |I@ G;NN?L CH ; MO<MN;H=? G?;MOL?> CH ECFIAL;GM

net external force : NB? P?=NIL MOG |@ ;FF ?RN?LH;F @IL=?M ;=NCHA IH ;H I<D?=N IL MSMN?G =,0M?M ; G;MM NI ;==?F?L;N?

NewtonGs first law of motion : : <I>S ;N L?MN L?G:CHM :N L?MEB@LCH GINCIH L?G:CHM CH GINCIH :N ; =IHMN:HN P?FI=CNS OHF?MM
:=N?> IH <S : H?N ?RN?LH:F @IL=? :FMI EHIQH :M NB? F:Q 1@ CH?LNC:
NewtonGs second law of motion : NB? H?N ?RN?LH;F @llg7IH ;H I<D?=N QCNB G;MNICM JLIJILNCIH;F NI ;H> CH NB? M;G?
>CL?=NCIH :M NB? :==?F?L;NCIH |@ NBH<BE2=0HP?LM?FS JLIJILNCIH;F NI NB? G:MM >?@CH?> G:NB?G:NC=:FFS :M
B _QF

Newtons third law of motion : QB?H?P?L IH? <I>S ?R?LNM ; @IL=? IH ; M?=IH> <¥8? @CLMN <I>S ?RJI?LC?H=?M : @IL=? NB:N CM
?KO;F CH G;AHCNO>? ;H> IJJIMCN? CH >CL?=NCIH NI NB? @IL=? NB;N NB? @CLMN <I>S ?R?LNM

system : >?@CH?> <S NB? <IOH>,LC?M I@ ;H I<D?=N IL =IFF?=NCIH I@ I<D?=NM <?CHA I<M?LP?> ;FF @IL=?M ILCACH;NCHA @LIG IONN
NB? MSMN?G ;L? =IHMC>?L?> ?RN?LH;F @IL=?M

thrust : ; L?;=NCIH @IL=? NB;N JOMB?M ; <I>S @ILQ;L> CH L?MJIHM? NI ; <;=EQ;L> @IL=? LI=E?NM ;CLJF;H?M ;H>=;LM ;L? JOMB?>
@ILQ;L><S ; NBLOMN L?;=NCIH @IL="

weight : NB? @IL=X>07? NI AL;PCNS ;=NCHA IH ;H I<D?=N |@N&;MM®CH?> G;NB?G;NC=;FFX;M NI QB?L? F CM NB?
G;AHCNO>? ;H>>CL?=NCIH |@ NB? ;==?F?L;NCIH >0? NI AL;PCNS

Section Summary

1.2 Development of Force Concept

Dynamics CM NB? MNO>S |@ BIQ @@22M )B? GINCIH 1@ I<D?=NM

Force CM ; JOMB IL JOFF NB;N =;H <? >?@CH?> CH N?LGM |@ P;LCIOM MN;H>;L>M ;H>CN CM ; P?=NIL B;PCHA <INB G;AHCNO>? ;H:
>CL?=NCIH

External forces ;L? ;HS IONMC>? @IL=?M NB;N ;=N IH ; <If8e-body diagram CM ;>L;QCHA I@ ;FF ?RN?LH;F @IL=?M ;=NCHA

IH; <I>S

1.4 Newton's First Law - Inertia
NewtonG first law of motion  MN;N?M NB;N ; <I>S ;N L?MN L?G;CHM ;N C@ISHIGINCIH L?G;CHM CH GINCIH ;N ; =IHMN:;HN
P?FI=CNS OHF?MM ;=N?> IH <S ; H?N ?RN?LH:F @IL=? 1BCM CM ;FMaEsfQi¢rtiaNB?

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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_ Inertia. CM NB? N?H>?H=S I@ ;H I<D?=N NI L?G;CH ;N L?MN IL L?G;CH CH GINCIH &H?LNC; CMM7E;M®% NI ;H I<D?=N\
_ Mass CM NB? KO;HNCNS |@ G;NN?L CH ; MO<MN;H=?

1.5 Newton's Second Law - Concept of a System

==?F?L;NCIH E CM >?@CH?> ;M ; =B;HA? CH P?6”;8B8BA ; =B;HA? CH CNM G;AHCNO>? IL >CL?=NCIH IL <INB

H ?RN?LH;F @IL=? CM IH? ;=NCHA IH ; MSMN?G @LIG IONMC>? NB? MSMN?G ;M IJJIM?> NI CHN?LH;F @IL=?M QBC=B ;=N <?NQ??|
=IGJIH?HNM QCNBCH NB? MSMN?G

+?QNIHM M?=IH> F;Q 1@ GINCIH MN;N?M NB;N NB? ;==?F?L;NCIH I@ ; MSMN?G CM >CL?=NFS JLIJILNCIH;F NI ;H> CH NB? M;G? >CL?
;M NB? H?N ?RN?LH;F @IL=? ;=NCHA IH NB? MSMN?G ;H> CHP?LM?FS JLIJILNCIH;F NI CNM G;MM

&H ?KO;NCIH @ILG +?QUMP=IH> F;Q I@ GINCIH BM— "

1BCM CM I@N?H QLCNN?H CH NB? GIL? @!G§EC;IN®ILG
1B? Q?CABNX 1@ ;H I<D?=N CM >?@CH?> ;M NB? @IL=? I@ AL;PCNS ;=NCHA IH ;H IRD2BR KD B:MIMRJ?LC?H=?M ;H
:==?F?L;NCIH >0? NI AL;P&NS

X NH
&@ NB? IHFS @IL=? ;=NCHA IH ;H I<D?=N CM >ORBP MICPENEM CH @L?? @;FF
#LC=NCIH CM ; @IL=? NB;N 1JJIM?M NB? GINCIH J;MN ?;=B INB?L |@ I<D?=NM NB;N ;L? NIO=BCHA

1.7 Newton's Third Law - Symmetry in Forces
_ NewtonG third law of motion  L?IL?M?HNM ; <;MC= MSGG?NLS CH H;NOL? &N MN;N?M 4B?H?P?L IH? <I>S ?R?LNM ; @IL=? IH ;
M?=IH> <I>S NB? @CLMN <I>S ?RJI?LC?H=?M ; @IL=? NB;N CM ?KO;F CH G;AHCNO>? ;H> IJJIMCN? CH >CL?=NCIH NI NB? @IL=? NB;!
<I>S ?R?LNM
_ thrust CM;L?;=NCIH @IL=? NB;N JOMB?M ; <I>S @ILQ;L> CH L?MJIHM? NI ; <;=EQ;L> @IL=? /I=E?NM ;CLJF;H?M ;H>=;LM ;L?
JOMB?> @ILQ;L> <S ; NBLOMN L?;=NCIH @IL=?

Conceptual Questions

1.2 Development of Force Concept

1. -LIIM? ; @IL=? MN;H>;L> >@@.?HN @LIG NB? ?R;GJF? |@ ; MNL?N=B?> MJLCHA >CM=0OMND2-\NO¥ HEBR2-NGRININ <?
=J;<F? |@ JLI>O=CHA NB? M;G? @IL=? L?J?;N?>FS

2. 4B;N JLIJ?LNC?M >| @IL=?M B;P? NB;N ;FFIQ OM NI =F;MMC@$S NB?G ;M P?=NILM

1.4 Newton's First Law - Inertia
3. %IQ ;L? CH?LNC; ;H> G;MM L?F;N?>
4. 4B;N CM NB? L?F;NCIHMBCJ <?NQ??H Q?CABN ;H> G;MM 4BC=B CM ;H CHNLCHMC= OH=B;HACHA JLIJ?LNS |@ ; <I>S

1.5 Newton's Second Law - Concept of a System

5. 4BC=B MN;N?G?HN CM =ILL?=N ; +?N @IL=? =;0M?M GINCIH < +?N @IL=? =;,0M?M =B;HA? CH GINCIH "RJF;CH SIOL ;HMQ?L ;H>
ACP? ;H ?R;GJF?

6. 4BS =;H Q? H?AF?=N @IL=?M MO=B ;M NBIM? BIF>CHA ; <I>S NIA?NB?L QB?H Q? ;JM$P2BNA\Q |I@ GINCIH

7. "RJF;CH BIQ NB? =BIC=? 1@ NB? [MSMN?G |@ CENANNRIB@B @IL=?M GOMN <? =IHMC>?L?> QB?H ;JIJFBIOHAHPQNIH\
F;Q 1@ GINCIH

8. I?M=LC<? ; MCNO;NCIH CH QBC=B NB? H?N ?RN?LH;F @IL=? IH ; MSMN?G CM HIN T?LI S?N CNM MJ??> L?G;CHM =IHMN;HN
9. MSMN?G =;H B;P? ; HIHT?LI P?FI=CNS QBCF? NB? H?N ?RN?LH;Rs@ME?!MSNC<? MO=B ; MCNO;NCIH
10. LI=E CM NBLIQH MNL;CABN OJ 4B;N CM NB? H?N ?RN?LH;F @IL=? ;=NCHA |H NB? LI=E QB?H CN CM ;N NB? NIJ I@ CNM NL;D?=NILS

11. ; $CP?;H ?R;GJF? 1@ >@@L?HN H?N ?RN?LH;F @IL=?M ;=NCHA IH NB? M;G? MSMN?@ISLIHNG==FC@NCIHM < $CP? ;H
?R;GJF? 1@ NB? M;G? H?N ?RN?LH;F @IL=? ;=NCHA |H MSI@PRGNN@ ;MD@M JLI>O=@A 28®;==?F?L;NCIHM = 4B;NF;Q
;==OL;N?FS >?M=LC<?M <@B=N® ON;N? CN CH QIL>M ;H> ;M ;H ?KO;NCIH

12. &@ NB? ;==?F?L;NCIH |@ ; MSMN?G CM T?LI ;L? HI 2RN?LH;F @IL=?M ;=NCHA IH CN 4B;N ;<ION CHN?LH;F @IL=?M "RJF;CH SIOL ;HM
13. &@ ; =IHMN;HN HIHT?LI @IL=? CM ;JJFC?> NI ;H I<D?=N QB;N =;H SIO M;S ;<ION NB? P?FI=CNS ;H> ;==?F?L;NCIH |@ NB? I<D?=N

14. 1B? AL;PCN;NCIH;F @IL=? IH NB? <;ME?Ng|FE CH CM CAHIL?> 4B?H AL;RENE?H CHNI ;==IOHN QB;N CM NB? >CL?=NCIH 1@

NB? H?N ?RN?LH;F @IL=? IH NB? <;ME?N<;FFZ;<IP? BILCTIHN;F <?FIQ BILCTIHN;F IL MNCFF BILCTIHN;F

1.7 Newton's Third Law - Symmetry in Forces

15. 4B?H SIO N;E? |@ 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
CHNB? 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>
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16. >?PC=? OM?>MCH=?NB? M NI G?;MOL? NB? EC=E IL L?=ICF I@ NB? <I>S >0? 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=? |@ =;L>C;= =IHNL;=NCIH %IQ GCABN Q? =IHMNLO=N MO=B ; >?PC=?
17. 1?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 ?kK
CH G;AHCNO>? ;H> 1JJIMCN? CH >CL?=NCIH 4BC=B MF:QRQNBIGINCIH ;JIFS

18. 4BS >I?M ;H IL>CH;LS LC@F? L?=ICF EC=E <;=EQ;L> QB?H @CL?> 1B? <;LL?F 1@ ; L?=ICFF?MM LC@F? CM IJ?H ;N <INB ?H>M !?M=L
BIQ +?QNIHWM NBCL> F;Q ;JJFC?M QB?H IH? CM @CL?> ;H SIO M;@7?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 NECHIMTIGANRERBIQ B;L> B?

JOMB?M B? QCFF ?RJ?LC?H=7? ;H ?KO;F ;H> 1JJIMCN? @IL=? @LIG NB?AMBH?(NEM F;QM ;H>>L;Q ; @L?? <I>S >C;AL;G

1@ ;H ;JILIILC;N? MSMN?G NI ?RJF;CH BIQ B? =;H MNCFF ION JOMB NB? IJJIMCNCIH C@ B? CM MNLIHA ?HIOAB

20. +?QNIHM NBCL> F;Q 1@ GINCIH N?FFM OM NB;N @IL=?M ;FQ;SM |I==0OL CH J;CLM 1@ ?KO;F ;H> IJJIMCN? G;AHCNO>? "RJF;CH BIQ NB
=BIC=? |@ NB? ]MSMN?G |@ CHNZR2MMN"Q@”NB?L IH? MO=B J;,CL |@ @IL=?M =;H=?FM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Problems & Exercises 9. 00JJIM? NQI =BCF>L?H JOMB BILCTIHNNES ?R;=NFS

IJJIMCN? >CL?=NCIHM IH ; NBCL>=BCF>CH ; Q;AIH 1B? @CLMN =BCF>

1.5 Newton's Second Law - Concept of a ?R?LNM; @IL=?1@  + NB? M?=IH>; @IL=?1@ + @LC=NCIH
CM  + ;H>NB? G;MM I@ NB? NBCL> =BCF> JFOM Q;AIH CM

System EA : 4B;N CM NB? MSMN?G I@ CHN?L?MN C@ NB? ;==?F?L;NCIH |@ NB?
You may assume data taken from illustrations is accurate =BCF> CH NB? Q;AlH CM NI <? =;F=0OF;N?> < IL;Q; @L??<I>S
to three digits. >C;AL;G CH=FO>CHA ;FF @IL=?M ;=NCHA IH NB? MSMN?G =

:F=OF;N? NB? ;==?F?L;NCIH > 4B;N QIOF> NB? ;==?F?L;NCIH
<?C@ @LC=NCIH Q?L? +

10. JIQ?L@OF GINIL=S=F? =;H JLI>0=? ;H ;==?F?L;NCIH |@
2. &@ NB? MILCHN?L @LIG NB? JL?PCIOM JLISF?G ;==2F?LN?M N NBIN 0BCF? NL:P?FCHA N EG B N NBIN MJ27> NB?
LN? @IL G ;H>NB?H G;CHN;CHM NB;N P?FI=CNS @IL NB? ,
L2G:CH>?L 1@ NB? G >MB OB:N QCFF <? BCM NCG? @IL NYL=?M L?MCMNCHA GINCIH CH=FO>CHA @LC=NCIH ;H> ;CL L?MCMN;H=
Loz NIN;F + CLL?MCMN;H=? CM ;H;FIAIOM NI ;CL @LC=NCIH &N

’ 'FQ;SM 1JJIM?M NB? GINCIH 1@ ;H I<D?=N 4B;N CM NB?

3. =F?,H?L JOMB?M; EAF;0OH>LS =LN CH MO=B ; Q;S NB;N5:AHCNO>? I@ NB? @IL=? NB? GINIL=S=F? ?R?LNM <;=EQ;L> IH NB?
NB? H?N ?RN?LH;F @IL=? IHCNCM  + ;F=OF;N? NB? G;AHQN@33> NI JLI>O=? CNM ;==?F?L;NCIH C@ NB? G;MM |@ NB?
|@ CNM ;==?F?L;NCIH GINIL=S=F? QCNB LC>?L CM EA

4. 0CH=? ;MNLIH;ONM CH IL<CN ;L? ;JJ;L?HNFS Q?CABNF?MM11. 1B? LI=E?N MF?> MBIQHFQHre 1.14 :==?F?L:N?M ;N ;
=F?P?L G?NBI> @ G?;MOLCHA NB?CL G;MM?M CM H??>?> NI, _ , R ,
GIHCNIL NB?CL G-MM A:CHM IL FIMM?M NI :>DOMN >C7NM  Ho2d@ N TE&NMIMM?HAZLBM; GMMI@  EA

> NBCM CM NI ?R?LN ; EHIQH @IL=? IH :H ;MNLIH;ON :H> G?:MBE®F;N? NB? BILCTIHN;F =IGJIH?HN |@ NB? @IL=? NB? M?;N
NB? ;==?F?L;NCIH JLI>O=?> 00JJIM? ; H?N ?RN?LH;F @IL=7 I@R?LNM ;A,CHMN BCMIG3E? NBCM QCNB BCM Q?CABN <S

1. EA MILCHN?L MN;LNM ; L;=? QCNB ;H ;==?F?L;NCIH 1@
N T 4B;N CM NB? H?N ?RN?LH;F @IL=? IH BCG

+ CM ?R?LN?> ;:H> NB? :MNLIHMN=?F?L:NCIH CM OMCHA ; L;NCI < ;F=0OF;N? NB? >CL?=NCIH ;H> G;AHCNO>? |@ NB?
. NIN;F @IL=? NB? M?;N ?R?LNM ;A;CHMN BCM <I>S
G?;MOL?> NI <? N °; F=OFN?B?LGMM < S MF?> CM MBIQH QCNB @IOL LI=E?NM #LC=NCIH @IL=? CM L?JL?M?HN?> <S :H

?R?LNCHA ; @IL=? IH NB? ;MNLIH;ON NB? P?BC=F? CH QBC=B NBR8 F;<?F?> ;M P?=NIL @ JICHNCHA NIQ;L> NB? F?@N IH NB? MF?> 1B?
IL<CN ?RJ?LC?H=?M ;H ?KO;F :H> IJJIMCN? @IL=? |CM=0OMM B|@?CABN I@ NB? MF?> CM L?JL?M?HN?> <S |H |LLIQ F;<?F?> ;M P?=NIL 4

. ) . MBIQH JICHNCHA >IQHQ;L> ;H> NB? HILG;F @IL=? CM L?JL?M?HN?> <S ;H
NBCM QIOF@2&N NB? G?:MOL?G?HN 1@ NB? ;MINLIH,ON\ L LIQ F;<?F?> ;M P?=NIL + B;PCHA NB? M:G? F?HANB ;M 4 ;=NCHA
;==?F?L;NCIH -LIJIM? ; G?NBI> CH QBC=B L?=ICF |@ NB? P?BC=F? 0JQ;L> IH NB? MF?>
CM ;PIC>?> Figure 1.14

5. &Hrigure 1.7 NB? H?N ?RN?LH;F @IL=? IHNB? EAGIQ?LCM ... P 5 5 . _ 5
MN:N?> NI <?  + &@ NB? @IL=? 1@ @LC=NCIH IJJIMCHA NB? 'I\/IC?H'N NB? JL?PCIOM JLI<F?G @IL NB? MCNO;NCIH CH QBC=B NB*

CM + QB;N@IL=? CHH?QNIHM CM NB? J?LMIH ?R?LNCHAIFE?N MF?>>?=?F?L;N?M ;N ; LN? I@N ~ &H NBCM

NB? GIQ?L 00JJIM? NB? GIQ?L CM GIPCHA:N GMQB?H JLI<F?G NB? @IL=?M ;L? ?R?LN?> <S NB? M?;N ;H> L?MNL;CHCHA

NB? @IL=? CM L?GIP?> %IQ @;L QCFF NB? GIQ?L Al <?@IL? <?FNM

MNIJICHA 13. 1B? Q?CABN I@ ;H ;MNLIH;ON JFOM BCM MJ;=? MOCN IH NB?
* + 0 =B > ? ol "

6. 1B? M;G? LI=E?N MF?> >L;QHGHire 1.12 CM >?=2F?L;N?> 4III3|-;|NC(|¥INII|_I|\IFBS? G;Mﬁlaig?éml NE ;,igéCAB IH"LNB

N LN? 1@ N ~ 4B;N @IL=? CM H?=?MM;LS NI JLI>0=?

. . 14. 00JJIM? NB? G:MM I@ ; @OFFS FI;>?> GI>OF? CH QBC=B
NBCM >?=?F?L;NCIH MMOG? NB;N NB? LI=E@INMBZG@M .\ |H:ONM N.E@I@LIG NB? IHCM ~ EA 1B? NBLOMN 1@

I@ NB? MSMN?G CM  EA ot ”  E—OE-ND 5. -
MF?> CM MBIQH QCNB @IOL LI=E?NM #LC=NCIH @IL=? CM L?JL?M?IS[I\’E?[\;/IF' ;Q\ICCTH%SMP,)LNE_’,F’Q%ZI% ,\ICBNMI:T_'B '<G’|I?)l_||=(>:,\(l;?\l>|50%N
LLIQ F;<?F?> ;M P?=NIL @ JICHNCHA NIQ;L> NB? F?@N IHXBBNIF?> 4" YN~  PPLNL=F @, ' : _
|@ NB? MF?> CM L?2JL?M?HN?> <S ;H ;LLIQ F;<?F?> ;M RIBIQH 4 @@ @LIG "LNB &@ HIN QBS HIN &@ CN =IOF> =F=OF;N? NB?

JICHNCHA >IQHQ;L> ;H> HILG;F @IL=? CM L?JL?M?HN?> <S ;H ;LLIQG;AHCNO>? |@ CNM ;==?F?L;NCIH
F;<?F?> ;M P?=NIL + B;PCHA NB? M;G? F?HANB ;M 4 ;=NCHA 0JQ;L> IH

NB? MF?> 1.7 Newton's Third Law - Symmetry in Forces

15. 4B:N H?N ?RN?LH:F @IL=? CM ?R?LN?> IH; EA :LNCFF?LS
7. ; &@ NB? LI=E?N MF?> MBIGHLGHL. 13 MN;LNM QCNB IHFSMB?FF @CL?> @LIG ; <:NNF?MBCJ C@ NB? MB?FF CM :==2F?L:N?> :N
IH? LI=E?N <OLHCHA QB;N CM NB? G;AHCNO>? I@ CNM ;==?F?L;NCIH , 5 e 9 o Ao
MMOG? NB;N NB? G:MM @ NB? MSMN?G CM  EA NB? NBLOMN 1 N 14BN CMNB? G;AHCNO>? |@ NB? @IL=*
PR?LN?> IH NB? MBCJ <S NB? ;LNCFF?LS MB?FF
M — + H>NB?@IL=21@ @LC=NCIH WIMCHANB? GINGIH_ " * " 72 = - 0 L
<L: < > N < . < >
? 2 ==2F?L" 2 v v [ L : !
CMEHIQHNI<? + < 4BS CMNB? ==2F?LNCIHHIN IH? . o5/ 5 1 133IMCHA JF;S?L QBI CM ?R?LNCHA ; @IL=? 1@

@IOLNB I@ QB;N CN CM QCNB ;FF LI=E?NM <OLHCHA , ,
MF?> CM MBIQH QCNB NBLOMN L?JL?M?HN?><S ; P?=NIL 1 JOMBCHA‘—I\IEL?BCG 1B8? G;MM 1@ NB? FIMCHA JF;S?7L JFOM ?KOCJG?HN

MF?> NIQ;L>NB? LCABN #LC=NCIH @IL=? CM L?JL?M?HN?><S ;H;OM2 EA ;H>B? CM;==?F?L;NCHA:N N 1 <;=EQ;L>

F;<?F?>:M P?=NIL @ JICHNCHA NIQ;L> NB? F?@N IH NB? MF?> 1B? Q2CAR| _ _ _
NB? MF?> CM L2JL?M?HN?> <S ;H ;LLIQ F;<?F?> ;M PIENTL4 48N Ne? @IL=21@ @LC=NCIH <?NQ??H NB? RMCHA JF;S?L

JICHNCHA >IQHQ;L> ;H> NB? HILG;F @IL=? CM L2JL?M?HN?> <5 ;H ;LI@??N ;H> NB? ALMM < 4B;N @IL=? >I?M NB? QCHHCHA JF;S?L
F:<?F?> ;M P?=NIL + B:PCHA NB? M:G? F?HANB ;M 4 :=NCHA 0JQ;L> I[F?R?LN IH NB? ALIOH> NI GIP? @ILQ;L> C@ BCM G;MM JFOM

Figure 1.12

NB? MF?> 2KOCJG?HNCM EA = IL:Q; ME?N=B |@ NB? MCNO;NCIH
Figure 1.13 MBIQCHA NB? MSMN?G I@ CHN?L?MN OM?> NI MIFP? 2:=B J;LN #IL
: 0 @L?? ALG 2 NB? H?
8. 4B;N CM NB? >?=?F?L;NCIH |@ NB? LI=E?N MF?> C@ CN =|%W_F=Rﬁ ';"fgﬁgﬁ”" >LiQ; @L?? <I>S >CALG ;H> QLCN? NB? H?N

L?MNCH M @LIG;MJI??>I@ EGB 00=B>?=?F?L;NCIH
=,0M?> IH? N?MN MO<D?=N NI <F;=E ION ;H> B;P? N?GJIL;LS
<FCH>H?MM
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2.1 Introduction

&H NBCM =B;JQ?IQCFF FIIECHA ;N N@?bZH ECH>M I@ @IL=?M NB;N Q? QCFF <? N;FECHA ;<ION CH NBCM =F;MM &@ SIO FIIE ;LIOH> S
G;S M??G FCE? NBRL?BOA? HOG<?L |@ @IL=?M CH NB? QILF> ;LIOH> OM #LC=NCIHM JOMB?M JOFFM ;CL L?MCMN;H=? QB;N?P?L @IL
=,0M?M SIO NI @FI;N NB?@?:THN @IL=?M 1B? Al;F I@ NBCM =B;JN?L CM NI ;=KO;CHN @CLQENBISIEZM-@R@IL=?M NB;N Q? QCFF

<? >?,FCHA QCNB ?RJFC=CNFS CH NBCM =F;MM

#OH>;G?HN;FR$B?L? ;L? IHFS @IOL @IL=?M MI ;FF NB? P;LCIOM @IL=?M NB;N Q? M?? ;LIOH> OM ;L? ;N NB? GC=LIM=1JC= F?P?F ;
G;HC@?MN;NCIH I@ IH? |@ NB?M? @IOL @OH>;G?HN;F @IL=?M &H IL>?L 1@ MNL?HANB NB? @IOL @OH>;G?HN;F @IL=?M ;L? NB? MNL
@IL=? QBC=B CM L?MJIHMC<F? @IL BIF>CHA NB? JLINIHM ;H> H?ONLIHM CBAHCEEALNFECNS7?H> G;AH?NCMG @IL=?M QBC=B

SIO G;S B;P? MIG? @;GCFC;LCNS QCNB @LIG NB? C>?; NB;N IJJIMCN? =B;LA?M ;NNL;=N FCE? =B;LA?M L?J?F ;H> @LIG JF;SCHA QCNB
G;AH?NM NB?L? CM ;FMI NB? Q?;E HO=F?;L @IL=? QBC=B CM L?MJIHMC<F? @IL [H>QNBRTRB2B2E?MN |@ NB? @IOL

@OH>;G?HN;F @IL=?M CM @BEEBISIO B;P? MIG? ?RJ?LC?H=? QCNB ;M CNM NB? @IL=? NB;N BIF>M SIO NI NB? ?;LNB ;H> BIF>M NB?
?;,LNB CH IL<CN ;LIOH> NB? 0OH

4 ? QCFF HIN <? ?RJIFILCHA NB? MNLIHA HO=F?;L @IL=? ;H> NB? Q?;E HO=F?;L @IL=? ;N ;FF CH NBCM =F;MM 4BCF? NB?M? @IL=?M ;L?
CGJILN;HN NB?CL L;HA? CM FCGCN?> NI MCT?M MG;FF?L NB;H ;H ;NIGC= HO=F?0OM ;H> MI >|H\N B;P?@CANDAH? I, MOL,;<F? ?@
?P?LS>;S M=;F?M $L;PCNS IH NB? INB?L B;H> Q? QCFF N;FE ;<ION CH MIG? F?P?F I@ >?N;CF "F?=NLC=CNS ;H> G;AH?NCMG |H NB? INI
B;H> CM JLCG,LCFS >?;FN QCNB CH -BSMC=M  &4I(&B?7PRJI?=N SIO NI B;P? NB? <;MC= OH>?LMN;H>CHA NB;N IJJIMCN? =B;LA?M
;NNL;=N ;H> FCE? =B;LA?M L?J?F <?=,0M? NBCM CM @OH>;G?HN;FFS NB? ILCACH 1@ NB? HIH @OH>;G?HN;F @IL=?M NB;N Q? QCFF >C(
=F;MM

0l QB;N HIH @OH>;G?HN;F @IL=?M QCFF Q? >CM=OMM CH NBCM =F;MM +IH @OH>;G?HN;F @IL=?M ;L? @IL=?M NB;N ;N NB? GC=LIM=L
=;H <? ?RJF;CH?> CH N?LGM 1@ ?F?=NLC=;F @IL=?M <ON ;N NB? G;=LIM=1JC= M=;F? Q? DOMN ;P?L;A? IP?L ;FF NB? ;NIGM ;H> =;FF CN ;
NSJ? 1@ @IL=? #IL ?R;GJF? NB? HILG;F @IL=? NB? HILG;F @IL=? CM JLI<;<FS <?MN OH>?LMNII> <S M?NNCHA ; <IIE IHNIJ |@ ; N;<F? 1B
AL;PCN;NCIH;F @IL=? JOFFM NB? <IIE >IQH QBS >I?MH\N NB? <IlE DOMN @;FF NBRAERABIRBZNCGM?HILG;F @IL=? @LIG NB?

N;<F? IH NB? <IIE NI =IOHN?L NBCM @IL=? |@\ANPPOBS=LIM=1JC= M=;F? NBCM HILG;F @IL=? ;LCM?M @LIG NB? JLIJOFMCIH |@
?F?=NLIHM CH NB? <IIE NI NB? ?F?=NLIHM QCNBCH NB? N;<F? 0l ;N NB? GC=LIM=1JC= M=;F? NBCM @ILsRGML?F?=NLC=;F BIQ?P?L
G;=LIM=1JC= M=;F? NB;N Q? >?;F QCNB CH IOL ?P?LS>;S QILF> Q?\L? ;P?L;ACHA IRRZNBAINNIG®;H> DOMN =;FFCHA NB?CL H?N
?@7?=N; HILG;F @IL=? ,H? =B;L;=N?LCMNC= |@ NB? HILG;F @IM=P?COPNBI+CRBM ;FQ;SM J?LI?H>C=C&L@;=N NB? QIL>

JHILG;F* G?;HM J?LJ?H>C=0F;L CH G;NB?G;NC= ?M? MI CH G;NB?G;NC=M NB? QIL> HILG;F ;H> NB? QIL> J?LJ?H>C=0F;L ;L? DOMN
MSHIHSGM 1BCM =;H B?FJ SIO L?G?G<?L NB? >CL?=NCIHM 1@ NB? HILG;F @IL=? HINB?L HIH @OH>;G?HN;F @IL=? Q? QCFF >CM=0MN
=F;MM CM N?HMZHANAIH L?;FFS ;LCM?M QB?H SIO MN;LN NI B;P? LIJ?M ;H> =B;CHM ;H> NB;N ECH> |@ ; NBCHA

IHMC>?L ; <IR B;HACHA @LIG ; LIJ? A;CH NB? @IL=? 1@ AL;PCNS CM JOFFCHA NB? <IR >IQH 4B;N E??JM NB? <IR @LIG @;FFCHA 1B~L
CM ; N?HMCIH CH NB? LIJ? NB;N CM =IOHN?LCHA NB? Q?CABN |@ NB? <IR BIF>CHA CN OJ A;CH ;N NB? GC=LIM=1JC= M=;F? NB? N?HM
;LCM?M @LIG ?F?=NIMCNBRNIGC= <IH>M QBC=B ;L? ?F?=NLC=;F CH H;NOL? <?NQ??H IH? GIF?=0F? |@ LIJ? ;H> NB? H?RN ;L?
L?MJIHMC<F? @IL NBCM @IL=7? |@ RFAMBIH>EM=0OMM @IL=?M CHPIFP?> QCNB MIJLCHAM MO=B ;M <CA G?N;F =ICFM NB;N SIO GCABN
B;>MIG? ?RJ?LC?H=? QCNB

4B?H & =IGIJL?MM ; MILCHA NB? MJLCHA ?R?LNM ; @IL=? <;=E IONQ;L> ;M CN NLC?\@ NIHTZRAEH?GIOL B;H>

=IGIJL?MMCHA NB? MJLCHA NB? MJLCHA QIOF> <? JOMBCHA IONQ;L> CH NB? >CL?=NCIH I@ NBCM <FO? ;LLIQ QB?H CN CM =IGJL?MM
IHP?LM?FSC@ & MNL?N=B NB? MJLCHA NB? >CL?=NCIH |I@ NB? MJLCHA IH SIOL B;H> QIOF> NB?H <? CH NB? IJJIMCN? >CL?=NCIH ;M|
NLC?M NI JOFF CNM?F@ <;=E NI CNM L?MN F?HANB

1B? @CH;F M?N I@ HIH @OH>;G?HN;F @IL=?M Q? QCFF >CM=0OMM ;L? @LC=NCIH;F @IL=?M 1B?M? ;L? NB? @IL=?M NB;N =IG? QB?H Sl
LIOAB MOL@;=?M CH =IHN;=N ;H> ;L? @OH>;G?HN;FFS ?F?=NLC=;F ;H>RCM7;@AIGH?L;=NCIHM CH BS>LIA?H <IH>M

<?NQ??H MOL@;=?M 1B?L? ;L? N@Ped ECH>M I@ @LC=NCIH ,H? CM MN;NC= @LC=NCIH NBCM CM QB;N B;JJ?HM QB?H I<D?=NM ;L?
GIPCHA L?F;NCP? NI ?;=B INB2INB?H NB?L? CM ECH?NC= @LC=NCIH QBC=B I==OLM QB?H I<D?=NM ;L? MFEBZHA J;MN ?;=B INB?L
>CL?=NCIHM |@ @LC=NCIH;F @IL=?M =;H MIG?NCG?M <? MIZ?QBRNB;B2EB;< CH =F;MM NI >CL?=NFS >?;F QCNB NB?G

&H MOGG;LEB?L? ;L? IHFS @IOL @OH>;G?HN;F @IL=?M NB? MNLIHA HO=F?;L @IL=? NB? ?F?=NLC=;H> G;AH?NC= @IL=?M Q?;E HO=F
@IL=? ;H> AL;PCN®? IHFS @OH>;G?HN;F @IL=? QCFF >?;F QCNB CH NBCM AF;MM CM NB7NB?, ERMICNGNIB?; @E@IP-QCFF

;FMI >?;F QCNB @CP? HIH @OH>;G?HN;F @IL=?M NB;N ;L? DOMN ?F?=NLC=;F CH H;NOL? 1B? HILG;F @IL=? QBC=B CM QB;N JL?P?HNM
J;MMCHA NBLIOAB NI ?;=B INBW>0? NI ?F?=NLC=;F L?JOFMCIH ;H> CM ;FQ;SM J?LJ?H>C=0F;L NI NB? MOL@;=?M 2®KQ??H I<D?=NM 4
;FMI N;FE ;<ION N?HMCIH @IL=?M QBC=B =IG? CHNI JF;S QB?H SIO\L? >?;FCHA QCNB LIJ?M =B;CHM ;H>NB? FCE? 1B?M?;L? >0? NI
GIF?=0F;L <IH>M ;H> NB?L?@IL? ;FMI ?F?=NLC=;F ;H> NB? >CL?=NCIH @ N?HMCIH @IL=?M CM ;FQ;SM ;FIHA NB7?Y¥FL?=NCIH 1@ NB? L
N;FE ;<ION MJLCHA @IL=?M QBC=B I@ =IOLM? >?;F Q?\FF N;FE ;<ION MJLCHA @IL=?M QBC=B |@ =IOLM? =IG? CHNI JF;S QB?H Q?\L? N;
;<ION MJLCHAM ;H> NB? >CL?=NCIH |@ MJLCHA @IL=?M >?J?H>M OJIH C@ NB? MJLCHA CM ?CNB?L <?CHA MNLQB?> IL =IGIL?MM?>
N;FE ;<ION @LC=NCIH @IL=?M QBC=B ;N NB? GC=LIM=JC= F?P?F ;L? X RHNPL>?N@IHM CH BS>LIA?H <MEFMN4FE ;<ION

<INB ECH>M 1@ @LC=NCIH ON;NC= @LC=NCIH QBC=B I==OLM QB?H I<D?=NM ;L? HIN GIPCHBCRF BN RBRI@]|EBAISBOH??> NI

IP?L=IG? NI A?N ;H I<D?=N NI GIP? ;H> Q?\FF >CM=0OMM ECH?NC= @LC=NCIH QBC=B CM NB? @LC=NCIH NB;N |==OLM QB?H I<D?=NM ;L
?;=BINB?L1BCM CM NB? @IL=? NB;N SIO H??> NI IP?L=IG? NI E??J ;H I<D?=N GIPCHA ;=LIMM NB? LIOAB MOL@;="?

2.2 The Fundamental Forces
,H? 1@ NB? GIMN L?G;LE;<F? MCGJFC@C=;NCIHM CH JBSMC=M CM NB;N IHFS @IOL >CMNCH=N @IL=?M ;==I0HN @IL ;FF EHIQH JB?HIG

H?,LFS ;FF 1@ NB? @IL=?M Q? ?RJ?LC?H=? >CL?=NFS ;L? >0O? NI IHFS IH? <;MC= @IL=? =;FF?> NB? ?F?=NLIG;AH?NC= @IL=? 1B? AL;PC
@IL=? CM NB? IHFS @IL=? Q? ?RJ?LC?H=? >CL?=NFS NB;N CM HIN ?F?=NLIG;AH?NC= 1BCM CM ; NL?G?H>IOM MCGJFC@C=;NCIH 1@ N
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apparently >G@?L?HN @IL=?M Q? =;H FCMN IHFS ; @?Q |@ QBC=B Q?L? >CM=0OMM?> CH NB? JL?PCIOM M?=NCIH M Q? QCFF M?? NB?
@IL=?M ;L? ;FF NBIOABN NI ;=N NBLIOAB NB? ?R=B;HA? |@ GC=LIM=IJC= =;LLC?L J;LNC=F?M ;H> NB? =B;L;=N?LCMNC=M |I@ NB? <;MC=
>?N?LGCH?> <S NB? NSJ?M |I@ J;LNC=F?M ?R=B;HA?> =NCIH ;N ; >CMN;H=? MO=B ;M NB? AL;PCN;NCIH;F @IL=? 1@ ";LNB IH NB? *IIH Cl
?RJF;CH?> <S NB? ?RCMN?Hfg?d@fipld L;NB?L NB;H <S JJBSMC=;F =IHN;=N *

1B? four basic forces ;L? NB? AL;PCN;NCIH;F @IL=? NB? ?F?=NLIG;AH?NC= @IL=? NB? Q?;E HO=F?;L @IL=? ;H> NB? MNLIHA HO=F?;L @IL
1B?CL JLIJ?LNC?M ;L? MOGG;LCT2BIER.1 0CH=? NB? Q?;E ;H> MNLIHA HO=F?;L @IL=?M ;=N IP?L ;H ?RNL?G?FS MBILN L;HA? NB?

MCT? I@ ; HO=F?0OM IL F?MM Q? >| HIN ?RJ?LC?H=? NB?ENBIOZBNKB?S ;L? =LO=C;F NI NB? P?LS MNLO=NO1B1@?G;NN?L

@IL=?M >?N?LGCH? QBC=B HO=F?C ;L? MN;<F? ;H> QB{8B5-;6? NB? <;MCM |@ NB? L?F?;M? |@ ?H?LAS CH =?LN;CH HO=F?;L
L?;=NCIHM +O=F?;L @IL=?M >?N?LGCH? HIN IHFS NB? MN;<CFCNS I@ HO=F?C <ON ;FMI NB? L?F;NCP? ;<OH>;H=? |@ ?F?G?HNM CH H;
JLIJ?LNC?M |@ NB? HO=F?0OM 1@ ;H ;NIG >?N?LGCH? NB? HOG<?L I@ ?F?=NLIHM CN B;M ;H> NBOM CH>CL?=NFS >?N?LGCH? NB? =B«
NIG *IL? QCFF <? M;C> 1@ ;FF I@ NB?M? NIJC=M CH F;N?L =B;JN?LM

IH=?JN IHH?=NCIHM 1B? #IOL ;MC= #IL=?"M

1B? @IOL <;MC= @IL=?M QCFF <? ?H=IOHN?L?> CH GIL? >?N;CF ;M SIO JLIAL?MM NBLIOAB NB? N?RN 1B? AL;PCN;NCIH;F @IL=? CM >
CHUniform Circular Motion and Gravitation (https://legacy .cnx.org/content/m42140/latest/)  ?F?=NLC= @ILEPCiHc

Charge and Electric Field (https://legacy .cnx.org/content/m42299/latest/)  G;AH?NC= @IL=MaHnetism

(https:/llegacy .cnx.org/content/m42365/latest/)  ;H> HO=F?;L @IL=?MR@Hoactivity and Nuclear Physics

(https://legacy .cnx.org/content/m42620/latest/) H; G;=LIM=IJC= M=;F? ?F?=NLIG;AH?NCMG ;H> AL;PCNS ;L? NB? <;MCM @IL

;FF @IL=?M 1B? HO=F?;L @IL=?M ;L? PCN;F NI NB? MO<MNLO=GRNBZB G;RNMNL>CL?=NFS ?RJ?LC?H=?> IH NB? G;=LIM=1JC=

M=;F?

1L.<F?  -LIJ?LNC?M 1@ NB? #I0OL :MC= #822Mm

$L;PCN;NCIH;F ' 3 ;NNL;=NCP? IHFS $L;PCNIH
"F?=NLIG;AH?N[C= 3 ;NNL;=NCP? ;H> L?JOFMCGBINIH

4 ?;E HO=F?;L N |;NNL;=NCP? ;H> L?JOFMCB? 8 ;
ONLIHA HO=F?;L N [;NNL;=NCP? ;H> L?JOFM@FDIHM

1B? AL;PCN;NCIH;F @IL=? CM MOLJLCMCHAFS Q?;EZCN CM IHFS <?=;0M? AL;PCNS CM ;FQ;SM ;NNL;=NCP? NB;N Q? HINC=? CN ;N ;FF ,
NB? AL;PCN;NCIH;F @IL=? >O2NiifdB2NB ;=NCHA |[H OM ,H NB? P?LS F;LA? M=;F? ;M CH ;MNLIHIGC=;F MSMN?GM NB? AL;PCN;NCIH;F
@IL=? CM NB? >IGCH;HN @IL=? >?N?LGCHCHA NB? GINCIHM |@ GIIHM JF;H?NM MN;LM ;H>A;F;RC?M 1B? AL@CMINCIH;F @IL=? ;FMI ;(
NB? H;NOL? 1@ MJ;=? ;H>NCG? M Q? MB;FF M?? F;N?L CH NB? MNO>S |@ AVH22FEMEMIGPENSH NB? PC=CHCNS 1@ P?LS

G;MMCP? <I>C?M MO=B ;M NB? 00OH ;H>NCG? ;=NO;FFS MFIQM >IQH H?;L G;MMCP? <I>C?M

"F?=NLIG;AH?NC= @IL=?M =;H <? ?CNB?L ;NNL;=NCP? IL L?2JOFMCP? 1B?S ;L? FIHA L;HA? @IL=?M QBC=B ;=N IP?L ?RNL?G?FS F;LA?
>CMN;H=?M ;H>NB?S H?;LFS =;H=?F @IL G;=LIM=1JC=I<D?=NM /?G?G<?L NEeN?&NAM NBRIL=7? NB;N CM CGJILN;HN &@ NB?S

>C> HIN =;H=?F ?F?=NLIG;AH?NC= @IL=?M QIOF> =IGJF?N?FS IP?LQB?FG NB? AL;PCN;NCIH;F @IL=? 1B? ?F?=NLIG;AH?NC= @IL=? CM ;
=IG<CH;NCIH 1@ ?F?=NLC=;F @IL=?M MO=B ;M NBIM? NB;N =;0M? MN;NC= ?F?=NLC=CNS ;H> G;AH?NC= @@22NM ;MO=B ;M NBIM? NB;N ;
=IGJ;MM H??>F? 1B?M? NQI @IL=?M Q7?L? NBIOABN NI <? KOCN? >CMNCH=N OHNCF ?;LFQBPFHNB2C MHENEMNKI <3 A;H NI

>CM=IP?L NB;N NB?S ;@2tC@N G;HC@?MN;NCIHM I@ NB? M;G? @IL=? 1BCM >CM=IP?LS CM ; =ki\fid&toR sf¥t?d& NB?
OCGCF;LEB.C=NCIH N?HMCIH ;H>;FF I@ NB? INB?L =F;MM?M |@ @IL=?M Q? ?RJ?LC?H=? >CI@=NOEMWR:ZINGL RICNS
?F?=NLIG;AH?NC= CHN?L;=NCIHM I@ ;NIGM ;H> GIF?=0F?M &N CM MNCFF =|[HP?HC?HN NI =IHMC>?L NB?M? @IL=?M M?J;L;N?FS CH MJ
;JJFC=;NCIHM BIQ?P2R=;0M? I@ NB? Q;SM NB?S G;HC@?MN NB?GM?FP?M

IH=?JN IHH?=NCIHM 2HC@SCHA #IL=?M

NN?GJINM NI OHC@S NB? @IOL <;MC= @IL=?M ;L? >CM=0OMM?> CH L?F;NCIH NI ?F?G?HN;LS J;LNC=F?M F;N?L CH NBCM N?RN S ]JOH
@CH>CHA =IHH?=NCIHM <?NQ??H NB? @IL=?M NB;N MBIQ NB?NBPS;HCE@®N;NCIHM |@ ; MCHAF? @IL=? "P?H C@ MO=B
OHC@C=;NCIH CM ;=BC?P?> NB? @IL=?M QCFF L?N;CH NB?CL M?J;L;N? =B;L;=N?LCMNC=M IH NB? G;=LIM=1JC= M=;F? ;H> G;S <? C>?
IHFS OH>?L ?RNL?G? =|[H>CNCIHM MO=B ;M NBIM? 2RCMNCHA CH NB? ?;,LFS OHCP?LM?

-BSMC=CMNM ;L? HIQ ?RJFILCHA QB?NB?L NB? @IOL <;MC= @IL=?M ;L? CH MIG? Q;S L?F;N?> NN?GJNM NI OHC@S ;FF @IL=?M CHNI I}
OH>?L NB? LO<LC= 1@ $L;H> 2HC@C?> 1B?IMCTHCHBIQBC=B NB?L? B;M <??H MIG? MO==?MM CH L?=?HN S?;LM &N CM HIQ EHIQH
NB;N OH>?L =IH>CNCIHM 1@ ?RNL?G?FS BCAB >?HMCNS ;H> N?GJ?L;NOL? MO=B ;M ?RCMN?> CH NB? ?;LFS OHCP?LM? NB? ?F?=NLIG
Q?;E HO=F?;L @IL=?M ;L? CH>CMNCHAOCMB;<F? 1B?S =;H HIQ <? =IHMC@AL2HNI 6 HC@’MN;NCIHM 1@ IH? @IL=? =;FF?> NB?

1B? AL;PCNIH CM ; JLIJIM?> J;LNC=F? NBIOAB CN B;M HIN S?N <??H I<M?LP?> <S M=C?HNCMNM 0?? NB? >CM=OMMCIH |@ AL;PCN;l
Q;P?M F;N?L CH NBCM M?=NCIH 1B? ﬁ.NCZS’?M H> ) L? = FF?> P?=NIL <IMIHM NB?M? Q?L? JL?>C=N?><S NB?ILS ;H> @CLMN

I<M?LP?> CH 1B?L? ;L? ?CABN NSJ?M 1@ AFOIHM JLIJIM?> <S M=C?HNCMNM ;H> NB?CL ?RCMN?H=? CM CH>C=;N?> <S G?MIH ?R=B
NB? HO=F?C |@ ;NIGM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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lectroweak @IL=? OI NB? FCMN I@ @IOL B;M <??H L?>0=?> CH ; M?HM? NI IHFS NBL?? #OLNB?L JLIAL?MM CH OHC@SCHA ;FF @IL=?M
Q&C=0FNZ?MJ?=C;FFS NB? CH=FOMCIH I@ NB? AL;PCN;NCIH;F @IL=? QBC=B B;M NB? M@B2ENCHRALNBPMTMNEHWNCERCH

QBC=B NB? INB?L @IL=?M ?RCMN
4BCF? NB? OHC@C=;NCIH |@ @IL="@ BCHERIZ?@CM=0MM @IL=?M CH NBCM N?RN CN CM @;M=CH;NCHA NB;N MO=B OH>?LFSCHA N

?

RCMNM CH NB? @;=? |@ NB? IP?LN =IGJF?RCNS I@ NB? OHCP?LM? 1B?L? CM HI L?;MIH NB;N H;NOL? GOMN <? MCGJF?ZCN MCGJFS (

=NCIH ;N ; ICMN;H=? [IH=?JN @ ; #C?F>

FF @IL=?M ;=N ;N ; >CMN;H=? 1BCM CM I<PCIOM @IL NB? AL;PCN;NCIH;F @IL=? ";,LNB ;H>NB? *IIH @IL ?R;GJF? CHN?L;=N QCNBION =|
CHNI =IHN;=N &N CM ;FMI NLO? @IL ;FF INB?L @IL=?M #LC=NCIH @IL ?R;GJF? CM ;H ?F?=NLIG;AH?NC= @IL=? <?NQ??H ;NIGM NB;N G;
;=NO;FFS NIO=B 4B;N CM CN NB;N =,LLC?M @IL=?M <?NQ??H I<D?=NM ,H? Q;S NI ;HMQ?L NBCM KO?MN@iEieNI CG;ACH? NB;N ;
MOLLIOH>M QB;N?P?L I<D?=N =L?;N?M NB? @IL=? M?=IH>I<D?=N |@e¢?idbjcleE3+;=?> CH NBCM @C?F> QCFF ?RJ?LC?H=7;

@IL=? NB;N CM ; @OH=NCIH I@ FI=;NCIH ;H> INB?L P;LC;<F?M 1B? @C?F> CNM?F@ CM NB? [NBCHA" NB;N =;LLC?M NB? @IL=? @LIG IH’
;HINB?L1B? @C?F> CM >?@CH?> MI ;M NI <? ; =B;L;=N?LCMNC= 1@ NB? I<D?=N =L?;NCHA CN NB? @C?F>>|?M HIN >?J?H> IH NB? N?MN
JF;=?>CHCN ";IMBL;PCN;NCIH;F @C?F> @IL ?R;GJF? CM; @OH=NCIH I@ NB? G;MM I@ ";LNB ;H> NB? >CMN;H=? @LIG CNM =?HN?L
CH>?J?H>?HN |@ NB? JL?M?H=? |@ INB?L G;MM?M 1B? =IH=?IN |@ ; @C?F> CM OM?@OF <?=,0M? ?KO;NCIHM =;H <? QLCNN?H @IL @I
MOLLIOH>CHA I<D?=NM @ILRBECSE?PM N ;N ";LNBM MOL@;=? ;H> GINCIHM =;H <? =;F=0OF;N?> @LIG NB?M? ?KO;NCIHM

Unit 11 -

0?? Figure 2.1

Figure 2.1 1B? ?F?=NLC= @IL=? @C?F> <?NQ??H ; IMCNCP?FS =B;LA?> J;LNC=F? ;H> ; H?A;NCP?FS =B;LA?> J;,LNC=F? 4B?H ; JIMCNCP? N?MN =B;LA? CM JF;=~
@C?F> NB? =B;LA? QCFF ?RJ?LC?H=?; @IL=? CH NB? >CL?=NCIH I@ NB? @IL=? @C?F> FCH?M

IH=?JN IHH?=NCIHM #IL=? #C?F>M

1B? =IH=?JN |@ force field CM ;FMI OM?> CH =IHH?=NCIH QCNB ?F?=NLC= =B;LA? ;H> CMJtL2MZHMN?p @Hd Electric

Field (https://legacy .cnx.org/content/m42299/latest/) &N CM ;FMI ; OM?@OF C>?; @IL ;FF NB? <;MC= @IL=?M ;M QCFF <? M??H CH
Particle Physics (https://legacy .cnx.org/content/m42667/latest/)  #C?F>M B?FJ OM NI PCMO;FCT? @IL=?M ;H> BIQ NB?S ;L?
NL;HMGCNN?> ;M Q?FF ;M NI >?M=LC<? NB?G QCNB JL?=CMCIH ;H> NI FCHE @IL=?M QCNB MO<;NIGC==;LLC?L J;LNC=F?M

1B? @C?F> =IH=?JN B;M <??H ;JJFC?> P?LS MO==?"MM@OFFS Q? =;H =;F=0F;N? GINCIHM ;H> >?M=LC<? H;NOL? NI BCAB JL?=CMCIH ON
?KO;NCIHM M OM?@OF ;M NB? @C?F> =IH=?JN CNI FRIQ?RPOH;HMQ?L?> NB? KO?MNCIH I@ QB;N =,LLC?M NB? @IL=? &N B;M <??H
JLIJIM?> CH L?=?HN >?=;>?M MN;LNCHACH QCNBO&ERAEC6Y QILE IHNB? MNLIHA HO=F?;L @IL=? NB;N ;FF @IL=?M

;L? NL;HMGCNN?> <S NB? ?R=B;HA? |@ ?F?G?HN;LS J2NEHFCMGIFCT? J;,LNC=F? ?R=B;HA? ;M ;H;FIAIOM NI G;=LIM=1JC=

JB?HIG?H; MO=B ;M NQI J?I1JF? J;MMCHA ; <;ME?N<;FF <;=E ;H> @ILNB NB?L?<S ?R?LNCHA ; L2JOFMCP? @IL=? QCNBION NIO=BCHA IH~

;HINB?L 0?? Figure 2.2
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Figure 2.2 1B? ?R=B;HA? |@ G;MM?M L?MOFNCHA CH L?JOFMCP? @IL=?M ; 1B? J?LMIH NBLIQCHA NB? <;ME?'NQFFH'XRQ[[‘NQ;L?@‘“B9?INB?L
J?LMIH ;H> @??FM ; L?;=NCIH @1L#?‘,Q;S @LIG NB? M?=IH>J?LMIH < 1B? J?LMIH =;N=BCHA NB? <;ME?N<;FF ?R?LNI@; @ICANI MNIJ NB? <;FF

;H>@7??FM ; L?;=NCIH @ILg'%t ;Q;S @LIG NB? @CLMN J?LMIH = 1B? ;H;FIAIOM ?R=B;HA? 1@ ; G?MIH <?NQ??H ; JLINIH ;H>; H?ONLIH =;LLC?M NB?

MNLIHA HO=F?;L @ILl:?MD H> po <?NQ??HNB?G H;NNL;=NCP? @IL=? =;H ;FMI <? ?2R?LN?> <S NB? ?R=B;HA? |@ ; G;MMZC@ J?LMIH JOFF?> NB?
<;ME?N<;FF ;Q;S @LIG NB? @CLMN J?LMIH ;M B? NLC?> NI L?N;CH CN NB?H NB? @IL=? <?NQ??H NB?G QIOF> <? ;NNL;=NCP?

1BCM C>7?; 1@ J;LNC=F? ?R=B;HA? >??J?HM L;NB?L NB;H =IHNL;>C=NM @C?F> =IH=?JNM &N CM GIL? M\;NCM@SCHA JBCFIMIJBC=;FFS |
MIG?NBCHA JBSMC=;F ;=NO;FFS GIPCHA <?NQ??H I<D?=NM ;=NCHAzNI¢ 2CMFRCIN#M NB? ?R=B;HxaPrier particles  <INB

IKM?LP?> ;H> JLIJIM?> NB;N =,LLS NB? @IOL @IL=?M ON NB? L?;F @LOCN I@ NB? J;,LNC=F? ?R=B;HA? JLIJIM;F CM NB;N M?;L=B?M @IL
60E;Q;\M JLIJIM?> J;,LNC=F? @IOtxdCMOG<?L I@ INB?LM NB;N Q?L? =IGJF?N?FS OH?RJ?=N?> MNCGOF;NCHA S?N GIL? L?M?;L=B FF
I@ NBCM L?M?;L=B ?P?HNO;FFS F?> NI NB? JLIJIM;F I@ KO;LEM ;M NB? OH>?LFSCHA MOIBICEBENO ZM@-GYVIN?N I $21

&@ MO==?MM@OF NB?M? NB?ILC?M QCFF ?RJF;CH HIN IHFS @IL=?M <ON ;FMI NB? MNLIBSN@=M@ 5 ; NN\'RICINDE"FHN; B

M=C?H=? MINB? N?MN I@ NB?M? NB?ILC?M GOMN FC? CH NB? >IG;CH |@ NB? L?;F QILF> MI@ NBCM QLCNCHA M=C?HNCMNM ;N NB
CH OQCNT?LF;H> ;L? MN;LNCHA NI N?MN NB?M? NB?ILC?MORVIGYPMNEPLQICER? ;==?F?L;NIL NB? );LA? %;>LIH 1BRDA?L

;==?F?LNIL  EG CH =CL=0G@7?L?H=? ;FFIQM NQI BCAB ?H?LAS JLINIH <?;GM NL;P?FCHA CH I1JJIMCN? >CL?=NCIHM NI =IFFC>? H ?H
1@ NLCFFCIH ?F?=NLIH PIFNM QCFF <? ;P;CF;<F? &N CM ;HNC=CJ;N?> NB;N MIG? H?Q J;LNC=F?M JIMMC<FS @IL=? =;LLC?L J;,LNC=F?
0?? Figure 2.3 ,H? 1@ NB? @IL=? =,LLC?LM I@ BCAB CHN?L?MN NB;N L?M?;L=B?LM BIJ? NI >?N?=N CM NB? %CAAM <IMIH 1B? I<M?LP;!
I@ CNM JLIJ?LNC?M GCABN N?FEOMRABES :8@=-F?M BaP2 280 G;MM?M

Figure 2.3 1B? QILF>M F;LA?MN J;LNC=F? ;==?F?L;NIL MJ;HM NB? <IL>?L <?NQ??H 0QCNT?LF;H>QH>#EM =L P?FCHA CH 1JJIMCN? >CL?=NCIHM

=FIM? NI NB? MJ??> 1@ FCABN =IFFC>? CH ; NO<? MCGCF;L NI NB? =?HNL;F NO<? MBIQH B?L? "RN?LH;F G;AHYNWNB?Q32ECH>RIB?=MI|BA QCFF

;H;FST? J;,LNC=F?M =L?;N?> CH NB?M? =IFFCMCIHM .O?MNCIHM ;M <LI;> ;M QB;N CM NB? ILCACH I@ G;MM ;H> QB;N Q;M G;NN?L FCE? NB? @CLMN @?Q M?=IH
OHCP?LM? QCFF <? ?RJFIL?> 1BCM ;==?F?L;NIL <?A;H JL?FCGCH;LS 1J?L;NCIH CH =L?>CN #L;HE %IGG?M

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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1CHS J;,LNC=F?M ;FMI B;P? Q;P? FCE? <MNBIB@NBCHA Q? QCFF ?RJFIL? GIL? CH ; F;N?LHB3INR?L OH>?LMN;H> @IL=? =,LLC?L

J;LNC=F?M @LIG ;HINB?L J?LMJ?=NCP? F?N OM =IHMB3NIAL:BGNE AL;PCN;NCIH;F Q;P?M B;M <??H AICHA IH @IL ; HOG<?L |@

S?LM FGIMN  S?;LM;Al "CHMN?CH JL?>C=N?>NB? ?RCMN?H=? 1@ NB?M? Q;P?M ;M J;LN I@ BCM A?H?L;F NB?ILS I@ L?F;NCPCNS

$L;PCN;NCIH;F Q;P?M ;L? =L?;N?>>0OLCHA NB? =IFFCMCIH I@ G;MMCP? MN;LM CH <F;=E BIF?M IL CH MOJ?LHIP; ?RJFIMCIHMZFCE? ME

Q;P?M 1B?M? AL;PCN;NCIH;F Q;P?M QCFF NL;P?F NBLIOAB MJ;=? @LIG MO=B MCN?M GO=B FCE? ; J?<<F? >L1JJ?> CHNI ; JIH> M?H>M IC

LCJIIF?MZ?R=?IN NB?M? Q;P?M GIP? ;N NB? MJ??> @ FCABN >?N?=NIL ;JJ;L;NOM B;M <??H <OCFN CHNB?20 =IHMCMNCHA I@ NQI |

CHMN;FF;NCIHM H?,LFS  EG ;J;LNZIH? QWBLCHANIH MN;N? ;H> I[H? CH )IOCMC;H; 1B? @;=CFCNS CM =;FF?> NB? );M?L &HN?L@?LIG?N?

$L;PCN;NCIH;ER? ,<M?LP;NILS )&$, ";=B CHMN;FF;NCIH CM >?MCAH?> NI OM? IINC=;F F;M?LM NI ?R;GCH? ;HS MFCABN MBC@N CH NB’

L?F;NCP? JIMCNCIHM I@ NQI G;MM?M >O@RENB@2@®;PCNS Q;P?M 1B? NQI MCN?M ;FFIQ MCGOFN;H?I0OM G?;MOL?G?HNM I@ NB?M?

MG;FF @@=NM NI <? M?J;L;N?> @LIG INB?L H;NOL;F JB?HIG?H; MO=B ;M ?;LNBKO;E?M &HCNC;F 1J?L;NCIH I@ NB? >?N?=NILM <?A;H CH
;H> QILE CM JLI=??>CHA IH CH=L?;MCHA NB?CL M?BNIGRERCMB/N;FF;NCIHM B;P? <??H <OCFN CH &N;FS 3&/$, $?LG;HS

$, H>3JH 1 *  NIJLIPC>?; QILF>QC>? H?NQILE 1@ AL;PCN;NCIH;F Q;P? >?N?=NILM

&HN?LH;NCIH;F =IFF;<IL;NCIH CH NBCM ;L?; CM GIPCHA CHNI MJ;=? QCNB NB? DICHN "2 20 JLID?=N )&0 );M?L &HN?L@7?LIG?N?L 0J;=?

HN?HH; ";LNBKO;E?M ;H> INB?L ";LNBFS HICM?M QCFF <? HI JLI<F?G @IL NB?M? GIHCNILCHA MJ;=?=L;@N )&0 QCFF =IGJF?G?HN )&$,

<S FIIECHA ;N GO=B GIL? G;MMCP? <F;,=E BIF?M NBLIOAB NB? I<M?LP;NCIH I@ AL;PCN;NCIH;F Q;P? MIOL=?M ?GCNNCHA GO=B F;LA?L

Q;P?F?HANBM 1BL?? M;N?FFCN?M QCFF <? JF;=?> CH MJ;=7? ;<IP? ";LNB CH ;H ?KOCF;N?L;F NLC;HAF? QCNBgure EG MC>?M

2.4 1B? MSMN?G QCFF G?;MOL? NB? L?F;NCP? JIMCNCIHM I@ ?;=B M;N?FFCN? NI >?N?=N J;MMCHA AL;PCN;NCIH;F Q;P?M ==0L;=S NI
1@ NB? MCT? I@ ;H ;NIG QCFF <? H??>?> NI >?N?=N ;HS Q;P?M 1B? F;0H=B I@ NBCM JLID?=N GCABN <? ;M ?;LFS ;M

O1Om sure LIGO will tell us something about the universe that we didnOt know before. The history of science tells us that any time
you go where you havenOt been before, you usually find something that really shakes the scientific paradigms of the dayWhether
gravitational wave astrophysics will do that, only time will tell. 0z!;PC> /?CNT? )&$, &HJON ,JNC=M *;H;A?RHCP?LMCNS 1@ #FILC>;

Figure 2.4 03;=? <;M?> @ONOL? ?RJ?LCG?HNM @IL NB? G?;MOL?G?HN I@ AL;PCN;NCIH;F Q;P?M 0BIQH B?L? CMI;IbL@CHAB®@)ROFFCN? |@ )&0
QCFF =IHMCMN 1@ ; F;M?L MIOL=? ;H>; G;MM 1B? F;M?LM QCFF NL;HMGCN ; MCAH;F NI G?;MOL? NB? >CMN;H#? N?NQGH/R=BB?2; N?FRCPA
GINCIH 1@ NB?M? G;MM?M QCFF JLIPC>? CH@ILG;NCIH ;<ION J;MMCHA AL;PCN;NCIH;F Q;P?M =L?>CN +0

1B? C>?;M JL?M?HN?> CH NBCM M?=NCIH ;L? <ON ; AFCGJM? CHNI NIJC=M I@ GI>?LH JBSMC=M NB;N QCFF <? =IP?L?> CH GO=B AL?;N"
F;N?L =B;JN?LM

2.3 Weight and Gravity

1BCM M?=NCIH CM ;FMI ;P;CF;<F? ;M ; PC>?| ;P;CF;<FEp871Avw .youtube.com/watch?v=5RINj5liThg
(https://www .youtube.com/watch?v=5RiNj5liThg)

$L;PCNS CM |H? I@ NB? @OH>;G?HN;F @L>~ANCHA NI ?RJIF;CH AL;PCN;NCIH;F CHN?L;=NCIHM CH N?LGM I@ NB? C>?; |@ NB? AL;PCN;NC
@C?F> QBC=B Q? CH>C=;N? <S NB? FCNRIFF BZNNIPA AIB;N NBCM @C?FBCM=PIBRIECNNF? P?=NIL MSG<IF ;<IP? NB?

P;LC;<F? #\L? AICHA NI >?M=LC<? QB?H NB? MI =;FF?> @F;N ?;LNB AL;PCNS CM ; P;FC> ;JJLIRCG;NCIH

0l F?NVI NBCHE ; FCNNF? <CN ;<ION NB? BCMNILS 1@ JBSMC=M\ OH>?LMN;H>CHAB@ ®BRNINL:-Z2F@M5RCNSCIH |@ NB? @IL=? |@
AL;PCNS =IG?M @QLIG &M;;=+?QNIHCH  &M;;= +?QNIH Q;M NB? @CLMN J?LMIH NI NBCHE ;<ION NB? @;=N NB;N NB? M;G? @IL=? NB;N
=,0M?M ;H ;JJF? NI @;FF @LIG ; NL?? E??JM NB? GIIH CH IL<CN ;LIOH> NB? ";LNB INB ;L? =IHM?KO?H=?M 1@ NB? @NL=? |@ AL;PCNS
SIO GCABN M;S NI SIOLM?F@ NB? ;JJF? @;FFM MNL;CABN >IQH QBCF? ?P?LSIH? EHIQM NB;N NB? GIIH AlI?M ;LIOH> ;H> ;LIOH> ;H>
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;LIOH> 1B?M? M??G FCE? @OH>;G?HNFASHEI@INCIHM

%7?LM ;H ;JIJF?N NB;N =;H B?FJ OM NBCHE ;<ION AL;PCNS FCE? &M;;:t#PQNi#dw»&»screaming.net/revision/

force&motion/ncananim.htm (http://waowen.screaming.net/revision/force&motion/ncananim.htm) C@ SIO =;HHIN A?N NB?

;JJF?N NI QILE NB?®10<? P?LMCIH 1@ NBCM M?=NCIH B;M ; LOH NBLIOAB I@ NBCM ;JJF?N -F;S ;LIOH> QCNB NB? P?FI=CNC?M NLS F;
NB?<;FF;N GM GM ;H> GM #ILNB? GM;H> GMF,0H=B NB? =;HHIH<;FF MBIINM ION AI?M MIG?

>CMN;H=? ;H>NB?H @;FFM NI NB? ?;LNB B@BQ?2PRHIH<;FF;N G M ;=NM >@@.?HNB3 =;HHIH<;FF H?P?L ;=NO;FFS BCNM NB?

?;,LNB &N E??IM @;FFCHA ;LIOH> ;H> ;LIOH> ;H> ;LIOH> ;H> ;LIOH> QCNBION ?P?L BCNNCHA ;H>NBCM CM NB? =L®IR I@ QB;N ;H IL<CN
@;FFCHA ;H>NB?H GCMMCHA 1B? L?;MIH SIO GCMM CM <?=;0M? NB? ?;LNB @;FFM ;Q;S @;MN?L NB;H SICH® FMBONQ;L>M NB? =?HN?L
Q;M &M;;= +?QNIHY L?;FCT;NCIH NB;N NB? M;G? @IL=? 1@ ;NNL;=NCIH NB;N JOFFM ;H ;JJF? NI NB? ALIOH> BIF>M NB? GIIH CH IL<CN ;LIC
NB? ?;LNB

1BCM Q;M ; P?LS L?PIFONCIH;LS C>?; @IL NB? NCG? <?=;0M? <;=E CH NB? NB =?HNOLS CN @ RLRIBNAEBWVINE;N B Qi

1J7L;N?> [H ?;LNB NB?H [J?L;N?> CH [NB? B?;P?HM”" ;M NB?S =;FF?> CN ;N NB;N NCG? 0l ;JJF? @;FFCHA ;H> GIIH IL<CNCHA L?F;N?><S |
@OH>;G?HN;F C>?; |@ ALIBBTNGCM IH? |@ NB? GIMN JIQ?L@OF ;H> @CLMN ?R;GJF?M |@ ; MCHAF? @OH>;G?HN;F C>?; ?RJF;CHCHA ; P
1@ >@@L?HN JB?HIG?H; ;H>L?;FFS MBIQM SIO NB? JIQ?L I@ @OH>;G?HN;F C>?;M CH JBSMC=M

0l F?NVI MNIJ ;H> NBCHE @IL ; M?=IH> %IQ >I?M NB? GIIH IL C@ SI®BZ?@™? EHIQ NB;N NB? ?;,LNB CM NB?L? & G?;H NB?

GlIHCM P?LS @;L ;Q;S @LIG NB? ?;LNBHI&NNIO=BCHA NB? ?;LNB BIQ >I?M NB? GIIH EHIQ NB;N NB? ?;LNB CiRNBRIL?=4

+?QNIH BCGM?F@ =IOF> HIN =IG? OJ QCNB ; J;LNC=0F;LFS All> ;HMQ?L NI NBCM KO?MNCIH %? =;FF?> CN ][;=NCIH ;N ; >CMN;H=?" ;H> N
F?@N CN ;N NB;NNBRX;S Q? GI>?LH JBSMC=CMNM ?HPCMCIH NBCM CM Q? M;S NB;N NB? ?;LIMEEATRILMI?MLCBINYNCIH; F

@C?F> ;H>NBCM AL;PCN;NCIH;F @C?F> CM ;H CHPCMC<F? @C?F> NB;N ?RN?H>M ION @LIG NB? ?;LNB CH ;FF >CL?=NCIHM 1BCM CM
NB;N Q? CH>C=;N? CH NBCM =F;MM <S FCNNF? A ;H> CN BN;; PEANEBRHEMIBAFCNNF? P?=NIL MSG<IF ;<IP? NB? A 1B? GIIH

>|?M NIO=B NB? AL;PCN;NCIH;F @C?F> <?=;0M? NBCM AL;PCN;NCIH;F @C?F> NB?M? ;L? DOMN MIG? M;GJF? FCH?M NB? AL;PCN;NCIF
?P?LSQB?L? MINB? GIIH >I?M NIO=B NB? AL;PCN;NCIH;F @C?F> I@ NB? ?;LNB ;H> CN L?MJIH>M NI NBCM AL;PCN;NCIH;F @C?F> <S @~
@IL=? ;H>NB? G;AHCNO>? |@ NBM@HL=? IL NB? G;AHCNO>? |@ NB? @IL=? @LIG NB? ?;LNB IH NB? GIIH CM NB? G;AHCNO>? |@ NB?
AL;PCN;NCIH;F @C?F> @LIG NB? ?;,LNB ;N NB? MJIN I@ NB? GIIH GOFNCJFC?> <S NB? G;MM 1@ NB? GIIH

1BCM CM NB? @OH>;G?HN;F C>?; 1@ NB? @C?F> 1BCM @C?F> =IH=?JN QCFF <? OM?> ;N AL?;N GIL? F?HANB CH -BSMC=M CH NB? =
?F?=NLC= @C?F> )IIECHA ;N NBCM >?@CHCNCIH |I@ @IL=? CH N?LGM I@ AL;PCN;NCIH;F @C?F> Q? =;H M?? NB? OHCNM I@ AL;PCN;N(
1@ @IL=?;L? H?QNIHM NB? OHCNM |@ G;MM ;L? ECFIAL;GM ;H> NB?L?@IL? NB? OHCNM |@ NB? AL;PCN;NCIH;F @C?F> GOMN <? H?QN
ECFIAL;GM IL J?1JF? QCFF M;S CN H?QNIHM J?L ECFIAL;G

0l F?NVI L?PC?Q NB? @OH>;G?HN;F @?;NOL?M |@ NBCM AL;PCN;NCIH;F @C?F> "P?LS I<D?=N QCNB G;MM HIN DOMN JF;H?NM <ON ?P
G;MM CH=FO>CHA SIOLM?F@ A?H?L;N?M ; AL;PCN;NCIH;F @ OFEH?NONNFNB?4KFS NBCHAM NB;N A?H?L;N? <CA ?HIOAB
AL;PCN;NCIH;F @C?F>M N£GINRPPLSNBCHA A?H?L;N?M ; AL;PCN;NCIH;F @C?F> "P?LS I<D?=N QCNB G;MM CHN?L;=NM QCNB ;FF NB? (
;LIOH> CN <S @??FCHA ; @IL="

0l CHNB? =M? 1@ IOL ;JJF? NB? ?;LNB A?H?L;N?M ; AL;PCN;NCIH;F @C?F> >IQH ;H> NB? ;JJF? CHN?L;=NM QCNB NB;N @C?F> <S @??F
@IL=? NIQ;L>M NB? ";.LNB 6CABN ;ME SIOLM?F@ ]Q?FF >I?MH\N NB? ;JJF? A?H?L;N? CNMNQNERCRIE?">I8M A?H?L;N?

CNM IQH @C?F> ;F<?CN ; P?LS NCHS IH? MINB? ;JJF? QCFF ;FMI A?H?L;N? ; P?LS NCHS @C?F> NIQ;L>M CN ;H> NB? ?;LNB QCFF L?MJ
NCHS @C?F> <S @??FCHA ; @IL=? DBFQN;RE AFCNNF? <CN GIL? ;<ION NBCM M??GCHA J;L;>IR Q? >IH\N M?? NB? ?;LNB GIP? CH =F;MM
<ON CN CM NLO? 0l ?P?LS I<D?=N CHN?L;=NM QCNB ;FF NB? INB?L @C?F>M <S @?MCIEA L@ HNNCIICECM GG\ NB;N

I<D?=NM >IH\N IL CHN?L;=N QCNB NB?CL IQH @C?F> NB?S IHFS CHN?L;=N QCNB NB? MOLLIOH>CHA @C?F>M 0l NB? ;JJF? CHN?L;=NN
NB? ?;LNB ;H> NB? ?;LNB CHN?L;=NM QCNB NB? @C?F> @LIG NB? ;JJF? 1B? ?;LNB >I?MH\N CHN?L2¥P(FLRB-SNMFEQH @C?F> 4

;<ION NB? @;=N NB;N NB? OHCNM I@ A ;L? H?QNIHM J?L ECFIAL;G ;H>NB? =IHM?KO?H=? 1@ NBCM CM NB;N ?P?LS I<D?=N CH NB? OHC
G;MM ;NNL;=NM ?;=B INBPLLHS NQI I<D?=NM QCNB G;MM CH NB? ?HNCL? OHCP?LM? ;NNIQBC2BBIEN F?;> SIO NI NB?

KO?MNCIH ]OBS >I?MH\N NB? QBIF? OHCP?LM? DOMN =IFF;JM? * &@ ?P?LSNBCHA QCNB G;MMCMNMRNEMIRCHA ?;=B INB?L
?P?LSNBCHA Q? DOMN @;FF CHNI IH? <CA AEHNEEZ;BIMQ?L CM NB;N NB? @C?F> ;H> NB?L?@IL? NB? @IL=? MCH=? NB? @IL=? CM ?K(
NB? G;MM I1@ ;H I<D?=N NCG?M NB? @C?F> A?NM MG;FF?L QCNB >CMN;H=? 0| C@NBBaDCZFQOPNNMNGIEFPEBCM

A?NM MG;FF?L QCNB >CMN;H=? @LIG NB? =?HN?L |@ NBNBDR2R?BBIN\KO;HNCNS HIN >CMN;H=? @LIG NB? MOL@;=? <ON >CMN;H="?
@LIG NB? =?HNBICM B;M CGJILN;HN CGJIFC=;NCIHM @IL IOL =F;MM

0l BIQ;L? Q? AICHA NI >?;F QCNB AL;PCNS CH NBCM =F;MM /RB?@4<?RCN;NCIH;F @C?F> A?NM Q?;E?L ;M NB? >CMN;H=? @LIG NB?
=?HN?L |@ NB? I<D?=N CH IOL =;M? NB? ?;,LNB <?=,0M? Q?\L? ;FF IH NB? ?;,LNB CH=L?;M?M &H NBCM =IOLM? Q?\L? AICHA NI <? >?;FC
QCNB ?P?LS>;S B?CABNM NB;N Q? ;FF =;H ?RJ?LC?H=? 1B?M? ;L? ;FF P?LS MG;FF =IGJ;L?> NI NB? L;>COM I@ NB? ";LNB 1B? L;>COM I@
“LNBCM : G?N?LM GCFFCIH G?N?LM "P?H C@ SIO Q?L? NI Al NI NB? N1J 1@ *IOHN "P?L?MN QBC=B CM NB? BCAB?MN GIOHN;CH IH
";LNB ;M SIO JLI<;<FSEHIQ NB;N\ MNCFF ;H IHFS ;H ?RNL; G?N?LM ;H> SIO\P? IHFS CH=L?;M?> SIOL >CMN;H=? @LIG NB? =?HN?L

I@ NB? ?;LNB <S ; P?LS NCHS ;GIOHN 1BOM @IL NBCM =IOLM? Q? ;L? ;FQ;SM ?MM?HNC;FFS NB? L;>COM |@ NBZRLOE @LIG NB? =?HN
=;FF?>NB? J@F;N ?;LNB ;JILIRCG;NCIH" HIQ NBCM GCABN M??G FCE? ; P?LS MNL;HA? C>?; SIO\L? CH ; OHCP?LMCNS JBSMC=M =F;MM
N;FECHA ;<ION NB? ?;LNB <?CHA2@BFQ?Y.? HIN L?;BFBL? G;ECHA ;H ;JJLIRCG;NCIH ;N NB? ?;LNB CM @F;N ;H>NB? ;JJLIRCG;NCIH

CM CH INB?L QIL>M NB;N NB? ?;LNB CM P?LS <CA =IGJ;L?> NI ;HSNBCHA ?FM? Q?\L? >?;FCHA QCNB "P?H =IGJ;L?> NI *IOHN "P?L?MN NE
?;,LNB CM BOA? ;H>MI Q? =;H NL?;N CN ;M P?LS <CA CH QBC=B =;M? CN CM ?MMRNBERPHE QEI$ AION NB? @;=N NB;N NB?

?;LNB CM LIOH> MI NB@M,BR&> NB? J@F;N ?;LNB ;JIJLIRCG;NCII@+80 Q?L? NI Al NI MN8? GIIH QBC=B CM G;HS NCG?M

@OLNB?L ;Q;S NB;H NB? MCT? |@ NB? ?;LNB NBCM ;JJLIRCG;NCIH QIOF> HI FIHA?L <? P;FC> <ON C@ SIO\L? =FIM? NI NB? MOL@;=7 |@
;H>NBCM ;JILIRCG;NCIH CM All> NB?H NB? AL;PCN;NCIH;F @C?F> CM AICHA NI <? ?MNUINBFF-6 FFENAIPMLSAINCHS

;GIOHNM L?F;NCP? NI NB? L;>COM I@ NB? ?;LNB MI NB? AL;PCN;NCIH;F @C?F> ;M @;L ;M Q? ;L? ?P?L AICHA NI ?RJ?LC?H=? CM HIN L?;F
NI =B;HA? &M\AICHA NI <? =IHMN;HN 1BCM =IHMN;HN P;FO? B;M <??H G?;MOL?> NI<? H?QNIHM J?L ECFIAL;G 1B?L?@IL? CH NBCM
=F;MM Q? QCFF M;S NB;N NB? @IL=? 1@ AL;PCNS @LIG NB? ?;LNB IH ;H I<D?=N QB;N?P?L CN CM ;H> @IL=?M ;L? P?=NILM QCFF <? NB"
NB? I<D?=N M;S ;H;JJF? NCG?M A QB?L? NBCM ACM H?QNIHM J?L ECFIAL;G

4 ? QCFF ;FMI I==;MCIH;FFS MJ?;E |@ NBCM @IL=? |@ AL;PCNS ;M NB? Q?CABN @IL=? 1BCM CM DONN 2K@RIF2HRHN N?LGCHIFIAS
H;G?M @IL NB? M;G? NBCHA 1B? Q?CABN @IL=? CM I@N?H CHAGSENZMIONILMI ;A;CH CN QIOF><? NB? Q?CABN @IL="?

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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QIOF><? NB? G;MM 1@ NB? I<D?=N NCG?M A QB?L? NBCM A CM MNCFF NB? H?QNIHM J?L ECFIAL;G 1BCM CM BIQ Q? QCFF >?;F QCI
@IL=? ;H> AL;PCN;NCIH;F @IL=?M CH NBCM =F;MM <ON & NBIOABN CN L?F?P;HN NI <LCHA OJ QBS NB? GIIH AI?M ;LIOH> NB? ?;LNB BIC
=IHH?=N?> NI @;FFCHA I<D?=NM <?=;0M? CN >?GIHMNL;N?M NB? JIQ?L |@ @OH>;G?HN;F C>?;M

2.4 Normal Force

Your Quiz will Cover
_ ?@CHCHAHILG;F @IL=? CH SIOL IQH N?LGM
_ &?HNC@SCHA NB;N HILG;F @IL=? CM ; =IHMNL;CHN @IL=? C? B;M HI @ILGOF;

1B? AlLF 1@ NBCM M?=NCIH CM NI CHNLI>O=? SIO NI MIG? |@ NB? <;MC= JLIJ?LNC?M I@ NB? HILG;F @IL=? 0l QB;N CM NB? HILG;F @IL=
HILG;F @IL=? CM NB? @IL=? NB;N E??JM I<D?=NM @LIG J;MMCHA NBLIG/BFHBRIBIE? CM NB;N |@ ; <IlE MCNNCHA IH ;

N;<F? 1B? @IL=? 1@ AL;PCNS NLC?M NI JOFF NB? <IIE >IQH NBLIOAB NBYB?.<HE =FPNLHB Al NBLIOAB NB? N;<F? ;H> MI

Q7?;L? @IL=?> NI =IH=FO>? NB;N NB?L? GOMN <? MIG? NSJ? |@ @IL=? @LIG NB? N;<F? IH NB? <IlE JOMBCHA OJQ;L>® NI <;F;H=? NBCM
=,FF NBCMni¢BRal force &H A?H?L;F ; HILG;F @IL=? =;H <? NBIOABN I@ ;M ;HS NCG? IH? I<D?=N JOMB?M&H RBIB?L

?R;GJF? 1@ NB? <IIE IH NB? N;<F? NB? N;<F? CM JOMBCHA IH NB? <IIE OJQ;L> E??JCHA CN @LIG @;FFCHA NBLIOAB

Figure 2.5 <IIE MCNNCHA IHNIJ 1@ ; N;<F? 1B? HILG;F @IL=? @LIG NB? N;<F? IH NB? <IIE <;F;H=?M NB? @IL=? |@ AL;PCNS @LIG NB? ";LNB IH NB? <IIE
JL?P?HNCHA NB? <IIE @LIG @;FFCHA NBLIOAB NB? N;<F?

HINB?L ?R;GJF? QCNB ;H ;=NCP? ;A?HN CM ; J?LMIH JOMBCHA IH ; <IR 4B;N CM NB? @IL=? MNBRGIR@INF? @LIG NB?
B;H>IH NB? <IR ;N NB? GIF?=0OF;L F?P?F 1B? HILG;F @IL=? ;LCM?M @LIG NB? ?F?=NLIHM CH IH? MOL@;=? L?J?FFCHA NB? ?F?=NLIHM (
INB?L MOL@;=? <ON Q? IP?LFIIE NBCM GC=LIM=1JC= F?P?F >?N;CF ;H> D@MN;RBNBRBMN@®=7

&M QILNB N;ECHA ; @?Q GCHON?M NI N;FE ;<ION NB? =IHH?=NCIHM <?NQ??H NB? HILG;F @IL=? ;H>; M=;F? 1B? KO?MNCIH ?MM?HNC;]

QB;N >l M=;F?M ;=NO;FFS L?;>?BF SIO GCABN NBCHE NB;N ; M=;F? DOMN L?;>M NB? ;GIOHN I@ Q?CABN JON IH CN &H NB? JC=NOL? ;
AL;G Q?CABN CM JF;=?> |H ; M=;F? ;H>NB? M=;F? L?;>M AL;GM %IQ?M®;W HIN ;FF M=;F?M =;H G?;MOL? 4B?H NB?

M=;F? CM JOMB?> >IQH IH SIO =;H M?? NB;N NB? HOG<?L AI?M OJ 0l QB;N >I?M NBCM M=;F? ;=NO;FFS G?;MOL? &N G?;MOL?M NB?

;GIOHN 1@ @IL=? <?CHA ;JJFC?> NI NB? M=;F? &H ?MM?H=? NBCM M=;F? L?;>M NB? HILG;F @IL="?
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Figure 2.6~ AQ?CABN L?MNCHA IH NIJ 1@ ; M=;F? 1B? M=;F? L?;>M NB? @IL=? ?R?LN?>IH CN QBC=B CM NB? @IL=? |@ NB? Q?CABN ;H> NB? @IL=? ?R?LN?>
@CHA?L

CH MOGG;LE=;F?M G?;MOL? NB? @IL=? QCNB QBC=B SIO JL?MM IH NB?G 1B?S G?;MOL? NB? @IL=? QCNB QBC=B |H? I<D?=N GS @CH.
;H>NBCM Q?CABN JOMB IH ;HINB?L NB? JF;N@ILG 1@ NB? M=;F? 0=;F?M G?;MOL? NB? HILG;F @IL=? 1BCM CM ;H CGJILN;HN @;=N NI
L?G?G<?L ;M Q? QCFF <? OMCHA ; P,LC;HN |@ ; M=;F? EHIQH ;M ; @IL=? JF;N? CH =F;MM

0l F?NVI MOGG;LCT? NB? =B;L;=N?LCMNC=M 1@ NB? HILG;F @IL=? 1B? HILG;F @IL=? CM ; =IHN;=N @IL=? 1B? NQI I<D?=NM GOMN <? C}
=IHN;=N @IL NB? HILG;F @IL=? NI <? JL?M?HN 1B? HILG;F @IL=? CM ;FMI ; =IHMNL;CHN @IL=? 1BCM BP@NMOB ®B?NB?

G;AHCNO>? |@ NB? HILG;F @IL=? CN N;E?M IH QB;N?P?L P;FO? CM H?7?>?> NMEA?2ZHPONBINLOMERMI CGJILN;HN NI

L?G?G<?L NB;N NB? HILG;F @IL=? CM ;FQ;SM Q?FF HILG;F +ILG;F G?;HM J?LJ?H>C=0F;L CH G;NB?G;NC= ?M? ;H>NB? HILG;F @IL=? Cl
;FQ;SM J?LJ?H>C=0F;L NI NB? MOL@;=? GIMBIZ;EBEN;HN NI L?G?G<?L NB;N M=;F?M G?;MOL? NB? HILG;F @IL="?

2.5 Tension

1BCM M?=NCIH B;M NQI J;,LNM 1B? @CLMN J;LN CM ;H ?R;GJF? QCNB ; JOFF?S NI B?FJ SIO >?P?FIJ ;H OH>?LMN;H>CHA |@ N?HMCIH
;H ?P?LS>;S ?R;GJF? ;H>NB? M?=IH> J;LN CM NB? N?RN @LIG NB? ,J?HON;R <IIE

11 ?RJIFIL? NBCM N?HMCMI=H2MC>?L ; =L;N? MOMJ?H>?> ;<IP? NB? ALIOH> B?F>0J <S; LIJ?

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWHFAA=3HN?HN =IF
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1BCM LIJ? AI?M IP?L ; JOFF?S NI SIO ;N NB? INB?L ?H> 1@ NB? LICN €3 <? I<PCIOM NI SIO NB? ;HMQ?L NI NB? KO?MNCIH ]JOB;N
BIF>M OJ NB? MN;NCIH;LS =L;NZFF ANB? LIJ? >I?M <ON Q? Q;HN NI ?RJFIL? NBCM MCNO;NCIH OMCHA IOL JBSMC=M F;HAO;A?

)?NM =IHMC>?L NBCM MCNO;NCIH @LIG ; JIBSMC=M J?LMJ?=NCP? 4B;N >| Q? EHIQ ;<PER RBEHIQIRBIN NB? =L;N? CM

MN;NCIH;UB8? @;=N NB;N NB? =L;N? CM MN;NCIH;LS G?;HM NB;N NB? P?FI=CNS CMH\N =B;HACHA QCNB L?MJ?=N NI NCG? &H INB?L QIL
HI H?N ;==?F?L;NCIH S +?QN\HM?=IH> F;QHI H?N ;==?F?L;NCIH CGJFC?M NB;N NB?L? CM T?LI H?N @IL=? ; @;=N QBC=B Q? =;H QLCN?
G;NB?G;NC=;FFS FCE? NBCM

4B?H =IHMC>?LCHA @IL=?M CH JBSM@N2HBRFJ@OF NI >L;Q @L?? <I>S >C;ALJBM »@LLWNBCM ?R;GJIF?
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4 2\FF GI>?F NB? =L;N? ;M ; <F;=E >IN 4B;N ?FM? >| Q? EHIQ ;<ION NBCM JLIZFFGQLP\P? ;FL?;>S >?N?LGCH?> NB;N NB? H?N

@IL=? B;M NI <? T?LI QBC=B G?;HM NB;N NB?L? GOMN <? MIG? INB?L @IL=? JICHNCHA CH IJJIMCNCIH NI NB? @IL=? |@ NB? Q?CABN S
;>>CNCIH C@ NB? Q?CABN JICHNM >IQH ;H>NB? H?N @IL=? CM T?LI NB?H NBCM INB?L @IL=? GOMN JICHN OJ 1BCM @IL=? CM >0? N
QCNBCH NB? LIJ? ;H>MI Q? =;FF CN NB? N?HMCIH @IL=? ;H>CN ;=NM IH NB? =L;N? @LIK NBRPI H2QNFRI=IH> F;Q NI

NBCM MCNO;NCIH /?G?2@B?EL;N? CM MN;NQWHNB?LR HI ;==?F?L;NCIH AFF MN;LN <S DOMN MN;NCMAM2QHHHRQ

G;NB?G;NC=;FRNB? MOG |@ NB? @IL=?M CM ?KO;F NI NB? G;MM NCG?M NB? ;==?F?L;NCIH 1B? @IL=?M CH NBCM =;M? CH=FO>? NB? N?
NB? =L;N? @LIG NB? LIJ? ;H>NB? Q?CABN QBC=B Q?\P? ;FL?;>S >?=C>7?> NI GI>?PPMFEAR;4S >?N?LGCH?> NB;N NB?

;==?F?L;NCIH GOMN <? T?LI <?=;0M? NB? =L;N? CM MNQICHNESNB? N?HMCIH ;H> NB? Q?CABN @IL=? ;L? P?=NILM 0CH=? Q?\L?

;>>CHA NB?G OJ Q? H??> NI <L?;E NB?G CHNI =IGJIH?HNM

&H IL>?L NI <L?;E NB?G CHNI =IGJIH?HNM Q? H??> NI ?MN;<FCMB ; =lIL>CH;N7?M3@KM= MB? S >CL?=NCIH NI <? JIMCNCP? AICHA

0OJ 4CNB NBCM =IHP?HNCIH NB? N?HMCIH IH NB? =L;N? @LIG NB? LIJ? CM JIMCNCP? ;H>NB? Q?CABN CM H?A;NCP? !ICHA NB? ;FA?<I
NB? N?HMCIH IH NB? =L;N? @LIG NB? LIJ? CM ?KO;F NI NB? G;MM |@ NB? =L;N? GOFNCJFC?> <S FCNNF? $ QBC=B IH ?;LNB L?=;FF CM
J?L M?=IH> MKO;L?> KDF> NBCM ?KO;FCNS <?NQ??H NB? N?HMCIH ;H> NB? LIJ? ;H> NB? Q?CABN 1@ NB? <IR <? NLO? C@ NB? <IR Q?L?
;==?F?L;NCHA +| 4BS HIN ?=,0M? NBCM ?KO;FCNS <?NQ??H NB? N?HMCIH CH NB? Q;S IHFS ;LIM? <?=,0M? Q? M?N NB? ;==?F?L;NCIH
?KO;F NI B?L? CH NB? M?=IH> MN?J &@ NB;N Q;M HIN NLO? NB?H NB? N?HMCIH QIOF> HIN <? ?KO;F NI NB? Q?CABN 4B;N ;<ION SIO |H
INB?L ?H> 1@ NB? LIJ? %IQ B;L>>I SIO B;P? NI JOFF >IQH ,H? JLIJ?LNS I@ LIJ?M NB;N Q? QCFF G;E? ?RN?HMCP? OM? I@ CH NBCM
=F;MM CM NB;N NB? N?HMCIH CH ; LIJ? CM NB? M;G? ?P?LSQB?L? 4B;N >| & GZF<QNBIH?A@IL NB? N?HMCIH IP?L B?L?

QB?L? NB? =L;N? CM =IHH?=N?> NI NB? LIJ? S ;H;FSTCHA NBCM J;LN I@ NB? MSMN?G Q? =;H =IH=FO>? NB;N NB? N?HMCIH IH NB? =L;N
@LIG NB? LIJ? Q;M ?KO;F NI NB? Q?CABN I@ NB? =L;N?

1B? @;=N NB;N NB? N?HMCIH GOMN <? NB? M;G? ?P?LSQB?L? CH NB? LIJ? G?;HM NB;N NB? N?HMCIH CH NB? LIJ? QB?L? CN G??NM NB
;FMI ?KO;F NI GA 1B?L?@IL? NB? LIJ? CM JOFFCHA OJ IH GS B;H> QCNB NB? N?HMCIH @IL=? ?KO;F NI NB? Q?CABN 1@ NB? =L;N? GA (
G?;HM NB;N C@ & Q;HN ?P?LSNBCHA NI MN;S MN;NCIH;LS & B;P? NI JOFF >IQH QCNB ; @IL=? ?KO;F NI NB? Q?CABN |I@ NB? =L;N? GA N
?P?LSNBCHA CH JF;=? 1BCM MBIOF> <? CH =IHDOH=NCIH QCNB SIOL ?P?LS>;S ?RJ?LC?H=? QB?L? NI FC@N ; <IR OMCHA ;HS NSJ? |@
SIO\P? AIN NI JOFF >IQH QCNB ;N F?;:MN NB? Q?CABN I@ NB? <IR 1B? JOFF?S G;E?M CN ?;MC?L <?=;0M? SIO\L? JOFFCHA >IQH OMCHA
Q?CABN NI B?FJ FC@N NB? <IR ;M 13JIM?> FC@NCHA CN

1?HMCIH

tension CM; @IL=? ;FIHANB? F?HANB |@ ; G?>COG ?MJ?=C;FFS ; @IL=? =;LLC?> <S ; @F?RC<F? G?>COG MO=B ;M ; LIJ? IL =;<F? 1B?
QIL> IN?HMGIHIG?M @LIG ; );NCH QIL> G?;HCHA NI MNL?N=B ” +IN =ICH=0IZH@FHSC<F? =IL>M NB;N =,LLS GOM=F? @IL=?M NI
INB?L J;LNM 1@ NB? <I>S ;L? =;kt®lons HS @F?RC<F? =IHH?MIEB ;M ; MNLCHA LIJ? =B;CH QCL? IL =;<F? =;H ?R?LN JOFFM
IHFS J;L;FF?F NI CNM F?HANB NBOM ; @IL=? =;LLC?> <S ; @F?RC<F? =IHH?=NIL CM ; N?ZHMCIH QCNB >CL?=N&NCHL;FF?F NI NB? =IHH?
CGJILN;HN NI OH>?LMN;H> NB;N N?HMCIH CM ; JOFF CBH=HNEsMN. =IHMC>?L NB? JBLUMDAZ;HGN JOMB ; LIJ? ~ 1B?
N?HMCIH @IL=? JOFFM IONQ;L> ;FIHA NB? NQI ?H>M |@ ; LIJ?

IHMC>?L ; J?LMIH BIF>CHA ; G;MM IH ; LI1J? ;M MBIQHMXire 2.7

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 2.7 4B?H ; J?L@?=NFS @F?RC<F? =IHH?=NIL IH? L?KOCLCHA HI @IL=? NI <?H>CN MO=B ;M NBCM L5? NR;NMBIC}N\GO®IN= J;L;FF?F NI

NB? F?HANB I@ NB? LIJ? ;M MBIQH 1B? JOFF MO=B ; @F?RC<F? =IHH?=NIL ?R?LNM CM ; N?HMCIH +IN? NB;N NB? LIJ? JOFFM QCNB ?KO;F @IL=? <ON CH IJJIN
>CL?=NCIHM IH NB? B;H> ;H> NB? MOJJILN?> G;MM H?AF?=NCHA NB? Q?CABN I@ NB? LIJ? 1BCM CM ;M NBCGUFFI@P+2IMNIM NB? G?>COG

NB;N =;LLC?M NB? ?KO;F ;H> [JJIMCN? @IL=?M <?NQ??H NB? NQI I<D?=NM 1B? N?HMCIH ;HSQB?L? CH NB? LIJ? <?NQ??H NB? B;H> ;H> NB? G;MM CM ?KO;F H
SIO B;P? >?N?LGCH?> NB? N?HMCIH CH IH? FI=;NCIH SIO B;P? >?N?LGCH?> NB? N?HMCIH ;N ;FF FI=;NCIHM ;FIHA NB? L1J?

1?HMCIH CH NB? LIJ? GOMN ?KO;F NB? Q?CABN |@ NB? MOJJILN?> G;MM ;M Q? =;H JLIPRIOMEH# F2Q@Q@ENB? EA

G;MM CH NB? @CAOL? CM MNB®EIBNSI ;==?F?L;NCIH CM T?LI ;H>QBOM 1B? IHFS ?RN?LH;F @IL=?M ;=NCHA IH NB? G;MM ;L?

CNM Q?CABNH> NB? N?HMCBIMOJIFC?> <S NB? LIJ? 1BOM

"o 9" X
OB?L? 5:H> X :L? NB? G:AHCNO>?M 1@ NB? N?HMCIH ;H> Q?CABN :H> NB?CL MCAHM CH>C=:N? >CL?=NCIH QCNB OJ <?CHA JIMCNC
1BOM DOMN :M SIO QIOF> ?RJ?=N NB? N?HMCIH ?KO:FM NB? Q?CABN I@ NB? MOJJILN?> G:MM

5 X NF
#IL;  EAG;MM NB?H H?AF?=NCHA NB? G;MM I@ NB? LIJ? Q? M?? NB;N
5 NH H N T /

&@ Q? =ON NB? LIJ? ;H> CHM?LN ; MJLCHA NB? MJLCHA QIOF> ?RN?H> ; F?HANB =ILL?MJIH>CHA NI ; @IL=? 1@ + JLIPC>CHA ; >CL?=
I<KM?LP;NCIH ;H> G?;MOL? |@ NB? N?HMCIH @IL=? CH NB? LIJ?

#F?RC<F? =IHH?=NILM ;L? I@N?H OM?> NI NL;HMGCN @IL=?M ;LIOH> =ILH?LM MO=B ;M CH ; BIMJCN;F NL;=NCIH MSMN?G ; @CHA?L DI
<C=S=F? <L;E? =;<F? &@ NB?L? CM HI @LC=NCIH NB? N?HMCIH CM NL;HMGCNN?> OH>CGCHCMB?> ,HFS CNM >CL?=NCIH =B;HA?M ;|
J;L;FF?F NI NB? @F?RC<F? =IHBZMICM CFFOMNLN®P= ZH ; ;H> <
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Figure 2.8 ; 1 ?H>IHM CH NB? @CHA?L =;LLSD@@.=% NB? GOM=F?M NI INB?L J;LNM 1@ NBVI@EFB\2B;HACHA NBMBICEZ=NCIH <ON HIN CNM
G;AHCNO>? NB? N?H>IHM ;L? L?F;NCP?FS @LC=NCIH @L?? < 1B? <L;E? =;<F? IH ; <C=S=F? = DL@NGNEZNRHME1LM NI NB? <L;E?
G?=B;HCMG A;CH NB? >CL?=NCIH <ON HIN NB? G;AHG \CM+-2B@IA?>

Example 2.1 What Is the T ension in a T ightrope?

;F=OF;N? NB? N?HMCIH CH NB? QCL? MOJJILNCHA NB?  EA NCABNLIJ? @;BERLMBIQH CH

Figure 2.9 1B? Q?CABN 1@ ; NCABNLIJ? Q;FE?L =;,0M?M ; QCL? NIM;A<S >?AL??M 1B? MSMN?G I@ CHN?L?MN B?L? CM NB? JICHN CH NB? QCL? ;N QBC=B
NCABNLIJ? Q;FE?L CM MN;H>CHA
Strategy

M SIO =;H M?? CH NB? @CAOL? NB? QCL? CM HIN J?L@7?=NFS BILCTIHN;F CN =;HHIN <? <ON CM QZ2MABN>TBRONB? J?LMIH\

NB? N?HMCIH IH 2CNB?L MC>? |@ NB? J?LMIH B;M ;H OJQ;L> =IGJIH?HN NB;N =;H MOJJILN BCM Q?CABN M OMO;F @IL=?M ;L? P?=NI|
L?JL?M?HN?> JC=NILC;FFS <S ;LLIQM B;PCHA NB? M;G? >CL?=NCIHM ;M NB? @IL=?M ;H> F?HANBM JLIJILNCIH;F NI NB?CL G;AHCNO>"
MSMN?G CM NB? NCABNLIJ?HZ;RIBALIHFS ?RN?LH;F @IL=?M ;=NCHA IH BCG ;L? BC;@2GRBMQI N?HMCIBM F?@N

N?HMCIH ;H63 LCABN N?HMCIH ;M CFFOMNL;N?> &N CM L?;MIH;<F? NI H?AF?=N NB? Q?CABN |@ NB? QCL? CNM?F@ 1B? H?N ?RI
CM T?LI MCH=? NB? MSMN?G CM MNOWNNHALBSLCAIHIG?NLS =;H HIQ <? OM?> NI @CH> NB? N?HMCIHM ,H? =IH=FOMCIH CM JIMMC<F?
;N'NB? IONM?NZQ? =;H M?? @LIG J;LN < 1@ NB? @CAOL? NB;N NB? G;AHCNO>?Mo@ B ? Dy e@®NM? ?KO;F 1BCM CM

<?=;0M? NB?L? CM HI BILCTIHN;F ;==?F?L;NCIH CH NB? LIJ? ;H>NB? IHFS @IL=?M ;=NCHA NI NB?F-?@MN ;{55 LCABN ;L?

1BOM NB? G;AHCNO>? I@ NBIM? @IL=?M GOMN <? ?KO;F MI NB;N NB?S =;H=?F ?;=B INB?L ION

4B?H?P?L Q? B;P? NQI >CG?HMCIH;F P?=NIL JLI<F?GM CH QBC=B HI NQI P?=NILM ;L? J;L;FF?F NB? ?;MC?MN G?NBI> 1@ MIFONCIH CV
NI JC=E ; =IHP?HC?HN =IIL>CH;N? MSMN?G ;H> JLID?=N NB? P?=NILM IHNI CNM ;R?M &H NBCM =;M? NB? <?MN =IIL>CH;N? MSMN?G B
IH? ;RCM BILCTIHN;F ;H> NB? INB?L P?LNG=EHF MB? BILCTIHN;F NBRCM ;H> NB? P?LNC=;FANREM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
orces 154



B;JN?L U (CH>M I@ #IL=?M

Solution

#CLMN Q? H??> NI L?MIFP? NB? N?HMCIH P?=NILM CHNI NB?CL BILCTIHN;F ;H> P?LNC=;F =IGJIH?HNM &N B?FJM NI >L;Q ; H?Q @L??
>C;AL;G MBIQCHA ;FF 1@ NB? BILCTIHN;F ;H> P?LNC=;F =IGJIH?HNM |@ ?;=B @IL=? ;=NCHA IH NB? MSMN?G

Figure 2.10 4B?H NB? P?=NILM ;L? JLID?=N?> IHNI P?LNC=;F ;H> BILCTIHN;F ;R?M NB?CL =IGJIH?HNM ;FIHA NBIM? ;R?M GOMN ;>> NI T?LI MCH=? NB?
NCABNLIJ? Q;FE?L CM MN;NBHMGFF ;HAF? L?MOFNM CACHA GO=B AL?;N?L NBH

IHMC>?L NB? BILCTIHN:F =IGJIH?HNM 1@ NB? @IL=?M >?HIN?> QCNBY MO<M=LCJN
"ow O.v' 53y

1B? H?N ?RN?LH;F BILCTIHN;F @H&° MCH=? NB? J?LMIH CM MN;NB[BILS

ow S.y' O3y
Sy 33y
+1Q I<M?LP?Figure 2.10 610 =;H OM? NLCAIHIG?NLS NI >?N?LGCH? NB? G;AHENCHS I@3 +INC=? NB;N

Sy
DPT z T_
5.y 5. DPT z
DPT z 23
53
53Y 53 DPT z

"KO;NCHAS_ y ;H> 53y
5. DPT z 5;DPT z

1BOM
5. 5; 5

‘M JL?>C=N?> +IGIHMC>?LCHA NB? P?LNC=:F =IGJIH?HNM >?HIN?> <S : NOQ=LBMIFP? @I15 A:CH MCH=? NB?
J2LMIH CM MN:NCIHAGNIHM M?=IH> F;Q CGJFC?M NB;N j?N  1BOM ;M CFFOMNL:N?> CH NB? @L?? <I>SB@yAL;G CH
2.10

"om 5.z 537" X
<M?LPCHRigure 2.10 Q? =;H OM? NLCAIHIG?NLS NI >?N?LGCH? NB? L?F;NCIHMBBJ 2MQ@37#> 5 M Q?
>?N?LGCH?> @LIG NB? ;H;FSMCM CH NB? BILCTIHN: >CLESNCIB

Sz
TJO z 5
5. 5. TJO z 5TJO z
937
TJO z Ts

55, 53 TJO z 5TJO z
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+1Q Q? =;H MO<MNCNON? NB? P;F&2M ;@ 53, CHNINB? H?N @IL=? ?KO;NCIH CH NB? P?LNC=;F >CL?=NCIH

‘owm 5.z 537" X
'owm 5TJO z 5TJO z' X
5TJO z' X
5TJO z X
;H>
5 X NH
TJO 2z TJO 2z
MI NB:N
5 IH N T
:H> NB? N?HMCIH CM
5 /

Discussion

+IN? NB;N NB? P?LNC=;F N?HMCIH CH NB? QCL? ;=NM ;M ; HILG;F @IL=? NB;N MOJJILNM NB? Q?CABNIg? NBPIMCABNLIJ? Q;FE?L

CM ;FGIMN MCR NCG?M NB? + Q?CABN |I@ NB? NCAERNIH3? QBERQCL? CM H?;LFS BILCTIHN;F NB? P?LNC=;F =IGJIH?HN |@ CNM
N?HMCIH CM IHFS ; MG;FF @L;=NCIH I@ NB? N?HMCIH CH NB? QCL? 1B? F;LA? BILCTIHN;F =IGJIH?HNM ;L? CH 1JJIMCN? >CL?=NCIHM
=H=?F ;H>MI GIMN I@ NB? N?HMCIH CH NB? QCL? CM HIN OM?> NI MOJJILN NB? Q?CABN I@ NB? NCABNLIJ? Q;FE?L

&@ Q? QCM&ddte ; P?LS F;LA? N?HMCIH ;FF Q? B;P? NI > CM ?R?LN ; @IL=? J?LJ?H>C=0F;L NI ; @ F?REUERPEINHI=NR> CH
Figure 2.11 M Q? M;Q CH NB? F;MN ?R;GJF? NB? Q?CABN I@ NB? NCABNLIJ? Q;FE?L ;=N?>;M; @IL=? J?LJ?H>C=DF;L NI NB? LIJ? 4
M;Q NB;N NB? N?HMCIH CH NB? LIJ?> L?F;N?> NI NB? Q?CABN |@ NB? NCABNLIJ? Q;FE?L CH NB? @IFFIQCHA Q;S
5 X _
TJO
4 7 =:H ?RN?H> NBCM ?RIL?MMCIH NI >?M=LC<? NB?-N2HNASIGB?H ; J?LI?H>C=0F;L @IL%? CM ?R?LN?>;N NB? GC>>F? I@
; @F?RC<F? =IHH?=NIL
5 —°%
TJO
+IN? NB;N CM NB? ;HAF? <?NQ??H NB? BILCTIHN;F ;H> NB? <?HN&HHNB€]ML:;W<?:IG?M P?LS F;,LA? ;M ;JJLI;=B?M
T?LI "P?H NB? L?F;NCP?FS MG;FF Q?CABN 1@ ;HS @F?RC<F? =IHH?=NIL QCFF =;0M? CN NI M;A MCH=? ;H CH@CHCN? N?HMCIH QIOF>
BILCTIHN;F C? H> TJ (@) 0?? Figure 2.11

Figure 2.11 4 ? =;H =L?;N? ; P?LS F;,LA? N?HMCIH CH NB? =B;CH <S JOMBCHA IH CN J?LJ?H>C=0F;L NI CNM F?HANB ;M MBIQH 00JJIM? Q? QCMB NI JOFF ; =;L I
NB? GO> QB?H HI NIQ NLO=E CM ;P;CF;<F? ";=B NCG? NB? =;L GIP?M @ILQ;L> NB? =B;CH CM NCABN?H?> NI E??J CN ;M H?;LFS MNL;CABN ;M JIMMC<F? 1B? N

o
NB? =B;CH CM ACP?I5<SW MCH=? CM MG;F5 CM P?LS F;LA? 1BCM MCNO;NCIH CM ;H;FIAIOM NI NB? NCABNLIJ?/QEE?R. MBIQH CH

2R=2JN NB;N NB? N?HMCIHM MBIQH B?L? ;L? NBIM? NL;HMGCNN?> NI NB? =;L ;H> NB? NL?? L;NB?L NB;H NBIM? ;=NChA SNNBIBCAN QB?L?

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 2.12 2HF?MM ;H CH@CHCN? N?HMCIH CM ?R?LN?> ;HS @F?RC<F? =IHH?=NILZMO=B ;M NB? =B;CH ;N NB? <INNIG |@ NB? JC=NOL?ZQCFF M;A OH>?L CN
ACPCHA ; =B;L;=N?LCMNC= =0LP? QB?H NB? Q?CABN CM ?P?HFS >CMNLC<ON?> ;FIHA NB? F?HANB 0OMJ?HMCIH <LC>A?MZMO=B ;M NB? $IF>?H $;N? LC>A?
NBCM CG;A?Z;L? ?MM?HNC;FFS P?LS B?;PS @F?RC<F? =IHH?=NILM 1B? Q?CABN I@ NB? <LC>A? CM ?P?HFS >CMNLC<ON?> ;FIHA NB? F?HANB 1@ @F?RC<F?
=;<F?M QBC=B N;E? IH NB? =B;L;=N?LCMNC= MB;J? =L?>CN )?;@F?N 4CECG?>C; IGGIHM

2.6 Friction

1BCM M?=NCIH QCFF <? >CM=0OMM?> CH =F;MM MI L?;>CHA NBCM M?=NCIH CM HIN L?KOCL?>

Friction CM; @IL=? NB;N CM ;LIOH> OM ;FF NB? NCG? NB;N 1JJIM?M L?F;NCP? GINCIH <?NQ??H MSMN?GM CH =IHN;=N <ON ;FMI ;FFIQM
GIP? QBC=B SIO B;P? >CM=IP?L?> C@ SIO B;P? ?P?L NLC?> NI Q;FE IH C=? 4BCF?; =IGGIH @IL=? NB? <?B;PCIL |@ @LC=NCIH CM ;=NC
P?LS =IGJFC=;N?> ;H> CM MNCFF HIN =IGJF?N?FS OM>BIRANII:+ %S B?;PCFS IH I<M?LP;NCIHM @IL QB;N?P?L OH>?LMN;H>CHAM Q?
=HA,CH %IQ?P?1Q? =;H MNCFF >?;F QCNB CNM GIL? ?F?G?HN;LS A?H?L;F =B;L;=N?LCMNC=M ;H> OH>?LMN;H> NB? =CL=0GMN;H=?M (
CN <?B;P?M

#LC=NCIH
#LC=NCIH CM ; @IL=? NB;N 1JJIM?M L?F;NCP? GINCIH <?NQ??H MSMN?GM CH =IHN;=N

,H? 1@ NB? MCGJF?L =B;L;=N?LCMNC=M I@ @LC=NCIH CM NB;N CN CM J;L;FF?F NI NB? =IHN;=N MOL@;=? <?NQ??H MSMN?GM ;H> ;FQ);$
NB;N 1JJIM?M GINCIH IL ;NN?GJIN?> GINCIH |@ NB? MSMN?GM L?F;NCP? 8@ NQIINBRMN?GM ;L? CH =IHN;=N ;H> GIPCHA L?F;NCP?

NI IH? ;HINB?LNB?H NB? @LC=NCIH <?NQ??H NB?@Ritdicfieton #IL ?R;GJF? @LC=NCIH MFIQM ; BI=E?S JO=E MFC>CHA IH C=?

ON QB?H I<D?=NM ;L? MN;NCHthti€ friction =;H ;=N <?NQ??H NB?G NB? MN;NC= @LC=NCIH CM OMO;FFS AL?;N?L NB;H NB? ECH?NC= @
<?NQ??H NB? I<D?=NM

(CH?NC=#LC=NCIH
&@ NQI MSMN?GM ;L? CH =IHN;=N ;H> GIPCHA L?F;NCP? NINB?:HNE?@LC=NCIH <?NQ??H NB?G CM =;FF?> ECH?NC= @LC=NCIH

&G;ACH? @IL ?R;GJF? NLSCHA NI MFC>?; B?;PS =L;N? ;=LIMM ; =IH=L?N? @FIILZSIO G;S JOMB B;L>?L ;H> B;L>?L IH NB? =L;N? ;H>

HIN GIP? CN ;N ;FF 1BCM G?;HM NB;N NB? MN;NC= @LC=NCIH L?MJIH>M NI QB;N SIO >IZCN CH=L?;M?M NI <? ?KO;F NI ;H> CH NB? 13JIM(
>CL?=NCIH |@ SIOL JOMB ON C@ SIO @CH;FFS JOMB B;L> ?HIOAB NB? =L;N? M??GM NI MFCJ MO>>?HFS ;H> MN;LNM NI GIP? ,H=? CH
CM ?;MC?L NI E??J CN CH GINCIH NB;H CN Q;M NI A?N CN MN;LN?> CH>C=;NCHA NB;N NB? ECH?NC= @LC=NCIH @IL=? CM F?MM NB;H |
@IL=? &@ SIO ;>> G;MM NI NB? =L;N? M;S <S JF;=CHA ;<IRIHNIJ 1@ CN SIO H??> NI JOMB ?P?H B;L>?L NI A?N CN MN;LN?> ;H> ;FMI NI
E??J CN GIPCHA #OLNB?LGIL? C@ SIO ICF?> NB? =IH=L?N? SIO QIOF> @CH> CN NI <? ?2;MC?L NI A?N NB? =L;N? MN;LN?> ;H> E??J CN A
SI0 GCABN ?RJ?=N

Figure 2.13 CM; =LO>? JC=NILC;F L?IJL?M?HN;NCIH |@ BIQ @LC=NCIH I==0OLM ;N NB? CHN?L@;=? <?NQ??H NQI I<D?=NM FIM? OJ CHMJ
NB?M? MOL@;=?M MBIQM NB?G NI <? LIOAB 0l QB?H SIO JOMB NI A?N ;H I<D?=N GIPCHA CH NBCM =;M? ; =L;N? SIO GOMN L;CM? NB?
I<D?=N OHNCF CN =;H MECJ ;FIHA QCNB DOMN NB? NCJM 1@ NB? M@LIGB2IEEMNCHA>KEMNB |@IHMC>?L;<F? @IL=? =;H <?

L?MCMN?> <S @LC=NCIH QCNB HI ;JJ;L?HN GINCIH 1B? B;L>?L NB? MOL@;=?M ;L? JOMB?> NIA?NB?L MO=B ;M C@ ;HINB?L <IR CM JF;=
NB? =L;N? NB? GIL? @IL=? CM H??>?> NI GIP? NB?G -,LN I@ NB? @LC=NCIH CM >0? NI ;>B?MCP? @IL=?M <?NQ??H NB? MOL@;=? GIF?
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1@ NB? NQI I<D?=NM QBC=B ?RJF;CH NB? >?J?H>?H=? 1@ @LC=NCIH IH NB? H;NOL? |@ NB? MO<MN;H=?M >B?MCIH P;LC?M QCNB MO
=IHN;=N ;H> CM ; =IGJFC=;N?> ;MJ?=N |@ MOL@;=? JBSMC=M ,H=?;H I<D?=N CM GIPCHA NB?L? ;L? @?Q?L JICHNM I@ =IHN;=N @?Q?L
GIF?=0F?M ;>B?LCHA MI F?MM @IL=? CM L?KOCL?> NI E??J NB? I<D?=N GIPCHA N MG;FF <ON HIHT?LI MJ??>M @LC=NCIH CM H?;LFS
CH>?J?H>?HN 1@ MJ??>

Figure 2.13 #LC=NCIH;F @IL=?M MO=B;fA0;SM 13JIM? GINCIH IL ;NN?GJIN?> GINCIH <?NQ??H I<D?=NM CH =IHN;=N #LC=NCIH ;LCM?M CH J;LN <?=;0M? |@ NB?

LIOABH?MM 1@ NB? MOL@;=?M CH =IHN;=N ;M M??H CH NB? ?&d;H>?: BIRQB? I<D?=N NI GIP? CN GOMN LCM? NI QB?L? NB? J?;EM =;H MECJ ;FIHA NB?
<INNIG MOL@;=? 1BOM ; @IL=? CM L?KOCL?> DOMN NI M?N NB? I<D?=N CH GINCIH 0IG? |@ NB? JREMM)CPRACKCHAH®@&HL=? NI G;CHN;CH GINCIH

*O=B |@ NB? @LC=NCIH CM ;=NO;FFS >0? NI ;NNL;=NCP? @IL=?M <?NQ??H GIF?=0F?M G;ECHA OJ NB? NQI I<D?=NM MI NB;N ?P?H J?L@7?=NFS MGIINB MOL@
@LC=NCIH @L?? 00=B ;>B?MCP? @IL=?M ;FMI >?J?H> [H NB? MO<MN;H=?M NB? MOL@;=?M ;L? G;>? I@ ?RJF;CHCHA @IL ?R;GJF? QBS LO<<?L MIF?> MBI?M
NB;H NBIM? QCNB F?;NB?L MIF?M

1B? G;AHCNO>? |@ NB? @LC=NCIH;F @IL=? B;M NQI @ILGM IH? @IL MN;NC= MCNO;NCIHM MN;NC= @LC=NCIH NB? INB?L @IL QB?H N
ECH?NC= @LC=NCIH

4B?H NB?L? CM HI GINCIH <?NQ??H NB? I<D?=hAgriNBte of static friction G CM
Gy 7

QB?L? 1CMNB?=@@=C?HN |@ MN;NC= @LCNCNBHMS;AHCNO>? |@ NB? HILG;F @IL=? NB? @IL=? J?LJ?H>C=0OF;L NI NB? MOL@;="?

*AHCNO>? |@ ON;NC= #LC=NCIH
*AHCNO>? |@ MN;NC= @L@@NCIH
Gy 1

QB?L? 1CM NB?=@@=C?HN I@ MN;NC= @LCENCHBMHS;AHCNO>? |@ NB? HILG;F @IL=?

1B? MSG<IF Y G?;HMIess than or equal to CGIJFSCHA NB;N MN;NC= @LC=NCIH =;H B;P? ; GCHCGOG ;H>; G;RCGHG P;FO? |@
ON;NC= @LC=NCIH CM ; L?MJIHMCP? @IL=? NB;N CH=L?;M?M NI <? ?KO;F ;H> IJJIMCN? NI QB;N?P?L @IL=? CM ?R?LN?> OJ NI CNM G;RC
H=? NB? ;JJFC?> @IL=? ?R=?2l\ g - NB? I<D?=N QCFF GIP? 1BOM

Gney 7
,H=?;H I<D?=N CM GIPCHA niBgnitude of kinetic friction Q CM ACP?H <S
e

QB?L? | CMNB?=@@=C?HN I@ ECH?NC= @LC=NCIH MSEN?G QH QBC=B/I=LC<?> ;M ; MSMN?G CHiQiD3&haves
simply

*AHCNO>? |@ (CH?NC= #LC=NCIH
1B? G;AHCNO>? |@ ECH?NC= @E.C‘MNM-H’?H <S

&

QB?L? | CMNB?=@@=C?HN I@ ECH?NC= @LC=NCIH

M M??H CHable 2.2 NB? =1?7@C=C?HNM I@ ECH?NC= @LC=NCIH ;L? F?MM NB;H NB?CL MN;NC= =IOHNH3jb/NI.218;N P;FO?M |@

MN;N?> NI IHFS IH? N GIMN NQI>CACNM CM ;H CH>C=;NCIH |@ NB? ;JJLIRCG;N? >?M=LCJINCIH |@ @LC=NCIH ACP?H <S NB? ;<IP? NQI
?KO;NCIHM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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1,<F? 1?7@@C=C?HNM 1@ ON;NC=;H> (CH?NC= #LC=NCIH

1 L

/O<<?L IH >LS =IH=L?N?
/O<<?L IH Q?N =IH=L?N?
4 11> 1H QlI>

4 ;R?>QlI> IH Q?N MHIQ
*?N;F IH QlI>

ON??F IH MN??F >LS
ON??F IH MN??F ICF?>
1?@FIH IH MN??F

IH? FO<LC=;N?> <S MSHIPC;H @FOC>
0BI?M IH QIlI>
0BI?M IH C=?
&=?IH C=?
ON??F IH C=?

1B? ?KO;NCIHM ACP?H ?;LFC?L CH=FO>? NB? >?J?H>?H=? 1@ @LC=NCIH IH G;N?LC;FM ;H> NB? HILG;F @IL=? 1B? >CL?=NCIH |@ @LC=
;FQ;SM 1JJIMCN? NB;N 1@ GINCIH J;L;FF?F NI NB? MOL@;=? <?NQ?7?H I<D?=NM ;H> J?LJ?H>C=0F;L NI NB? HILG;F @IL=? #IL ?R;GJF? C(
NB? =L;N? SIO NLS NI JOMB QCNB ; @IL=? J;L;FF?F NINB? @FIIL B;M ; GMM 1@ EA NB?H NB? HILG;F @IL=? QIOF> <? ?KO;F NI CNM

Q?CABN8 N H H N T | 37L3?H>C=OF;L NI NB? @BINB? -@@C?HN |@ MN;NC= @LC=NCIHCM  SIO
QIOF> B;P? NI ?R?LN ; @IL=? J;L;FF?F NI NB? @FIIL AL>;NB\BH 7/ / /' NIGIP? NB? =L;N?
,H=? NB?L? CM GINCIH @LC=NCIH CM F?MM@C=RBRINIR@ECH?NC= @LC=NCIH GCABN <?  MINB;N; @IL=?1@ IHFS +

¢ |/ / | QIOF>E?2J CN GIPCHA ;N ; =IHMN;HN MJ??> &@ NB? @FIIL CM FO<L@NS?KING =17@

;L? =IHMC>?L,;<FS F?MM NB;H NB?S QIOF> <? QCNBION FO<@SCHN 1@ L C=NCIH CM ; OHCN F?MM KO;HNCNS QCNB ; G;AHCNO>? C
<?NQ??H ;H> 1B?=1?7@@C=C?HN I@ NB? @LC=NCIH >?J?H>M IH NB? NQI MOL@;=?M NB;N ;L? CH =IHN;=N

LE? %IG? "RI?LCG?HN

#CH> ; MG;FF JF;MNC= I<D?=N MO=B ;M ; @II> =IHN;CH?L ;H>MFC>? CN IH ; ECN=B?H N;<F? <S ACPCHA CN ; A?HNF? N;J +IQ MJL;S Q
IH NB? N;<F? MCGOF;NCHA ; FCABN MBIQ?L I@ L;CH 4B;N B;JJ?HM HIQ QB?H SIO ACP? NB? I<D?=N NB? M;G? MCT?> N;J +IQ ;>>;
@?Q>LIIMI@ P?A?N;<F? IL IFCP? ICF IH NB? MOL@;=? |@ NB? Q;N?L ;H> ACP? NB? M;G? N;J 4B;N B;JJ?HM HIQ 1BCM F;NN?L
MCNO;NCIH CM J;LNC=0F;LFS CGJILN;HN @IL >LCP?LM NI HIN? ?MJ?=C;FFS ;@B3&_; FCABN L;CH MBIQ?L

*HS J?1JF? B;P? ?RJ?LC?H=?> NB? MFCJJ?LCH?MM |@ Q;FECHA |H C=3;H8 QNN |@ NB? <I¥81J?=C;FFS NB? DICHNM B;P?

GO=B MG;FF?L =@@-=C?HNM |@ @LC=NCIHZI@N?H NBL?? IL @IOL NCG?M F?MM NB;H C=? DICHN CM @ILG?> <S NB? ?H>M 1@ NQI <IH
=IHH?=N?> <S NBC=E NCMMO?M 1B? EH?? DICHN CM @ILG?> <S NB? FIQ?L F?A <IH? NB? NC<C; ;H>NB? NBCAB<IH? NB? @?GOL 1B’
<;FF ;N NB? ?H> @ NB? @?GOL ;H>MI=E?N J;,LN I@ NB? J?FPCM DICHN 1B? ?H>M |@ NB? <IH?M CH NB? DICHN ;L? =IP?L?> <S =;LNCF
QBC=B JLIPC>?M ; MGIINB ;FGIMN AF;MMS MOL@;=? 1B? DICHNM ;FMI JLI>0=? ; @FOC> MSHIPC;F @FOC> NB;N L?>0=?M @LC=NCIH ;
>;G;A?> IL ;LNBLCNC= DICHN =;H <? L?JF;=?> <S ;H ;LNC@CrG:RDICHNB?M? L?JF;=?G?HNM =;H <? G;>? |@ G?N;FM

MN;CHF?MM MN??F IL NCN;HCOG IL JF;MNC= JIFS?NBSF?H? ;FMI Q@\B-EAS\NMGE @R T@NCIH
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Figure 2.14 LNC@C=C;F EH?? L?JF;=?G?HN CM ; JLI=?>0L? NB;N B;M <??H J?L@ILG?> @IL GIL? NB;H S?;LM &H NBCM @CAOL? Q? M?? NB? JIMN IJR L;SM |I@
LCABN EH?? DICHN L?JF;=?G?HN =L?>CN *CE? ;CL> #FC=EL

,NB?L H;NOL;F FO<LC=;HNM CH=FO>? M;FCP; JLI>O=?> CH IOL GIONBM NI ;C> CH NB? MQ;FFIQCHA JLI=?MM ;H>NB? MFCJJ?LS GO=0OMN
<?NQ??H ILA;HM CH NB? <jFBIQCHA NB?G NI GIP? @L??FS J;MN ?;=B INB?L >OLCHA B?;LN<?;NM >OLCHA <L?;NBCHA ;H>QB?H ;
J?LMIH GIP?M LNC@C=C;F FO<LC=;HNM ;L? ;FMI =IGGIH CH BIMJICNWMEBHEREMNIIL ?R;GJF? QB?H OFNL;MIHC= CG;ACHA CM

=,LLC?> 10N NB? A?F NB;N =I0JF?M NB? NL;HM>0=?L NI NB? MECH ;FMI M?LP?M NI NI FO<LC=;N? NB? MOL@;=? <?NQ??H NB? NL;HM>C
MECHZNB?L?<S L?>0=CHA NBZ=C®@IN |@ @LC=NCIH <?NQ??H NB? NQI MOL@;=?M 1BCM ;FFIQM NB? NL;HM>0=2?L NI GIP?L @L??FS IF
MECH

Example 2.2 Skiing Exercise

MEC?L QCNB ; G;MM I@ EA CM MFC>CHA >IQH ; MHIQS MFIJ? #@H>AIBHMNIP@ ECH?NC= @LC=NCIH @IL NB? MEC?L C@ @LC=NCIH
EHIQHNI<? +
Strategy
1B? G;AHCNO>? |@ ECH?NC= @LC=NCIH Q;M ACP?H CHNI<? + (CH?NC= @LC=NCIH CM L?F;N?>\NI I@? HI\:B;F @IL="?
NBOM NB? #fP@C?HN |@ ECH?NC= @LC=NCIH =;H <? @IOH> C@ Q? =;H @CH> NB? HILG;F @IL=? |@ NB? MEC?L IH ; MFIJ? 1B? HILG;

;FQ;SM J?LJ?H>C=0F;L NI NB? MOL@;=? ;H>MCH=? NB?L? CM HI GINCIH J?LJ?H>C=0F;L NI NB? MOL@;=? NB? HILG;F @IL=? MBIOF>
?KO;F NB? =IGJIH?HN 1@ NB? MEQ?CABN J?LJ?H>C=0F;L NI NB? MFIJ? 0?? NB? MEC?L ;H> @L?? <I>SCzAL G CH

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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Figure 2.15 1B? GINCIH 1@ NB? MEC?L ;H> @LC=NCIH ;L? J;L;FF?F NI NB? MFIJ? ;H> MI CN CM GIMN =IHP?HC?HN NI JLID?=N ;FF @IL=?M IHNI ; =[IL>CH;N? MSN
QB?L? IH? ;RCM CM J;L;FF?F NI NB? MFIJ? ;H> NB? INB?L CM J?LJ?H>C=0F;L ;R?M MBIQH MI FRENH@GE@IL=? CM J?LJ?H>C=OF;L NI NB?

MFI3? ;H> ( NB? @LC=NCIH CM J;L;FF?F NI NB? NEIMBZOEQRIQ?CABN B;M =IGJIH?HNM ;FIHA <INB ;R?M H;¥kS;H> 8 / cm

?KO;F CH G;AHCNO>?X8  MI NB?L? CM HI GINCIH J?LJ?H>C=0F;L NI NB? MF1J? %(QHH’H?MM NEBH CH G;AHCNO>? MINB?L? CM
;==2?F?L;NCIH >IQH NB? MFIJ? ;FIHANBRCM

1B;N CM
I X XDPTz NHDPTz

0O<MNCNONCHA NBCM CHNI IOL ?RIL?MMCIH @IL ECH?NC= @LC=NCIH Q? A?N
G (NHPTz

QBC=B =;H HIQ <? MIFP?> @IL NB7&C2#@?HN I@ ECH?NC=@LC=NCIH

Solution
OIFPCHA @I ACP?M

¢ € &
XDPTz NHPTz

0O<MNCNONCHA EHIQH P;FO?M IH NB? LCABN B;H> MC>? |@ NB? ?KO;NCIH

/
H NT

L

Discussion

1BCM L?MOFN CM ; FCNNF? MG;FF?LEBFCRBRHC@BNZ>TH@IL Q;R?> QlI> IH MHIQ <ON CN CM MNCFF L?;MIH;<F? MCH=?
P;FO?M @ NB? @X@C?HNM I@ @LC=NCIH =;H BRHIMNNNSIHM FCE? NBCM QB?L? ;H I<DNWKZESMMIQH ; MFIJ?

NB;N G;E?M ;H ;HAF? QCNB NB? BILCTIHN;F @LC=NCIH CF ACPPN4® P FF I<D?=NM QCFF MFC>? >IQH ; MFIJ? QCNB
=IHMN;HN ;==?F?L;NCIH OH>?L NB?M? =CL=OGMN;H=?M -LII@ |@ NBCM CM WP@NKENMBCMRB.ITN?M

LE? %IG? "RJ?LCG?HN

H I<D?=N QCFF MFC>? >IQH ;H CH=FCH?> JF;H? ;N ; =IHMN;HN P?FI=CNS C@ NB? H?N @IL=? |F-NBOKDNBCIMI 2N Ml
G?;MOL? NB? =@ =C?HN |@ ECH?NC= @LC=NCIH <?NQ??H NQI I<DE=ANp|PMBIRBPELH?NC= @LC=NCIH IH ; MFIJ?
G | NHDP 1B?=IGJIH?HN I@ NB? Q?CABN >IQH NB? MFIJ? CM ?Kd-F NIt M?? NB? @L?? <I>S >C;AL;G CH

Figure 2.15 1B?M? @IL=?M ;=N CH IJJIMCN? >CL?=NCIHM MI QB?H NB?S B;P? ?KO;F G;AHCNO>? NB? ;==?HACNNCHIA CM T?LI 4
NB?M? ION

G "Hy
L NHDPT NHIJC
OIFPCHA @ILL Q? @CH> NB;N

NHI'JO

L NmpT 2O

-ON ; =ICH IH ; <IIE ;H> NCFN CN OHNCF NB? =ICH MFC>?M ;N ; =IHMN;HN P?FI=CN®>CABNBPZAEN N;J NB? <IIE
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FCABNFS NI A?N NB? =ICH NI GIP? *?;MOL? NB? ;HAF? |@ NCFN L?F;NCP? NI NB? BILGTNN\IB;N-N@CHEH QCFF HIN MN;LN

NI MFC>? ;N ;FF OHNCF ;H ;HAF? AL?;NZCMIB\IN;CH?> MCH=? NBICHC@HN 1@ MN;NC= @LC=NCIH CM F;|@e=NB:HNB? =1?7@
ECH?NC= @LC=NCIH !CM=OMM BIQ@BCMNBZR®0? @IiH> CNM OH=?LN;CHNS

4 ? B;P? >CM=0OMM?> NB;N QB?H ;H I<D?=N L?MNM IH ; BILCTIHN;F MOL@;=? NB?L? CM ; HILG;F @IL=? MOJJILNCHA CN ?KO;F CH G;AHC
CNM Q?CABN #OLNB?LGIL? MCGJF? @LC=NCIH CM ;FQ;SM JLIJILNCIH;F NI NB? HILG;F @IL=?

*ECHA IHH?=NCIHM 00<GC=LIM=1JC="RJF;H;NCIHM |@ #LC=NCIH

1B? MCGJF?L ;MJ?=NM I@ @LC=NCIH >?;FN QCNB MI @;L ;L? CNM G;=LIM=1JC= F;LA? M=;F? =B;L;=N?LCMNC=M $L?;N MNLC>?M B;P?
G;>? CH NB? ;NIGC= M=;F? ?RJF;H;NCIH |@ @LC=NCIH >OLCHA NB? J;MN M?P?L;F >?=;>?M [?M?;L=B?LM ;L? @CH>CHA NB;N NB? ;NIG
H;NOL? |@ @LC=NCIH M??GM NI B;P? M?P?L;F @OH>;G?HN;F =B;L;=N?LCMNC=M 1B?M? =B;L;=N?LCMNC=M HIN IHFS ?RJF;CH MIG? I(
MCGJF?L ;MJ?=NM |@ @LC=NCIHZNB?S ;FMI BIF> NB? JIN?HNC;F @IL NB? >?P?FIJG?HN 1@ H?;LFS @LC=NCIH @L?? ?HPCLIHG?HNM |
M;P? BOH>L?>M I@ <CFFCIHM 1@ >IFF;LM CH ?H?LAS QBC=B CM =OLL?HNFS <?CHA =IHP?LN?> OHH?=?MM;LCFS NI B?;N

Figure 2.16 CFFOMNL;N?M IH? G;=LIM=1JC= =B;L;=N?LCMNC= 1@ @LC=NCIH NB;N CM ?RJF;CH?> <S GC=LIM=1JC2 MG;FF M=;F? L?M?;L=
B;P? HIN?> NB;N @LC=NCIH CM JLIJILNCIH;F NI NB? HILG;F @IL=? <ON HIN NI NB? ;L?; CH =IHN;=N ; MIG?QB:;N =IOHN?LCHNOCNCP? HIN
4B?H NQI LIOAB MOL@;=?M ;L? CH =IHN;=N NB? ;=NO;F =IHN;=N ;L?; CM ; NCHS @L;=NCIH I@ NB? NIN;F ;L?; MCH=? IHFS BCAB MJINM NI
4B?H ; AL?:N?L HILG;F @IL=? CM ?R?LN?> NB? ;=NO;F =IHN:=N ;L?; CH=L?;M?M ;H>CN CM @IOH> NB:N NB? @LC=NCIH CM JLIJILNCIH;F
L2,

Figure 2.16 1QI LIOAB MOL@;=?M CH =IHN;=N B;P? ; GO=B MG;FF?L ;L?; I@ ;=NO;F =IHN;=N NB;H NB?CL NIN;F ;L?; 4B?H NB?L? CM ; AL?;N?L HILG;F @IL=? ;M ;
L?MOFN 1@ ; AL?;N?L ;JJFC?> @IL=? NB?;L?; 1@ ;=NO;F =IHN;=N CH=L?;M?M ;M >I?M @LC=NCIH

ON NB? ;NIGC= M=;F? PC?Q JLIGCM?M NI ?RJF;CH @;L GIL? NB;H NB? MCGJF?L @?;NOL?M |@ @LC=NCIH 1B? G?=B;HCMG @IL BIQ B?;|
A?H?L;N?> CM HIQ <?CHA >?N?LGCH?> &H INB?L QIL>M QBS >l MOL@;=?M A?N Q;LG?L QB?H LO<?SNMIMHDHERFS

QCNB IH? ;HINB?L NI @ILG F;NNC=?M 4B?H MOL@;=?M LO< NB? MOL@;=? ;NIGM ;>B?L? ;H> =;0M? ;NIGC= F;NNC=?M NI PC<L;N?Z?MM?
=L?;NCHA MIOH> Q;P?M NB;N J?H?NL;N? NB? G;N?LC;F 1B? MIOH> Q;P?M >CGCHCMB QCNB >CMN;H=? ;H> NB?CL ?H?LAS CM =IHP?LN"
B?;N B?GC=;F L?;=NCIHM NB;N ;L? L?F;N?> NI @LC=NCIH;F Q?;L =;H ;FMI I==0OL <?NQ?7?H ;NIGM ;H> GIF?=0OF?MAKIN8? MOL@;=?M

2.17 MBIQM BIQ NB? NCJ |@ ; JLI<? >L;QH ;=LIMM ;HINB?L G;N?LC;F CM >?@ILG?> <S ;NIGC= M=;F? @LC=NCIH 1B? @IL=? H??>?> NI >L;A
NB? NCJ =;H <? G?;MOL?> ;H> CM @IOH> NI <? L?F;N?> NI MB?;L MNL?MM QBC=B QCFF <? >CM=0OMM2BFMNRCCIEIRBTH =B;IN?L

MB?;L MNL?MM CM L?G;LE;<F? GIL? NB;H ; @;=NIL I@H> >C@C=0FN NI JL?>C=N NB?KONCAFFISMNL?MM CM SC?F>CHA ;
@OH>;G?HN;F OH>?LMN;H>CHA 1@ ; F;LA? M=;F? JB?HIG?HIH EHIQH MCH=? ;H=C?HN NCG?MZ@LC=NCIH

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 2.17 1B? NCJ 1@ ; JLI<? CM >?@ILG?> MC>?Q;SM <S @LC=NCIH;F @IL=? ;M NB? JLI<? CM >L;AA?> ;=LIMM ; MOL@;=? *?;MOL?G?HNM |@ BIQ NB? @IL="?
P;LC?M @IL@A@HN G;N?LC;FM ;L? SC?F>CHA @OH>;G?HN;F CHMCABNM CHNI NB? ;NIGC= H;NOL? |I@ @LC=NCIH

-B"1 "RJFIL;NCIHM #IL=?M ;H>*INCIH

"RJIFIL? NB? @IL=?M ;N QILE QB?H SIO NLS NI JOMB ; @CFCHA =;<CH?N L?;N?;H;JJFC?> @IL=? ;H> M?? NB? L?MOFNCHA @LC=NCIH
;H>NIN;F @IL=? ;=NCHA IH NB? =;<CH?N B;LNM MBIQ NB? @IL=?M JIMCNEIH=PPPIsRAIS PM NCG? IL;Q; @L??<I>S
>C;AL;G 1@ ;FF NB? @IL=?M CH=FO>CHA AL;PCN;NCIH;F ;H> HILG;F @IL=?M

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

1BCM M?=NCIH QCFF <? >CM=0OMM?> CH =F;MM MI L?;>CHA NBCM M?=NCIH CM HIN L?KOCL?>

4 ? HIQ GIP? @LIG =IHMC>?L;NCIH |@ @IL=?MaNB;NN&? GINCIH |1@ ;H I<D?=N MO=B ;M @LC=NCIH ;H>>L;A N&BNMPNB;N ;@

I<D?=NA MB,;J? &@ ; <OFF>IT?L JOMB?M ; =;L CHNI ; Q;FF NB? =;,L QCFF HIN GIP? <ON CN QCFF HINC=?;<FS =B;HA? MB;J? =B;HA? CH
MB;J? >0? NI NB? ;JJFC=;NCIH 1@ ; @IL=knation "P?H P?LS MG;FF @IL=?M ;L? EHIQH NI =;,0M? MIG? >?@ILG;NCIH #IL

MG;FF >?@ILG;NCIHM NQI CGJILN;HN =B;L;=N?LCMNC=M ;L? I<M?LP?> #CLMN NB? I<D?=N L?NOLHM NI CNM ILCACH;F MB;J? QB?H NB'
L?GIP?>ZNB;N CM NB? >?@ILG;NCIH CM ?F;MNC= @IL MG;FF >?@ILG;NCIHM 0?=IH> NB? MCT? I@ NB? >?@ILG;NCIH CM JLIJILNCIH;F N
@IL=?ZNB;N CM @IL MG;FF >?@ILG;NCIHMFQIEM I<?S?> &H ?KO;NCIH @bk law CM ACP?H <S

'LT-

QB?L? T- CMNB?;GIOHN I@ >?@ILG;NCIH NB? =B;HA? CH F?HANB @IL ?R;GJF? JLI>0=?> <SNBL@M=?
JLIJILNCIH;FCNS =IHMN;HN NB;N >?J?H>M IH NB? MB;J? ;H> =IGJIMCNCIH 1@ NB? I<D?=N ;H> NB? >CL?=NCIH |@ NB? @IL=? +IN? NB;N N
@IL=? CM ; @OH=NCIH |@ NB? >?@IL-G2CBIKEM HIN =IHMN;HN ;M ; ECH?NC= @LC=NCIH @IL=? CM /?;LL;HACHA NBCM NI

T- —

L

G;E?M CN =F?;L NB;N NB? >?@ILG;NCIH CM JLIJILNCIH;F NI NB? ;BJf€2=2 @ILMBIQM NB? %IIEM F;Q L?F;NCIHMBCJ <?NQ??H
NB? ?2RN?HMCIH 1@ ; MILCHA IL 1@ ; BOG;H <IH? #IL G?N;FM IL MJLCHAM NB? MNL;CABN FCH? L?ACIH/IH@QECTABCHIMERM
GO=B F;LA?UH?M ;L? <LCNNF? ;H> NB? ?F;MNC= L?ACIH CM MG;FF ;H> NB? @L;=NOL? ;<LOJN "P?HNO;FFS ; F;LA? ?HIOAB MNL?MM NI N
G;N?LC;F QCFF =;,0M? CN NI <L?;E IL @érshdtfength CM NB? <L?;ECHA MNL?MM NB;N QCFF =,0M? J?LG;H?HN >?@ILG;NCIH IL
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@L;=NOL? 1@ ; G;N?LC;F
%IIE?\M );Q
' La-

QB?L? T- CMNB?;GIOHN I@ >?@ILG;NCIH NB? =B;HA? CH F?HANB @IL ?R;GJF? JLI>0=?> <HNBL@N=?
JLIJILNCIH;FCNS =IHMN;HN NB;N >?J?H>M |[H NB? MB;J? ;H> =IGJIMCNCIH I@ NB? I<D?=N ;H> NB? >CL?=NCIH |@ NB? @IL=?

T-

L

Figure 2.19  AL.JB 1@ >?@ILG;NCIHI - P?LMOM ;JJFC?> @I[=7LB? MNL;CABN M?AG?HN CM NB? FCH?;L L?ACIH QBRI @MEZ?S?> 1B? MFI1J?

1@ NB? MNL;CABN L?A?_II—#ULNF;LA?L @IL=?M NB? AL;JB CM =OLP?> <ON NB? >?@ILG;NCIH CM MNGRFFPFR;"NTQER NI T2LI C@ NB? @IL=? CM L?GIP?>

ONCFF AL?;N?L @IL=?M J?LG;H?HNFS >?@ILG NB? I<D?=N OHNCF CN @CH;FFS @L;=NOL?M 1B? MB;J? |@ NB? =OLP? H?;L @L;=NOL? >?J?H>M IH M?P?L;F @;=
BIQ NB? @IL=? CM ;JJFC?> +IN? NB;N CH NBCM AL;JB NB? MFIJ? CH=L?;M?M DOMN <?@IL? @L;=NOL? CH>C=;NCHA RBINLIMO:EHBHEI24A? CH

CH=L?;M? CH H?;L NB? @L;=NOL?

1B? JLIJILNCIH;FCNS =IHMN;BRI?H>M OJIH ; HOG<?L I@ @;=NILM @IL NB? G;N?LC;F #IL ?R;GJF? ; AOCN;L MNLCHA G;>? I@ HSFIH
MNL?N=B?M QB?H CN CM NCABN?H?> ;H> NBT2FCMNCIHNCIH;F NI NB? @IL=? ;JJFC?> ;N F?;MN @IL MG;FF >?@ILG;NCIHM

1BC=E?L HSFIH MNLCHAM ;H> IH?M G;>? |@ MN??F MNL?N=B F?MM @IL NB? M;G? ;JJFC?> @IL=? CGJFEOM2ONRBRSB;P? ; F;LA?L

2.20 #CH;FFEF NBL?? MNLCHAM L?NOLH NI NB?CL HILG;F F?HANBM QB?H NB? @IL=? CM L?GIP?> JLIPC>?> NB? >?@ILG;NCIH CM MG;
G;N?LC;FM QCFF <?B;P? CH NBCM G;HH?L C@ NB? >?@ILG;NCIH CM F?MM NB;H ;<ION  IL ;<ION J;LN CH

Figure 2.20 1B? M;G? @IL=? CH NBCM =;M? ; Q?CABNJIFC?> NI NBL?? @2@HN AOCN;L MNLCHAM 1@ C>?HNC=;F F?HANB JLIE?7MINB? NBL?? >C@
>?@ILG;NCIHM MBIQH ;M MB;>?> M?AG?HNM 1B? MNLCHA IH NB? F?@N CM NBCH HSFIH NB? IH? CH NB? GC>>F? CM NBC=E?L HSFIH ;H>NB? IH? I[H NB? LCA

ONL?N=BGLM?F@ ; )CNNF?

%IQ QIOF> SIO Al ;<ION G?;MOLCHA NB? JLIJILNCIH;FCNS =IHN@N; H®<<?L <;H> &@ ; LO<<?L <;H> MNL?N=B?> =G QB?H
;. AG;MM Q;M ;NN;=B?>NICN NB?H BIQ GO=B QIOF> CN MNL?N=B C@ NQI MCGCF;L LO<<?L <;H>M Q?L? ;NN;=B?> NI NB? M;G?
G;MMZ?P?H C@ JON NIA?NB?L CH J;L;FF?F IL ;FN?LH;NCP?FS C@ NC?> NIA?NB?L CH M?LC?M

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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4 ? HIQ =IHMC>?L NBL?? MJ?=C@C= NSJ?M |@ >?@ILG;NCIHM =B;HA?M CH F?HANB N?HMCIH ;H>=IGJL?MMCIH MC>?Q;SM MB?;L MN
;H>=B;HA?M CH PIFOG? FF >?@ILG;NCIHM ;L? ;MMOG?> NI <? MG;FF OHF?MM INB?LQCM? MN;N?>

B;HA?M CH )?HANBZHMCIH ;H> IGIJL?MMCIH "F;MNC=*I>0OFOM
=B;HA? CH F?HANB- CM JLI>0=?> QB?H ; @IL=? CM ;JJFC?> NI ; QCL? IL LI> J;L;FF?F NI GNMENBMNBVINL?N=BCHA CN ;
N?HMCIH IL =IGIL?MMCHA CNig0Pe 2.21

Figure 2.21 ; 1 ?HMCIH 1B? LI> CM MNL?N=B?> ; FAHANEB?H ; @IL=? CM ;JJFC?> J;L;FF?F NI CNM F?HANB < IGJL?MMCIH 1B? M;G? LI>CM

=IGIJL?MM?> <S @IL=?M QCNB NB? M;G? G;AHCNO>? CH NB? IJJIMCN? >CL?=NCIH #IL P?LS MG;FF >?@ILG;NCIHM ;Hi> BN @ILRGBIRZEEM
NB? M;G? @IL NB? M;G? G;AHCNO>? |@ N?HMCIH IL =IGIL?MMCIH #IL F;,LA?L >?@ILG;NCIHM NB? =LIMM M?=NCIH;F ;L?; =B;HA?M ;M NB? LI> CM =IGIJL?MM?> IL

MNL?N=B?>

"RJ?LCG?HNM B;P? MBIQH NB;N NB? =B;HA? CH AP2HARB?H>M IH IHFS ; @?Q P;LC;<F?M M ;FL?;>S HINP> CM

JLIJILNCIH;F NI NB? @IL'=2H> >?J?H>M IH NB? MO<MN;H=? @LIG QBC=B NB? I<D?=N CM G;>? NENGHAEEH F?HANB CM
JLIJILNCIH;F NI NB? ILCACH;F F?HANB CHP?LM?FS JLIJILNCIH;F NI NB? =LIMM M?=NCIH;F ;L?; 1@ NB? QCL? IL LI> #IL ?R;GJF? ;

FIHA AOCN;L MNLCHA QCFF MNL?N=B GIL? NB;H ; MBILN IH? ;H>; NBC=E MNLCHA QCFF MNL?R=8-F2AGNMONE, HFANEEHIM? 4
@;=NILM CHNI IH? ?KO;NCIH @IL

QB?L? T- CM NB? =B;HA? CH F?HANB? ;JJFC?> @IL=? CM ; @;=N#;FF?> NB? ?F;MNC= GI>OFQOHAM GI>OFOM NB;N
>?2J?H>M IH NB? MO<MN;H=?CM NB? =LIMM M?=NCIH;F ;L?;-;HEM NB? ILCACH;F F7HAMNB.3 FCMNM P;FO?M @L M?P?L;F

G;N?LC;FMZNBIM? QCNB ; F;LAR? M;C> NI B;P? ; F;,LA? N?HMCF? MNC@H?MM <?=;,0M? NB?S >?@ILG F?MM @IL ; ACP?H N?HMCIH IL
=IGJL?MMCIH
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1<F?  "F;:MNC=*>C0Ft

/' N /' N /' N

FOGCHOG
IH? Y N?HMCIH

IH?'Y
=IGJL?MMCIH

L;MM

LC=E
IH=L?N?
$F;MM
$L;HCN?
%;CL BOG;H
%;L>QlI>
&LIH =;MN
)?:>

*L<F?
+SFIH
-IFSMNSL?H?
OCFE
0JC>?L NBL?;>
ON??F
1?H>IH
=?NIH?
"NB;HIF
$FS=?LCH
*?L=0LS

4 ;N?L

6IO0HAM GI>OFC ;L? HIN FCMN?> @IL FCKOC>M ;Azofe MZAVkCEHOM? NB?S =;HHIN <? MNL?N=B?> IL =IGJL?MM?> CH IHFS IH?

>CL?=NCIH +IN? NB;N NB?L? CM ;H ;MMOGJNCIH NB;N NB? I<D?=N >I?M HIN ;==?F?L;N? MI NB;N NB?L? ;L? ;=NO;FFS NQI ;JJFC?> @IL=?}
G;AHCNO>? ;=NCHA CH IJJIMCN? >CL?=NCIHM #IL ?R;GJF? NB7MNLECHAM,CPH<?CHA JOFF?>>IQH <S ; @IL=? |@

G;AHCNO>X ;H> B?F> 0J <S NB? =?CFCHA QBC=B ;FMI ?R?LNM ; @IL=? |@G;AHCNO>?

Example 2.3 The Stretch of a Long Cable

O0OMJI?HMCIH =;<F?M ;L? OM?> NI =;LLS AIH>IF;M ;N MEC L?MHijMe 022 IHMC>?L ; MOMJ?HMCIH =;<F? NB;N CH=FO>?M
;HOHMOJJILN?>MJIHI@ G ;F=OF;N? NB? ;GIOHN I@ MNL?N=B CH NB? MN??F =;<F? MMOG? NB;N NB? =;<F? B;M ; >C;G?N?L |@

=G ;H> NB? G;RCGOG N?HMCIH CN =;H QCNBMN;H>CM /

JILIRCG;N? ;H> ;P?L;A? P;FO?M I®OHAM GI>OFC @IL N?HMCIH ;H> =IGIJL?MMCIH MIG?N@BAMEBI@L? ;P?L;A?> B?L?
IH? B;M MCAHC@C=;HERPE @AM GI>OFC @IL N?HMCIH ;H> =IGIJL?MMCIH

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 2.22 $IH>IF;M NL;P?F ;FIHA MOMJ?HMCIH =;<F?M ;N NBD®$;8;6MEC L?MILN CH ';J;H =L?>CN /O>S %?LG;H #FC=EL

Strategy

1B? @IL=? CM ?KO;F NI NB? G;RCGOG N?HMCIH IL— / 1B? =LIMM M?=NCIH;F ;L?; CSI — N 1B?
?KO;NCIHT- —= - =;H<? OM?> NI @CH> NB? =B;HA? CH F?HANB

Solution

FF KO;HNCNC?M ;L? EHIQH 1BOM

T-

1 b4 _ ;4
3 INB — N6

N

Discussion

1BCM CM KOCN? ; MNL?N=B <ON IHFS ;<ION 1@ NB? OHMOJJILig2=NMNBI7@&?L;NOL? OJIH F?HANB GCABN <? CGJILN;HN
CH NB?M? ?HPCLIHG?HNM

IH?M IH NB? QBIF? >| HIN @L;=NOL? >0? NI N?HMCIH IL =IGJL?MMCIH /;NB?L NB?S A?H?L;FFS @L;=NOL? >0? NI MC>?Q;SM CGJ;=N IL
<?H>CHA L?MOFNCHA CH NB? <IH? MB?;LCHA IL MH;JJCHA 1B? <?B;PCIL |@ <IH?M OH>?L N?HMCIH ;H> =IGIJL?MMCIH CM CGJILN;HN <
CN >?N?LGCH?M NB? FI;> NB? <IH?M =HH2M.3.? =F;MMC@C?> ;M Q?CABN <?;LCHA MNLO=NOL?M MO=B ;M =IFOGHM CH <OCF>CHAM ;}
NL??M 2CABN <?;LCHA MNLO=NOL?M B;P? MJ?=C;F @?;NOL?M =IFOGHM CH <OCF>CHA B;P? MN??F L?CH@IL=CHA LI>M QBCF? NL??N
@C<LIOM 1B? <IH?M @¥P:edN J;LNM |@ NB? <I>S M@RZ?HE@NLO=NOL;F @OH=NCIHM ;H> ;L@ILMHMNNVINCEMM?M 1BOM NB?

<IH? CHNB? NIJ |@ NB? @?GOL CM ;LL;HA?> CH NBCH MB??NM M?J;L;N?> <S G;LLIQ QBCF? CH INB?L JF;=?M NB? <IH?M =;H <? =SFCH>|
;H> @CFF?> QCNB G;LLIQ IL DOMN MIFC> ,P?LQ?CABN J?IJF? B;P? ; N?H>?H=S NIQ;L> <IH? >;G;A? >O? NI MOMN;CH?> =IGJL?MMCIHM C
<IH? DICHNM ;H> N?H>IHM

HINB?L <CIFIAC=;F ?R;GJF? 1@ %INER,Q |==OLM CH N?H>IHM #OH=NEB?,NPEI>IH NB? NCMMO? =IHH?=NCHA GOM=F? NI <IH?

GOMN MNL?N=B ?;MCFS ;N @CLMN QB?H ; @IL=? C&?LIFEO=B<AIP{igrL L?MNILCHA @IL=? @IL ; AL?;NguMNL2EHBIQM

; 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?
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?
HIHFCH?;MCH=? NB? MFIJ? |@ NB? FCH? =B;HE&NTHNACACIHM &H NB? @CLMN J;LN I@ NB? MNL?N=B =;FF?> NB? NI? L?ACIH NB? @C
NB? N?H>IH <?ACH NI ;FCAH CH NB? >CL?=NCIH |@ NB? MNL?MMZNPDY &M NFFEEH?;L L?2ACIH NB? @C<LCFM QCFF <? MNL?N=B?>
;H> CH NB? @;CFOL? L?ACIH CH>CPC>0O;F @C<?LM <?ACH NI <L?;E  MCGJF? GI>?F |@ NBCM L?F;NCIHMBCJ =;H <? CFFOMNL;N?><S M
J;L;FF?F @@ ?HN MILCHAM ;L? ;=NCP; P2LAHME@HANBM |@ MNL?N=B "R;GJF?M |@ NBCM ;L? ACP?H CH NB? JLI<F?GM ;N ?H> 1@ NBC
=B;JN?L)CA;G?HNM NCMMO? =IHH?=NCHA <IH? NI <IH? <?B;P? CH ; MCGCF;L Q;S

Figure 2.23 1SJC=;F MNL?MM MNL;CH =OLP? @IL G;GG;FC;H N?H>IH 1BL?? L?ACIHM ;L? MBIQH  NI? L?ACIH FCH?;L L?ACIH ;H> @;CFOL? L?ACIH

2HFCE? <IH?M ;H> N?H>IHM QBC=B H??> NI <? MNLIHA ;M Q?FF ;M ?F;MNC= NB? ;LN?LC?M ;H> FOHAM H??> NI <? P?LS MNL?N=B;<F? 1
?F;MNC=JLIJ?LNC?M 1@ NB? ;LN?LC?M ;L? ?MM?HNC; FLEIUJEAUMAENTH NB? ;LN?LC?M CH=L?;M?M ;H> ;LN?LC;F Q;FFM MNL?N=B

QB?H NB? <FlI> CM JOGJ?> ION |@ NB? B?;LN 4B?H NB?;ILNC= P;FP? MBONM NB? JL?MMOL? CH NB? ;LN?LC?M >LIJM ;H> NB? ;LN?LC;F
L?F;R NI G;CHN;CH NB? <FII> @R SIO @??F SIOL JOFM? SIO ;L? @??FCHA ?R;=NFS NBCMZNB? ?F;MNC= <?B;PCIL |I@ NB? ;LN?LC?M ;N
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<FlI> AOMB?M NBLIOAB QCNB ?;=B JOGJ |@ NB? B?;,LN &@ NB? ;LN?LC?M Q?L? LCAC> SIO QIOF> HIN @??F ; JOFM? 1B? B?;LN CM ;FM
ILA;H QCNB MJ?=C;F ?F;MNC=JLIJ?LNC?M 1B? FOHAM ?RJ;H> QCRB.8QB2DK)R 2@;NB? CH <ON L?F;R @L??FS ;H> ?F;MNC=;FFS

QB?H Q? <L?;NB? ION ,OL MECHM ;L? J;LNC=0OF;LFS ?F;MNC= ?MJ?=C;FFS @IL NB? SIOHA SIOHA J?LMIH=HAI @LIG EANI EA
QCNB HI PCMC<F? M;A CH NB?CL MECHM 1B? ?F;MNC=CNS 1@ ;FF ILA;HM L?>0=?M QCNB ;A? $L;>O;F JBSMCIFIAC=;F ;ACHA NBLIOAB |
?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
t?

;F=OF;N? NB? =B;HA? CH F?HANB |@ NB? OJJ?L F?A <IH? NB? @?GOL QB?H; EAG;HMOJJILNM EAI@ BCM G;MM IH CN
iMMOGCHA NB? <IH? NI <? ?KOCP;F?HN NI ; OHC@ILG LI>NB;NCM =G FIHA ;H> =G CH L;>COM

Strategy
1B? @IL=? CM ?KO;F NI NB? Q?CABN MOJJILN?> IL
' NH3} I NTg /

:H> NB? =LIMM M?=NCIH;F :L?; & — N 1B? ?2KO;NCIHT- —=- =;H<? OM?> NI @CH> NB? =B;HA? CH
F?HANB
Solution
FF KO;HNCNC?M ?RE?JN? EHIQH +IN? NB;N NB? =IGJL?MMCIH P;FORO&ANM GI>OFOM @IL <IH? GOMN <? OM?> B?L?
1BOM

1 4 4

T- i N
3= /N — " N6
— N

Discussion

1BCM MG;FF =B;HA? CH F?HANB M??GM L?;MIH;<F? =IHMCMN?HN QCNB IOL ?RJ?LC?H=? NB;N <IH?M ;L? LCAC> &H @;=N ?P?H NB? |
F;LA? @IL=?M ?H=IOHN?L?> >OLCHA MNL?HOIOM JBSMC-=;F ;=NCPCNS >| HIN =IGJL?MM IL <?H> <IH?M <S F;LA? ;GIOHNM FNBIOAB
<IH? CM LCAC> =IGJ;L?> QCNB @;N IL GOM=F? M?P?L;F |@ NB? MO<MNjiH=2\ FCRIN?: AP P;FO?M |[@I186AM

GI>OFOM: &H INB?L QIL>M NB?S ;L? GIL? LCAC>

1B? ?KO;NCIH @IL =B;HA? CH F?HANB CM NL;>CNCIH;FFS L?;LL;HA?> ;H> QLCNN?H CH NB? @IFFIQCHA @ILG

1B? L;NCI 1@ @IL=? NI ;L2 CM>?@CH?sttébs G?;MOL?>CH N ;H>NB?L;NCI 1@ NB? =B;HA? CH F?HANB NI—E’;HN‘NB

>?@CH?>sMain ; OHCNF?MM KO;HNCNS  &H INB?L QIL>M
TURST T: —UBS]

&H NBCM @ILG NB? ?KO;NCIH CM ;H;FIAIOMWNFRIENB MNL?MM ;H;FIAIOM NI @IL=? ;H> MNL;CH ;H;FIAIOM NI >?@ILG;NCIH &@ Q7
;A;CH L?;LL;HA? NBCM ?KO;NCIH NI NB? @ILG

' :..T-

Q? M?? NB;N CN CM NB? M;G? ;MROREQ\QCNB ; JLIJILNCIH;FCNS =IHMN;HN

L —

1BCM A?H?L;F C>?;ZNB;N @IL=? ;H> NB? >?@ILG;NCIH CN =,0M?M ;L? JLIJILNCIH;F @IL MG;FF >?@ILG;NCIHMZ;JJFC?M NI =B;HA?M CH
F?HANB MC>?Q;SM <?H>CHA ;H> =B;HA?M CH PIFOG?

ONL?MM

1B? L;NCI 1@ @IL=? NI ;L2 CM >?@CH?>;M MNL?MM G?;MOL?>CH + G

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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ONL;CH

1B? L;NCI 1@ NB? =B;HA? CH F?HANB NI%HKI}IB >?@CH?> ;M MNL;CH ; OHCNF?MM KO;HNCNS &H INB?L QIL>M
TURST T: —UBSJ

0C>7Q;SM ONL?MM 0B?;L *I>OFOM

Figure 2.24 CFFOMNL;N?M QB;N CM G?;HN <S ; MC>?Q;SMshidtrgNbice %?L? NB? >?@ILG;NCIH CM =Fi?H> CN CM
J?LI?H>C=0F;L NI L;NB?L NB;H J;L;FF?F ;M QCNB N?HMCIH ;H> =IGIJL?MMCIH 0B?;L >?@ILG;NCIH <?B;P?M MCGCF;LFS NI N?HMCIH ;H>
=IGIL?MMCIH ;H> =;H <? >?M=LC<?> QCNB MCGCF;L ?KO;NCIHM 1B? ?RieaMi@ith@ibn CM

A

QB?L? 4CM NB? MB?;L GI>OFOMTM®?2 2.3 ;H> ' CM NB? @IL=? ;JJFC?> J?LI?H>C=0F;|HXIJ;L;FF?F NI NB? =LIMM

M?=NCIH;F;L?" A;CH NIE??JNB?I<D?=N @LIG ;==?F?L;NCHA NB?L? ;L?;=NO;FFS NQI ?KO;F ;H> IJJIMCBFF@M"=?M
;=LIMM 1JJIMCN? @;=?M ;M CFFOMNIgN2>ZCH! 1B? ?KO;NCIH CM FIAC=;FZ@IL ?R;GJF? CN CM ?;MC?L NI <?H> ; FIHA NBCH J?H=CF
MG;FF" NB;H ; MBILN NBC=E IH? ;H><INB ;L? GIL? ?;MCFS <?HN NB;H MCGCF;L MN?% LI>M F;LA?

0B?;L '?@ILG;NCIH
TY —-
4
QB?L? 4 CM NB? MB?;L GI>OFOM I;H@M NB? @IL=? ;JJFC?> J?LJ?H>C=0F;|HNIJ;L;FF?F NI NB? =LIMM M?ZNCIH;F";L?;

Figure 2.24 0B?;,LCHA @IL=?M ;L? ;JJFC?> J?LJ?H>C=0F;L NI NB? F?Hi&NB_;FF?F NI NB? iL?;" JLI>O=CHA ; >?@ILG;NCIH \ 3?2LNC=;F @IL=?M

;L? HIN MBIQH <ON CN MBIOF> <? E?JN CH GCH> NB;N CH ;>>CNCIH NI NB? NQI MBREZI2/AC@MNAP MOJJILNCHA @IL=?M NI E?2J NB? I<D?=N @LIG

LIN;NCHA 1B? >CMNILMCHAME@ NB?M? MOJJILNCHA @IL=?M ;L? CAHIL?> CH NBCM NL?;NG?HN 1B? Q?CABN I@ NB? I<D?=N ;FMI CM HIN MBIQH MCH=? CN C
H?AFCAC<F? =IGJ;L?> QCNB @IL=?M F;LA? ?HIOAB NI =;0M? MCAHC@C=;HN >?@ILG;NCIHM

"R;GCH;NCIH I@ NB? MB?;L GI>ORQ®IEH.3 L?P?;FM MIG? N?FFCHA J;NN?LHM #IL ?R;GJF? MB?;L GI>OFC ;L?IoHAMYINB;H 6
GI>OFC @IL GIMN G;N?LC;FM IH? CM ; L?G,LE;<F? ?R=?JNCIH &NM MB?;L GI>OFOM CM HIN [HFSOHANNGLNB:8ENOB CN
CM ;M F;LA? ;M NB;N |@ MN??F 1BCM CM QBS <IH?M ;L? MI LCAC>

1B? MJCH;F =IFOGH =IHMCMNCHA I@ P?LN?<L;F M?AG?HNM M?J;L;N?><S >CM=M JLIPC>?M NB? G;CH MOJJILN @IL NB? B?;> ;H> OJ.
J;LN I@ NB? <I>8? MJICH;F =IFOGH B;M HILG;F =OLP;NOL? @IL MOINSBCNS-OLP;NOL? =;H <? CH=L?;M?> F?;>CHA NI CH=L?;M?>
MB?;LCHA @IL=?M IH NB? FIQ?L P?LN?<L;? ICM=M ;L? <?NN?L ;N QCNBMN;H>CHA =IGJL?MMCIH;F @IL=?M NB;H MB?;L @IL=?M ?=;0M?
MJCH? CM HIN P?LNC=;F NB? Q?CABN I@ NB? 0JJ?L <I>S ?R?LNM MIG? |@ <INB -L?AH;HN QIG?H ;H> J?IJF? NB;N ;L? IP?LQ?CABN QCN
F;LA? ;<>IG?HM H??> NI GIP? NB?CL MBIOF>?LM <;=E NI G;CHN;CH <;F;H=? NB?L?<S CH=L?;MCHA NB? =OLP;NOL? CH NB?CL MJCH? ;H:
CH=L?;MCHA NB? MB?;L =IGJIH?HN 1@ NB? MNL?MM H CH=L?;M?>;HAF? >0O? NI GIL? =OLP;NOL? CH=L?;M?M NB? MB?;L @IL=?M ;FIHA
JF;H? 1B?M? BCAB?L MB?;L @IL=?M CH=L?;M? NB? LCME 1@ <;=E CHDOLS NBLIOAB LOJNOL?>>CM=M 1B? FOG<IM;=L;F >CM= NB? Q?:
MB;J?> >CM= <?FIQ NB? F;MN P?LN?<L;? CM J;LNC=0F;LFS ;N LCME <?=;0M? |@ CNM FI=;NCIH

1B? MB?;L GI>OFC @IL =IH=L?N? ;H> <LC=E ;L? P?LS MG;FF NB?S ;L? NIl BCABFS P;LC;<F? NI <? FCMN?> [|H=L?N? OM?> CH <OCF>CHA
QCNBMN;H> =IGJL?MMCIH ;M CH JCFF;LM ;H>;L=B?M <ON CM P?LS JIIL; A GEAMBNMB?2H=IOHN?L?> CH B?;PCFS FI;>?> @FIILM

IL >OLCHA ?;LNBKO;E?M *I1>?LH MNLO=NOL?M Q?L? G;>? JIMMC<F? <S NB? OM? |@ MN??F ;H> MN??F L?CH@IL=?> =IH=L?N? FGIMN <¢
>?@CHCNCIH FCKOC>M ;H> A;M?M B;P? MB?;L GI>OFC H?;L T?LI <?=;,0M? NB?S @FIQ CH L?MJIHM? NI MB?;LCHA @IL=?M
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Example 2.5 Calculating Force Required to Deform: That Nail Does Not Bend Much Under a

#CH> NB? G;MM I@ NB? JC=NOL? B;HACHA @LIG ; MN??F H;CroiMeVBIQHATHP?H NB;N NB? H;CF <?H>M IHFSU
MMOG? NB? MB?;L GI>OFOM CM EHIQH NI NQI MCAHC@C=;HN @CAOL?M

Figure 2.25 0C>? PC?Q I@ ; H;CF QCNB ; JC=NOL? BOHA @LIG CN 1B? H;CF @F?R?M P?LS MFCABNFS MBIQH GO=B F;LA?L NB;H ;=NO;F <?=;0M? |@ NB? MB
?@7?=N 1@ NB? MOJJILN?> Q?CABN FMI MBIQH CM NB? OJQ;L> @IL=? 1@ NB? Q;FF IH NB? H;CF CFFOMNL;NCHA NB;N NB?L? ;L? ?KO;F ;H> 1JJIMCN? @IL=2N\
;=LIMM 1JJIMCN? =LIMM M?=NCIHM 1@ NB? H;@m@22.5 @IL ; =;F=OF;NCIH |@ NB? G;MM I@ NB? JC=NOL?

Strategy
1B? @IL=?" IH NB? H:CF H?AF?=NCHA NBIQHIFXCABN CM NB? Q?CABN 1@ NEX JI@NTAL2:H @CKNB2H NB? G:MM
1@ NB? JC=NOL? CMD@BM?KO;NCIHT Y T - =H<?MIEP?> @IL
Solution
OIFPCHA NB? 2KO:NAIY T - @IL' Q?M??NB:N :FF INB?L KO;HNCNC?M =;H <? @IOH>
AL

SCM@IOHS@He 2.3 H>CM4  — /| N 1B?L:>COMSCM GG :M M?22H CH NB? @CAOL? MI NB? =LIMM
M?=NCIH:F :L?; CM

" S _ ' N

1B? P;FO? @I= CM ;FMI MBIQH CH NB? @CAOL? 1BOM

: — /N = N 0y ;
— N
1BCM + @IL=? CM NB? Q?CABANB? JC=NOL? MI NB? J@-&\RMPCM
N N H H
Discussion
1BCM CM ; @;CLFS G;MMCP? JC=NOL? ;H>CN CM CGJL?MMCP? NB;N NB? HIZFHGGTRAMOHBESN?=N;<F? NI NB?
OH;C>?> ?S?

B;HA?M CH 80G? OFE *I>OFOM

H I<D?=N QCFF <? =IGJL?MM?> CH ;FF >CL?=NCIHM C@ CHQ;L> @IL=?M ;L? ;JJFC?> ?P?HFS |H-EEr€NMMRNZM?M ;M CH

L?F;NCP?FS ?;MS NI =IGJL?MM A;M?M ;H> ?RNL@E2FIEANO@ =IGIL?MM FCKOC>M ;H> MIFC>M #IL ?R;GJF? ;CL CH ; QCH? <INNF? CM
=IGIL?MM?> QB?H CN CM =ILE?> ON C@ SIO NLS =ILECHA ; <LCG @OFF <INNF? SIO =;HHIN =IGJL?MM NB? QCH?ZMIG? GOMN <? L?GlI
NB? =ILE CM NI <? CHM?LN?> 1B? L?;MIH @ILA@BZMIN-E@IL?MMC<CFCNC?M CM NB;N ;NIGM ;H> GIF?=0F?M ;L? M?J;L;N?> <S F;LA?
?GJINS MJ;=?M CH A;M?M <ON J;=E?> =FIM? NIA?NB?L CH FCKOC>MIG3IMNAG>M;XI SIO GOMN @IL=? CNM ;NIGM ;H>

GIF?=0F?M =FIM?L NIA?NBAGJL?MM FCKOC>M ;H> MIFC>M SIO GOMN ;=NO;FFS =IGJL?MM NB?CL ;NIGM ;H> GIF?=0F?M ;H>P?LS
MNLIHA ?F?=NLIG;AH?NC= @IL=?M CH NB?G 1JJIM? NBCM =IGJL?MMCIH

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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Figure 2.26 H CHQ;L> @IL=? IH ;FF MOL@;=?M =IGJL?MM?M NBCM =0<? &NM =B;HA? CH PIFOG? CM JLIJILNCIH;F NI NB? @IL=? J?L OHCN ;L?; ;H> CNM ILCACH;
PIFOG? ;H>CM L?F;N?> NI NB? =IGJL?MMC<CFCNS 1@ NB? MO<MN;H="?

4 ? =;H >?M=LC<? NB? =IGIJL?MMCIH IL PIFOG? >?@ILG;NCIH I@ ;H I<D?=N QCNB ;H ?KO;NCIH #CLMN Q? HIN? NB;N ; @IL=? ];JJFC?>
?P?HFS" CM >?@CH?> NI B;P? NB? M;G? MNL?MM IL L;NCI I@-®@IlFEFRIMOL@;=?M 1B? >?@ILG;NCIH JLI>O=?>CM ; =B;HA? CH

PIFOG? T7 QBC=B CM @IOH> NI <?B;P? P?LS MCGCF;LFS NNRB?E®IB?;H> =IGJL?MMCIH JL?PCIOMFS >CM=0OMM?> 1BCM CM HIN

MOLJLCMCHA MCH=?; =IGJL?MMCIH I@ NB? ?HNCL? I<D?=N CM ?KOCP;F?HN NI =IGJL?MMCHA ?;=B |@ CNM NBL?? >CG?HMCIHM 1B?
|@ NB? =B;HA? CH PIFOG? NI INB?L JBSMC=;F KO;HNCNC?M CM ACP?H <S

T7 =7

QB?L? # CM NB? <OFE GI>OFOMa22.3 7 CMNB?ILCACH;F PIFOG?:—,;H}M NB? @IL=? J?L OHCN ;L?; ;JJFC?> OHC@ILGFS

CHQ;L> IH ;FF MOL@;=?M +IN? NB;N HI <OFE GI>OFC ;L? ACP?H @IL A;M?M

4B;N ;L? MIG? ?R;GJF?M |@ <OFE =IGJL?MMCIH 1@ MIFC>M ;H> FCKOC>M ,H? JL;=NC=;F ?R;GJF? CM NB? G;HO@;=NOL? |@ CH>OMNLC
AL;>? >C;GIH>M <S =IGJL?MMCHA =;L<IH QCNB ;H ?RNL?G?FS F;LA? @IL=? J?L OHCN ;L?; 1B? =;L<IH ;NIGM L?;LL;HA? NB?CL =LSMN;FFC
MNLO=NOL? CHNI NB? GIL? NCABNFS J;=E?> J;NN?LH |@ >C;GIH>M &H H;NOL? ; MCGCF;L JLI=?MM |==0OLM >??J OH>?LALIOH> QB?L?
?RNL?G?FS F;LA? @IL=?M L?MOFN @LIG NB? Q?CABN I@ IP?LFSCHA G;N?LC;F HINB?L H;NOL;F MIOL=? I@ F;LA? =IGJL?MMCP? @IL=?I
JL?MMOL? =L?;N?> <S NB? Q?CABN I@MINAFFS CH >??J J;LNM |@ NB? I=7N%U 2R?LNM ;H CHQ,;L> @IL=? IH ;FF MOL@;=?M |@ ;
MO<G?LA?> I<D?=N ;H>?P?H IH NB? Q;N?L CNM?F@ N AL?;N >?JNBM Q;N?L CM G?;MOL;<FS =IGJL?MM?> ;M NB? @IFFIQCHA ?R;GJF~
CFFOMNL;N?M

Example 2.6 Calculating Change in V olume with Deformation: How Much Is W  ater Compressed
at Great Ocean Depths?

;F=0OF;N? NB? @L;=NCIH;F >?=L?;M? CH P-I:ééG@IL M?;Q;N?L ;N EG >?JNB QB?L? NB? @IL=? J?L OHCN ;L?; CM

— |/ N
Strategy
"KO;NCIHT7 Fa 7 CMNB? =ILL?=N JBSMC=;F L?F;NCIHMBCJ FF KO;HNCNC?M CH N-%Z?NCP,IE[GIQHRz’?JN
Solution

OIFPCHA @IL NB? OHEH@ ACP?M

7 '

T
OO<MNCNONCHA EHIQH P;FO?M QCNB NB? P;FO? @IL NB# AE GixOEOM
17 _— I N
7 — |/ N

Discussion
FNBIOAB G?;MOL;<F? NBCM CM HIN ; MCAHC@C=;HN >?=L?;M? CH PIFOG? =IHMC>?LCHA NB;N NB? @IL=? J?L OHCN ;L?; CM ;<ION
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iNGIMIB?L?M  GCFFCIH JIOH>M J?L MKO;L? @IIN )CKOC>M ;H> MIFC>M ;L? ?RNRO=XIFHN NI FSGIL@MM

IHP?LM?FS?LS F;LA? @IL=?M ;L? =L?;N?> <S FCKOC>M ;H> MIFC>M QB?H NB?S NLS NI ?RJ;H> <ON ;L? =IHMNL;CH?> @LIG >ICHA MIZQ
CM ?KOCP;F?HN NI =IGJIL?MMCHA NB?G NI F?MM NB;H NB?CL HILG;F PIFOG? 1BCM I@N?H I==OLM QB?H ; =IHN;CH?> G;N?LC;F Q;LGM (
MCH=? GIMN G;N?LC;FM ?RJ;H> QB?H NB?CL N?GJ?L;NOL? CH=L?;M?M &@ NB? G;N?LC;FM ;L? NCABNFS =IHMNL;CH?> NB?S >?@ILG I
=IHN;CH?IHINB?L P?LS =IGGIH ?R;GJF? I==OLM QB?H Q;N?L @L??TRVL@HFCE? GIMN G;N?LC;FM ?RJ;H>M QB?H CN @L??T?M

;H>CN =;H ?;MCFS @L;=NOL? ; <IQRNL? ; <CIFIAC=;F =?FF IL =L;=E ;H ?HACH? <FI=E NB;N A?NM CH CNM Q;S

,NB?L NSJ?M 1@ >?@ILG;NCIHM MO=B ;M NILMCIH IL NQCMNCHA <?B;P? ;H;FIAIOMFS NI NB? NORKIER® MBINCIHM
=[HMC>7?L?> B?L?

2.8 Drag Forces

1BCM M?=NCIH B;M <??H CH=FO>?> @IL =IGIJF?N?H?MM ;H> NB? =IHN?HN B?L? G;S IHFS <? <LC?@FS NIO=B?> OJIH CH =F;MM

HINB?L CHN?L?MNCHA @IL=? CH ?P?LS>;S FC@? CM NB? @IL=? 1@ >L;A IH ;H I<D?=N QB?H CN CM GIPCHA CH ; @FOC> ?CNB~?L; AM |
610 @?7?F NB? >L;A @IL=? QB?H SIO GIP? SIOL B;H> NBLIOABIQ;S®WABN ;FMI @??F CN C@ SIO GIP? SIOL B;H>>0OLCHA ; MNLIHA

QCH> 1B? @;MN?L SIO GIP? SIOL B;H> NB? B;L>?L CN CM IR @P?F 6 MG;FF?L >L;A @IL=? QB?H SIO NCFN SIOL B;H> MI IHFS NB?

MC>? AlI?M NBLIOAB NB? ;CLZSIO B;P? >?=L?;M?>NB? ;L?; @ SIOL B;H>NB;N @;=?M NB? >CL?=NCIH |@ GINCIdrggE? @LC=NCIH NB?
force ;FQ;SM 13JIM?M NB? GINCIH I@ ;H I<D?=N 2HFCE? MCGJF? @LC=NCIH NB? >L;A @IL=? CM JLIJILNCIH;F NI MIG? @OH=NCIH |@ NB
P?FI=CNS 1@ NB? I<D?=N CH NB;N @FOC> 1BCM @OH=NCIH;FCNS CM =IGJFC=;N?> ;H>>?J?H>M OJIH NB? MB;J? |@ NB? I<D?=N CNM |
;H>NB? @FOC> CN CM CH #IL GIMN F;LA? I<D?=NM MO=B ;M <C=S=FCMNM =;LM ;H> <;M?<;FFMBH IS BIRCNA | @MNBRPS

>LA @IL=?" ¢ CM @IOH> NI <? JLIJILNCIH;F NI NB? MKO;L? |@ NB? MJ??> |@ NBZ KRRENANBCM L?F;NCIHMBCJ G;NB?G;NC=;FFS

Mg $ W 4B?H N;ECHA CHNI ;==IOHN INB?L @;=NILM NBCM L?F;NCIHMBCJ <?=IG?M
' % — $ €I W

QB?L? $ CM NB? >L;A =@@=C?HNCM NB? ;L?; 1@ NB? I<D?=N @;=CHA NB? @FIDCNBR>?HMCNS |@ NB? @FOC> /?=;FF NB;N >?HMCNS
CM G;MM J?L OHCN PIFOG? 1BCM ?KO;NCIH =;H ;FMI <? QLCNN?H CH ; GIL? A?H?L;FCTZ> @WBQBPLa CCM ; =IHMN;HN

?KOCP;F?HNNI' $ " 4 2 B;P? M?N NB? ?RJIH?HN @IL NB?M? ?KO;NCIHM ;M <?=;0M? QB?H ;H I<D?=N CM GIPCHA ;N BCAB P?FI=CNS

NBLIOAB ;(MB? G;AHCNO>? |@ NB? >L;A @IL=? CM JLUILNCIH;F NI NB? MKO;L? |@ NB? MJ??> M Q? MB;FF M?? CH ; @?Q J;A?M IH @FOC
>SH;GC=M @IL MG;FF J;,LNC=F?M GIPCHA ;N FIQ MJ??>M CH ; @FOC> NB? ?RJIH?HN CM ?KO;F NI

ILA#IL="?
ILA @IL=? ' ¢, CM @IOH> NI <? JLIJILNCIH;F NI NB? MKO;L? I@ NB? MJ??> I@ NB? I<D?=N *NB?G;NC=;FFS

‘552 W
" =% "W

QB?L? $ CM NB? >L;A =@@=-C?HMNCM NB? ;L?; |@ NB? I<D?=N @;=CHA NB? @RMCNBPI>?HMCNS |@ NB? @FOC>

NBF?N?M ;M Q?FF ;M =;L >?MCAH?LM M??E NI L?>0=? NB? >L;A @IL=? NI FIQ?L NB?CLHg=PNCL?M 20PPSH;GC="
MB;JCHA 1@ ;H ;ONIGI<CF? =;H L?>0=? NB? >L;A @IL=? ;H> M| CH=L®WV&;M=ECF?;A?

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWMHFAA=3HN?HN =IF
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Figure 2.27 #LIG L;=CHA =;LM NI <I<MF?> L;=?LM ;?LI>SH;GC= MB;JCHA CM =LO=C;F NI ;=BC?PCHA NIJ MJ??>M I<MF?>M ;L? >?MCAH?> @IL MJ??> 1B?S ;L?
MB;J?> FCE? ; <OFF?N QCNB N;J?L?> @CHM =L?>(AC22UCHGER?>C; IGGIHM

1B? P;FO? 1@ NB? >L;A <@@-C?8N CM >?N?LGCH?> ?GJCLOMEFEFS QCNB NB? OM? I@ ; QCH> NOHH2E 2022

Figure 2.28 +0 L?M?;L=B?LM N?MN ; GI>?F JF;H? CH ; QCH> NOHH?F =L?>CN +0 G?M

1B? >L;A =I?@C=C?HN =;H >?J?H> OJIH P?EEGRNE QCFF ;MMOG? NB;N CN CM ; =IHMI{HNBPIFCMNM MIG? NSJC=;F >L;A
=1?7@C=C?HNM @IL ; P;LC?NS |I@ I<D?=NM +INC=? NBRGBZ?HNCGNP@ CG?HMCIHF?MN BOABCHBI??>M IP?L 1@

NB? JIQ?L I@ ; =;,L CM OM?> NI IP?L=IG? ;CL >L;A 1B? GIMN @O2E7A@ =LOCMCHA MJ??>CM <ION Y EGB ;<ION Y GCB

#IL NBCM L?;MIH >OLCHA NB? M ICF =LCMCM CH NB? 2HCN?> ON;N?M G;RCGOG MJ??>M IH BCABQ;SM Q?L? M?N ;N ;<ION EGB G
B

1,<F? ILA 1?7@ @C=C?HN
3;FO?M Typical values of
drag coefficient  $.

CL@ICF

1ISIN; ;GLS

#IL> #1=0OM

%IH>; CPC=
#?LL;LC?MN;LIMM;
I>A? /;G JC=EOJ
0JB?L?

%0GG?L % 023
OES>CP?L @??N @CLMN
C=S=F?
OES>CP?L BILCTIHN;F
CL=OF;L @F;N JF;N

-~
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0O<MN;HNC;F L?M?;L=B CM OH>?L Q;S CH NB? MJILNCHA QILF> NI GCHCGCT? >L;A 1B? >CGJF?M IH AIF@ <;FFM ;L? <?CHA L?>?MCAH~
NB? =FINB?M NB;N ;NBF?N?N€25E? L;=?LM ;H> MIG? MQCGG?LM ;H> LOHH?LM Q?;L @OFF <I>SMOCNM OMNL;FC;H ;NBS #L??G;H
QIL? ; @OFF <I>S MOCN CHNB? 0S>H?S ,FSGJC=M ;H> QIH NB? AIF> G?>;F @IL NB? G L;=? *}HS MQCGG?LM CH NB?

?CDCHA ,FSGJC=M QIL? 0J??>| <I>S MOCNM CN GCABN B;P@xb?H=Z@H <L?;ECHA G;HS QILF> L?=IL>Ny0??2.29

*IMN ?FCN? MQCGG?LM ;H>=S=FCMNM MB;P? NB2BWD=8GB{EL;NCIHM =;H B;P? NBP?2® |@ MFC=CHA ;Q;S GCFFCM?=IH>M CH ;

L;=? MIG?NCG?M G;ECHA NERACE=? <?NQ??H ; AIF> ;H>; MCFP?L G?>;F ,H? =IHM?KO?H=? CM NB;N =;L?@OF ;H> JL?=CM?
AOC>?FCH?M GOMN <? =IHNCHOIOMFS >?P?FIJ?> NI G;CHN;CH NB? CHN?ALCNS |I@ NB? MJILN

Figure 2.29 1>S MOCNM MO=B ;M NBCM )7/ /;=?L 00CN B;P? <??H =L?>CN?> QCNB G;HS QILF> L?=IL>M ;@N?L NB?CL L?F?;M? CH  OGIINB?L ]MECH" ;H>
GIL? =IGIL?MMCIH @IL=?M IH ; MQCO®GRL>S JLIPC>? ;N F?;MN F?MM >L;A =L?>CN +0 (;NBS ;LHMBIL@

01G? CHN?L?MNCHA MCNO;NCIHM =IHH?=N?¥N1?2B% A\Q I==0L QB?H =IHMC>?LCHAGNBRNR@@ >L;A @IL=?M OJIH ; GIPCHA

I<D?=N #IL CHMN;H=? =IHMC>7?L ; MES>CP?L @;FFCHA NBLIOAB ;CL OH>?L NB? CBGNQI 7@ H>=W ALNTEMSH BCG ;L? NB?

@IL=? 1@ AL;PCNS ;H>NB? >L;A @IL=? CAHILCHA NB? <OIS;HN @IL=? 1B? >IQHQ;L> @IL=? |@ AL;PCNS L?G;CHM =IHMN;HN L?A;L>F?M
P?FI=CNS ;N QBC=B NB? J?LMIH CM GIPCHA ;#IRBPILLMIM\P?FI=CNS CH=L?;M?M NB? G;AHCNO>? |@ NB? >L;A @IL=? CH=L?;M?M
OHNCF NB? G;AHCNO>? |@ NB? >L;A @IL=? CM ?KO;F NI NB? AL;PCN;NCIH;F @IL=? NBOM JLI>O=CHA ; H?N @IL=? 1@ T?LI T?LIH?N @!
NB;N NB?L? CM HI ;==?F?L;NCIH ;M ACP?H <3MvIQNIHk F;QN NBCM JICHN NB? JMMMAI=CNS L?G;CHM =IHMN;HN ;H> Q? M;S

NB;N NB? J?LMIH B;M L?;=B?>tB@Nhal velocity V} OCH=?" ¢, CM JLIJILNCIH;F NI NB? MJ??> ; B?;PC?L MES>CP?L GOMN Al @;MN?L

@IL' o NI ?KO;F BCM Q?CABV JaRR BIQ NBCM QILEM ION GIL? KO;HNCN;NCP?FS

N NB? N?LGCH;F P?FI=CNS
"o NH 'o, NB

1BOM
NH '
2MCHA NB? ?KO;NCIH @IL >L;A @IL=? Q? B;P?
NH - $"W
OIFPCHA @IL NB? P?FRZONE;CH
N H
Wl—=
$

MMOG? NB? >?HMCNS I@ ;CLCM  IH N EA MES>CP?L >?M=?H>CHA B?;> @CLMN QCFF B;P? ;H ;L?; ;JJLIRCG;N?FS

" N ;H>;>LA=1?7@@C=C?HN I@ ;JILIRCGIN?FS 4 ? @CH> NB;N

wo H NT
\/ IH N N
N T
LN |

1BCM G?;HM ; MES>CP?L QCNB ; G;MM I@ EA ;=BC?P?M ; G;RCGOG N?LGCH;F P?FI=CNS 1@ ;<ION EG B QBCF? NL;P?FCHA CH ; JCE~
B?;> @CLMN JIMCNCIH GCHCGCTCHA NB?;L?; ;H>BCM >L;A &H ; MJIL?;> ?;AF? JIMCNCIH NB;N N?LGCH;F P?FI=CNS G;S >?=L?;M? NI ;:
EG B ;M NB? ;L?; CH=L?;M?M 1BCM N?LGCH;F P?FI=CNS <?=IG?M GO=B MG;FF?L ;@N?L NB? J;L;=BON? 1J?HM

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
Unit Il - Forces 174



B;JN?L U (CH>M I@ #IL=?M

LE? %IG? "RI?LCG?HN

1BCM CHN?L?MNCHA ;=NCPCNS ?R@CHPMNB?CABN OJIH N?LGCH;RBIRBPEONA?NB?L MIG? H?MN?@A@ CFN?LM

)?;PCHA NB?G CH NB?CL ILCACH;F MB;J? G?;MOL? NB? NCG? CN N;E?M @IL IH?HN@ QBLPA?MNDL@CFN?LM NI @;FF NI NB?

@FIIL @LIG NB? M;G? B?CABN LIOABFS G +IN? NB;N >0O? NINB? Q;S NB? @CFN?LM ;L? H?MN?> >L;A CM =IHMN;HN ;H> IHFS G;MM
P;LC?M 1B?S I<N;CH N?LGCH;F P?FI=CNS KOGNZCPSIHESM P?FI=CNS ;M ; @OH=NCIH I@ G;MM -FIN NB? NPLGCH;F P?FI=CNS

P?LMOM G;MM FMI JAIM P?LMOM G;MM 4BC=B |@ NB?M? L?F;NCIHMBCJM CM GIL? FCH?;L 4B;N =;H SIO =IH=FO>? @LIG NB?M?
AL;JBM

Example 2.7 A Terminal V elocity

#CH> NB? N?LGCH;F P?FI=CNS |@ ;H EA MES>CP?L @;FFCHA CH ; MJL?;> ?;AF? JIMCNCIH
Strategy
N N?LGCH;F P?FI=CN$g 1BOM NB? >L;A @IL=? IH NB? MES>CP?L GOMN ?KO;F NB? @IL=? |@ AL;RCYBCABR J?LMIH\

2MCHA NB? ?KO;NCIH 1@ >L;A @IL=? Q4 @GH>$" W

1BOM NB? N?LGCH;F P?FEEME<? QLCNN?H ;M

Solution

FF KO;HNCNC?M ;L? EHIQH ?R=?JN NBMIRUMPEN?> ;L?; 1BCM CM ;H ;>OFN EA @;FFCHA MJL?;2 2;AFPMHBICG;N?
NB? @LIHN;F ;L?; ;M

- N N N
2MCHA 10L ?KO;NCIH @1Q? @CH> NB;N
| lH NT
W \/ LH N N
N T

Discussion
1BCM L?MOFN CM =IHMCMN?HN QCNB WE?PIROM@1?;LFAA? EA MES>CP?L AICHA @??N @CLMN B;> ;N T %?
Q?CAB?> F?MM <ON B;> ; MG;FF?L @LIHN;F ;L?; ;H> MI ; MG;FF?L >L;A >0? NI NB? ;CL

1B? MCT? I@ NB? I<D?=N NB;N CM @;FFCHA NBLIOAB ;CL JL?M?HNM ;HINB?L CHN?L?MNCHA ;JJFC=;NCIH |I@ ;CL >L;A &@ SIO @;FF @L
<L;H=B 1@ ; NL?? SIO QCFF FCE?FS A?N BOLNZJIMMC<FS @L;=NOLCHAM&AF WHQTZREI?F >I1?M NBCM ;FF NB? NCG? QCNBION
A?NNCHA BAOONCIBI\N L?;=B ; N?LGCH;F P?FI=CNS CH MO=B ; MBILN >CMN;H=? <ON NB? MKOCLL?F >I?M
1B? @IFFIQCHA CHN?L?MNCHA KOIN? IH ;HCG;F MCT? ;H> N?LGCH;F P?FI=CNS CM @LIG; ?MM;S<S; LCNCMB <CIFIACMN ' 0 %;F>
NCNF?>],H ?CHA NB? /CABN OCT? »
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 animal® 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.
1B? ;<IP? KO;>L;NC= >?J?H>?H=7? 1@ ;CL >L;A OJIH P?FI=CNS >I?M HIN BIF> C@ NB? I<D?=N CM P?LS MG;FF ICI@MICHA P?LS MFIQ
>?HM?L G?>COG NB;H18RH Q? @CH> NB;N NB? >L;A @IL=? CM JLIJILNCIH;F DOMN MBEBPLRPPENEINIIBCJ CM /KIkis@S
law QBC=B MN;N?M NB;N
T SV

QB?L? $CM NB?L;>COM I@ NB? I<DZMNNB? PCM=IMCNS 1@ NB? @ BMINBMk<DRERTFI=CNS

ONIE?M\ ):Q
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QB?L? <CM NB? L;>COM |@ NB? I<BCZMNNB? PCM=IMCNS |1@ NB? @ BMONBM<DPERYFI=CNS

$11> ?R;GIF?M 1@ NBCM F;Q ;L? JLIPC>?> <S GC=LIILA{HCMGM JIFF?H ;H> >OMN J,LNC=F?M ?=;0M? ?;=B I@ NB?M? I<D?=NM CM MI
MG;FF Q? @CH> NB;N G;HS I@ NB?M? I1<D?=NM NL;P?F OH;C>?> IHFS :N ; =IHMN;HN NALGCHFFPERENCEM @IL <;=N?LC;

MCT?2;<ION {N=H<?:<ION {N 1IGIP?;N;AL?;N?L MJ??> G;HS <;=N?LC; MQCG OMCHA @F;A?FF; ILA;H?FF?M MB;J?>

FCE? FCNNF? N:CFM NB;N ;L? JIQ?L?> <S FCNNF? GINILM ?G<?>>?> CH NB? =?FF 0?>CG?HN CH ; F;E? =;H GIP? ;N ; AL?:N?L N?LGCH;F
<ION  {N MICN =H N;E? >;SM NI L?;=B NB? <INNIG 1@ NB? F;E? ;@N?L <?CHA >?JIMCN?> IH NB? MOL@;=?

&@ Q7? =IGJ;L? ;HCG;FM FCPCHA IH F;H> QCNB NBIMXCH;);M?R BIQ >L;A B;M CH@FO?H=?> ?PIFONCIH #CMB?M >IFJBCHM ;H>

?P?H G;MMCP? QB;F?M ;L? MNL?;GFCH?> CH MB;J? NI L?>0=? >L;A @IL=?M CL>M ;L? MNL?;GFCH?> ;H> GCAL;NILS MJ?=C?M NB;N @FS
>CMN;H=?M I@N?H B;P? J;,LNC=0OF;L @?;NOL?M MO=B ;M FIHA H?=EM #FI=EM |@ <CL>M @FS CH NB? MB;J? |@ ; MJ?;L B?;> ;M NB? @FI-=
MNL?;GFCH?> J;NN?LH-M@? 2.30 &H BOG;HM IH? CGJILN;HN ?R;GJF? @ MNL?;GFCHCHA CM NB? MB;J? |@ MJ?LG QBC=B H??> NI

<? ?@C=C?HN CH NB?CL OM? |@ ?H?LAS

Figure 2.30 $??M? @FS CH ; 3 @ILG;NCIH >OLCHA NB?CL FIHA GCAL;NILS NL;P?FM 1BCM MB;J? L?>0=?M >L;A ;H> ?H?LAS =IHMOGJNCIH @IL CH>CPC>O;F <CL
;FMIFFIQM NB?G ; <?NN?L Q;S NI =IGGOHC=;N? =L?>CN 'OFI 4CECG?>C; IGGIHM

$;FCF?NM "RIJ?LCG?HN

$;FCF?1 CM M;C> NI B;P? >LI1JJ?> NQI I<D?=NI@r@?>HNa5;MM?M @LIGQBA@ -CM; %? G?;MOL?> BIQ FIHA CN NIIE ?;=B

NI L?;=B NB? ALIOH> 0CH=? MNIJQ;N=B?M Q?L?H\N L?;>CFS ;P;CF;<F? BIQ >| SIO NBCHE B? G?;MOL?> NB?CL @;FF NCG? &@ NB?
I<D?=NM Q?L? NB? M;G? MCT? <ON@UNBINCGMM?M QB;N >I SIO NBCHE B? MBIOF> B;P? I<M@PR?NBLM L?MOFN <?

>Q@PL?HN C@ >IH? IH NB? *IIH

-B"1 "RJIFIL;NCIHM *;MM?M 0JLCHAM

L?;FCMNC= G;MM ;H> MILCHA F;<I%NBS5;MM?M @LIG MILCHAM ;H> ;>DOMN NB?@B2OHA; MNS@ICHID 6;H
?P?H MFIQ NCGR;HMJILN NB? F;< N@@@HN JF;H?NM  =B;LN MBIQM NB? ECH?NC= JIN?HNC;F ;H> NB?LG;F ?H?LAS @IL ?;=B
MJILCHA

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

carrier particle : ; @OH>;G?HN;F J;LNC=F? |@ H;NOL? NB;N CM MOLLIOH>?> <S ; =B;L;=N?LCMNC= @IL=? @C?F> JBINIHM ;L? =;LLC?L J;
|@ NB? ?F?=NLIG;AH?NC= @IL=?

deformation : =B;HA? CH MB;J? >0? NI NB? ;JJFC=;NCIH |@ @IL=?

drag force : ' o @IOH> NI <? JLIJILNCIH;F NI NB? MKO;L? I@ NB? MJ??> 1@ NB? I<D?=N G;NB?G;NC=;FFS

' o2 W

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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1 % _ $ n W
QB?L? $ CM NB? >L;A =@@=C?HNCM NB? ;L?; 1@ NB? I<D?=N @;=CHA NB? @FDCNBR>?HMCNS I@ NB? @FOC>
force field : ; L?ACIH CH QBC=B ; N?MN J;LNC=F? QCFF ?RJ?LC?H="?; @IL="?
friction : ; @IL=? NB;N 13JIM?M L?F;NCP? GINCIH IL ;NN?GJNM ;N GINCIH <?NQ??H MSMN?GM CH =IHN;=N
Hooke® law: JLIJILNCIH;F L?F;NCIHMBCJ <?NQ??H NB? @IL.E2N?LC;F ;H> NB? >?@ILG;NCIH CN =;0M?M LT-

inertial frame of reference : ; =lIL>CH;N? MSMN?G NB;N CM HIN ;==?F?L;NCHA ;FF @IL=?M ;=NCHA CH ;H CH?LNC;F @L;G? |@ L?@?L?H-
L?;F @IL=?M ;M 13JIM?> NI @C=NCNCIOM @IL=?M NB;N ;L? I<KM?LP?>>07? NI ;H ;==?F?L;NCHA @L;G? |@ L?@?L?H=?

kinetic friction : ; @IL=? NB;N [3JIM?M NB? GINCIH |@ NQI MSMN?GM NB;N ;L? CH =IHN;=N ;H> GIPCHA L?F;NCP? NI IH? ;HINB?L

magnitude of kinetic friction : Q L/ QB?L? | CMNB? =@@=C?HN @ ECH?NC= @LC=NCIH
magnitude of static friction : Gy T/ QB?L? 7CM NB?=@@=C?HN I@ MN;NC= @LCONCMBMHS;AHCNO>? I@ NB? HILG;F
@IL=?

normal force : NB? @IL=? NB;N ; MOL@;=? ;JJFC?M NI ;H I<D?=N NI MOJJILN NB? Q?CABN I@ NB? I<D?=N ;=NM J?LJ?H>C=0F;L NI NB?
MOL@;=? IH QBC=B NB? I<D?=N L?MNM

shear deformation : >?@ILG;NCIH J?LJ?H>C=0F;L NI NB? ILCACH;F F?HANB |@ ;H I<D?=N
static friction : ; @IL=? NB;N 13JIM?M NB? GINCIH |@ NQI MSMN?GM NB;N ;L? CH =IHN;=N ;H> ;L? HIN GIPCHA L?F;NCP? NI IH? ;HINB?L

StokesO law. ' 1 S QB?L? SCMNB?L;>COM I@ NB? I<OMNNB? PCM=IMCNS |@ NB? @ BERONBHB<DRERTFI=CNS

strain : L;NCI 1@ =B;HA? CH F?HANB NI ILCACH;F F?HANB
stress: L;NCI @ @IL=? NI ;L?;
tensile strength : NB? <L?;ECHA MNL?MM NB;N QCFF =,0M? J?LG;H?HN >?@ILG;NCIH IL @L;=NCIH 1@ ; G;N?LC;F

tension : NB? JOFFCHA @IL=? NB;N ;=NM ;FIHA ; G?>COG ?MJ?=C;FFS ; MNL?N=B?> @WACRB<NP; IR A=NKF? QB?H ;
L1J? MOJJILNM NB? Q?CABN 1@ ;H I<D?=N NB? @IL=? IH NB? I<D?=N >07? NI NB? LIJ? CM =;FF?>; N?HMCIH @IL="?

Section Summary

2.1 The Fundamental Forces
1B? P;LCIOM NSJ?M 1@ @IL=?M NB;N ;L? =;N?AILCT?> @IL OM? CH G;HS ;JJIFC=:NCIHM ;L? ;FF G;FOcasib NCEM 1@ NB?
CH H;NOL?
1B? JLIJ?LNC?M |@ NB?M? @IL=?M ;L? MOGG:OF?2.CH
"P?LSNBCHA Q? ?RJ?LC?H=? >CL?=NFS QCNBION M?HMCNCP? CHMNLOG?HNM CM >07? NI ?CNB?L ?F?=NLIG;AH?NC= @IL=?M IL A
@IL=?M 1B? HO=F?;L @IL=?M ;L? L?MJIHMC<F? @IL NB? MO<GC=LIM=1JC= MN{@NNBLS t@° GLINNLL?=NFS M?HM?>
<?=;0M? |@ NB?CL MBILN L;HA?M NN?GJINM ;L? <?CHA G;>? NI MBIQ ;FF @I|0I@@I2+MNGIRC@@MN;NCIHM 1@ ; MCHAF?
OHC@C?> @IL=?
@IL=? @C?F> MOLLIOH>M ;H I<D?=N =L?;NCHA : @IL=? ;H> CM NB? =,LLC?L |@ NB;N @IL=?

2.5 Friction
#LLC=NCIH CM ; =IHN;=N @IL=? <?NQ??H MSMN?GM NB;N 1JJIM?M NB? GINCIH IL ;NN?GJIN?> GINCIH <?NQ??H NB?G 0CGJF? @LC=N
JLIJILNCIH;F NI NB? HILG;F @IL/=930MBCHA NB? MSMN?GM NIANB?E @IL=? CM ;FQ;SM J?LJ?H>C=0F;L NI NB? =IHN;=N

MOL@;=? <?NQ??H MSMN?GM #LC=NCIH >?J?H>M IH <INB I@ NB? G;N?LC;FM CHPIFP?> 1B? G;AHCN®=?N@?VII;NC= @LC=NCIH
MSMN?GM MN;NCIH;LS L?F;NCP? NI IH? ;HINB?L CM ACP?H <S

Gy 1

QB?L? 7CMNB? =@@=C?HN I@ MN;NC= @LC=NCIH QBC=B >?J?H>M IH <INB |I@ NB? G;N?LC;FM
1B? ECH?NC= @LC=NCIQ @INEP??H MSMN?GM GIPCHA L?F;NCP? NI IH? ;HINB?L CM ACP?H <S

e

QB?L? | CMNB?=@@=C?HN I@ ECH?NC= @LC=NCIH QBC=B ;FMI >?J?H>M IH <INB G;N?LC;FM
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2.6 Elasticity: Stress and Strain
_ %IE?\M F;Q CM ACP?H <S
'OLT-
QB?L? T- CMNB?;GIOHN 1@ >?@ILG;NCIH NB? =B;HA? CH'FBAANB? ;JJFC?> @IL=? [HM ; JLIJILNCIH;FCNS =IHMN;HN
NB;N >?J?H>M IH NB? MB;J? ;H> =IGJIMCNCIH I@ NB? I<D?=N ;H> NB? >CL?=NCIH |@ NB? @IL=? 1B? L?F;NCIHMBCJ <?NQ??H NB?
>?@ILG;NCIH ;H> NB? ;JJFC?> @IL=? =;H ;FMI <? QLCNN?H ;M

T- —-

QB?L? . CI\)foung@ modulus QBC=B >?J?H>M |H NB? MO<MN;H=CM NB? =LIMM M?=NCIH;F ;L?;-;HEM NB? ILCACH;F
F?HANB
1B? LNCI 1@ @IL=? NI ;L2 CM >?@CH?stidbbs G?;MOL?>CH + G

1B? L;NCI I@ NB? =B;HA? CH F?HANB NH:I{?-HKNB >?@CH?sttMn ; OHCNF?MM KO;HNCNS  &H INB?L QIL>M

TURST T: —UBSI
1B? ?RIL?MMCIH @IL MB?;L >?@ILG;NCIH CM

TY —-

4
QB?L? 4 CM NB? MB?;L GI>OFOM ‘HEM NB? @IL=? ;JIJFC?> J?LI?H>C=0F;|HNIJ;L;FF?F NI NB? =LIMM M?=NCIH;F"L?;
1B? L?F;NCIHMBCJ 1@ NB? =B;HA? CH PIFOG? NI INB?L JBSMC=;F KO;HNCNC?M CM ACP?H <S

T7 - 7

QB?L? # CM NB? <OFE GI>OFOMCM NB? ILCACH;F PIFOG?:HoM NB? @IL=? J?L OHCN ;L?; ;JJFC?> OHC@ILGFS CHQ;L> IH ;FF
MOL@;=?M
2.7 Drag Forces

IL;A @IL=?M ;=NCHA IH ;H I<D?=N GIPCHA CH ; @FOC> 13JIM? NB? GINCIH #IL F;LA?L I<D?=NM MO=B ;M ; <;M?<;FF GIPCHA ;N ;
P?FI=CNBCH ;CNB? >L;A @IL=? CM ACP?H <S

' % _ $ IIW
QB?L? $ CM NB? >L;A =@@=C?HN NSJC=;F P;FO?M ;L7TA@P?HICH" CM NB? ;L?; 1@ NB? I<D?=N @;=CHA NB? @FOC> ;H>

CM NB? @FOC> >?HMCNS
_ #ILMG;FF I<D?=NM MO=B ;M ; <;=N?LCOG GIPCHA CH ; >?HM?L G?>COG MO=B ;M Q;N?L NB?>L;A @IL=? CM ACP?H <S ONIE?M\ F

‘T SV
QB?L? < CM NB? L;>COM |@ NB? I<BCBMNNB? @FOC> PCNt=IMGIN& NB? I<DRERTFI=CNS

Conceptual Questions

2.1 The Fundamental Forces

1. "RJIF;,CH CHN?LGM I@ NB? JLIJ?LNC?M |I@ NB? @IOL <;MC= @IL=?M QBS J?IJF? HINC=? NB? AL;PCN;NCIH;F @IL=? ;=NCHA IH NB?CL
CM MO=B; =IGJ;L;NCP?FS Q?;E @IL="

2.4B;N CM NB? >IGCH;HN @IL=? <?NQ??H ;MNLIHIGC=;F I<D?=NM 4BS ;L? NB? INB?L NBL?? <;MC= @IL=?M F?MM MCAHC@C=;HN IP?L N
P?LS F;LA? >CMN;H=?M

3. $CP?; >?N;CF?> ?R;GJF? 1@ BIQ NB? ?R=B:HA? 1@ ; J;LNC=F? =;H L?MO&N@HGHL=? #IL ?R;GJF? =IHMC>?L IH? =BCF>
JOFFCHA ; NIS ION I@ NB? B;H>M 1@ ;HINB?L

2.5 Friction

4. 1?7@CH? HILG;F @IL=? 4B;N CM CNM L?F;NCIHMBCJ NI @LC=NCIH QB?H @LC=NCIH <?B;P?M MCGJFS

5.1B? AFO? IH ; JC?=? 1@ N;J? =;H ?R?LN @IL=?M ;H NB?M? @IL=?M <? ; NSJ? 1@ MCGJF? @LC=NCIH "RJF;CH =IHMC>?LCHA ?MJ?=C;F
N;J? =;H MNC=E NI P?LNC=;F Q;FFM ;H>?P?H NI =?CFCHAM

6. 4B?H SIO F?;LH NI >LCP? SIO >CM=IP?L NB;N SIO H??> NI F?N OJ MFCABNFS IH NB? <L;E? J?>;F ;M SIO =IG? NI ; MNIJ IL NB? =;L QCFF
MNIJ QCNB ; D?LE "RJF;CH NBCM CH N?LGM I@ NB? L?F;NCIHMBCJ <?NQ??H MN;NC=;H> ECH?NC= @LC=NCIH

7.4B?H SIO JOMB ; JC?=? 1@ =B;FE ;=LIMM ; =B;FE<I;L> CN MIG?NCG?M M=L??=B?M <?=;0M? CN L;JC>FS ;FN?LH;N?M <?NQ??H MFCJJC
;H> MNC=ECHA NI NB? <|;L> ?M=LC<? NBCM JLI=?MM CH GIL? >?N;CF CH J;LNC=0F;L ?RJF;CHCHA BIQ CN CM L?F;N?> NI NB? @;=N NB
@LC=NCIH CM F?MM NB;H MN;NC= @LC=NCIH 1B? M;G? MFCJ AL;< JLI=?MM |==OLM QB?H NCL?M M=L??=B IH J;P?G?HN
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2.6 Elasticity: Stress and Strain

8. 1B? ?F;MNC= JLIJ?LNC?M I@ NB? ;LN?LC?M ;L? ?MM?HNC;FIRIF;GHINBR EIQJILN;H=? 1@ NBCM CH N?LGM |@ NB? =B;L;=N?LCMNC=M
1@ NB? @FIQ |@ <FlI> JOFM;NCHA IL =IHNCHOIOM

9.4B;N ;L? SIO @??FCHA QB?H SIO @??F SIOL JOFM? *?;MOL? SIOL JOFM? L;N? @IL M ;H>@IL GCH &M NB?L?; @;=NIL I@
>Q@?L?H="

10. "R;GCH? >@&®L?HN NSJ?M |@ MBI?M CH=FO>CHA MJILNM MBI?M ;H> NBIHAM &H N?LGM I@ JBSMC=M QBS ;L? NB? <INNIG MOL@;-=
>?MCAH?> ;M NB?S ;L? 4B;N@CI@H=?M QCFF >LS ;H> Q?N =IH>CNCIHM G;E? @IL NB?M? MOL@;=?M

11. 4 IOF> SIO ?RJ?=N SIOL B?CABN NI@?8@® >?J?H>CHA OJIH NB? NCG? |@ >;S 4BS IL QBS HIN

12. 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

13. "RJF;CH QBS JL?AH;HN QIG?H I@NTBM@RIG <;=E MNL;CH F;N? CH NB?CL JL?AH;H=S

14. HIF>=;LJ?HN?IM NLC=E NI E??J H;CFM @LIG <?H>CHA QB?H NB?S ;L? JIOH>?> CHNI B;L> G;N?LC;FM CM NI ALCJ NB? =?HN?L |@ NB
@CLGFS QCNB JFC?LM 4BS >I?M NBCM B?FJ

15. 4B?H ; AF;MM <INNF? @OFF 1@ PCH?A;L Q;LGM OJ <INB NB? PCH?A,L ;H> NB? AF;MM ?RJ;H> <ON PCH?A,L ?RJ;H>M MCAHC@C=;HN
QCNB N?GJ?L;NOL? NB;H AF;MM 1B? <INNF? QCFF <L?;E C@ CN Q;M @CFF?> NI CNM NCABMFFMUIRIFCH BRQF;CH QBS

JI=E?N 1@ ;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?L
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 |@ MO=B
17. 1QI ?RIL?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 1@ NB?M? ?RIL?MMCIHM <? (
;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 @ NB?
11?M ; B?;PS L;CH G;E? ;HS >C@7?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 9. N?;G 1@ ?CABN >|AM JOFFM ; MF?> QCNB Q;R?> QIlI> LOHH?LM

IH Q?N MHIQ GOMB 1B? >IAM B;P? ;P?L:A? G:MM?M |@
2 1 The Fundamental Forces EA ;H>NB? FI;>?> MF?> QCNB CNM LC>?L B;M ; G;MM 1@ EA
. :F=OF;N? NB? G:AHCNO>? |@ NB? :==?F?L:NCIH MN:LNCHA @LIG
1. ; 4B;N CM NB? MNL?HANB |I@ NB? Q?;E HO=F?;L @IL="? L'7F|_,N|QH'7c@ 2:=B >IA ?R?LNM ;H ;P?L;A? @IL=? 1@ + <;=EQ;L>
NI NB? MNLIHA HO=F?;L @IL=? < 4B;N CM NB? MNL?HANB I@NB8? MHIQ< 4B:N CM NB? G;AHCNO>? |@ NB? ;==?F?L:NCIH
Q?;E HO=F?,L @IL=7 L?F;NCP? NI NB? ?F?=NLIG;AH?NC= @IL3=> NB? MF?> MN;LNM NI GIP? = #IL <INB MCNO;NCIHM
0CH=? NB? Q?,E HO=F?,L @IL=? ;=NM N IHFS P?LS MBILN  =:F=0OF;N? NB? G;AHCNO>? I@ NB? @IL=? CH NB? =IOJFCHA <?NQ??H
>CMN;H=?M MO=B ;M CHMC>? HO=F?C QB?L? NB? MNLIHA ;7 >|AM :H> NB? MF?>
?2F?=NLIG;:AH?NC= @IL=?M :FMI ;=N CN GCABN M??G MOLJLCMCHA NB:N
Q72 B:P? :HS EHIQF?>A? 1@ CN :N :PB#? MO=B EHIQF?>A?  10- IHMCS?LNB?  EA C=? ME;N?L <?CHA JOMB?> <S NQI
<?=:0M? NB? Q?;E HO=F?;L @IL=? CM L?MJIHMC<F? @IL <?N/NB2.M MBIQH Bktire 2.32 ; #CH>NB? >CL?=NCIH ;H>
:NSJ? 1@ HO=F?:L >?=;S HIN ?RJF:CH?> <S INB?L @IL=?M G;AHCNO>? I@lﬂ NB? NIN;F @IL=? ?R?LN?> IH B?L <S NB?

2. ; 4B;N CM NB? L;NCI 1@ NB? MNL?HANB 1@ NB? AL;PCN;NGMBRLM ACP?H NB;N NB? GIAHCNO##M ' [L?  +

@IL=? NINBN |@ NB? MNLIHA HO=F?L @IL=? < 4B:N CMNB2LNCL | 5\39-NCP2FS: 4B:N CM B?L CHCNC;F ;==?F?L;NCIH C@

|@ NB? MNL?HANB 1@ NB? ALPCN;NCIH;F @IL=? NI NBIN 1@ NEZAQRFCHCNC;FFS MN;NCIH;LS ;H> Q2;LCHA MN?2F <F;>?> ME;N?M NB;N
HO=F?;L @IL=? = 4B;N CM NB? L;NCI I@ NB? MNL?HANB I@ NE2 > ol e _ o1 ool -
AL;PCN;NCIH;F @IL=? NI NB;N 1@ NB? ?F?=NLIG;AH?NC= @ILzN. HFH NB? >CLP=NC@ 4BiN CM B7L ;==2F7LINCIH

>I SIOL ;HMQ?LM CGJFS ;<ION NB? CH@FO?H=? |@ NB? AL;PQWNMIEEHA MB? CM ;FL?;>S GIPCHA CH NB? >CLgNCIH 1@

@IL=?H NIGC= HO=F?C /2G?G<?L NB;N @LC=NCIH ;FQ;SM ;=NM CH NB? >CL?=NCIH 1JJIMCN?
3. 4B;N CM NB? L;NCI 1@ NB? MNL?HANB 1@ NB? MNLIHA HO=RBIN@® EINCIH IL ;NN?GIN?> GINCIH <?NQ??H MOL@;=?M CH

NI NB:N 1@ NB? ?F?=NLIG;AH?NC= @IL=? ;M?> IH NBCM L;NCIBNQ=N

GCABN ?RJ?=N NB:N NB? MNLIHA @IL=? >IGCH;N?M NB? HO=F?0M

QBC=B CM NLO? @IL MG;FF HO=F?C );LA? HO=FRE?BIQ?P?L

MCT?M AL?;N?L NB;H NB? L;HA? |@ NB? MNLIHA HO=F?.L @IL=? N

NB?M? MCT?M NB? ?F?=NLIG;AH?NC= @IL=? @AOHNOMEEL

MN;<CFOBB/? @;=NM QCFF <? OM?> NI ?RIF;CH HO=F?;,L @OMCIH

‘H> @CMMCIH F:N?L CH NBCM N?RN

2.5 Friction

4. JBSMC=M G;DIL CM =II[ECHA <L?;E@;MN QB?H B? HINC=?M NB;N
NB? @LC=NCIH;F @IL=? <?NQ??H BCM MN??F MRI@BH1;H> BCM 1
@LSCHAJHCMIHFS  + (HIQCHA NB2@Z?HN |@ ECH?NC=
@LC=NCIH <?NQ??H NB? NQI G;N?LC;FM B? KOC=EFS =;F=0OF;N?M NB?
HILG;F @IL=? 4B;NCMCN Figure 2.32

5. : 4B?H L?<OCF>CHA B?L\M;RHACH? ; JBSMC=M G;DIL GOMN . 0BIQ NB;N NB? ;==?F?L;NCIH I@ ;HS I<D?=N >IQH ;
?R?LN  +1@ @IL=? NI CHM?LN ; >LS MN??F JCMNIH CHNI ; M&@=NCIHF?MM CH=FCH? NB;N G;E?MENBAE? BILCTIHN;F
=SFCH>2B;N CM NB? G;AHCNO>? 1@ NB? HILG;F @IL=? <?NQZMB HT J ( +IN? NB;N NBCM ;==?F?L;NCIH CM CH>?J?H>?HN |@
NB? JCMNIH ;H>=SFCH>?L < 4B;N CM NB? G;AHCNO>? |@ NB?
@IL=? QIOF> MB? B:;P? NI ?R?LN C@ NB? MN??F J.LNM Q?L? IE4Y
6. ; 4B:N CM NB? G:RCGOG @LC=NCIH;F @IL=? CH NB? EH??BICAIR BN NB? ;==?F?LNCIH |@ ;HS I<D?=N >IQH ;H CH=FCH?
- 32LMIH QBI MOJJILNM  EA 1@ B?L G:MM IH NB;N EH?? < QB?L? @LC=NCIH <?B;P?M MCGJFS NB;N M QB7L?CM
DICHNM NB;N ;L? 2;MCFS N?H NCG?M AL?;N?L NB;H NB? Q?CABN <?CHA
MOJJILN?> 4B;N CM NB? G;RCGOG @IL=? |@ @LC=NCIH OH>8H}I26>?HN 1@ G;MM ;H>L?>0=?M NI NB? ?RIL?MMCIH @IOH> CH
=IH>CNCIHM 1B? @LC=NCIH;F @IL=?M CH DICHNM ;L? L?F;NOB7RE RREKIMGHI<F?G QB?H @LC=NCIH <?=IG?M H?AFCAC<FS MG;FF
:FF =CL=OGMN;H=?M ?R=2JN QB?H NB? DICHNM >?N?LCIL;N? MD=B ;M
@LIG CHDOLS IL ;LNBLCNCM &H=L?;M?> @LC=NCIH;F @IL=?M =;H =;0M?
@OLNB?L >:G:A? :H> J:CH 13. ;F=OF;N? NB? >?=?F?L;NCIH |@ ; MHIQ <I;L>?L AICHA OJ ;
7.00JJIM? SIOB:P?: EA QII>?H =L:N? L?MNCHA IH : MF1J? ;MMOGCHA NB?@IC&L?HN |@ @LC=NCIH @IL Q;R?>
QlI> @FIIL ; 4B;N G;RCGOG @IL=? =;H SIO ?R?LN QlI> IH Q?N MHIQ 1B? L?MOFNa@rcise 2.12 G;S <?
BILCTIHN;FFS IH NB? =L;N? QCNBION GIPCHACN < &@ SI0 GMRE@RE?<ON <? =L?@OF NI =IHMC>?L NB? @;=N NB;N NB? MHIQ
NI 2R?LN NBCM @IL=? IH=? NB? =L;N? MN;LNM NI MFCJ QB;NTEERNEY AICHA OJBCFF "RIFC=CNFS MBIQ BIQ SIO @IFFIQ NB?
G;AHCNO>? |@ CNM ;==?F?L;NCIH NB?H <? N?JM Ekbblem-Solving Strategies
(https://legacy .cnx.org/content/m42076/latest/)
8. &@BFF@ @ NB? Q?CABN 1@ MG:FF  LHONCFCNS 14 . r=0F:N? NB? ;==?F?L;NCIH 1@ ; MEC?L B?;>CHA >IQH ;
NLO=E CM MOJJILN?> <S CNM NQI >LCP? QB??FM QB;N CM NB? :MFIJ? ;MMOGCHA NB?@C&?HN I@ @LC=NCIH @IL Q;R?>
G;AHCNO>? |@ NB? G;RCGOG ;==?F?L;NCIH CN =;H ;=BC?P? Idﬁal.ﬁ.{ Q?N MHIQ < #CH> NB? ;HAF? |@ NB? MFIJ? >IQH
=IH=L?N? < 4CFF ; G?N;F =;<CH?N FSCHA IH NB? QII>?H <?>#8C= NBCM MEC?L =IOF> =I:MN :N ; =IHMN:HN®2BH=CNS
NB? NLO=E MFCJ C@ CN ;==?F?L;N?M ;N NBCM L;N? = OIFPA@NB>=N ;CL L?MCMN;H=? CH <INB J;LNM ;H> SIO QCFF @CH> NB? L?MOF
JLI<F?GM ;MMOGCHA NB? NLO=E B;M @IOL QB??F >LCP?  |@Exercise 2.12 NI <? OM?@OF "RIFC=CNFS MBIQ BIQ SIO @IFFIQ
NB? MN?JM CHNBPem-Solving Strategies
(https://legacy .cnx.org/content/m42076/latest/)

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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15. &@ ;H I<D?=N CM NI L?MN IH ;H CH=FCH? QCNBION MFCJ20HMAIMEB21L NB? EA GIOHN;CH =FCG<MigQH: 2.33 ;

@LC=NCIH GOMN ?KO;F NB? =IGJIH?HN |@ NB? Q?CABN |@ MEH<DBIN?HMCIH CH NB? L1J? ;H> NB? @IL=? NB;N NB? GIOHN;CH

J;L;FF?F NI NB? CH=FCH? 1BCM L?KOCL?M AL?;N?L ;H> AL?;NACG<?L GOMN ?R?LN QCNB B?L @??N IH NB? P?LNC=;F LI=E @;=? NI

@LC=NCIH @IL MN??J?L MFIJ?M 0BIQ NB;N NB? G;RCGOG ;HAK3; @ MN;NCIH;MB10G? NB;N NB? @IL=? CM ?R?LN?> J;L;FF?F NI

;H CH=FCH? ;<IP? NB? BILCTIHN;F @IL QBC=B ;H I<D?=N QCFBPIN-?AM FMI ;MMOG? H?AFCAC<F? @IL=? ?R?LN?><S B?L ;LGM

MFC>?>IQHCM B O {7 610 G;S OM? NB? L?MOFN I@ NB? < 4B;N CM NB? GCHCGOG@R&?HN |@ @LC=NCIH <?NQ??H B?L
MBI?M ;H> NB? <8C@

JL?PCIOM JLI<F?G MMOG? NBN  ;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 |@ ; =;L NB;N CM
B?,>CHA>IQH; ZMFIJ? IH? NB;N G;E?M ;H ;HAF? @
QCNB NB? BILCTIHN;F OH>?L NB? @IFFIQCHA LI;> =I®@>CNCIHM 6
G;S ;MMOG? NB;N NB? Q?CABN 1@ NB? =;L CM ?P?HFS >CMNLC<ON?> IH
;FF @IOL NCL?M ;H> NB;N MBC=0?@N |@ MN;NC= @LC=NCIH CM
CHPIFP?>ZNB;N CM NB? NCL?M ;L? HIN ;FFIQ?> NI MFCJ >OLCHA NB?
>?=?F?LNCIH &AHIL? LIFFCHA ;F=OF;N? @IL;=,L ; H>LS
=IH=L?N? < ,HQ?N=IH=L?N? = ,HC=? ;MMOGCHA NB;N

T NB? M;G? ;M @IL MBI?M IH C=?

17. ;F=OF;N? NB? G;RCGOG ;==?F?L;NCIH 1@ ; =;L NB;N CM

B?,>CHA OJ; zMFIJ? IH? NB;N G;E?M ;H ;HAF? |@: QCNB

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@ER@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? < ,HQ?N
=IH=L?N? = ,HC=? ;MMOGCHA NBN NB? M;G?

;M @IL MBI?M IH C=?

. Fi 2.33 LN I@ NB? =FCAYQR?CABN CM MOJJILN?> <S B?L LIJ? ;H
18. /237N Exercise 2.17 @IL ; =L QCNB @IOL QB??F >LCP?  -'° @ ?11 ~ = g

J;LN <S @LC=NCIH <?NQ??H B?L @??N ;H> NB? LI=E @;=?

19. @L?CABN NL;CH =IHMCMNM I@NQI LF ?HACH?M ;H> 21. =IHN?MN;HN CH ; QCHN?L MJILNCHA ?P?HN JOMB?M ; EA
<FI=E 1@ C=7? ;=LIMM ; @LIT?H F;E? ;M MBIQ&LEGH.34 ;

=LMQCNB P?LA? GMM?MI@ — Lk ; 4BN . :F=OF;N? NB? GCHCGOG @IL=B? GOMN ?R?LN NI A?N NB?
@IL=? GOMN ?;=B ?HACH? ?R?LN <;=EQ;L> IH NB? NL;=E NI <FI=E GIPCHA < 4B;N CM NB? G;AHCNO>? I@ CNM :==?F?L;NCIH

@IL=? 1@ @LC=NCIH &M / :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 ?W@WCAS7HIN NL;HMJILN;NCIH
MSMN?GM < 4B;N CM NB? G;AHCNO>? |@ NB? @IL=? CH NB?
=I0JFCHA <?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 |@ NB?
=,LM ;H> ?HACH?”M
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22./?3?;N Exercise 2.21 QCNB NB? =IHN?MN;HN JOFFCHA NB28. G N;FF BIFFIQ ;FOGCHOG @F;AJIF? CM ?KOCP;F?HN CH
<FI=E 1@ C=? QCNB ; LIJ? IP?L BCM MBIOF>?L ;N NB? M;G? ;HAR@®@E’MM NI ; MIFC>=SFCH>?L =G CH >CNHEINPIA QCH>

;<IP? NB? BILCTIHN;F ;M MBIQH-CHre 2.34 < <?H>M NB? JIF? GO=B ;M ; BILCTIHN;F @IL=?1@ + ?R?LN?>;N
NB? NIJ QIOF> %IQ @;L NI NB? MC>? >1?M NB? NIJ I@ NB? JIF?
@F?R

29. M ;HICF Q?FF CM >LCFF?> ?;=B H?Q M?=NCIH I@ >LCFF JCJ?
MOJJILNM CNM IQH Q?CABN ;H> NB;N I@ NB? JCJ? ;H> >LCFF <CN
<?H?;NB CN ;F=OF;N? NB? MNL?N=B CH ; H?Q G F?HANB I@
MN??F JCJ? NB;N MOJJILNM  EG I@ JCJ? B;PCHA ; G;MM |@

EAG;H>; EA>LCFF<CN 1B?JCJ? CM ?KOCP;F?HN CH
MN@@?MM NI ; MIFC> =SFCH>?L =G CH >C;G?N~?L

30. ;F=OF;N? NB? @IL=? ; JC;HI NOH?L ;JJFC?M NI MNL?N=B ; MN??F
JCHIQCL? GG C@ NB? QCL? CMILCACH;FFS GG CH
>C;G?N?L;H> GFIHA

31. P?LN?<L; CM MO<D?=N?> NI ; MB?;LCHA @IL=? 1@ + #CH>
NB? MB?;L >?@ILG;NCIH N;ECHA NB? P?LN?<L; NI <? ; =SFCH>?L
=G BCAB ;H> =G CH>C;G?N?L

32. >CME <?NQ??H P?LN?<L;? CH NB? MJCH? CM MO<D?=N?> NI ;
MB?,LCHA @IL=? 1@ + #CH> CNM MB?;L >?@ILG;NCIH N;ECHA CN

NI B;P? NB? MB?,L GI>OFOMI@ / N 1B?>CMECM

?KOCP;F?HN NI ; MIFC> =SFCH>?L =G BCAB ;H> =G CH
>C;G?N?L

33. 4B?H OMCHA ; J?H=CF ?L;8I2L.?R?LN ; P?LNC=;F @IL=? |@
+;N;>CMN;H=?1@ =G @LIG NB? B;L>QII> ?L;M?L
DICHN 1B? J?H=CFCM GG CH >C;G?N?L ;H> CM B?F> ;N ;H
JHAF? 1@ NINB? BILCTIHN;F ; S BIQ GO=B >I?M NB?
QII> @F?R J?LI?H>C=OF;L NI CNM F?HANB < %IQ GO=B CM CN
Figure 2.34 4BC=B G?NBI> 1@ MFC>CHA ; <FI=E I@ C=? L?KOCL?M F?MM |G J 2MM?> E2HANBQCM?

@IL=?Z; JOMBCHA IL < JOFFCHA ;N NB? M;G? ;HAF? ;<IP? NB? BILCTIHN;F
34. 11 =IHMC>?L NB2@@&N 1@ QCL?M BOHA IH JIF?M Q? N;E?

2.6 Elasticity: Stress and Strain >:N; @LIGExample 3.6 CH QBC=B N?HMCIHM CH QCL?M MOJJILNCHA
- NL:@C= FCABN Q?L? =:F=OF;N?> 1B? F?@N QCL? G:>? :H :HAF?

23. IOLCHA ; =CL=OM ;=N IH? J2L@ILG?L MQCHAM OIMC>?>IQH ok NB? BILCTIHN;F QCNB NB? NIJ 1@ CNM JIF? ;H> =LLC?>

B:HACHA @LIG ; NL;J?T? BIF>CHA :HINRALOIMC>? >IQH . _ .

J2L@ILG?L <S NB? F?AM &@ NB? OJQ;L> @IL=? IH NB? FIQ?7L NZHMCIHI@ + 1B? G N;FF BIFFIQ ;FOGCHOG JIF? CM

NB? @?GOLM CH B?L 0JJ?L F?AM MBLGN=BMMEOG? ?;=B °_‘|"(3JL7;\'A-$">CN <?HN NINB? MC>? < SBIQ GO=BCM CN

CM ?KOCP:F?HN NI : OHC@ILG LI> =G FIHA :H> =GCH ~|GJL?MM?

L;>COM %?LGMMCM EA 35. @;LG?L G;ECHA AL:J? DOC=? @CFFM ; AF;MM <INNF? NI NB? <LCG
s = =7 ?RJ;H> 2 NB:H NB? AF;

24.10LCHA ; QL?MNFCHA G;N=B ; EA QL?MNF?L <LC?@FS @E&Fﬁf C(SI'I_I\IGCI\'/??SI.SJIFC?I—?I\C/IO—BRJ(’QHS mlac-;rlleNngg:F’\loBevAgHN—lTo-MOM -

IH IH? B:H> >OLCHA ; G;H?0P?L >?MCAH?> NI J?LJF?R BCM - ' =B, QS NB; - 2 CH=LZM:

:FL?:>S GILC<OH> ;>P?LM;LSBIQ GO=B >I?M NB? 0JJ?L NBINCM T7 7 — L?F:NCP? NI NB? MJ;=?

LG <IH? MBILN?H CH F?HANB 1B <IH? =H <? L2L2M?HN?> $S0r. r £ OF:N? NB? GAAHCNOS? 1@ NB? HILG:F @IL="

;OHC@ILG LI> =G CHF?HANB H> =G CHL;>COM PRILN?> <S NB? DOC=? J2L MKO:L? =?2HNCG?N?L C@ CNM <OFE GI>OFON

25. ; 1B?]F?;>" CHJ?H=CFM CM; AL,JBCN? =IGJIMCNCIHQCNB;: | N MMOGCHA NB? <INNE? >12M HIN <L>E &H

6I0HAM GI>OFOM 1@ ;<ION— /N ;F=OF;N? NB? PC?Q 1@ SIOL ;HMQ?ISIO NBCHE NB? <INNF? QCFF MOLPCP?
=B;HA? CH F?HANB I@ NB? F?;> CH ;H ;ONIG;NC= J?H=CF C@.SIO.N;J CN . =L?:

MNL;CABN CHNINB? J?H=CF QCNB ; @IL=? 1@ + 1B? F?;>CM WA Q2L @L2TM CNM PIFOG? CH=LZ.M?M <S

GG CH >C;G?N?L :H> GG FIHA < &M NB? ;HMQ?L NB;NCMI'7 7 — 4B;N @IL=? J?L OHCN ;L?;
LZ;MIH;<F? 1B;N CM >I?M CN M??G NI <? =IHMCMN?HN QCNERRNN2L =;3;<F? 1@ ?R?LNCHA IH ; =IHN;CH?L QB?H CN @L??T?M
SIO B;P? I<M?LP?> QB?H OMCHA J?H=CFM &N CM :==2JIN:<F? NI OM? NB? <OFE GI>OFOM I@ Q;N?L CH NBCM
26. 13 <LI;>=;MN ;HN?HH;M ;L? NB? N;FF?MN ;LNC@C=C;F MNUOROE?M &M CN MOLILCMCHA NB;N MO=B @IL=?M =;H @L;=NOL?
IH":LNB &H : EAJBSMC=CMN JF:=?> BCGM?F@ :H> ?HACH? <FI=EM <IOF>?LM ;H>NB? FCE?

EA1@ ?KOCJG?HN ;NNB? NIJ 1@ IH? G BCAB HN?HH NI 37 18cM JLI<F?G L?NOLHM NI NB? NCABNLIJ? Q:FE?L MNO>C?> CH
J?L@ILG AL;PCNS ?RIPLCG?HNM S BIQ GO=B Q;M NB? HN?HE5 075 (hitps://legacy .cnx.org/content/m42075/latest/#fs-

=IGIL?MM?> C@ Q? =IHMC>?L CN NI <? ?KOCP;F?HN NI ; MN?7F

=SFCH>7L G CH L;>CO|\/| Id986l36) QBl =L?;N?> N N?HMCIH |@ _— / CH ) QCL?

27.; SBIQGO=B>I?M; EA GIOHN:CH =FCG<?L MNL?N=B G/ECHA H HAF?  <?FIQ NB? BILCTIHN;F QCNB ;=B

B?L =G >C;G?N?L HSFIH LIJ? QB?H MB? B;HAM G MOJJILNCHA JIF? ;F=OF;N? BIQ GO=B NBCM N?HMCIH MNL?N=B?M
<?FIQ ; LI=E ION=LIJJCHA < !I?M NB? ;HMQ?L M??G NI <?  NB? MN??F QCL? C@ CN Q;M ILCACH;FFS G FIHA;H> =G CH
=IHMCMN?HN QCNB QB;N SIO B:P? I<M?LP?> @IL HSFIH LIJ?MC;G?N?L

4 10F> CN G;E? M?HM? C@ NB? LIJ? Q?L? ;=NO;FFS ; <OHA??

=IL>
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38. 1B? JIF? CHFigure 2.35 CM ;N ; <?H>CH; JIQ?L 44. ;F=OF;N? NB? MJ??> ; MIB?LC=;F L;CH >LIJ QIOF> ;=BC?P?
FCH? ;H> CM NB?L?@IL? MO<D?=N?> NI GIL? MB?;L @IL=? NB@ oA @LIG  EG | CHNB? ;<M?H=?1@ ;CL >L;A < QCNB ;CL
CH MNL;CABN J;,LNM |@ NB? FCH? 1B? N?HMCIH CH ?;=B FCH}EMLE? NB? MCT?:=LIMMI@ NB? >LIJNI <7 GG NB? >?HMCNS

— | NNB?;HAFPMMBIQH 1B2JiF?cM  GNpr NI<? —  LH N;H>NB? MOL@:=?;L?7 NI <?S

BMH =G>C,G?N?L ;H>=H <? =IHMC>?L?> NI B.P? BIF@ 45 2MCHA ONIE?M\ FEQLC@S NB;N NB? OHCNM @IL PCM=IMCNS ;L?
NB? M@E@WM |@ B;L>Q||> . ;F=OF;N? NB? =IGJL?MMCIH |@ ECFIAL:GM J?L G?N?L J?L M?=IH>

NB? JIF? < #CH> BIQ GO=B CN <?H>M :H> CH QB:N >CL?=NCIH = _ _ o

#CH> NB? N?HMCIH CH ; AOS QCL? OM?> NI E?2J NB? JIF? MMISCABIP B? N?LGCH;F P?FI=CNS 1@ ; MIB?LC=/F <;=N?LCOG

CN CM ;NN;=B?> NINB? NIJ 1@ NB? JIF? ;N ;H ;HAF? [@NB ~ >CiG?N7L {| @;FFCHA CH @IPQCFF @CLMN H??> NI
NB? P?LNC=;F F?}NBS AOS QCL? GOMN <? CH NB? IJJIMCN?HIN? NB;N NB? >L;A @IL=? CM ?KO;F NI NB? Q?CABN ;N N?LGCH;F
>CL?=NCIH 1@ NB? <?H> P?FI=CNISE? NB? >?HMCNS I@ NB? <;=N?LCOG NI <?

— LH N

47. ONIE?M\ F;Q >?M=LC<?M M?>CG?HN;NCIH |@ J;,LNC=F?M CH FCKOC>M
;H>=H <? OM?> NI G?;MOL? PCM=IMONG=F?M CH FCKOC>M

;=BC?P? N?LGCH;F P?FI=CNS KOC=sBRS?;MOL? NB? NCG? CN

N;E?M @IL ; J;LNC=F? NI @;FF ; =?LN;CH >CMN;H=? ;H> NB?H OM?
ONIE?M\ F;Q NI =;F=0OF;N? NB? PCM=IMCNS |@ NB? FCKOC> 00JJIM? ;

MN??F <;FF <?,LCHA >?HMGNS LH N >C;G?N?L

N CM>LIJJ?>CH ; =IHN;CH?L I@ GINIL ICF &N N;E?M M
NI @;FF; >CMN;H=?1@ G ;F=OF;N? NB? PCM=IMCNS I@ NB? ICF

Figure 2.35 1BCM N?F?JBIH? JIF? CM ;N ;z2<?H> CH ; JIQ?L FCH?
AOS QCL? CM ;NN;=B?> NI NB? NIJ 1@ NB? JIF? ;N ;H ;HAFQ@B NB?
P?LNC=;F

2.7 Drag Forces

39. 1B? N?LGCH;F P?FI=CNS |@ ; J?LMIH @;FFCHA CH ;CL >?J?H>M
OJIH NB? Q?CABN ;H> NB? ;L?; |@ 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?LBIOL I@ ;H EA MES>CP?L @;FFCHA CH ; JCE?

B?;>@CLMN JIMCNCIH QCNB ; MOL@;=7 ;L?;N@

40. EA:;H>; EAMES>CP?LDOGJ @LIG ;H ;CLJF;H? ;N ;H

;FNCNO>? 1@ G <INB @;FFCHA CH NB? JCE? JIMCNCIH *E?

MIG? ;MMOGJINCIH IH NB?CL @LIHN;F ;L?;M ;H> =;F=0F;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?; 1@ D N @;FFM

@LIG; G NL??NINB?ALIOH> "MNCG;N? CNM N?LGCH;F P?FI=CNS
2M?; >L;A =1?7@@C=C?HN @IL ; BILCTIHN;F MIEBSRCIHF <?

NB? P?FI=CNS |@ ; EA J?LMIH BCNNCHA NB? ALIOH> ;MMOGCHA HI
>L;A =IHNLC<ONCIH CH MO=B ; MBILN >CMN;H="?

42. 11 G;CHN;CH ; =IHMN;HN MJ??> NB? @IL=? JLIPC>?><S;

=;L\M ?HACH? GOMN ?KO;F NB? >L;A @IL=? JFOM NB? @IL=? |@
@LC=NCIH I@ NB? LI;> NB? LIFFCHA L?MCMN;H=? ; 4B;N ;L? NB?
G;AHCNO>?M 1@ >L;A @IL=?M ;N EGB;H> EGB@IL;

USIN; ;GLS IL;A;L?; CM N < 4B;NCMNB?
G;AHCNO>? |@ >L;A @IL=? ;N EGB;H> EGBQ@IL;
%0GG?L% !L;AL?, CM N MMOG? ;FF P;FO?M ;L?

;==OL;N? NI NBL?? MCAHC@C=;HN >CACNM

43. SQB;N @;=NIL >I?M NB? >L;A @IL=? IH ; =,L CH=L?;M? ;M CN
AI”’M @LIG NI EGB
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3.1 Introduction

1BCM =B;JN?L =IP?LM MIG? JLI<F?G MIFPCHA MNL;N?AC?M ;H>; @?Q ?R;GJF?M |@ JLI<F?GM QB?H QILECICRENB @IL=?M 4

AICHA IP?L NB?M? CH =F;MM MI NBCM M?=NCIH CM ?HNCL?FS @IL SIOL L?@?L?H=? &@ SIO >l @??F FCE? SIO H??> GIL? JL;=NC=? QC
JLIKF?GM ;H> @L?? <I>S >C;AL;GM IL C@ SIO ;L? FIIECHA @IL ; Q;S NI MNO>S @IL NB? ?R;G NB?M? M?=NCIHM ;L? ; All> JF;=? NI MN;LN
%IQ?P?LC@ SIO >l MI CN CM BCABFS L?=IGG?H>?> NB;N SIO QILE NBLIOAB NB? JLI<F?GM SIOLM?FP?M ;M Q?FF 4BCF? L?;>CHA ;<ION
;FIH? =;H <? MIG?QB;N B?FJ@OF SIO QCFF A?N ; FIN GIL? ION I@ CN C@ SIO QILE NBLIOAB NB? JBSMC=M ;FIHAMC>?

3.2 Problem Solving Strategy

1B?L? ;L? G;HS CHN?L?MNCHA ;JJFC=;NCIHM I @ FZONI@\ GINCIH ; @?Q GIL? 1@ QBC=B ;L? JL?M?HN?> CH NBCM M?=NCIH 1B?M?
M?LP? ;FMI NI CFFOMNL;N? MIG? @OLNB?L MO<NF?NC?M 1@ JBSMC=M ;H> NI B?FJ <OCF> JLI<F?G MIFPCHA MECFFM

Example 3.1 Drag Force on a Barge

00JJIM? NQI NOA<I;NM JOMB IH ; <;LA? ;N@@@HN ;HAF?M ;M MBI@H@EI3.1 1B? @CLMN NOA<I;N ?R?LNM ; @IL=? |@
— | CHNB®>CL?=NCIH ;H>NB? M?=IH> NOA<I;N ?R?LNM ; @IL=21@ / CH NB2>CL?=NCIH

Figure 3.1 ; PC?Q @LIG ;<IP? @ NQI NOA<I;NM JOMBCHA IH ; <;LA? < 1B? @L?? <I>S >C;AL;G @IL NB? MBCJ =IHN;CHM IHFS @IL=?M ;=NCHA CH NB?
JF;H? 1@ NB? Q;N&N IGCNM NB? NQI P?LNC=;F @IL=?MZNB? Q?CABN 1@ NB? <;LA? ;H> NB? <OIS;HN @IL=? |@ NB? Q;N?L MOJJILNCHA CN =;H=?F ;H>;L? HIN

MBIQH OCH=? NB? ;JJFC?> @IL=?M ;L? J?LI?HNBIOFH> y ;R?M ;L? CH NB? M;G? >CL?=NCIH WMH> 7 1B? JLI<F?G KOC=EFS <?=IG?M ;

IH? >CG?HMCIH;F JLI<F?G ;FIHA NB? >CL’?=NbIB @MVCH=? @LC=NCIH CM CH NB? >CL?=NCI'HBJQ‘;IMCN? NI

&@ NB? G;MM I@ NB? <;LA? &M Lk ;H> CNM ;==?F?L;NCIH CM I<M?LP?> NI<? " N TCHNB?>CL?=NCIH MBIQH

QB;N CM NB? >L;A @IL=? 1@ NB? Q;N?L IH NB? <;LA? L?’MCMNCHA NB? GINCIH +IN? >L;A @IL=? CM ; @LC=NCIH;F @IL=? ?R?LN?><S
MO=B ;M ;CL IL Q;N2B? >L;A @IL=? 13JIM?M NB? GINCIH I@ NB? I<D?=N

Strategy
1B? >CL?=NCIHM ;H> G;AHCNO>?M 1@ ;==?F?L;NCIH ;H> NB? ;JJFC?> @I|L="pj2 AARaH £R QCFF >?@CH? NB? NIN;F

@IL=? 1@ NB? NOA<I;NM IH NB? <;LAZiMI NB;N
"'BQQ Y 'z
0CH=? NB? ;LA? CM @F;N <INNIG?> NB? >L;A I@ NB Q@¥F.<? CH NB? >CL?=NCIH IJJIMEN?MIMBIQH CH NB? @L??

<I>S >C;AL;G Clfigure 3.1 < 1B? MSMN?G I@ CHN?L?MN B?L? CM NB? <;LA? MCH=?iNB? @IPZMNHQ?FF ;M CNM
;==?F?L;NCIH ,OL MNL;N?AS CM NI @CH> NB? G;AHCNO>? ;H>>CL?=NCIH |@ NB? iB7N HIRIR2HIUES +?QNIM

M?=IH> F;Q NI MIFP? @IL NB? >L;A @|bz?

Solution

Unit Il - Forces 185



B;JN?L U"R;GJF?M 1@ JJFC=;NCIHM I@ +?QNIH M );QM

O0CH=?" y;H> ' 7;L? J?LJ?H>C=0OFNB? G;AHCNO>? ;H> >CL?=NCII-3I@L? ?;MCFS @IOH> #CLMN NB? L?MOFN;HN G;AHCNO>?
CM ACP?H <S NB? -SNB;AIL?;H NB?IL?G

'BQQ 'y 'z

"BQQ Vo= — —
1B? ;HAF? CM ACP?H <S
1 74
BO 36
1 _ /4

QBC=B Q? EHI@?=;,0M? I@ +?QNIM@CLMNORIQB? M;G? >CL?=NCIH ;M NB? ;==?F?LCM CH NB? IJJIMCN? >CL?=NCIH @
' Bc MCH=? CN ;=NM NI MFIQ >IQH NB? ;==?F?L;NCIH 1B?L?@IL? NB? H?N ?RN?LH;F @IL=? CM CH NBg ¢/:GIN-CNMNCIH ;M

G;AHCNO>? CM MFCABNFS F?Mid MBHLI<F?G CM HIQ IH? >CG?HMCIH;F #Ei@ire 3.1 (b) Q? =;H M?? NB;N

"o 'BQQ %
ON +2QNIHV M?=IH> F:Q MN:N?M NB:N

"o NE

1BOM

'BQQ % NE

1BCM =;H <? MIFP?> @IL NB? G;AHCNO>? |@ NB? >L;A @IL="? I@QIB'P-IQJRL’KEM |@ EHIQH KO;HNCNC?M

"% BQQNE
OO<MNCNONCHA EHIQH P;FO?M ACP?M
"% — — LH — N T —
1B? >CL?=NCIH |@/( B;M ;FL?;>S <??H >?N?LGCH?> NI <? CH NB? >CL?=NCIH IJJIMQNR NN ;H;HAF? 1@ zMIONB @
Q?MN
Discussion

1B? HOG<?LM OM?> CH NBCM ?R;GJF? ;L? L?;MIH;<F? @IL ; GI>?L;N?FS F;LA? <;LA? &N @ =QEN CHRSI:HI;LA?L
;==?F?L;NCIHM QCNB NOA<I;NM ;H> MG;FF MJ??>M ;L? >?MCL;<F? NI ;PIC> LOHHCHA NB? <;LA? CHNI NB? >I=EM IL;A CM L?F;NCP?FS
MG;FF @IL ; Q?FF >?MCAH?> BOFF ;N FIQ MJ??>M =IHMCMN?HN QCNB NB? ;HMQ?L NI NBZRNMRBIFNOBPL? NB 1@

NB? Q?CABN I@ NB? MBCJ

&H NB? ?;LFC?L ?R;GJF? |@ ; NCABNLIJ? Q;FE?L Q? HIN?> NB;N NB? N?HMCIHM CH QCL?M MOJJILNCHA ; G;MM Q?L? ?KO;F IHFS <?=;0N
:HAF?M IH 2CNB?L MC>? Q?L? ?KO;F IHMC>?L NB? @IFFIQCHA ?R;GJF? QB?L? NB? ;HAF?M ;L? HIN ?KO;F MFCABNFS GIL? NLCAIHIG?!
CHPIFP?>

Example 3.2 Different T ensions at Different Angles

IHMC>?L NB? N@@ FCABN G;MM EA MOMJ?H>?> @LIG NQI QCL?M ;MiMBIGPCHCH> NB? N?HMCIH CH ?;=B QCL"?
H?AF?=NCHA NB? G;MM?M I@ NB? QCL?M

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 3.2 NL;@C= FCABN CM MOMJ?H>?> @LIG NQI QCL?M < 0IG? I@ NB? @IL=?M CHPIFP?> = ,HFS @IL=?M ;=NCHA IH NB? MSMN?G ;L? MBIQH B?L? 1|
@L?? <I>S >C;AL;G @IL NB@MXI5@&CABN CM ;FMI MBIQH > 1B? @IL=?M JLID?=N?> HNI:PBLNIIHHN; X ;R?M 1B? BILCTIHN;F =IGJIH?HNM

1@ NB? N?HMCIHM GOMN =;H=?F ;H>NB? MOG I@ NB? P?LNC=;F =IGJIH?HNM I@ NB? N?HMCIHM GOMN ?@TF NBAE)X CABB I@NB? N5

>C;AL;G MBIQM NB? P?LNC=;F ;H> BILCTIHN;F @IL=?M ;=NCHACH REABN\.;@

Strategy

1B? MSMN?G |@ CHN?L?MN @@OEZONB® ;H> CNM @L?7? <I>S >C;AL;G CMMBIQH €HLB? NBL?? @IL=?M CHPIFP?> ;L?

HIN J;L;FF?F ;H> MI NB?S GOMN <? JLID?=N?> [HNI ; =IIL>CH;N? MSMN?G 1B? GIMN =IHP?HC?HN =IIL>CH;N? MSMN?G B;M IH? ;RCM
P?LNC=;F ;H> IH? BILCTIHN;F ;H>NB? P?=NIL JLID?=NCIHM IH CN ;L? MBIQH CH J;LN > 1@ NB? @CAOL? 1B?L? ;L? NQI OHEHIQHM CH
NBCM JLIKF?® ;H> 5 MINQI ?KO;NCIHM ;L? H??>?> NI @CH> NB?G 1B?M? NQI ?KO;NCIHM =IG? @LIG ;JIFSCHA +?QNIH\

M?=IH> F;Q ;FIHA NB? P?LNC=;F ;H> BILCTIHN;F ;R?M HINCHA NB;N NB? H?N ?RN?LH;F @IL=? CM T?LI ;FIHA ?;=B ;RCM <?=;,0M?
;==?F?L;NCIH CM T?LI

Solution
#CLMN =IHMC>?L NB? BILCTHREML

"ow Sy Sy
1BOM :M SIO GCABN ?RJ?=N
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Sy Sy
1BCM ACP?M OM NB? @IFFIQCHA L?F:NCIHMBCHNB??H
5 DPTz 5 DPTz

1BOM

5 5
+IN? NB;N5 ;H> 5 ;L2 HIN ?KO;F CH NBCM =:M? <?=:0M? NB? ;HAF?M IH 2CNB?L MC>? ;L? HIN ?KO:F &N CNBL?;MIH;<F? NB;N
2H>M 0J <?CHA AL?;N?L NB;H<?=:0M? CN CM ?R?LN?> GIL? P?LNC=:6FS NB;H
+1Q =IHMC>?L NB? @IL=? =IGJIH?HNM :FIHA NB? P?LNGEMIL

‘om 9z 5z X

1BCM CGJFC?M

5, 5, X
00<MNCNONCHA NB? ?RIL?MMCIHM @IL NB? P?LNC=;F =IGJIH?HNM ACP?M

5 TJOz 5 TJOz X

1B?L? ;L? NQI OHEHIQHM CH NBCM ?KO;NCIH <ON MO<MNCNONCHA NBTCHRNIZRIBMEE® (@HO=?M NBCM NI IH?
?KO;NCIH QCNB IH? OHEHIQH
5 5 X NH

QBC=B SC?F>M
5 H N T

OIFPCHA NBCM F;MN ?KO;NCIH ACP?M NB? G;BHENC?? 1@

5 /
#CH;FAS$B? G;AHCNO>? @ CM >?N?LGCH?> OMCHA NB? L?F;NCIHMBCJ <?NiQ??H NB?d  @IOH> ;<IP? 1BOM Q?
I<N;CH

5 /
Discussion

INB N?HMCIHM QIOF> <? F;LA?L C@ <INB QCL?M Q?L? GIL? BILCTIHN;F ;H> NB?S QCFF <? ?KO;F C@ ;H> IHFS C@ NB? ;HAF?M IH ?CN
MC>?;L? NB? M;G? ;M NB?S Q?L? CH NB? ?;LFC?L ?R;GJF? |@ ; NCABNLIJ? Q;FE?L

1B? <;NBLIIG M=;F? CM ;H ?R=?FF?HN ?R;GJF? |@ ; HILG;F @IL=? ;=NCHA &i;XIFEC>?M ; KO;HNCN;NCP? L?;>CHA |@ BIQ GO=B CN
GOMN JOMB 0JQ;L> NI MOJJILN NB? Q?CABN I@ ;H I<D?=N ON =;H SIO JL?>C=N QB;N SIO QIOF> M?? IH NB? >C;F 1@ ; <;NBLIIG M=;F? C
SIO MNII> IH CN >OLCHA ;H ?F?P;NIL LC>? 4CFF SIO M??; P;FO? AL?;N?L NB;H SIOL Q?CABN QB?H NB? ?F?P;NIL MN;LNM OJ 4B;N ;<ION
QB?H NB? ?F?P;NIL GIP?M OJQ;L> ;N ; =IHMN;HN MJ??> QCFF NB? M=;F? MNCFF L?;> GIL? NB;H SIOL Q?CABN ;N L?MN IHMC>?L NB?
@IFFIQCHA ?R;GJF?

Example 3.3 What Does the Bathroom Scale Read in an Elevator?

Figure 3.3 MBIQM; EAG;H Q?CABN 1@ ;<ION F< MN;H>CHA IH ; <;NBLIIG M=;F? CH ;H ?F?PRiOF;N? NB? M=;F?
L?;>CHA ; C@ NB? ?F?P;NIL ;==?F?L;N?M OJQ;L> ;N ; LiN? I& " ;H> < C@ NB? ?F?P;NIL GIP?M OJQ;L> ;N ; =IHMN;HN
MI??> 1@ GM

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 3.3 ; 1B? P;LCIOM @IL=?M ;=NCHA QB?H ; J?LMIH MN;H>M IH ; <;NBLIIG M=;F? CH ;HIB2R;NIQM ;L? ;JILIRCG;N?FS =ILL?=N @IL

QB?H NB? ?F?P;NIL CM ;==?F?L;NCHA 0JQ;L>Z<LIE?H ;LLIQM L?JL?M?HN @IL=?M NIl F;LA? NI <? >I5QEMINE2;H?HMCIH CH NB? MOJJILNCHA

=<F? X CM NB? Q?CABN I@ NB? JXNIEM NB? Q?CABN |@ NB? MM NB? Q?CABN I@ NB? ?F?PjiM NB? @IL=? |@ NB? M=;F? IH NB?

J?2LMIH CCMNB? @IL=? 1@ NB? J?LMIH IH NB?'Me(R2 NB? @IL=? |@ NB? M=;F? IH NB? @FIIL |@ NBf>?FP?POWILNB? @IL=? @ NB? @FIIL

0JQ;L>IH NB? M=;F? < 1B? @L?? <I>S >C;AL;G MBIQM IHFS NB? ?RN?LH;F @IL=?M ;=NCHA IH NB? >?MCAH;N?> MSMN?G |@ CHN?L?MNZNB? J?LMIH
Strategy

&@ NB? M=;F? CM ;==OL;N? CNM L?;>CHA QCNBZEMHACNO>? |@ NB? @IL=? NB? J?LMIH ?R?LNM >IQH@lreIH CN

3.3; MBIQM NB? HOG?LIOM @IL=?M ;=NCHA IH NB? RE2FNIH> J?LMIH &N G;E?M NBCM IH? >CG?HMCIH;F JLI<F?G FIIE

GO=B GIL? @ILGC>;<F? NB;H C@ NB? J?LMIH CM =BIM?H NI <? NB? MSMN?G |@ CHN?L?MN ;H>; @L?? <I>S >C;AL;G CM >L;QH ;M CH
Figure 3.3 < H;FSMCM I@ NB? @L?? <I>S >C;AL;G OMCHAMPQME{H JLI>0=? ;HMQ?LM NI <INB J;LNM ; ;H> < |@ NBCM

?R;GJF? ;M Q?FF ;M MIG? INB?L KO?MNCIHM NB;N GCABN ;LCM? 1B? IHFS @IL=?M ;=NCHA |H NB? J?LMIHH: RBEM Q?CABN

0JQ,L> @IL=? 1@ NB? M= ==IL>CHA NI +?QNIM NBCL> F/Qc ;H> ' 7:L? ?KO;F CH G;AHCNO>? ;H> 1JJIMCN? CH
>CL?=NCIH MI NB;N Q? H??> NI'@CHML>?L NI @CH> QB;N NB? M=;F? L2:M > NBCM ;M OMO;F <S ;JJFSCHA +RQNIH\
M?=IH> F;Q

"o NE

#LIG NB? @L?? <I>S>C;AL;G Q? M??NBNg ' T X MINB;N
"' X NE
OIFPCHA @IL7ACP?M ;H ?KO;NCIH QCNB IHFS IH? OHEHIQH
"t NB X
IL <?=;0M? X NI MCGJFS
"T NB NF

+1 ;MMOGJNCIHM Q?L? G;>? ;<ION NB? ;==?F?L;NCIH ;H> MI NBCM MIFONCIH MBIOF> <? P;FC> @IL ; P;LC?NS 1@ ;==?F?L;NCIHM CH
;>>CNCIH NI NB? IH?M CH NBCM ?R?L=CM?

Solution for (a)
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&H NBCM J;LN 1@ NB? JLIE-?G N T MINB;N

T H N T H N T

SC?F>CHA

Discussion for (a)

1BCM CM ;<ION F< 4B;N QIOF> NB? M=;F? B;P? L?;> C@ B? Q?L? MN;NCIH;LS 0CH=? BCM ;==?F?L;NCIH QIOF><? T?LI NB? @IL="?
1@ NB? M=;F? QIOF> <? ?KO;F NI BCM Q?CABN

‘og NB T X
= X NH
T H N T
- /

Ol NB? M=;F? L?;>CHA CH NB? ?F?P;NIL CM AL?;N?LNB;HBCM + F< Q?CABN 1BCM G?;HM NB;N NB? M=;F? CM JOMBCHA 0OJ IH
NB? J?LMIH QCNB ; @IL=? AL?;N?L NB;H BCM Q?CABN ;M CN GOMN CH IL>?L NI ;==?F?L;N? BE3 SUQN2L RBRFS

;==?F?L;NCIH 1@ NB? ?F?IBR.AL?;N?L NB? M=;F? L?;>CHA =I[HMCMN?HN QCNB QB;N SIO @??F CH L;JC>FS ;==?F?L;NCHA P?LMOM M|
;==?F?L;NCHA ?F?P;NILM

Solution for (b)
+1Q QB;N B;JJ?HM QB?H NB? ?F?P;NIL L?;=B?M ; =IHMN;HN OJQ;L> P?FI=CNS 4CFF NB? M=;F? MNCFF L?;> GIL? NB;H BCM Q?CABN
#IL ;HS =IHMN;HN P?FI=CNSZ0J >IQH IL MN;NCIH;LSZ;==?F?L;NCIH CM T’?LIB?};%%I?H> T™W

1BOM
"T NB NH N F
+1Q
2= H N T
QBC=B ACP?M
- /

Discussion for (b)

1B? M=;F? L?;>CHACM + QBC=B ?KO;FM NB? MIQAERABN 1BCM QCFF <? NB? =;M? QB?H?P?L NB? ?F?P;NIL B;M ; =IHMN;HN
P?FI=CNSZGIPCHA OJ GIPCHA >IQH IL MN;NCIH;LS

1B? MIFONCIH NI NB? JL?PCIOM ?R;GJF? ;FMI ;JJFC?M NI ;H ?F?P;NIL ;==?F?L;NCHA >IQHQ;L> ;M G?HNCIH?> 4B?H ;H ?F?P;NIL
;==2F?L;N?M >IQHQ;L> E CM H?A;NCP? ;H> NB? M=;F? L?;5€$$MNEVH NB? Q?CABN 1@ NB? J?LMIH OHNCF ; =IHMN;HN >IQHQ;L>
P?FI=CNS CM L?;=B?> ;N QBC=B NCG? NB? M=;F? L?;>CHA ;A;CH <?=IG?M ?KO;AWNDRBABRLEI@WNB? ?F?P;NIL CM CH @L?? @;FF ;H>
:==?F?L;NCHA >IQHQ;L> ;N NB?H NB? M=;F? L?;>CHA QCFF <? T?LI ;H> NB? JANRAQUR? Q?CABNF?MM

&HN?AL;NCHA [H=?JNM +?QINj&M I@ *INCIH ;H> (CH?G;NC=M

-BSMC=M CM GIMN CHN?L?MNCHA ;H> GIMN JIQ?L@OF QB?H ;JIJFC?> NI A?H?L;F MCNO;NCIHM NB;N CHPIFP? GIL? NB;H ; H;LLIQ M?N I
JLCH=CJF?M +?QUHOM I@ GINCIH =;H ;FMI <? CHN?AL;N?> QCNB INB?L =IH=?JNM NB;N B;P? <??H >CM=0MM?> JL?PCIOMFS CH NBCM
MIFP? JLIKF?GM 1@ GINCIH #IL ?R;GJF? @IL=?M JLI>0=7? ;==?F?L;NCIHM ; NIJC=1@ ECH?G;NC=M ;H>B?H=? NB? L?F?P;H=? |@ ?;LFC?L
=B;IN?LM 4B?H ;JJLI;=BCHA JLI<F?GM NB;N CHPIFP? P;LCIOM NSJ?M 1@ @IL=?M ;==?F?:NCLHIRTENEINSOM? NB?

@IFFIQCHA MN?JM NI ;JJLI;=B NB? JLI<F?G

Problem-Solving Strategy

ON?J Identify which physical principles are involved )CMNCHA NB? ACP?HM ;H> NB? KO;HNCNC?M NI <? =;F=0OF;N?> QCFF ;FFIQ SIO NI
C>?HNC@S NB? JLCH=CJF?M CHPIFP?>

ON?J Solve the problem using strategies outlined in the text &@ NB?M? ;L? ;P;CF;<F? @IL NB? MJ?=C@C= NIJC= SIO MBIOF> L?@?L NI
NB?G 60 MBIOF> ;FMI L?@?L NI NB? M?=NCIHM I@ NB? N?RN NB;N >?;F QCNB ; J;LNC=0F;L NIJC= 1B? @IFFIQCHA QILE?> ?R;GJF? CFF(
BIQ NB?M? MNL;N?AC?M ;L? ;JJFC?> NI ;H CHN?AL;N?> =IH=?JN JLI<F?G

Example 3.4 What Force Must a Soccer Player Exertto Reach T op Speed?

MI==?L JF;S?L MN;LNM @LIG L?MN ;H> ;==?F?L;N?M @ILQ;L> L?;=BCHA ; P?FI=CNSI@ GMCH M ; 4B;NQ;M BCM ;P?L;A?
;==?F?L;NCIH < 4B;N ;P?L;A? @IL=? >C> B? ?R?LN <;=EQ;L> IH NB? ALIOH> NI ;=BC?P? NBCM ;==?F?L;NCN\ GB2ANMIF;S?L

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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CM  EA ;H>;CL L?MCMN;H=? CM H?AFCAC<F?
Strategy

11 MIFP? ;Hintegrated concept problem Q? GOMN @CLMN C>?HNC@S NB? JBSMC=;F JLCH=CJF?M CHPIFP?> ;H> C>?HNC@S NB? =
CH QBC=B NB?S ;L? @IOH> -;LN ; 1@ NBCM ?R;GJF? altt®l€rstion ;FIHA ; MNL;CABN FCH? 1BCM CM ; NIJC= @
kinematics -;LN < >?;FM QCN&tce ; NIJC=I@ynamics @IOH> CH NBCM =B;JN?L

1B? @IFFIQCHA MIFONCIHM NI ?;=B J;LN 1@ NB? ?R;GJF? CFFOMNL;N? BIQ NB? MJ?=C@C= JLI<F?G MIFPCHA MNL;N?AC?M ;L? ;J
1B?M? CHPIFP? C>?HNC@SCHA EHIQHM ;H> OHEHIQHM =B?=ECHA NI M?? C@ NB? ;HMQ?L CM L?;MIH;<F? ;H> M| @ILNB

Solution for (a)
4 ?;L? ACP?H NB? CHCNC;F ;H> @CH;F P?FI=CNC?M T?LI;H> G M @ILQ;L> NBOM NB? =B;HAY CH P?FINCNSZCM

:L? ACP?H NB? ?F;JM?> NCG? :H>INU 1B? OHEHIQH CM ;==?F?L;NCIH QBC=B =;H <? @IOH> @LIG CNM >?@CHCNCIH
B IW
TU
0O<MNCNONCHA NB? EHIQH P;FO?M SC?F>M
B N
T
N 1

Discussion for (a)
1BCM CM ;H ;NN;CH;<F? ;==?F?L;NCIH @IL ;H ;NBF?N? CH All> =IH>CNCIH
Solution for (b)

%7?L? Q? ;L? ;ME?> NI @CH> NB? ;P?L;A? @IL=? NB? JF;S?L ?R?LNM <;=EQ;L> NI ;=BC?P? NBCM @ILQ;L> ;==?F?L;NCIH +?AF?=NCHA ;C
L?MCMN;H=? NBCM QIOF> <? ?KO;F CH G;AHCNO>? NI NB? H?N ?RN?LH;F @GMGI4R NBCNRE&RE? =,0M?M BCM ;==?F?L;NCIH

0CH=? Q? HIQ EHIQ NB? JF;8AL==?F?L;NCIH ;H> ;L? ACP?H BCM G;MM Q? =;H OM? MAQM{Hi> F;Q NI @CH> NB? @IL=?

?R?LN?> 1B;N CM

"og NE
0O<MNCNONCHA NB? EHIQH PINCGAM I®ACP?M

'oB H N T

Discussion for (b)
1BCM CM ;<ION JIOH>M ; L?;MIH;<F? ;P?L;A? @IL=?

1BCM QILE?> ?R;GJF? CFFOMNL;N?M BIQ NI ;JJFS JLI<F?G MIFPCHA MNL;N?AC?M NI MCNO;NCIHM NB@PCP#RO>? NIJC=M @LIG >C@
=B;IJN?LM 1B? @CLMN MN?J CM NI C>?HNC@S NB? JBSMC=;F JLCH=CJF?M CHPIFP?> CH NB? JLI<F?G 1B? M?=IH>MN?J CM NI MIFP"
OHEHIQH OMCHA @;GCFC;L JLI<F?G MIFPCHA MNL;N?AC?M 1B?M? MNL;N?AC?M ;L? @IOH> NBLIOABION NB? N?RN ;H> G;HS QILE?>
?R;GJF?M MBIQ BIQ NI OM? NB?G @IL MCHAF? IIJZEM @ CH> NB?M? N?=BHCKO?M @IL CHN?AL;N?> =IH=?JN JLI<F?GM OM?@OF CH
;JJFC=;NCIHM |@ JBSMC=M IONMC>? |@ ; JBSMC=M =I0LM? MO=B ;M CH SIOL JLI@?MMCIH CH INB?L M=C?H=? >CM=CJFCH?M ;H>C
FC@? 1B? @IFFIQCHA JLI<F?GM QCFF <OCF> SIOL MECFFM CH NB? <LI;>;JJFC=;NCIH |@ JBSMC=;F JLCH=CJF?M

3.3 Further Applications of NewtonO s Laws of Motion

1B?L? ;L? G;HS CHN?L?MNCHA ;JJFC=;NCIHM I@ FZDMNIE\ GINCIH ; @?Q GIL? I@ QBC=B ;L? JL?M?HN?> CH NBCM M?=NCIH 1B?M?
M?LP? ;FMI NI CFFOMNL;N? MIG? @OLNB?L MO<NF?NC?M 1@ JBSMC=M ;H> NI B?FJ <OCF> JLI<F?G MIFPCHA MECFFM

Example 3.5 Drag Force on a Barge

00JJIM? NQI NOA<I;NM JOMB IH ; <;LA? ;N@@@HN ;HAF?M ;M MBI@H@EI3.4 1B? @CLMN NOA<I;N ?R?LNM ; @IL=? |@
— | CHNB®>CL?=NCIH ;H>NB? M?=IH> NOA<I;N ?R?LNM ; @IL=21@ / CH NB2>CL?=NCIH
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Figure 3.4 ; PC?Q @LIG ;<IP? I@ NQI NOA<I;NM JOMBCHA IH ; <;LA? < 1B? @L?? <I>S >C;AL;G @IL NB? MBCJ =IHN;CHM IHFS @IL=?M ;=NCHA CH NB?
JF;H? 1@ NB? Q;N&N IGCNM NB? NQI P?LNC=;F @IL=?MZNB? Q?CABN 1@ NB? <;LA? ;H> NB? <OIS;HN @IL=? |@ NB? Q;N?L MOJJILNCHA CN =;H=?F ;H>;L? HIN
MBIQH O0CH=? NB? ;JJFC?> @IL=?M ;L? J?LI?HNBIOFH> y ;R?M ;L? CH NB? M;G? >CL?=NCIH WMH> ' 7 1B? JLI<F?G KOC=EFS <?=IG?M ;

IH? >CG?HMCIH;F JLI<F?G ;FIHA NB? >CL?=NtIB t@\/lCH:? @LC=NCIH CM CH NB? >CL?=NCI’HBJQ:IMCN? NI

&@ NB? G;MM I@ NB? <;,LA? éM Lk ;H> CNM ;==2?F?L;NCIH CM I<M?LP?> NI<? " N TCHNB?>CL?=NCIH MBIQH

QB;N CM NB? >L;A @IL=? 1@ NB? Q;N?L IH NB? <;LA? L?MCMNCHA NB? GINCIH +IN? >L;A @IL=? CM ; @LC=NCIH;F @IL=? ?R?LN?><S
MO=B ;M ;CL IL Q;N2B? >L;A @IL=? IJJIM?M NB? GINCIH |@ NB? I<D?=N

Strategy
1B? >CL?=NCIHM ;H> G;AHCNO>?M |@ ;==?F?L;NCIH ;H> NB? ;JJFC?> @IL="bL'2 ACRaH €A QCFF >?@CH? NB? NIN;F

@IL=? 1@ NB? NOA<;NM IH NB? <;LAZMI NB;N
"BQQ Y 'z
0CH=? NB? <;LA? CM @F;N <INNIG?> NB? >L;A |@ NB Q@¥F.<? CH NB? >CL?=NCIH 1JJIMEN?NIMBIQH CH NB? @L??

<I>S >C;AL;G CHigure 3.4 < 1B? MSMN?G I@ CHN?L?MN B?L? CM NB? <;LA? MCH=?iNB? @PZMNIHQ?FF ;M CNM
:==?F?L;NCIH ,OL MNL;N?AS CM NI @CH> NB? G;AHCNO>? ;H>>CL?=NCIH |@ NB? BN HIAIB2HIUES +2?QNIM

M?=IH> F;Q NI MIFP? @IL NB? >L;A @I@(:?

Solution

0CH=?" Y ;H> ' 7:L? J?LI?H>C=0OFNB? G;AHCNO>? ;H> >CL?=NCII13I@L? ?:MCFS @IOH> #CLMN NB? L?MOFN;HN G;AHCNO>?
CM ACP?H <S NB? -SNB;AIL?;H NB?IL?G

"Boo 'y 'z

‘oo | — / — —
1B? ;HAF? CM ACP?H <S
1 z4
BO 376
1 _ ,4

( Z
PO — /6
QBC=B Q? EHI@?=,0M? 1@ +?QNIM\@CLMNORQB? M;G? >CL?=NCIH ;M NB? ;==?F?L$ICM CH NB? IJJIMCN? >CL?=NCIH |1@
! BC MCH=? CN ;=NM NI MFIQ >IQH NB? ;==?F?L;NCIH 1B?L?@IL? NB? H?N ?RN?LH;F @IL=? CM CH NBQ Q/I;(E’N>CNM=NCIH ‘M
G;AHCNO>? CM MFCABNFS F'?MM NBHLI<F?G CM HIQ IH? >CG?HMCIH;F #ElGuire 3.4 (b) Q? =;H M?? NB;N
‘o8 'BQQ %

ON +?QNIHY M?=IH> F;Q MN;N?M NB;N

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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"o NE
1BOM
' BQIQI% NE

1BCM =;H <? MIFP?> @IL NB? G;AHCNO>? |@ NB? >L;A @IL=? |@ HBMQNAEM |@ EHIQH KO;HNCNC?M

' % ! B QIQ N E
OO<MNCNONCHA EHIQH P;FO?M ACP?M
"% — [ — LH — N T —
1B? >CL?=NCIH I@; B;M ;FL?;>S <??H >?N?LGCH?> NI <? CH NB? >CL?=NCIH IJJIJEN2 IN ;H ;HAF? 1@ zMIONBI@
Q?MN
Discussion

1B? HOG<?LM OM?> CH NBCM ?R;GJF? ;L? L?;MIH;<F? @IL ; GI>?L;N?FS F;LA? <;,LA? &N @ =QEN CHRIXHAF; LA?L
;==?F?L;NCIHM QCNB NOA<I;NM ;H> MG;FF MJ??>M ;L? >?MCL;<F? NI ;PIC> LOHHCHA NB? <;LA? CHNI NB? >I=EM IL;A CM L?F;NCP?FS
MG;FF @IL ; Q?FF >?MCAH?> BOFF ;N FIQ MJ??>M =IHMCMN?HN QCNB NB? ;HMQ?L NI NB&;MH@,’EMFI?I\IQB-PL? NB @

NB? Q?CABN I@ NB? MBCJ

&H NB? 2,LFC?L ?R;GJF? 1@ ; NCABNLIJ? Q;FE?L Q2 HIN?> NB;N NB? N?HMCIHM CH QCL?M MOJJILNCHA ; G;MM Q?L? ?KO;F IHFS <?=;0M\
;HAF?M IH ?CNB?L MC>? Q?L? ?KO;F IHMC>?L NB? @IFFIQCHA ?R;GJF? QB?L? NB? ;HAF?M ;L? HIN ?KO;F MFCABNFS GIL? NLCAIHIG?!
CHPIFP?>

Example 3.6 Different T ensions at Different Angles

IHMC>?L NB? N@@* FCABN G;MM  EA MOMJ?H>?> @LIG NQI QCL?M ; MitMB:GH-HCHCH> NB? N?HMCIH CH ?;=B QCL?
H?AF?=NCHA NB? G;MM?M 1@ NB? QCL?M
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Figure 3.5 NL;@C= FCABN CM MOMJ?H>?> @LIG NQI QCL?M < 0IG? I@ NB? @IL=?M CHPIFP?> = ,HFS @IL=?M ;=NCHA IH NB? MSMN?G ;L? MBIQH B?L? 1|
@L?? <I>S >C;AL;G @IL NB@MXI5@&CABN CM ;FMI MBIQH > 1B? @IL=?M JLID?=N?> HNI:PBLNIIHHN; X ;R?M 1B? BILCTIHN;F =IGJIH?HNM

1@ NB? N?HMCIHM GOMN =;H=?F ;H>NB? MOG I@ NB? P?LNC=;F =IGJIH?HNM I@ NB? N?HMCIHM GOMN ?@TF NBAE)X CABB I@NB? N5

>C;AL;G MBIQM NB? P?LNC=;F ;H> BILCTIHN;F @IL=?M ;=NCHACH REABN\.;@

Strategy

1B? MSMN?G |@ CHN?L?MN @@OEZONB® ;H> CNM @L?7? <I>S >C;AL;G CMMBIQH €HLB? NBL?? @IL=?M CHPIFP?> ;L?

HIN J;L;FF?F ;H> MI NB?S GOMN <? JLID?=N?> [HNI ; =IIL>CH;N? MSMN?G 1B? GIMN =IHP?HC?HN =IIL>CH;N? MSMN?G B;M IH? ;RCM
P?LNC=;F ;H> IH? BILCTIHN;F ;H>NB? P?=NIL JLID?=NCIHM IH CN ;L? MBIQH CH J;LN > 1@ NB? @CAOL? 1B?L? ;L? NQI OHEHIQHM CH
NBCM JLIKF?® ;H> 5 MINQI ?KO;NCIHM ;L? H??>?> NI @CH> NB?G 1B?M? NQI ?KO;NCIHM =IG? @LIG ;JIFSCHA +?QNIH\

M?=IH> F;Q ;FIHA NB? P?LNC=;F ;H> BILCTIHN;F ;R?M HINCHA NB;N NB? H?N ?RN?LH;F @IL=? CM T?LI ;FIHA ?;=B ;RCM <?=;,0M?
;==?F?L;NCIH CM T?LI

Solution
#CLMN =IHMC>?L NB? BILCTHREML

"ow Sy Sy
1BOM :M SIO GCABN ?RJ?=N

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
Unit Il - Forces 194



B;JN?L U"R;GJF?M 1@ JJFC=;NCIHM I@ +?QNIH M );QM

Sy Sy
1BCM ACP?M OM NB? @IFFIQCHA L?F:NCIHMBCHNB??H
5 DPTz 5 DPTz

1BOM

5 5
+IN? NB;N5 ;H> 5 ;L2 HIN ?KO;F CH NBCM =:M? <?=:0M? NB? ;HAF?M IH 2CNB?L MC>? ;L? HIN ?KO:F &N CNBL?;MIH;<F? NB;N
2H>M 0J <?CHA AL?;N?L NB;H<?=:0M? CN CM ?R?LN?> GIL? P?LNC=:6FS NB;H
+1Q =IHMC>?L NB? @IL=? =IGJIH?HNM :FIHA NB? P?LNGEMIL

‘om 9z 5z X

1BCM CGJFC?M

5, 5, X
00<MNCNONCHA NB? ?RIL?MMCIHM @IL NB? P?LNC=;F =IGJIH?HNM ACP?M

5 TJOz 5 TJOz X

1B?L? ;L? NQI OHEHIQHM CH NBCM ?KO;NCIH <ON MO<MNCNONCHA NBTCHRNIZRIBMEE® (@HO=?M NBCM NI IH?
?KO;NCIH QCNB IH? OHEHIQH
5 5 X NH

QBC=B SC?F>M
5 H N T

OIFPCHA NBCM F;MN ?KO;NCIH ACP?M NB? G;BHENC?? 1@

5 /
#CH;FAS$B? G;AHCNO>? @ CM >?N?LGCH?> OMCHA NB? L?F;NCIHMBCJ <?NiQ??H NB?d  @IOH> ;<IP? 1BOM Q?
I<N;CH

5 /
Discussion

INB N?HMCIHM QIOF> <? F;LA?L C@ <INB QCL?M Q?L? GIL? BILCTIHN;F ;H> NB?S QCFF <? ?KO;F C@ ;H> IHFS C@ NB? ;HAF?M IH ?CN
MC>?;L? NB? M;G? ;M NB?S Q?L? CH NB? ?;LFC?L ?R;GJF? |@ ; NCABNLIJ? Q;FE?L

1B? <;NBLIIG M=;F? CM ;H ?R=?FF?HN ?R;GJF? |@ ; HILG;F @IL=? ;=NCHA &i;XIFEC>?M ; KO;HNCN;NCP? L?;>CHA |@ BIQ GO=B CN
GOMN JOMB 0JQ;L> NI MOJJILN NB? Q?CABN I@ ;H I<D?=N ON =;H SIO JL?>C=N QB;N SIO QIOF> M?? IH NB? >C;F 1@ ; <;NBLIIG M=;F? C
SIO MNII> IH CN >OLCHA ;H ?F?P;NIL LC>? 4CFF SIO M??; P;FO? AL?;N?L NB;H SIOL Q?CABN QB?H NB? ?F?P;NIL MN;LNM OJ 4B;N ;<ION
QB?H NB? ?F?P;NIL GIP?M OJQ;L> ;N ; =IHMN;HN MJ??> QCFF NB? M=;F? MNCFF L?;> GIL? NB;H SIOL Q?CABN ;N L?MN IHMC>?L NB?
@IFFIQCHA ?R;GJF?

Example 3.7 What Does the Bathroom Scale Read in an Elevator?

Figure 3.6 MBIQM; EAG;H Q?CABN 1@ ;<ION F< MN;H>CHA IH ; <;NBLIIG M=;F? CH ;H ?F?PRiOF;N? NB? M=;F?
L?;>CHA ; C@ NB? ?F?P;NIL ;==?F?L;N?M OJQ;L> ;N ; LiN? I& " ;H> < C@ NB? ?F?P;NIL GIP?M OJQ;L> ;N ; =IHMN;HN
MI??> 1@ GM
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Figure 3.6 ; 1B? P;LCIOM @IL=?M ;=NCHA QB?H ; J?LMIH MN;H>M IH ; <;NBLIIG M=;F? CH ;HIBZR;NQM ;L? ;JILIRCG;N?FS =ILL?=N @IL
QB?H NB? ?F?P;NIL CM ;==?F?L;NCHA 0JQ;L>Z<LIE?H ;LLIQM L?JL?M?HN @IL=?M NIl F;LA? NI <? >I5QEMNE2R?HMCIH CH NB? MOJJILNCHA
=<F? X CM NB? Q?CABN I@ NB? J’%MHEM NB? Q?CABN 1@ NB? M.:FIE?\/I NB? Q?CABN |@ NB? ?FJ?P[IGDM NB? @IL=? |@ NB? M=;F? IH NB?

J?LMIH * ¢ CMNB? @IL=? 1@ NB? J?LMIH IH NB?'Me(R2 NB? @IL=? |@ NB? M=;F? IH NB? @FIIL |@ NBf>?FP?POWILNB? @IL=? @ NB? @FIIL

0JQ;L>IH NB? M=;F? < 1B? @L?? <I>S >C;AL;G MBIQM IHFS NB? ?RN?LH;F @IL=?M ;=NCHA IH NB? >?MCAH;N?> MSMN?G |@ CHN?L?MNZNB? J?LMIH
Strategy

&@ NB? M=;F? CM ;==OL;N? CNM L?;>CHA QCRBZKEMAACNO>? |@ NB? @IL=? NB? J?LMIH ?R?LNM >IQHlelH CN

3.6 ; MBIQM NB? HOG?LIOM @IL=?M ;=NCHA IH NB? ME2FNIH> J?LMIH &N G;E?M NBCM IH? >CG?HMCIH;F JLI<F?G FIIE

GO=B GIL? @ILGC>;<F? NB;H C@ NB? J?LMIH CM =BIM?H NI <? NB? MSMN?G |@ CHN?L?MN ;H>; @L?? <I>S >C;AL;G CM >L;QH ;M CH
Figure 3.6 < H;FSMCM I@ NB? @L?? <I>S >C;AL;G OMCHAMPQME{H JLI>0=? ;HMQ?LM NI <INB J;LNM ; ;H> < I@ NBCM

?R;GJF? ;M Q?FF ;M MIG? INB?L KO?MNCIHM NB;N GCABN ;LCM? 1B? IHFS @IL=?M ;=NCHA |H NB? J?LMIHH: RBEM Q?CABN

0JQ;L> @IL=? |@ NB? M=;F ==IL>CHA NI +?QNIM NBCL> F;'Qc ;H> ' 7;L? ?KO;F CH G;AHCNO>? ;H> 1JJIMCN? CH
>CL?=NCIH MI NB;N Q? H??> NI'@CHHL>?L NI @CH> QB;N NB? M=;F? ;=M > NBCM ;M OMO;F <S ;JJFSCHA +RQNIH\
M?=IH> F;Q
"o NE

#LIG NB? @L?? <I>S>C;AL;G Q? M??NBNg ' T X MINB;N

"' X NE
OIFPCHA @IL7ACP?M ;H ?KO;NCIH QCNB IHFS IH? OHEHIQH

"t NB X
IL <?=;0M? X NI MCGJFS

"t NB NF

+1 ;MMOGJNCIHM Q?L? G;>? ;<ION NB? ;==?F?L;NCIH ;H> MI NBCM MIFONCIH MBIOF> <? P;FC> @IL ; P;LC?NS 1@ ;==?F?L;NCIHM CH
;>>CNCIH NI NB? IH?M CH NBCM ?R?L=CM?

Solution for (a)

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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&H NBCM J;LN 1@ NB? JLIE-?G N T MINB;N

T H N T H N T

SC?F>CHA

Discussion for (a)

1BCM CM ;<ION F< 4B;N QIOF> NB? M=;F? B;P? L?;> C@ B? Q?L? MN;NCIH;LS 0CH=? BCM ;==?F?L;NCIH QIOF><? T?LI NB? @IL="?
1@ NB? M=;F? QIOF> <? ?KO;F NI BCM Q?CABN

‘og NB T X
= X NH
T H N T
- /

Ol NB? M=;F? L?;>CHA CH NB? ?F?P;NIL CM AL?;N?LNB;HBCM + F< Q?CABN 1BCM G?;HM NB;N NB? M=;F? CM JOMBCHA 0OJ IH
NB? J?LMIH QCNB ; @IL=? AL?;N?L NB;H BCM Q?CABN ;M CN GOMN CH IL>?L NI ;==?F?L;N? BE3 SUQN2L RBRFS

;==?F?L;NCIH 1@ NB? ?F?IBR.AL?;N?L NB? M=;F? L?;>CHA =I[HMCMN?HN QCNB QB;N SIO @??F CH L;JC>FS ;==?F?L;NCHA P?LMOM M|
;==?F?L;NCHA ?F?P;NILM

Solution for (b)
+1Q QB;N B;JJ?HM QB?H NB? ?F?P;NIL L?;=B?M ; =IHMN;HN OJQ;L> P?FI=CNS 4CFF NB? M=;F? MNCFF L?;> GIL? NB;H BCM Q?CABN
#IL ;HS =IHMN;HN P?FI=CNSZ0J >IQH IL MN;NCIH;LSZ;==?F?L;NCIH CM T’?LIB’?};%%I?H> T™W

1BOM
"T NB NH N F
+1Q
2= H N T
QBC=B ACP?M
- /

Discussion for (b)

1B? M=;F? L?;>CHACM + QBC=B ?KO;FM NB? MIQAERABN 1BCM QCFF <? NB? =;M? QB?H?P?L NB? ?F?P;NIL B;M ; =IHMN;HN
P?FI=CNSZGIPCHA OJ GIPCHA >IQH IL MN;NCIH;LS

1B? MIFONCIH NI NB? JL?PCIOM ?R;GJF? ;FMI ;JJFC?M NI ;H ?F?P;NIL ;==?F?L;NCHA >IQHQ;L> ;M G?HNCIH?> 4B?H ;H ?F?P;NIL
;==2F?L;N?M >IQHQ;L> E CM H?A;NCP? ;H> NB? M=;F? L?;5€$$MNEVH NB? Q?CABN 1@ NB? J?LMIH OHNCF ; =IHMN;HN >IQHQ;L>
P?FI=CNS CM L?;=B?> ;N QBC=B NCG? NB? M=;F? L?;>CHA ;A;CH <?=IG?M ?KO;AWNDRBABRLEI@WNB? ?F?P;NIL CM CH @L?? @;FF ;H>
:==?F?L;NCHA >IQHQ;L> ;N NB?H NB? M=;F? L?;>CHA QCFF <? T?LI ;H> NB? JANRAQUR? Q?CABNF?MM

&HN?AL;NCHA [H=?JNM +?QINj&M I@ *INCIH ;H> (CH?G;NC=M

-BSMC=M CM GIMN CHN?L?MNCHA ;H> GIMN JIQ?L@OF QB?H ;JIJFC?> NI A?H?L;F MCNO;NCIHM NB;N CHPIFP? GIL? NB;H ; H;LLIQ M?N I
JLCH=CJF?M +?QUHOM I@ GINCIH =;H ;FMI <? CHN?AL;N?> QCNB INB?L =IH=?JNM NB;N B;P? <??H >CM=0MM?> JL?PCIOMFS CH NBCM
MIFP? JLIKF?GM 1@ GINCIH #IL ?R;GJF? @IL=?M JLI>0=7? ;==?F?L;NCIHM ; NIJC=1@ ECH?G;NC=M ;H>B?H=? NB? L?F?P;H=? |@ ?;LFC?L
=B;IN?LM 4B?H ;JJLI;=BCHA JLI<F?GM NB;N CHPIFP? P;LCIOM NSJ?M 1@ @IL=?M ;==?F?:NCLHIRTENEINSOM? NB?

@IFFIQCHA MN?JM NI ;JJLI;=B NB? JLI<F?G

Problem-Solving Strategy

ON?J Identify which physical principles are involved )CMNCHA NB? ACP?HM ;H> NB? KO;HNCNC?M NI <? =;F=0OF;N?> QCFF ;FFIQ SIO NI
C>?HNC@S NB? JLCH=CJF?M CHPIFP?>

ON?J Solve the problem using strategies outlined in the text &@ NB?M? ;L? ;P;CF;<F? @IL NB? MJ?=C@C= NIJC= SIO MBIOF> L?@?L NI
NB?G 60 MBIOF> ;FMI L?@?L NI NB? M?=NCIHM I@ NB? N?RN NB;N >?;F QCNB ; J;LNC=0F;L NIJC= 1B? @IFFIQCHA QILE?> ?R;GJF? CFF(
BIQ NB?M? MNL;N?AC?M ;L? ;JJFC?> NI ;H CHN?AL;N?> =IH=?JN JLI<F?G

Example 3.8 What Force Must a Soccer Player Exert to Reach T op Speed?

MI==?L JF;S?L MN;LNM @LIG L?MN ;H> ;==?F?L;N?M @ILQ;L> L?;=BCHA ; P?FI=CNSI@ GMCH M ; 4B;NQ;M BCM ;P?L;A?
;==?F?L;NCIH < 4B;N ;P?L;A? @IL=? >C> B? ?R?LN <;=EQ;L> IH NB? ALIOH> NI ;=BC?P? NBCM ;==?F?L;NCN\ GB2ANMIF;S?L
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CM  EA ;H>;CL L?MCMN;H=? CM H?AFCAC<F?
Strategy

11 MIFP? ;Hintegrated concept problem Q? GOMN @CLMN C>?HNC@S NB? JBSMC=;F JLCH=CJF?M CHPIFP?> ;H> C>?HNC@S NB? =
CH QBC=B NB?S ;L? @IOH> -;LN ; 1@ NBCM ?R;GJF? altt®l€rstion ;FIHA ; MNL;CABN FCH? 1BCM CM ; NIJC= @
kinematics -;LN < >?;FM QCN&tce ; NIJC=I@ynamics @IOH> CH NBCM =B;JN?L

1B? @IFFIQCHA MIFONCIHM NI ?;=B J;LN 1@ NB? ?R;GJF? CFFOMNL;N? BIQ NB? MJ?=C@C= JLI<F?G MIFPCHA MNL;N?AC?M ;L? ;J
1B?M? CHPIFP? C>?HNC@SCHA EHIQHM ;H> OHEHIQHM =B?=ECHA NI M?? C@ NB? ;HMQ?L CM L?;MIH;<F? ;H> M| @ILNB

Solution for (a)
4 ?;L? ACP?H NB? CHCNC;F ;H> @CH;F P?FI=CNC?M T?LI;H> G M @ILQ;L> NBOM NB? =B;HAY CH P?FINCNSZCM

:L? ACP?H NB? ?F;JM?> NCG? :H>INU 1B? OHEHIQH CM ;==?F?L;NCIH QBC=B =;H <? @IOH> @LIG CNM >?@CHCNCIH
B IW
TU
0O<MNCNONCHA NB? EHIQH P;FO?M SC?F>M
B N
T
N 1

Discussion for (a)
1BCM CM ;H ;NN;CH;<F? ;==?F?L;NCIH @IL ;H ;NBF?N? CH All> =IH>CNCIH
Solution for (b)

%7?L? Q? ;L? ;ME?> NI @CH> NB? ;P?L;A? @IL=? NB? JF;S?L ?R?LNM <;=EQ;L> NI ;=BC?P? NBCM @ILQ;L> ;==?F?L;NCIH +?AF?=NCHA ;C
L?MCMN;H=? NBCM QIOF> <? ?KO;F CH G;AHCNO>? NI NB? H?N ?RN?LH;F @GMGI4R NBCNRE&RE? =,0M?M BCM ;==?F?L;NCIH

0CH=? Q? HIQ EHIQ NB? JF;8AL==?F?L;NCIH ;H> ;L? ACP?H BCM G;MM Q? =;H OM? MAQM{Hi> F;Q NI @CH> NB? @IL=?

?R?LN?> 1B;N CM

"og NE
0O<MNCNONCHA NB? EHIQH PINCGAM I®ACP?M

'oB H N T

Discussion for (b)
1BCM CM ;<ION JIOH>M ; L?;MIH;<F? ;P?L;A? @IL=?

1BCM QILE?> ?R;GJF? CFFOMNL;N?M BIQ NI ;JJFS JLI<F?G MIFPCHA MNL;N?AC?M NI MCNO;NCIHM NB@PCP#RO>? NIJC=M @LIG >C@
=B;IJN?LM 1B? @CLMN MN?J CM NI C>?HNC@S NB? JBSMC=;F JLCH=CJF?M CHPIFP?> CH NB? JLI<F?G 1B? M?=IH>MN?J CM NI MIFP"
OHEHIQH OMCHA @;GCFC;L JLI<F?G MIFPCHA MNL;N?AC?M 1B?M? MNL;N?AC?M ;L? @IOH> NBLIOABION NB? N?RN ;H> G;HS QILE?>
?R;GJF?M MBIQ BIQ NI OM? NB?G @IL MCHAF? IIJZEM @ CH> NB?M? N?=BHCKO?M @IL CHN?AL;N?> =IH=?JN JLI<F?GM OM?@OF CH
;JJFC=;NCIHM |@ JBSMC=M IONMC>? |@ ; JBSMC=M =I0LM? MO=B ;M CH SIOL JLI@?MMCIH CH INB?L M=C?H=? >CM=CJFCH?M ;H>C
FC@? 1B? @IFFIQCHA JLI<F?GM QCFF <OCF> SIOL MECFFM CH NB? <LI;>;JJFC=;NCIH |@ JBSMC=;F JLCH=CJF?M

Section Summary

3.1 Problem Solving Strategy

+?QNIHM F;QM 1@ GINCIH =;H <? ;JJFC?> CH HOG?LIOM MCNO;NCIHM NI MIFP? JLI<F?GM 1@ GINCIH

0IG? JLI<F?GM QCFF =IHN;CH GOFNCJF? @IL=? P?=NILM@2NCHMSELSEEIHM [H ;H I<D?=N 2 MOL? NI >L;Q >C;AL;GM
L?MIFP? ;FF @IL=? P?=NILM CHNI BILCTIHN;F ;H> P?LNC=;F =IGJIH?HNM ;H>>L;Q ; @L?? <I>S >C;AL;G FQ;SM ;H;FST? NB?
>CL?=NCIH CH QBC=B ;H I<D?=N ;==?F?L;N?M MI NB;N SIO =;H >?N?LGCHy{QHINBE?L' o g

1B? HILG;F @IL=? IH ;H I<D?=N CM HIN ;FQ;SM ?KO;F CH G;AHCNO>? NI NB? Q?CABN I@ NB? I<D?=N &@ ;H I<D?=N CM ;==?F?L;NCF}
HILG;F @IL=? QCFF <? F?MM NB;H IL AL?;N?L NB;H NB? Q?CABN I@ NB? I<D?=N FMI C@ NB? I<D?=N CM IH ;H CH=FCH?> JF;H? NE
@IL=? QCFF ;FQ;SM <? F?MM NB;H NB? @OFF Q?CABN |@ NB? I<D?=N

01G? JLI<F?GM QCFF =IHN;CH P;LCIOM JBSMC=;F KO;HNCNC?M MO=B ;M @IL=?M ;==PFRIMENCEIHRBE+CNI-S

=IH=?JNM @LIG ECH?G;NC=M ;H>>SH;GC=M CH IL>?L NI MIFP? NB?M? JLI<F?GM |I@ GINCIH

3.2 Further Applications of NewtonO s Laws of Motion

_ +?QNIHM F;QM 1@ GINCIH =;H <? ;JJFC?> CH HOG?LIOM MCNO;NCIHM NI MIFP? JLI<F?GM 1@ GINCIH
0IG? JLIKF?GM QCFF =IHN;CH GOFNCJF? @IL=? P?=NILM22NTHM SEL3EIHM [H ;H I1<D?=N ? MOL? NI >L;Q >C;AL;GM
L?MIFP? ;FF @IL=? P?=NILM CHNI BILCTIHN;F ;H> P?LNC=;F =IGJIH?HNM ;H>>L;Q ; @L?? <I>S >C;AL;G FQ;SM ;H;FST? NB?

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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>CL?=NCIH CH QBC=B ;H I<D?=N ;==?F?L;N?M MI NB;N SIO =;H >?N?LGCHyQHEINR?L' o g

1B? HILG;F @IL=? IH ;H I<D?=N CM HIN ;FQ;SM ?KO;F CH G;AHCNO>? NI NB? Q?CABN 1@ NB? I<D?=N &@ ;H I<D?=N CM ;==?F?L;NCF
HILG;F @IL=? QCFF <? F?MM NB;H IL AL?;N?L NB;H NB? Q?CABN I@ NB? I<D?=N FMI C@ NB? [<D?=N CM IH ;H CH=FCH?> JF;H? NE
@IL=? QCFF ;FQ;SM <? F?MM NB;H NB? @OFF Q?CABN 1@ NB? I<D?=N

01G? JLI<F?GM QCFF =IHN;CH P;LCIOM JBSMC=;F KO;HNCNC?M MO=B ;M @IL=?M ;==PFRIMESEHRBE+CNI-S

=IH=?JNM @LIG ECH?G;NC=M ;H>>SH;GC=M CH IL>?L NI MIFP? NB?M? JLI<F?GM 1@ GINCIH

Conceptual Questions

3.1 Problem Solving Strategy

1. 11 MCGOF;N? NB? ;JJ;L?HN Q?CABNF?MMH?MM |@ MJ;=? IL<CN ;MNLIH;ONM ;L? NL;CH?> CH NB? BIF> 1@ ; =;LAIl ;CL=L;@N NB;N CM
;==?F?L;NCHA >IQHQ;L> ;N 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? 1@ L?@7?L?H=? &M NB?@?2H8+=C@?NQ??H NB?CL ;JJ;L?HN Q?CABNF?MMH?MM CH IL<CN ;H> CH NB? ;CL=L;@N
2. =LNIIH MBIQM NB? NI0J?? =IGCHAQ@B? B?;> 1@ ;H ?F?P;NIL J;MM?HA?L QB?H NB? ?F?P;NIL L;JC>FS MNIJM >OLCHA ;H 0JQ;L>
LC>? ;HNBCM L?;FFS B;JJ?H QCNBION NB? J?LMIH <?CHA NC?> NI NB? @FIIL 1@ NB? ?F?P;NIL "RJF;CH SIOL ;HMQ?L

3.2 Further Applications of NewtonO s Laws of Motion

3. 1l MCGOF;N? NB? ;JJ;L?HN Q?CABNF?MMH?MM 1@ MJ;=? IL<CN ;MNLIH;ONM ;L? NL;CH?> CH NB? BIF> |@ ; =;LAl ;CL=L;@N NB;N CM
;==?F?L;NCHA >IQHQ;L> ;N 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? |@ L?@?L?H=? &M NB?(@?HB=C@?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?? =IGCHAA@B? B?;> |@ ;H ?F?P;NIL J;MM?HA?L QB?H NB? ?F?P;NIL L;JC>FS MNIJM >OLCHA ;H 0JQ;L>
LC>? ;HNBCM L?;FFS B;JJ?H QCNBION NB? J?LMIH <?CHA NC?> NI NB? @FIIL I@ NB? ?F?P;NIL "RJF;CH SIOL ;HMQ?L
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Problems & Exercises

3.1 Problem Solving Strategy

1. @F?; DOGJM <S ?R?LNCHA ; @IL=? & ' / MNL;CABN

>IQH IH NB? ALIOH> <L??T? <FIQCHA IH NB? @F?; J;L;FF?F NI

NB? ALIOH> ?R?LNM ; @IL=? |@ — | IHNB? @F?;

#CH> NB? >CL?=NCIH ;H> G;AHCNO>? |@ NB? ;==?F?L;NCIH |@ NB?
@F?; C@ CNM G;MM €M LF I HIN H?AF?=N NB?
AL;PCN;NCIH;F @IL=?

2. 1QI GOM=F?M CH NB? <;=E |@ NB? F?A JOFF OJQ;L> IH NB?
=BCFF?M N?H>IH ;M MBIQHK: 3.7 1B?M? GOM=F?M ;L?

=;FF?> NB? G?>C;F ;H> F;N?L;F B?;>M |@ NB? A;MNLI=H?GCOM
GOM=F? #CH> NB? G;AHCNO>? ;H>>CL?=NCIH |@ NB? NIN;F @IL=?
IH NB? =BCFF?M N?H>IH 4B;N NSJ? |@ GIP?G?HN =I0OF> <?
=;0M?><S NBCM @IL=?

Figure 3.8 1B? @IL=?5 H??>?> NI BIF> MN?;>S NB? J?LMIH <?CHA

L?M=0?> @LIG NB? @CL? CM F?MM NB;H B?L Q?CABN ;H> F?MM NB;H NB? @IL="?
5 CHNB?INB?L LIJ? MCH=? NB? GIL? P?LNC=;F LIJ? MOJJILNM ; AL?%;N?L

J;LN 1@ B?L Q?CABN ; P?LNC=;F @IL=?

4. Integrated Concepts EA >IFJBCH >?=?F?L;N?M @QLIG
NI GMCH M NIDICH ;HINB?L >IFJBCH CH JF4B;N

P?L,A? @IL=? Q;M ?R?LN?> NI MFIQ BCG C@ B? Q;M GIPCHA
BILCTIHN;FFS 1B? AL;PCN;NCIH;F @IL=? CM <;F;H=?> <S NB?
<OIS;HN @IL=? |@ NB? Q;N?L
5. Integrated Concepts 4B?H MN;LNCHA ; @IINL;=? ; EA
MJILCHN?L ?R?LNM ;H ;P?L;A? @IL=? |@ + <;=EQ;L>IH NB?
ALIOH>@IL M ; 4B;N CM BCM @CH;F MJ??> < %IQ @;L
>|?M B? NL;P?F

Figure 3.7 =BCFF?M N?H>IH 6. Integrated Concepts  F;LA? LI=E?N B;M ; G;MM |@

3. EAJ?LMIH CM <?CHA JOFF?> :Q;S @LIG ; <OLHCHA — LFNNE?I@ ;H> CNM ?HACH?M JLI>0=? ; NBLOMN |@

<OCF>CHA ;M MBIQH)QH 3.8 F=OFN?NB?N?HMCIHCHNB? /. 4cis GNM CHONG:F :==2F?L:NCIH @ CN N:E2M 1@
NQI LIJ?M C@ NB? J?LMIH CM GIG?HN;LCFS GINCIHF?MM &HzEQ>2 ;. ’ PSR =
@L?? <I>S SC:AL'G CH SIOL MIFONCIH HEBRIC= FED61Q FIHA >12M CN N;E? NI L?;=B ; P?FI=CNS 1@

EG B MNL;CABN OJ ;MMOGCHA =IHMN;HN G;MM ;H>NBLOMN = &H
L?;FCN8? G;MM I@ ; LI=E?N >?=L?;M?M MCAHC@C=;HNFS ;M CNM @O?F
CM =IHMOG?> [?M=LC<? KO;FCN;NCP?FS BIQ-NBCNB®

;==?F?L;NCIH ;H> NCG? @IL NBCM GINCIH

7. Integrated Concepts  <;ME?N<;FF JF;S?L DOGJM MNL;CABN OJ

@IL ; <;FFIZINBCM B? FIQ?LM BCM<I>S G ;H>NB?H

;==?F?L;N?M NBLIOAB NBCM >CMN;H=? <S @IL=?@OFFS MNL;CABN?HCHA
BCM F?AM 1BCM JF;S?L F?;P?M NB? @FIIL QCNB ; P?LNC=;F P?FI=CNS
MQ@C=C?HN NI =,LLS BCG G ;<IP? NB? @FHR=OF;N?

BCM P?FI=CNS QB?H B? F?;P?M NB? @EDE;N? BCM

;==?F?L;NCIH QBCF? B? CM MNL;CABN?HCHA BCM F?AM %? AlI?M @LIG
T?LI NI NB? P?FI=CNS @IOH>CH J;LN ; CH;>CMN;H=?1@ G

= ;F=0OF;N? NB? @IL=? B? ?R?LNM IH NB? @FIIL NI > NBCM ACP?H
NB;NBCM GMMCM EA

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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8. Integrated Concepts EA @CL?QILEM MB?FF CM @CL?>
MNL;CABN OJ @LIG ; GILN;L ;H>L?;=B?M ; B?2CABNI@ G ;
+?AF?=NCHA ;CL L?MCMN;H="? ; JIIL ;MMOGJNCIH <ON Q? QCFF
G;E? CN @IL NBCM ?R;GJF? =;F=OF;N? NEPTABTNS QB?H CN
F?;P?M NB? GILN;x 1B? GILN;L CNM?F@ CM ; NO<? G FIHA
;F=0OF;N? NB? ;P?L;A? ;==?F?L;NCIH |@ 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?LA? @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 |@ NB? MB?FF

9. Integrated Concepts /?J?;N Exercise 3.8 @IL ; MB?FF @CL?>
N H HAF? @LIG NB? P?LNC=;F

10. Integrated Concepts H ?F?P;NIL @CFF?> QCNB J;MM?HA?LM
BM;GMMI@ EA ; 1B? ?F?P;NIL ;==?F?L;N?M 0JQ;L>
@LIGL?MN ;N;LN?1@ N "@IL M ;F=OF;N? NB?

N?HMCIH CH NB? =;<F? MOJJILNCHA NBX?EBR;Rf2P;NIL
=IHNCHO?M 0JQ;L> ;N =IHMN;HN P?FI=CNS @IL M 4B;N CM NB?
N?HMCIH CH NB? =;<F? >OLCHA NBCM NCG? = 1B? ?F?P;NIL
>?=?F?L;N?M ;N ; L;N? |@ N "@IL M 4B;NCMNB?
N?HMCIH CH NB? =;<F? >OLCHA >?=?F?L;NCIH > %I|Q BCAB B;:M

NB? ?F?P;NIL GIP?> ;<IP? CNM ILCACH;F MN;LNCHA JICHN ;H> QB;N
CM CNM @CH,F P?FI=CNS Figure 3.9 =BCFF?M N?H>IH

11. Unreasonable Results ; 4B;N CM NB? @CH;F P?FI=CNS |@15. EA J?LMIH CM <?CHA JOFF?> ;Q;S @LIG ; <OLHCHA
=L ILCACH;FFS NL;P?FCHA ;N EG B NB;N >?=?F?L;N?M ;N ; kDCF>CHA ;M MBIQHuGH: 3.10 ;F=0F;N? NB? N?HMCIH CH NB?
@ N "@IL M < 4B:N CM OHL?:MIH:<F? :<ION NQI LIJ?M C@ NB? J?LMIH CM GIG?HN;LCFS GINCIHF?MM &H=FO>?;

??< :AL;
NB? L?MOFN = 4BC=B JL?GCM? CM OHL?;MIH;<F? IL QBC=B@L 1>S >CALG CH SIOL MIFONCIH

JL?GCM?M ;L? CH=IHMCMN?HN

12. Unreasonable Results EA G;HMN;H>M IH ;
<;NBLIIG M=;F? CH ;H ?F?P;NIL NB;N ;==?F?L;N?M @LIG L?MN NI

G MCH M ; ;F=0OF;N? NB? M=;F? L?;>CHA CH H?QNIHM
;H>=IGJ;L? CN QCNB BCM Q?CABN 1B? M=;F? ?R?LNM ;H OJQ;L>
@IL=? IH BCG ?KO;F NI CNM L?;>CHA < 4B;N CM OHL?;MIH;<F?
;<ION NB? L?MOFN = 4BC=B JL?GCM? CM OHL?;MIH;<F? IL QBC=B
JL?GCM?M ;L? CH=IHMCMN?HN

3.2 Further Applications of NewtonO s Laws of
Motion

13. @F?: DOGJIM <S ?R?LNCHA ; @IL=? |@ |

MNL;CABN >IQH IH NB? ALIOH> <L??T? <FIQCHA IH NB? @F?;
J.L;FF?F NI NB? ALIOH> ?R?LNM ; @IL=? 1@— [ IH

NB? @F?; #CH> NB? >CL?=NCIH ;H> G;AHCNO>? |@ NB? ;==?F?L;NCIH
|@ NB? @F?; C@ CNM G;MM-€M  LF 1l HIN H?AF?=N NB?
AL;PCN;NCIH;F @IL=?

14. 1QI GOM=F?M CH NB? <;=E |@ NB? F?A JOFF 0JQ;L> IH NB?
=BCFF?M N?H>IH ;M MBIQH(OK: 3.9 1B?M? GOM=F?M ;L?

=;FF?> NB? G?>C;F ;H> F;N?L;F B?;>M I@ NB? A;MNLI=H?GCOM

GOM=F? #CH> NB? G;AHCNO>? ;H>>CL?=NCIH I@ NB? NIN;F @IL="?
IH NB? =BCFF?M N?H>IH 4B:N NSJ? |@ GIP?G?HN =IOF> <? Figure 3.10 1B? @IL=?5 H??>?> NI BIF> MN?;>S NB? J?LMIH <?CHA

=,0M?><S NBCM @IL=" L?M=0?> @LIG NB? @CL? CM F?MM NB;H B?L Q?CABN ;H> F?MM NB;H NB? @IL=?
5 CHNB?INB?L LIJ? MCH=? NB? GIL? P?LNC=;F L1J? MOJJILNM ; AL?%;N?L
J;LN 1@ B?L Q?CABN ; P?LNC=;F @IL=?

16. Integrated Concepts EA >IFJBCH >?=?F?L;N?M @LIG

NI GMCH MNIDICH ;HINB?L >IFJBCH CH JF4B;N
;P?L;A? @IL=? Q;M ?R?LN?> NI MFIQ BCG C@ B? Q;M GIPCHA
BILCTIHN;FFS 1B? AL;PCN;NCIH;F @IL=? CM <;F;H=?> <S NB?
<OIS;HN @IL=? @ NB? Q;N?L
17. Integrated Concepts 4B?H MN;LNCHA ; @IIN L;=? ;

EA MILCHN?L ?R?LNM ;H ;P?L;A? @IL=? 1@ + <;=EQ;L>
IHNB? ALIOH>@IL M ; 4B;N CM BCM @CH;F MJ??> <
%IQ @;L >I?M B? NL;P?F
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18. Integrated Concepts F;LA? LI=E?N B;M ; G;,MM 1@
—  LF;NN;E?I@ ;H> CNM ?HACH?M JLI>0=? ; NBLOMN |@

— | ; #CH>CNM CHCNC;F ;==?F?L;NCIH G@ CN N;E?M 1@
P?LNC=;FE3%IQ FIHA >I?M CN N;E? NI L?;=B ; P?FI=CNS |@
EG B MNL;CABN OJ ;MMOGCHA =I[HMN;HN G;MM ;H>NBLOMN = &H
L?;FCN8B? G;MM |@ ; LI=E?N >?=L?;M?M MCAHC@C=;HNFS ;M CNM @O?F
CM =IHMOG?> ?M=LC<? KO;FCN;NCP?FS BIQ-NBCNB®@
;==?F?L;NCIH ;H> NCG? @IL NBCM GINCIH

19. Integrated Concepts  <;ME?N<;FF JF;S?L DOGJM MNL;CABN

0OJ @IL ; <;FFI 21 NBCM B? FIQ?LM BCM<I>S G ;H>NB?H

;==?F?L;N?M NBLIOAB NBCM >CMN;H=? <S @IL=?@OFFS MNL;CABN?HCHA
BCM F?AM 1BCM JF;S?L F?;P?M NB? @FIIL QCNB ; P?LNC=;F P?FI=CNS
MQ@C=C?HN NI =,LLS BCG G ;<IP? NB? @FHR=OF;N?

BCM P?FI=CNS QB?H B? F?;P?M NB? @EQIF;N? BCM

;==?F?L;NCIH QBCF? B? CM MNL;CABN?HCHA BCM F?AM %? AI?M @LIG
T?LI NINB? P?FI=CNS @IOH>CH J;LN ; CH; >CMN;H=?1@ G

= ;F=0OF;N? NB? @IL=? B? ?R?LNM IH NB? @FIIL NI > NBCM ACP?H
NB;NBCM G;MM CM EA

20. Integrated Concepts EA @CL?QILEM MB?FF CM @CL?>
MNL;CABN OJ @LIG ; GILN;L ;H>L?;=B?M ; B?CABNI@ G ;
+?AF?=NCHA ;CL L?MCMN;H=? ; JIIL ;MMOGJNCIH <ON Q? QCFF
G;E? CN @IL NBCM ?R;GJF? =;F=0OF;N? NEP BTN QB?H CN
F?;P?M NB? GILN:x 1B? GILN;L CNM?F@ CM ; NO<? G FIHA
;F=OF;N? NB? ;P?L;A? ;==?F?L;NCIH |@ 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 1@ NB? MB?FF

21. Integrated Concepts /?J?;N Exercise 3.20 @IL ; MB?FF
@CL?>;N ;H ;HAF? @LIG NB? P?LNC=;F

22. Integrated Concepts H ?F?P;NIL @CFF?> QCNB J;MM?HA?LM
BM;GMMI@ EA ; 1B? ?F?P;NIL ;==?F?L;N?M 0JQ;L>
@LIGL?MN;N;LN?1@ N "@IL M ;F=OF;N? NB?

N?HMCIH CH NB? =;<F? MOJJILNCHA NBX?EBR;RF2P;NIL
=I[HNCHO?M 0JQ;L> ;N =IHMN;HN P?FI=CNS @IL M 4B;N CM NB?
N?HMCIH CH NB? =;<F? >OLCHA NBCM NCG? = 1B? ?F?P;NIL
>?=?F?L;N?M ;N ; LN? 1@ N "@IL M 4B;NCMNB?

N?HMCIH CH NB? =;<F? >OLCHA >?=?F?L;NCIH > %IQ BCAB B;M
NB? ?F?P;NIL GIP?> ;<IP? CNM ILCACH;F MN;LNCHA JICHN ;H> QB;N
CM CNM @CH;F P?FI=CNS

23. Unreasonable Results ; 4B;N CM NB? @CH;F P?FI=CNS 1@ ;
=;L ILCACH;FFS NL;P?FCHA ;N EG B NB;N >?=?F?L;N?M ;N ; L;N?

@ N "@IL M < 4B;NCM OHL?;MIH;<F? ;<ION

NB? L?MOFN = 4BC=B JL?GCM? CM OHL?;MIH;<F? IL QBC=B
JL?GCM?M ;L? CH=IHMCMN?HN

24. Unreasonable Results EA G;H MN;H>M IH ;

<;NBLIIG M=;F? CH ;H ?F?P;NIL NB;N ;==?F?L;N?M @LIG L?MN NI
GMCH M ; ;F=OF;N? NB? M=;F? L?;>CHA CH H?QNIHM

;H>=IGJ;L? CN QCNB BCM Q?CABN 1B? M=;F? ?R?LNM ;H OJQ;L>

@IL=? IH BCG ?KO;F NI CNM L?;>CHA < 4B:N CM OHL?;MIH:<F?

;<ION NB? L?MOFN = 4BC=B JL?GCM? CM OHL?;MIH;<F? IL QBC=B

JL?GCM?M ;L? CH=IHMCMN?HN

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.1 1BCM OMNL;FC;H $L;H> -LCR #ILGOF; L;=? =L GIP?M CH ; =CL=0F;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 1@ IH? ; =CL=OF;L ;L= 1B? M;G? JBSMC=;F JLCH=CJF?M ;L? CHPIFP?>CH ?;=B =L?>CN /C=B;L>*OH=E

B;JN?L ,ONFCH?

4.1. Rotation Angle and Angular V elocity

_ 1?@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 |@ ; =;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> @ NB? M?=NCIH SIO QCFF <? ;<F? NI

_ "RJF;CHNB? ?KO;NCIH @IL =?HNLCJ?N;F ;==?F?L;NCIH
_JJIFS +?QNIHM M?=IH> F;Q NI >?P?FIJ NB? ?KO;NCIH @IL =?HNLCJ?N;F @IL=?
_ 2M? =CL=0F;L GINCIH =IH=?JNM CH MIFPCHA JLI<F?GM CHPIFPERM+EEINCIH
4.4. Fictitious Forces and Non-inertial Frames: The Coriolis Force
_ ICM=OMM NB? CH?LNC;F @L;G? |@ L?@?L?H="
_ ICM=0OMM NB? HIH CH?LNC;F @L;G? |@ L?@?L?H="
_ 1?M=LC<? NB?@@NM I@ NB? ILCIFCM @IL="?
4.5. NewtonGs Universal Law of Gravitation
_ "RJF;CH";LNBA AL;PCN;NCIH;F @IL=?
_ 1?M=LC<? NB? AL;PCN;NC@ER@® NB? *IIH IH ";LNB
_ICM=OMM Q?CABNF?MMH?MM CH MJ;=7?
_ "R;GCH? NB? ;P?H>CMB ?RJ?LCG?HN
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4.6. Satellites and Kepler ® Laws: An Argument for Simplicity
_ ON;N? (?JF2M F;QM 1@ JF;H?N;LS GINCIH
_ 1?LCP? NB? NBCL> (AFRPLQ @IL =CL=OF;L IL<CNM
_ ICM=OMM NB? -NIF?G;C= GI>?F |@ NB? OHCP?LM?

Introduction to Uniform Circular Motion and Gravitation

1BCM =IHN?HN CM HIN =IP?L?> CH NBCM =IOLM? ;H>CM B?L? MIF?FS @IL SIOL CH@ILG;NCIH

*HS GINCIHM MO=B ;M NB? ;L= 1@ ; ¥C@FKCABN IL M.BBB ;LIOH> NB? 00H ;L? =OLP?> /?=;FF NB;N +2MQ@ELMN F;Q N?FFM OM

NB;N GINCIH CM ;FIHA ; MNL;CABN FCH? ;N =IHMN;HN MJ??> OHF?MM NB?L? CM ; H?QCRNRIBIP?@IL2MMNO>S HIN IHFS GINCIH

;FIHA =OLP?M <ON ;FMI NB? @IL=?M NB;N =,0M? CN CH=FO>CHA AL;PCN;NCIH;F @IL=?M &H MIG? Q;SM NBCM =B;IJN?L CM ; =IHNCHO:
Dynamics: Newton's Laws of Motion (https://legacy .cnx.org/content/m42129/latest/) ;M Q? MNO>S GIL? ;JJFC=;NCIHM |@

+?QNIHM F;QM |@ GINCIH

1BCM =B;JN?L >?;FM QCNB NB? MCGJF?MN @ILG |@ =@life?Pm Gild@Hd motion  GINCIH CH ; =CL=0F;L J;NB ;N =IHMN;HN

MJ??> ONO>SCHA NBCM NIJC= CFFOMNL;N?M GIMN =IH=?JNM ;MMI=C;N?> QCNB LIN;NCIH;F GINCIH ;H> F?;>M NI NB? MNO>S |@ G;HS |
Q7? ALIOJ OH>?L NB? H;G@8tation -OL? rotational motion I==OLM QB?H JICHNM CH ;H I<D?=N GIP? CH =CL=0F;L J;NBM =?HN?L?> |H

IH? JICHN -OL?%ranslational motion CM GINCIH QCNB HI LIN;NCIH 0IG? GINCIH =IG<CH?M <INB NSJ?M MO=B ;M ; LIN;NCHA BI=E?S

JO=E GIPCHA ;FIHA C=?

4.1 Rotation Angle and Angular V elocity

&Hinematics (https://legacy .cnx.org/content/m42122/latest/)  Q? MNO>C?> GINCIH ;FIHA ; MNL;CABN FCH? ;H> CHNLI>O=?> MO=B
=IH=?JNM ;M >CMJF;=?G?HN P?FHENS?F?L;NCIHwo-Dimensional Kinematics (https://legacy  .cnx.org/content/m42126/

latest/) >?;FN QCNB GINCIH CH NQI >CG?HMCIHM -LID?=NCF? GINCIH CM ; MJ?=C;F =;M? |@ NQI >CG?HMCIH;F ECH?G;NC=M CH QBC=B
CM JLID?=N?> CHNI NBBEH? <?CHA MO<D?=N NI NB? AL;PCN;NCIH;F @IL=? ;H> F;H>M ; SENNBEN=B,II?I=IHMC>?L

MCNO;NCIHM QB?L? NB? I<D?=N >|?M HIN F;H> <ON GIP?M CH?ACQEPRB? MNO>S |@ OHC@ILG =CL=0F;L GINCIH <S >?@CHCHA NQI
;HAOF;L KO;HNCNC?M H??>?> NI >?M=LC<? LIN;NCIH;F GINCIH

/IN;NCIH HAF?

4B?H I<D?=NM LIN;N? ;<ION MIG? ;RCMZ@IL ?R;GJF? QB?H NB? ! =IGJ;=N >Cl=Ir€H4.2 LIN;N?M ;<ION CNM =?HN?LZ?;=B

JICHN CH NB? I<D?=N @IFFIQM ; =CL=OF;L ;L= IHMC>?L ; FCH? @LIG NB? =?HN?L |@ NB? piNI@WN REA?=11=BMIOH>

;FIHANBCM FCH? GIP?M NBLIOAB NB? M;G? ;HAF? CH NB? M;G? ;GIOHN 1@ NCG? 1B? LIN;NCIH ;HAF? CM NB? ;GIOHN |@ LIN;NCIH ;H> C
;H;FIAIOM NI FCH?;L >CMN;H2>23@CH? N&ation angle T NI <? NB? L;NCI 1@ NB? ;L= F?HANB NI NB? L;>COM I@ =OLP;NOL?

T A

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? \NGGHAF?
Tl
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Figure 4.3 1B? L;>COM 1@ ; =CL=F? CM LIN;N?> NBLIOAB H ;HAB? ;L= F?HANBT ~ CM >?M=LC<?> IH NB? =CL=0G@?L?H=?

1B? arc length  TTCM NB? >CMN;H=? NL;P?F?> ;FIHA ; =CL=0F;L J;NB ;NFiMBEQHICHIN? NB;N & CM NB&dius of curvature
|@ NB? =CL=0OF;L J;NB

4 ? EHIQ NB;N @IL IH? =IGJF?N? L?PIFONCIH NB? ;L= F?HANB CM NB? =CL=0G@7?L?H=? |@ 18CI=C>-HOLI@TONE? 1@ ;
=CL=F? CMS 1BOM @IL IH? =IGJF?N? L?PIFONCIH NB? LIN;NCIH ;HAF? CM

T L .

1BCM L?MOFN CM NB? <;MCM @IL >?@CHCHA NB? OHCNM OM?> NI G?;MONP £Mxadiahs ;HAF?®P@CH?> MI NB;N
*BE SHPMVI
=IGJ,LCMIH 1@ MIG? OM?@OF ;HAF?M ?RJL?MM?> CH <INB >?AL??M ;H> L;>C;HM=0M MBIQH CH

1,<F? IGJ;,LCMIH 1@ HAOF;L 2HCNM

N

[N}

(N

(N}

(N}
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Figure 4.4 -ICHNM ;H> LIN;N? NBLIOAB NB? M;G? ;HAA? <ONJICHN GIP?M NBLIOAB ; AL?;N?L ;L= F?HANB<?=;0M? CN CM ;N ; AL?;N?L
>CMN;H=? @LIG NB? =?HN?L |@ LINSNCIH

&@r L;> NB?H NB? ! B;M G;>? IH? =IGJF?N? L?PIFONCIH ;H> ?P?LS JICHN IH NB? ! CM <;=E ;N CNM ILCACH;F JIMCNCIH
?=;,0M? NB?L? ;L?  zCH;=CL=F? IL IH? L?PIFONCIH NB? L?F;NCIHMBCJ <?NQ??H L;>C;HM ;H> >?AL??M CM NBOM

BE z
MI NB;N

BE—F] 2z

HAOF;L 2FI=CNS
%IlQ @;MN CM ;H I<D?=N LIN;NCHA@ICldRgular velocity iMNB? L;N? 1@ =B;HA? 1@ ;H ;HAF? &H MSG<IFM NBCM CM
€
TU
QB?L? ;H ;HAOF;L LIN;NCIH N;E?M JF;=? CH ; NCG4 1B? AL?;N?L NB? LIN;NCIH ;HAF? CH ; ACP?H ;GIOHN 1@ NCG? NB? AL?;N?L
NB? ;HAOF;L P?FI=CBISOHCNM @IL ;HAOF;L P?FI=CNS ;L? L;>C;HM J?L M?=IH> L;>M
HAOF;L P?FI=CNSCM ;H;FIAIOM NI FCH?;L P?FI¥CINI3?N NB? JL?=CM? L?F;NCIHMBCJ <?NQ??H ;HAOF;L ;H> FCH{¥;L P?FI=CNS
;A;CH =IHMC>?L ; JCN IH NB? LIN;NCHA ! 1BCM JCN GIP?M ;H ;,LTATANBCGT | ;H> MI CN B;M ; FCH?;L P?FI=CNS
w LT
TU

#UG T —TS-I Q?M??NB;NTT ST 00O<MNCNONCHA NBCM CHNI NB? ?RUAGRINIH @IL
st
w=Los
4 ? QLCN? NBCM L?F;NCIHMBC I NN SCEM ;H> A;CH N@ 228N CHMCABNM
ws ps ¥

1B? @CLMN L?F;NCIHMBCSECHP S —\5’ MN;N?M NB;N NB? FCH?;L PRRIMCNSIILNCIH;F NI NB? >CMN;H=? @LIG NB? =?HN?L |@
LIN;NCIH NBOM CN CM F;LA?MN @IL ; JICHN IH NBELOGSFLGZMBN ?RJ?=N? 4;H ;FMI =;FF NBCM FCH?;L MJ#@>; JICHN
IH NB? LCG N@Rgential speed 1B? M?=IH> L?F;NCIHMBCW.HS P S —¥ =;H <? CFFOMNL;N?> <S =[HMC>?LCHA NB? NCL? 1@ ;

GIPCHA =;L+IN? NB;N NB? MJ??> |@ ; JICHN IH NB? LCG 1@ NB? NCL? CM NB? M;G?\WW@RB¥MIZP2? Figure 4.5 Ol NB?
@;MN?L NB? =,L GIP?M NB? @;MN?L NB? NCL? MUGIRMEF;LFRRA? <?=,0M? W S O0OCGCF;LFBLA?L L;>COM NCL?
LIN;NCHA ;N NB? M;G? ;HAOF;L P?FI=CQSFF JLI>0="? ; AL?;N?L FCH?;L M®@%IL NB? =;L

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.5 =L GIPCHA ;N ; P?FI=CN¥ NI NB? LCABN B;M ; NCL? LIN;NCHA QCNB ;H ;HAOF;LIBZAIAIZNS |@ NB? NL?;> 1@ NB? NCL? L?F;NCP? NI NB? ;RF?
CMV NB? M;G? ;M C@ NB? =;L Q?L? D;=E?> OJ 1BOM NB? =L GIP?M @ILQ;L> ;N FCHA/ PSFI=QBE. ? < CM NB? NCL? L;>COM  F;LA?L ;HAOF;L
P?FI=CNS @IL NB? NCL? G?;HM ; AL?;N?L P?FI=CNS @IL NB? =;L

Example 4.1 How Fast Does a Car T ire Spin?

;F=OF;N? NB? ;HAOF;L P?FI=CNS I@ ; G L;>COM =;L NCL? QB?H NB? =;L NL;PANM ;NION LN 0?? Figure

4.5
Strategy
?=:0M? NB? FCH?;L MJ??> @ NB? NCL? LCG CM NB? M;G? ;M NB? MJ@2-B@NBA/=;L N 1B?L;>COM @ NB? NCL?
CM ACP?H NI & N (HIQCHA V;H> £ Q? =;H OM? NB? M?=IH> L?F;NCIHMB&/A ¢H _\E, NI =;F=OF;N? NB?
;HAOF;L P?FI=CNS
Solution
11 =;F=0OF;N? NB? ;HAOF;L P?FIQCIREFF OM? NB? @IFFIQCHA L?F;NCIHMBCJ
=5

OO<MNCNONCHA NB? EHIQHM

N T BE

Discussion

4B?H Q? =;H=?F OHCNM CH NB? ;<IP? =;F=OF;NCIH Q? A?N M ON NB? ;HAOF;L P?FI=CNS GOMN B;P? OHCNM I@ L;>M ?=,0M?
L;>C;HM ;L? ;=NO;FFS OHCNF?MM L;>C;HM ;L? >?@CH?> ;M ; L;NCI I@ >CMN;H=? Q? =;H MCGJFS CHM?LN NB?G CHNI NB? ;HMQ?L @
;HAOF;L P?FI=CRBII HIN? NB;N C@ ;H ?;LNB GIP?L QCNB GO=B F;,LA?L NCL?M M;S G CHL;>COM Q?L? GIPCHA ;N NB? M;G?
MJ??>1@ G M CNM NCL?M QIOF> LIN;N? GIL?18PRBEOF> B;P? ;H ;HAOF;L P?FI=CNS

N T N BE

INB ;H> VB;P? >CL?=NCIHM B?H=? NB?S ;L? ;HAOF;L ;H>EBEiflds L?MJI?=NCP?FS HAOF;L P?FI=CNS B;M IHFS NQI
>CL?=NCIHM QCNB L?MJ?=N NI NB? ;RCM 1@ LIN;NCIHZCN CM ?CNB?L =FI=EQCM? IL =IOHN?L=FI=EQCM? )CH?;L P?FI=CNS CM N;HA?HI
CFFOMNL; N7y C& 4.6

LE? %IG? "RI?LCG?HN

1C? ;H I<D?=N NI NB? ?H> 1@ ; MNLCHA ;H> MQCHA CN ;LIOH> CH ; BILCTIHN;F =CL=F? ;<IP? SIOL B?;> MQCHA ;N SIOL QLCMN *;CHN;
OHC@ILG MJ??> ;M NB? I<D?=N MQCHAM ;H> G?;MOL? NB? ;HAOF;L P?FI=CNS I@ NB? GINCIH 4B;N CM NB? ;JJLIRCG;N? MJ??> 1@ NB
I<D?=N &>?HNC@S ; JICHN =FIM? NI SIOL B;H> ;H> N;E? ;JJLIJLC;N? G?;MOL?G?HNM NI =;F=0OF;N? NB? FCH?;L MJ??> ;N NBCM JICHN
&>?HNC@S INB?L =CL=0OF;L GINCIHM ;H> G?;MOL? NB?CL ;HAOF;L P?FI=CNC?M
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Figure 4.6 M ;HI<D?=N GIP?M CH ; =CL=F? B?L?; @FS IH NB? ?>A? I@ ;H IF> @;MBCIH?> PCHSF L?=IL> CNM CHMN;HN;H?IOM P?FI=CNS CM ;FQ;SM N;HA?HN N
=CL=F? 1B? >CL?=NCIH I@ NB? ;HAOF;L P?FI=CNS CM =FI=EQCM? CH NBCM =;M?

-B"1 "RJIFIL;NCIHM );>S<OA /?PIFONCIH

Figure 4.7 Ladybug Revolution (http://legacy .cnx.org/content/m42083/1.7/rotation_en.jar)

'ICH NB? F;>S<OA CH ;H ?RJFIL;NCIH 1@ LIN;NCIH;F GINCIH /IN;N? NB? G?LLS Al LIOH> NI =B;HA? CNM ;HAF? IL =BIIM? ; =IHMN;HN
JHAOF;,L P?FI=CNS IL ;HAOF;L ;==?F?L;NCIH "RJFIL? BIQ =CL=0OF;L GINCIH L?F;N?M NI NB? <OA M R SBIMCNCIH P?FI=CNS
;==?F?L;NCIH OMCHA P?=NILM IL AL;JBM

4.2 Centripetal Acceleration

4 ? EHIQ @LIG ECH?G;NC=M NB;N ;==?F?L;NCIH CM ; =B;HA? @ENBZRIEENSNM G;AHCNO>? IL CH CNM >CL?=NCIH IL <INB &H OHC@ILG
=CL=OF;L GINCIH NB? >CL?=NCIH |@ NB? P?FI=CNS =B;HAPMNBMNICMNIFQ;SM ;H ;MMI=C;N?> ;==?F?L;NCIH ?P?H NBIOAB NB?
G;AHCNO>? |@ NB? P?FI=CNS GCABN <? $BIMRIANCBH=? NBCM ;==?F?L;NCIH SIOLM?F@ QB?H SIO NOLH ; =ILHA@HISIOL =;L

BIF> NB? QB??F MN?;>S >OLCHA ; NOLH ;H> GIP? ;N =IHMN;HN MJ??> SIO ;L? CH OHC@ILG =CL=0OF;L GINCIH 4B;N SIO HINC=? CM;
MC>?Q;SM ;==?F?L;NCIH <?=;0M? SIO ;H> NB? =;L ;L? =B;HACHA >CL?=NCIH 1B? MB;LJ?L NB? =OLP? ;H> NB? AL?;N?L SIOL MJ??> NB?
GIL? HINC=?;<F? NBCM ;==?F?L;NCIH QCFF <?=IG? &H NBCM M?=NCIH Q? ?R;GCH? NB? >CL?=NCIH ;H> G;AHCNO>? I@ NB;N ;==?F?L;NC
Figure 4.8 MBIQM ;H I<D?=N GIPCHA CH ; =CL=0OF;L J;NB ;N =IHMN;HN MJ??> 1B? >CL?=NCIH |@ NB? CHMN;HN;H?IOM P?FI=CNS CM MBI«
NQI JICHNM ;FIHA NB? J;NB ==?F?L;NCIH CM CH NB? >CL?=NCIH |@ NB? =EIBE2BHICPRNNMCNI.?=NFS NIQ;L> NB? =?HN?L |@

LIN;NCIH NB? =?HN?L |@ NB? =CL=0F;L J;NB 1BCM JICHNCHA CM MBIQH QCNB NB? P?=NIL 2GAE GIEM, NEFAMCHA@

;H 1<D?=N GIPCHA CH OHC@ILG =CL=0F;L GINCIH L?MOFNCHA @LIG ; H?N e&ihetdF @teterang® Br =?HNLCJI?N;F

G?;HM INIQ;L> NB? =?HN?L" IL ]=?HN?L M??ECHA "
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Figure 4.8 1B? >CL?=NCIHM 1@ NB? P?FI=CNS I@ ;H I<D?@PIPNRIHCHENM ;L? MBIQH ;H> NB? =B;HA? CH A?FIE®NS??H NI JICHN >CL?=NFS NIQ;L>
NB? =?HN?L I@ =OLP;NOL? 0?? MG;FF CHM?N Bg;0MPW T | NB? ;==2F2L;NCIH CM ;FMI NIQ;L> NB? =BNeM =;FF?> =?HNLCJ?N;F ;==?F?L;NCIH
?2=,0M? T CMP?LS MG;FF NB? ;L= F?HANBM ?KO;F NI NB? =BIL> F?HRSEIL MG;FF NCE@HC@=7M
1B? >CL?=NCIH I@ =?HNLCJ?N;F ;==?F?L;NCIH CM NIQ;L> NB? =?HN?L I@ =OLP;NOL? <ON QB;N CM CNM G;AHCNO>? +IN? NB;N NB? NL

@ILG?> <S NB? P?FI=CNS P?=NILM ;H> NB? IH? @ILG?> <SINB? L;FE(@? MCGCFINB NB? NLC;HAF?M  ;H>-/;L?
CMIM=?F?M NLC;HAF?M NQI ?KO;F MC>?M 1B? NQI ?KO;F MC>?M I@ NB? P?FI=CNS P?=NIL NV HARY ;LANB2CHA NBP

JLIJ?LNC?M 1@ NQI MCGCF;L NLC;HAF?M Q? I<N;CH
TW TT
W -S
==?F?L;NCIH CUWTI ;H>MI Q? @CLMN MIFP? NBCM ?RJIL?NIMCIH @IL
Tw 4T

1B?H Q? >CPC>? NBCM kSC?F>CHA

TW WTT
TU S TU
#CH;FRIINCHANBNWTU Br;H>NB,NTT TU V NB? FCH?;L IL N;HA?HNC;F MJ??> Q? M?? NB;N NB? G;AHCNO>? I@ NB?
=?HNLCJ?N;F ;==?F?L;NCIH CM

By W
QBC=B CM NB? ;==?F?L;NCIH |@ ;H I<D?=N CH ; =CL=|§'?,H~@M;3>’.{?®I\N 0l =?HNLCJ?N;F ;==?F?L;NCIH CM AL?;N?L ;N BCAB MJ??>M
;H>CH MB;LJ =OLP?M MG;FF?L L;>COM ;M SIO B;P? HINC=?> QB?H >LORCEMCML <CN MOLJLC'\/&F@M\UB;NILNCIH;F NI
MJ??> MKO;L?> CGJFSCHA @IL ?R;GJF? NB;N CN CM @IOL NCG?M ;M B;L>NIN;E?;=0OLP? ;N EGBNB;H;N EGB MB;LJ=ILH?L
B:M ; MG;FF L;>COM MI NENCM AL?:N?L @IL NCABN?L NOLHM ;M SIO B;P? JLI<;<FS HINC=?>
&N CM ;FMI OM?@OF NI ?BQQ'H/INI?LGM 1@ ;HAOF;L P?BEGAWSCNONNHA CHNI NB? ;<IP? ?RIL?MMCIH Q? @CH>

Bb S S S 4 ?=H?RIL?MM NB? G;AHCNO>? |@ =?HNLCJ?N;F ;==?F?L;NCIH OMCHA ?CNB?L I@ NQI ?KO;NCIHM

B Y e S
/?=;FF NB;N NB? >CL?=NCB¢ [@ NIQ;L> NB? =?HBIZLG;S OM? QBC=B?P?L ?RIL?MMCIH CM GIL? =IHP?HC?HN ;M CFFOMNL;N?> CH
?R;GJIF?M <?FIQ

centrifuge  M??Figure 4.9 < CM ; LIN;NCHA >?PC=? OM?> NI M?J;L;N? MJ?=CGRRM KM >CEAMCNC?M %CAB =?HNLCJ?N;F
;==?F?L;NCIH MCAHC@C=;HNFS >?=L?;M?M NB? NCG? CN N;E?M @IL jM3J3; BEMHVRD | E:MNIIH JIMMC<F? QCNB MG;FF M;GJF?M
?HNLC@OA?M ;L? OM?> CH ; P;LC?NS |1@ ;JJFC=;NCIHM CH M=C?H=? ;H> G?>C=CH? CH=FO>CHA NB? M?J;L;NCIH |@ MCHAF? =?FF MO
MO=B ;M <;=N?LC; PCLOM?M ;H> <FII> =?FFM @LIG ; FCKOC> G?>COG ;H> NB? M?J;L;NCIH 1@ G;=LIGIF?=0F?M MO=B ;M !+ ;H> JLIN?C}
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@LIG ; MIFONCIH ?HNLC@OA?M ;L? I@N?H L;N?> CH N?LGM 1@ NB?CL =?HNLCJ?N;F ;==?F?L;NCIH L?F;NCP? NI H=?F?L;NCIH >0? NI AL
G;RCGOG =?HNLCJI?N;F ;==?F?L;NCIH 1@ M?P?L;F BOH>L?>H\EVMOWHIC<F? CH ; P;=00G %O0G;H =?HNLC@OA?M ?RNL?G?FS F;LA?
=?HNLC@OA?M B;P? <??H OM?> NI N?MN NB? NIF?L;H=? 1@ ;MNL@LENW i@ NB?RP@;NCIHM F;LA?L NB;H NBWAQPTNB\

Example 4.2 How Does the Centripetal Acceleration of a Car Around a Curve Compare with That
Due to Gravity?

4B;N CM NB? G;AHCNO>? |@ NB? =?HNLCJ?N;F ;==?F?L;NCIH 1@ ; =;L @IFFIQCHA ; =OLP? I@ L;>COM G ;N;MJ??>1@ GM
;<ION EGB IGJ;L? NB? ;==?F?L;NCIH QCNB NB;N >07? NI AL;PCNS @IL NBCM @;CLFS A?HNF? =OLP? N;E?H ;N BCABQ;S MJ??> 0??
Figure 4.9 ;

Strategy

?=,0M? V;H> &;L? ACP?H NB? @CLMN ?RJL?WCIA@I—BD S CMNB? GIMN =IHP?HC?HN NI OM?

Solution
"HN?LCHA NB? ACP?H P;FOMM 1@ N H> S N CHNINB? @CLMN ?RJIL?MBtGABRM
W N T
Bo S —« N-T
Discussion

11 =IGJ;L? NBCM QCNB NB? ;==?F?L:NCIH >0? NI AHPCNS N T Q? N:E? NB? L:NCI I@
BbH 3 NT®3 NT® 1BOM Bp I ;H> CM HINC=?:<F? ?MJ?=C:FFS C@ SIO Q?L? HIN Q?,LCHA ;
M?;N <?FN
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Figure 4.9 ; 1B? =L @IFFIQCHA ; =CL=0F;L J;NB ;N =IHMN;HN MJ??> CM ;==?F?L;N?> J?LJ?H>C=0F;IM\WBNpHPPBEP-GNEICNO>? |@ NBCM
=?HNLCJ?N;F ;==?F?L;NCIH CM @IQHHCH2 < J;,LNC=F?1@ G;MM CH ; =?2HNLC@OA? CM LIN;NCHA ;N =IHMN;HN ;HAOF;L P?FI=CNS &N GOMN <? ;==?F?L;N?>
J?LI?H>C=0F;L NI CNM P?FI=CNS IL CN QIOF> =[HNCHO? CH ; MNL;CABN FCH? 1B? G;AHCNO>? I@ NB? H?=?MMik8z=?F?L;NCIH CM @IOH> CH

Example 4.3 How Big Is the Centripetal Acceleration in an Ultracentrifuge?

;F=OF;N? NB? =?HNLCJ?N;F ;==?F?L;NCIH 1@ ; JICHN =G @LIG NBAujra@ddrn@fiide MJICHHCHA ;N
— SW N 1?N?LGCH? NB? L;NCI I@ NBCM ;==?F?L;NCIH NI NB;N >Q?NFAJRCNS <

Strategy
1B? N?LG L?P GCH MN;H>M @IL L?PIFONCIHM J?L GCHON? S =IHP?LNCHA NBCM NI L;>C;HM J?L M?=IH> Q? I<N;CH NB? ;HAOF;L P?F

?=,0M? SCMACP?H Q? =;H OM? NB? M?=IH> ?RJL?MMCIH CH NBBﬁKe\@CB;b S NI=;F=OF;N? NB?
=?HNLCJ?N;F ;==?F?L;NCIH

Solution
11 =IHP?LN —  SFWN JNIL>C;HM J?L M?=IH> Q? OM? NB? @;=NM NB;N IH? L?PIFOSBCIHEM? GCHON? CM
M 1BOM
SW_-BE NJO g
NJO 8&W T

+1Q NB? =?HNLCJ?N;F ;==?F?L;NCIH CM ACP?H <S NB? M?=IH> ’?F&b?M)%IEj:H S M

Bb S
IHP?LNCHA =G NI G?N?LM ;H> MO<MNCNONCHA EHIQH P;FO?M ACP?M
Bp N BE T — N T
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+IN? NB;N NB? OHCNF?MM L;>C;HM ;L? >CM=;L>?> CH IL>?L NI A?N NB? =ILL?=N OHCNM @IL =?HRQICAMNBE [=NCFP@NCIH 1
Br NI FSC?F>M
Discussion

1BCM F;MN L?MOFN G?;HM NB;N NB? =?HNLCJ?N;F ;==?F?L;NCIH CM NCGHV&M G IHHAIHA?L NB;N MO=B BCAB

=?HNLC@OA?M ;L? =;FF?> OFNL;=?HNLC@OA?M 1B? ?RNL?G?FS F;LA? ;==?F?L;NCIHM CHPIFP?> AL?;NFS >?=L?;M? NB? NCG? H??>"
=;0M? NB? M?>CG?HN;NCIH I@ <FlI> =?FFM IL INB?L G;N?LC;FM

,@ =IOLM? ; H?N ?RN?LH;F @IL=? CM H??>?> NI =;0M? ;HS ;==?F?L;NCIH DOMN ;M +?QNIH JLIJIM?> CH BCM M?=IH> F;Q |@ GINCIH 0l ;
H?N ?RN?LH;F @IL=? CM H??>?> NI =;0M? ; =?HNLCJ?N;F ;==?F2liiNEIH Ritce (https://legacy .cnx.org/content/m42086/
latest/) Q? QCFF =IHMC>?L NB? @IL=?M CHPIFP?> CH =CL=0F;L GINCIH

-B"1 "RJIFIL;NCIHM );>S<OA *INCIH !

)?;LH ;<ION JIMCNCIH P?FI=CNS ;H>;==?F?L;NCIH P?=NILM *IP? NB? F;>S<OA <S M?NNCHA NB? JIMCNCIH P?FI=CNS IL ;==?F?L;NCIH
;H>M?? BIQ NB? P?=NILM =B;HA? BIIM? FCHZXIL=0F;L IL ?FFCINC=;F GINCIH ;H> L?=IL> ;H> JF;S<;=E NB? GINCIH NI ;H;FST?
NB? <?B;PCIL

Figure 4.10 Ladybug Motion 2D (http://legacy .cnx.org/content/m42084/1.9/ladybug-motion-2d_en.jar)

4.3 Centripetal Force

&Hviotion in T wo and Three Dimensions (https://legacy .cnx.org/content/m58288/latest/) Q7? ?R;GCH?> NB? <;MC= =IH=?JNM

1@ =CL=0OF;L GINCIH H I<D?=N OH>?LAICHA =CL=0F;L GINCIH FCE? IH? I@ NB? L;=? =;,LM MBIQH ;N NB? <?ACBBIBNAP@ NBCM =B;JN?L
;==?F?L;NCHA <?=,0M? CN CM =B;HACHA NB? >CL?=NCIHI @ INMPRBACNBCM =?HNL;FFS >CL?=N?> ;==?F?L;NCIH =;FF?>
=?HNLCJ?N;F ;==?F?L;BUIACP?H <S NB? @ILGOF,;

Bp W
QB?L CM NB? P?FI=CNS I@ NB? I<D?=N >CL?=N?>;FIHA ; N;HA?HN FCH? NI NB? =OLP? ;N ;HS CHMN;HN &@ Q? EHIQ NB? ;HAOF;L P?F
NB?H Q? =;H OM?
Bb S

HAOF;L P?FI=CNS ACP?M NB? L;N? ;N QBC=B NB? I<D?=N CM NOLHCHA NBLIOAB NB? =OLP? CH OHCNM I@ L;>M 1BCM ;==?F?L;NCIH ;
L;>COM 1@ NB? =OLP?> J;NB ;H> CM NBOM ;FMI L?@7?LL?> NI ;M ; L;>C;F ;==?F?L;NCIH

H ;==?F?L;NCIH GOMN <? JLI>0=?><S; @IL=? HS @IL=? IL =IG<CH;NCIH I@ @IL=?M =;H =;0M? ; =?HNLCJ?N;F IL L;>C;F ;==?F?L;NCIH
'OMN ; @?Q ?R;GJF?M ;L? NB? N?HMCIH CH NB? LIJ? IH ; N?NB7?L <;FF NB? @REP@ISIUNBIB? *IIH @LC=NCIH <?NQ??H LIFF?L

ME;N?M ;H>; LCHE @KIHE?> LI;>Q;S\ M @IL=? IH ; =;LH> @IL=?M IH NB? NO<? 1@ ; MJCHHCHA =?HNLC@OA? HS H?N @IL=? =;0MCHA
OHC@ILG =CL=0OF;L GINCIH CMcerftfigetal force 1B? >CL?=NCIH |@ ; =?HNLCJ?N;F @IL=? CM NIQ;L> NB? =?HN?L I@ =OLP;NOL? NB?
M;G? ;M NB? >CL?=NCIH |@ =?HNLCJ?N;F ;==?F?L;NCIH ==IL>CHAMNP=INHQ |@ GINCIH H?N @IL=? CM G;MM NCG?M

;==?F?L;NCIH' gg NB #IL OHC@ILG =CL=0OF;L GINCIH NB? ;==?F?L;NCIH CM NB? =?HNLCJ?NBF ;=33 BONCINB?

G;AHCNO>? I@ =?HNLCJ?N;F @ICMP
‘D NBp

S MO<MNCNONCHA NB? ?RIL?MMCIHM @IL =?HNLCJIB;F B}’W—%I\Eﬂﬁ S Q? A?N NQI ?RIL?MMCIHM @IL NB?
=?HNLCJ?N;F @ILEZH N?LGM 1@ G;MM P?EHADISL P?FI=CNS L;>COM 1@ =OLP;NOL?

o N 5 NS

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
orces 212



B;JN?L U2HC@ILG CL=OF;L *INCIH ;H> $L;PCN;NCIH

610 G;S OM? QBC=B?P?L ?RIL?MMCIH @IL =?HNLCJ?N;F @IL=? CM GIL? =IHP?HC?HN ;HNWDWQ;:S@IU.QEJ?H>C=OF;L NI
NB? J;NB ;H> JICHNM NI NB? =?HN?L 1@ =OLP;NOL? IB%@WJ?LJ?H>C=OF;L NI NB? P?FI=CNS ;H> JICHNM NI NB? =?HN?L |@
=OLP;NOL? +IN? NB;N C@ SIO MIFP? NB? @CLMN PREID?AMACIH @IL
s W
D

1BCM CGJFC?M NB;N @IL ; ACP?H G;MM ;H>PRAREENENLCI?N;F @IL=? =;0M?M ; MG;FF L;>COM I@ =OLP;NOL?ZNB;N CM ; NCABN =0OLP"
;M CHFigure 4.11

Figure 4.11 1B? @LC=NCIH;F @IL=? MOJJFC?M NB? =?HNLCJ?N;F @IL=? ;H> CM HOG?LC=;FFS ?KO;F NICN ?HNLCJ?N;F @IL=? CM J?LJ?H>C=0F;L NI P?FI=CN¢
OHC@ILG =CL=0F;L GINCIH 1B? F;LA?DNBI’B? MG;FF?L NB? L;>COM 1@ =0LRA;NER? MB;LJ?L NB? =OLP? 1B? M?=IH>=0LP? B;M NB? &G/,

FLA?L' [ JLI>0=?M ; MG;FF?L

Example 4.4

What Coefficient of Friction Do Cars Need on a Flat Curve?

; ;F=OF;N? NB? =?HNLCJ?N;F @IL=? ?R?LN?>IH ; EA =;L NB;N H?AINC;N?M ; G L;>COM =0OLP? ;N GM <

MMOGCHA ;H OH<;HE?> =0LP? @CH> NB? GCHCGO@MNMIEMNHI@ADLC=NCIH <?NQ??H NB? NCL?M ;H> NB? LI;> MN;NC= @LC=NCIH
<?CHA NB? L?;MIH NB;N E??JM NB? =;L @LIG MECJSGHR
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Figure 4.12 1BCM =;L IH F?P?F ALIOH> CM GIPCHA ;Q;S ;H> NOLHCHA NI NB? F?@N 1B? =?HNLCJ?N;F @IL=? =;0MCHA NB? =;L NI NOLH CH ; =CL=0F;L J;NB C|
NI @LC=NCIH <?NQ??H NB? NCL?M ;H> NB? LI;> GCE@TEOEHNI@ @LC=NCIH CM H??>?> IL NB? =;L QCFF GIP? CH ; F;LA?L L;>COM =OLP? ;H> F?;P? NB?
LI;>Q;S

Strategy

;4 ?EHIQNB;N' p —Ngl 1BOM

. LH N T
D —g&N N /
< Figure 4.12 MBIQM NB? @IL=?M ;=NCHA IH NB? =:L IH ;H OH<:HE?> F?P?F ALIOH> =OLP? #LC=NCIH CM NI NB? F?@N E??JCHA N

=L @LIG MFCJJCHA ;H> <?=;0M? CN CM NB? IHFS BILCTIHN;F @IL=? ;SNEHE LHTCNBCEICM NB? =?HNLCJ?N;F @IL=? CH NBCM
=;M? 4 ? EHIQ NB;N NB? G;RCGOG MN;NC= @LC=NCIH ;N QBC=B NB? NCL?M LIFF £ON SIBANMFCIMINB? MN;NC=

=1?@C=C?HN 1@ @LCNNTMNB2 HILG;F @IL=? 1B? HILG;F @IL=? ?KO;FMWB?GABN IH F?P?F ALIOH¥ MI NH
1BOM NB? =?HNLCJ?N;F @IL=? CH NBCM MCNO;NCIH CM
'"pv G T/ TNH

+1Q Q? B:P? ; L?F:NCIHMBCJ <?NQ??H =?HNLCJ?N:F @IL=? :H®NBC24ME@ @LC=NCIH 2MCHA NB? ?KO:NCIH
"D ng
Q? I<N:CH

NY  oNH

4 ? MIFP? NBCM @fL HINCHA NB;N G;MM =;H=?FM ;H> I<N;CH

W
T H
00O<MNCNONCHA NB? EHIQHM
. N T
N N T
. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVHREHAAA=FHN?HN =IF
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?=;,0M? =1?7@2C=C?HNM |@ @LC=NCIH ;L? ;JJLIRCG;N? NB? ;HMQ?L CM ACP?H NI IHFS NQI >CACNM
Significance
1B? =I?@C=C?HN |@ @LC=NCht@tCHCH CM GO=B MG;FF?L NB;H CM NSJC=;FFS @IOH> <?NQ??H NCL?M ;H> LI;>M 1B? =;L
MNCFF H?AINC;N?M NB? =OLP?@@-RBRANICE AL?;N?L NB;H  <?=;0M? MN;NC= @LC=NCIH CM ; L?MJIHMCP? @IL=? ;<F? NI ;MMOG?
P;FO? F?MM NB;H <ON HI GIL? NBfi BCAB?L =17@C=C?HN QIOF> ;FMI ;FFIQ NB? =;L NI H?AINC;N? NB? =OLP? ;N ; BCAB?L

MJ??> <ON C@ NB@I2@?HN I@ @LC=NCIH CM F?MM NB? M;@7? MJ??> QIOF><? F’MM NB;H G M +IN? NB;N G;MM =;H=?FM CGJFS(
NB;N CH NBCM ?R;GJF? CN >I?M HIN G;NN?L BIQ B?;PCFS FI;>?> NB? =;L CM NI H?AINC;N? NB? NOLH *;MM =;H=?FM <?=,0M? @LC=N
;MMOG?> JLIJILNCIH;F NI NB? HILG;F @IL=? QBC=B CH NOLH CM JLIJILNCIH;F NI G;MM &@ NB? MOL@;=? 1@ NB? LI;> Q?L? <;HE?> NE
HILG;F @IL=? QIOF> <? F?MM ;M >CM=0OMM?> H?RN

Check Your Understanding =;L GIPCHA ;N EG B NL;P?FM ;LIOH>; =CL=0OF;L =OLP? @ L;>COM G IH; @F;N
=IOHNLS LI;> 4B;N GOMN <? NB? GCHCGO@GT@HN I@ MN;NC= @LC=NCIH NI E??J NB? =L @LIG MFCJJCHA

Solution

JHE?> OLP?M

)?N OM HIQ =IHMCinked curve s QB?L? NB? MFIJ? 1@ NB? LI;> B?FJM SIO H?AINC;N? NB?2g=@LRZ3 1B? AL?;N?L NB?

JHAF?  NB? @;MN?L SIO =;H N;E? NB? =OLP? /;=? NL;=EM @IL <CE?M ;M Q?FF ;M =,LM @IL ?R;GJF? I@N?H B;P? MN??JFS <;HE?>
=OLP?M &H ;H]C>?;FFS <;HE?>=0LP? * NB? ;&@NAAO=B NB;N SIO =;H H?AINC;N? NB? =OLP? ;N ; =?LN;CH MJ??> QCNBION NB? ;C> |@
@LC=NCIH <?NQ??H NB? NCL?M ;H> REQCKE >LCP? ;H ?RIL?MMCIHa@I;H C>?;FFS <;HE?>=0LP? ;H> =IHMC>?L ;H ?R;GJF?

L?F;N?> NI CN

Figure 4.13 1B? =;L IH NBCM <;HE?>=0OLP? CM GIPCHA ;Q;S ;H> NOLHCHA NI NB? F?@N

#IL ideal banking NB? H?N ?RN?LH;F @IL=? ?KO;FM NB? BILCTIHN;F =?HNLCJ?N;F @IL=? CH NB? ;<M?H=? 1@ @LC=NCIH 1B? =IGJIH?HN

HILG;F @IL=R CH NB? BILCTIHN;F ;H> P?LNC=;F >CL?=NCIHM GOMN ?KO;F NB? =?HNLCJ?N;F @IL=? ;H1LRBIBNOABRED NB? =;L

=M?M CH QBC=B @IL=?M ;L? HIN J;L;FF?F CN CM GIMN =IHP?HC?HN NI =IHMC>?L =IGJIH?HNM ;FIHA J?LJ?H>C=0F;L ;R?MZCH NBCM =;!

P?LNC=;F ;H> BILCTIHN;F >CL?=NCIHM

Figure 4.13 MBIQM ; @L?? <I>S >C;AL;G @IL ; =;L IH ; @LC=NCIHF?MM <;HE?> =OLP? &@CNBC>RARRIL NB? MJ??> ;H> L;>COM

NB?H NB? H?N ?RN?LH;F @IL=? ?KO;FM NB? H?=?MM;LS =?HNLCJ?N;F @IL=? 1B? IHFS NQI ?RN?LH;F @IL=?M ;=NCHA IH NB? =;L ;L? CNI
5( ;H>NB? HILG;F @IL=? |@ NB? LI;L @LC=NCIHF?MM MOL@;=? =;H IHFS ?R?LN ; @IL=? J?LJ?H>C=0F;L NI NB? MOL@;=?ZNB;N CN

HILG;F @IL=? 1B?M? NQI @IL=?M GOMN ;>> NI ACP? ; H?N ?RN?LH;F @IL=? NB;N CM BILCTIHN;F NIQ;L> NB? =?HN?L I@ =OLP;NOL? ;H> |

G;AHCNO>NW S ?=,0M? NBCM CM NB? =LO=C;F @IL=? ;H> CN CM BILCTIHN;F Q? OM? ; =IIL>CH;N? MSMN?G QCNB P?LNC=;F ;H> BILC

;R?M HFS NB? HILG;F @IL=? B;M ; BILCTIHN;F =IGJIH?HN MI NBCM GOMN ?KO;F NB? =?HNLCJ?N;F @IL=? NB;N CM
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/ TJo NY

?=,0M? NB? =;L >I?M HIN F?;P? NB? MOL@;=? 1@ NB? LI;> NB? H?N P?LNC=;F @IL=? GOMN <? T?LI G?;HCHA NB;N NB? P?LNC=;F
=IGJIH?HNM |@ NB? NQI ?RN?LH;F @IL=?M GOMN <? ?KO;F CH G;AHCNO>? ;H> |JJIMCN? CH®:CLZ=NICIQ?AUIRZ NB;N NB?
P?LNC=;F =IGJIH?HN 1@ NB? HILG;F @IL=DdMT ;H> NB? IHFS INB?L P?LNC=;F @IL=? OM RBEARN 1B?M? GOMN <? ?KO;F CH

G;AHCNO>? NBOM
/ DPT NH

+1Q Q? =;H =IG<CH? NB?M? NQI ?KO;NCIHM NI ?FCECHEMZ?N ;H ?RIL?MMCIH @ItM >?MCL?> OIFPCHA NB? M?=IH> ?KO;NCIH
@IL/ NH OPT  ;H> MO<MNCNONCHA NBCM CHNI NB? @CLMN SC?F>M

TJO _NW
NS T S
NHBO — NY

o Y

1,ECHA NB? CHP?LM? N;HA?HN ACP?M
w4
wo W

1BCM ?RIL?MMCIH =;H <? OH>?LMNII> <S =IHMC>?LCHAIBH}M IHv ;H>r F;,LA?  CMI<N;CH?> @IL ; F)LAP> ; MG;FFr.
1B;N CM LI;>M GOMN <? MN??JFS <;HE?> @IL BCAB MJ??>M ;H> MB;LJ =OLP?M #LC=NCIH B?FIM <?=;,0M? CN ;FFIQM SIO NI N;E? NB? =
N AL?;N?L IL FIQ?L MJ??> NB;H C@ NB? =OLP? Q?L? @LC=NCIHF?MPVHN2 NBIRH> IH NB? G;MM |@ NB? P?BC=F?

Example 4.5

What Is the Ideal Speed to T ake a Steeply Banked T ight Curve?

OLP?M IH MIG? N?MN NL;=EM ;H> L;=? =IOLM?M MO=B ;M I;SNIH; &HN?LH;NCIH;F 0J??>Q;S CH #FILC>; ;L? P?LS MN??JFS <;HE?>
1BCM <;HECHA QCNB NB? ;C> 1@ NCL? @LC=NCIH ;H> P?LS MN;<F? =;L =IH@CAOL;NCIHM ;FFIQM NB? =OLP?M NI <? N;E?H ;N P?LS B
1l CFFOMNL;N? =;F=0OF;N? NB? MJ??> ;N QBC=B; G L;>COM =OLP? <;HERMBIOF> <? >LCP?H C@ NB? LI;> Q?L?

@LC=NCIHF?MM

Strategy

4 ? @CLMN HIN? NB;N ;FF N?LGM CH NB? ?RJL?MMCIH @IL NB? C>?;F ;HAF? 1@ ; <;HE?>=0LP? ?R=?2JN @IL MJ??>;L? EHIQH NBOM (
H??> IHFS L?;LL;HA? CN MI NB;N MJ??>;JJ?;LM IH NB? F?@N B;H> MC>? ;H> NB?H MO<MNCNON? EHIQH KO;HNCNC?M

Solution
ON;LNCHA QCNB

Bo Y,
Q? A?N
W HB O
+INCHANB;MB O p Q2 I<N;CH
w Y N N T N
Significance

1BCM CM DOMN ;<ION EG B =IHMCMN?HN QCNB ; P?LS MN??JFS <;HE?> ;H> L;NBCLMBILC=ICRP?H;<F?M ; P?BC=F? NI
N;E? NB? =OLP? ;N MCAHC@C=;HNFS BCAB?L MJ??>M

CLJF;H?M ;FMI G;E? NOLHM <S <;HECHA 1B? FC@N @IL=? >0? NI NB? @IL=? @ NB? ;CL IH NB? QCHA ;=NM ;N LCABN ;HAF?M NI NB? Q
NB? ;CLJF;H? <;HEM NB? JCFIN CM I<N;CHCHA AL?;N?L FC@N NB;H H?=?MM;LS @IL F?P?F @FCABN 1B? P?LNC=;F =IGJIH?HN |@ FC@N
;CLIF;H®M Q?CABN ;H> NB? BILCTIHN;F =IGJIH?HN ;==?F?L;N?M NB? JF;H? 1B? <;HECHA ;HAFQUMBICH CHI ACP?H <S

4 ? ;H;FST? NB? @IL=?M CH NB? M;G? Q;S Q? NL?;N NB? =;M? I@ NB? =;L LIOH>CHA ; <;HE?> =0LP?

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.14 &H ; <;HE?> NOLH NB? BILCTIHN;F =IGJIH?HN I@ FC@N CM OH<;F;H=?> ;H> ;==?F?L;N?M NB? JF;H? 1B? HILG;F =IGJIH?HN I@ FC@N <;F;H=?M NB?
JF;H?M Q?CABN 1B? <;HECHA ;HAF? CM ACP?tE83$? NB? P?=NIL >C;AL;G QCNB NB;N MBI@HQH 4.13

'ICH NB?adybug (https:/openstaxcollege.org/l/21ladybug)  CH ;H ?RIFIL;NCIH 1@ LIN;NCIH;F GINCIH /IN;N? NB? G?LLS Al
LIOH> NI =B;HA? CNM ;HAF? IL =BIIM? ; =IHMN;HN ;HAOF;L P?FI=CNS IL ;HAOF;L ;==?F?L;NCIH "RJFIL? BIQ =CL=OF;L GINCIH L?F;N?M
NI NB? <OMiXy JIMCNCIH P?FI=EINS==?F?L;NCIH OMCHA P?=NILM IL AL;JBM

=CL=0F;L GINCIH L?KOCL?M ; @IL=? NB? MI =;FF?> =?HNLCJ?N;F @IL=? QBC=B CM >CL?=N?> NI NB? ;RCM |@ LIN;NCIH 1BCM MCGJ
model of a carousel (https://openstaxcollege.org/l/21carousel) >?GIHMNL;N?M NBCM @IL=?

&H?LNC;F #IL=?M ;H> +IHCH?LNC;F ==?F?L;N?> #L;G?M 1B? ILCIFCM #IL="

4B;N > N;ECHA I@ CH ; D?N ;CLJF;H? NOLHCHA ; =ILH?LCHCHAL G?LLS Al LIOH> ;H>NB? =CL=0OF;L GINCIH I@ ; NLIJC=;F =S=FIH?
B;P? CH =IGGIH ";=B ?RBC<CNM CH?LNC;F @IL=?MZ@IL=?M NB;N G?L?FS M??G NI ;LCM? @LIG GINCIH <23 @UCH@<M?LP?L
L?@7L?H=? CM ;==?F?L;NCHA IL LIN;NCHA 4B?@NCECHRNGGIMN J?IJF? QIOF> ;AL?? CN @??FM ;M C@ SIO ;L? <?CHA JOMB?> <;=E
CHNINB? M?;N ;M NB? ;CLIF;H? ;==?F?L;N?M >IQH NB8 POHIBSMC=CMN QIOF> My®NBMN> NI L?G;CH MN;NCIH;LS QBCF? NB?

seat JOMB?M @ILQ;L> IH SIO H ?P?H GIL? =IGGIH ?RJ?LC?H=? I==OLM QB?H SIO G;E? ; NCABN =OLP? CH SIOGLNRZM;S

LCABNgure 4.15 610 @??F ;M C@ SIO ;L? NBLIQH N&deCMIQ;L>NB? F?@N L?F;NCP? NI NEH-;LJBSMC=CMN QIOF> M;S

NB;Nou ;L? AICHA CH ; MNL;CABN FCH? L?=;FM+@QCNMN F;Q <O: BE??M NI NB? LCABN HIN NB;N SIO ;L? ?RJ?LC?H=CHA ; @IL=?
@LIG NB? F?@N
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Figure 4.15 ; 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 ;H CH?LNC;F @IL=? ;LCMC
1@ NB? =,L;M; @L;G? 1@ L?@7L?H=? < &MN"@NB? |@ L?@?L?H=? NB? >LCP?L GIP?M CH ; MNL;CABN FCH? Nk@BTIHMHRQNBA\=;L GIP?M NI
NB? LCABN 1B?L? CM HI @IL=? NI NB? F?@N IH NB? >LCP?L L?F;NCP? NI ";LNB &HMN?;> NB?L? CM ; @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 |@ L?@7?L?H=? OM?> )?N OM =IH=?HNL;N? IH J?I1JF? CH ; =;L

- MM?HA?LM CHMNCH=NCP?FS OM? NB? =;L ;M ; @L;G? |@ L?@?L?H=? QB?L?;M ; IBSMC=CMN GCABN OM? “;LNB 1B? JBSMC=CMN GC
=BIC=? <?=;0M? ";LNB CM H?;LFS ;H CH?LNC;F @L;G? |@ L?@7?L?H=? CH QBC=B ;FF @IL=?M B;P? ;H C>?HNC@C;<F? JBSMC=;F ILCACH
@L;G? 1@ L?@7?L?H=? +?@NI}{M |@ GINCIH N;E? NB? @ILG ABPRHICH Laws of Motion (https://legacy .cnx.org/content/

mb58294/latest/) 1B? =;L CM noninertial frame of reference  <?=;0M? CN CM ;==?F?L;N?> NI NB? MC>? 1B? @IL=? NI NB? F?@N M?HM?>
<S =;L J;MM?HA?LM CNhgttial force B;PCHA HI JIBSMC=;F ILCACH CN CM >0? JOL?FS NI NB? CH?LNC; HiNNNB MIBEMI?HA?L

JBSMC-=;F =;,0M? MO=B ;M N?HMCIH @LC=NCIH IL AL;PCN;M@QRPFRAB?2 NR? >LCPAL=NO;FFS ;==?F?L;NCHA NI NB? LCABN 1BCM
CH?LNC;F @IL=? CM M;C> NI <? ;H CH?LNC;F @IL=? <?=;0M? CN >I?M HIN B;P? ; JBSMC=;F ILCACH MO=B ;M AL;PCNS

JBSMC=CMN QCFF =BIIM? QB;N?P?L L?@?L?H=? @L;G? CM GIMN =IHP?HC?HN @IL NB? MCNO;NCIH <?CHA ;H;FST?> 1B?L? CM HI JLI<|
JBSMC=CMN CH CH=FO>CHA CH?LNC;F @IIMM2:>PQMIDMO;F C@ NB;N CM GIL? =IHP?HC?HN @IL ?R;GJF? IH; G?LLS Al
LIOH> IL IH ; LIN;NCHA JF;H?N +IHCH?LNC;F ;==?F?L;N?> @L;G?M |@ L?@7?L?H=?;L? OM?> QB?H CN CNEGMHMHRTFNGZMI |C@
@ L?@7?L?H=? GOMN <? =[HMC>?L?> CH >CM=OMMCHA NB? GINCIH I@ ;H ;MNLIH;ON CH ; MJ;=?=L;@N NL;P?FCHA ;N MJ??>M H?;L NB?
FCABN ;M SIO QCFF ;JJL?=C;N? CH NB? MNO>S |@ NB? MJ?=C;F NB?ILS |@ L?F;NCPCNS

)?N OM HIQ N;E? ; G?HN;F LC>? IH ; G?LLS Al LIOH>ZMJ?=C@ICHFHFS LIN;NCHA JF;SALIOH> G?LLS Al LF@}dre 4.16 610

N;E? NB? G?LLS Al LIOH> NI <? SIOL @L;G? 1@ L?@7?L?H=? <?=,0M? SIO LIN;NBRIARNBICHA CH NB;N HIHCH?LNC;F @L;G? |@
L?@7?L?H=? SIO @?7?F ;H CH?LNC;F @IL=? NB;N N?H>M @& NBON SI® I@N?H L?@?Ltentifugdl;force HIN NI <? =IH@QOM?>

QCNB =?HNLCJ?N;F @IL=? ?HNLC@OA;F @IL=? CM ; =IGGIHFS OM?> N?LG <ON CN >|710 BQNNNB FAS-PRCKNBNES NI
=IOHN?L;=N SIOL CH?LNC; QBC=B J?IJF? I@N?H L?@?L NI ;M =?HNLC@OM R®]CG21CE?@NEH=? NB?L? CM HI @IL=? NLSCHA NI
NBLIQ SIO 1@ Q? ?GJB;MCT? NB;N =?HNLC@OA;F @IL=? CMGONIRNCHA 1 NI G;E? SIOLM?F@ Al CH ; =CL=F? <?=;0M?
INB?LQCM? SIO QIOF> Al CH ; MNL;CABN FCE?NBZABN.LE Al LIOH> CH E??JCHA QCNBH@QNMNEINNB? @IL=? SIO ?R?LN

;=NM NIQ;L> NB? =?HN?L |@ NB? =CL=F?

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.16 ; LC>?LIH; G?LLS Al LIOH> @??FM ;M C@ B? CM <?CHA@BIBQN I@H?LNC;F @IL=? CM MIG?NCG?M GCMN;E?HFS =;FF?> NB? =?HNLC@OA;F @IL="
;H2@ILN NI ?RJF;CH NBTMLGHICIH CH NB? LIN;NCHA @L;G? I@ L?@?L?H=? < &H ;H CH?LNC;F @L;G? |@ L?@7?L?H="? ;HM;E:QM CEM CN-HBRCMIH\
CH?LNC; NB;N =;,LLC?M@BCBr@HMB;>?> LC>?L'B@IB ;H>B?;>M CH ; MNL;CABN FCH? @ILﬁ’f]: oQE CM H??>?> NI =;,0M? ; =CL=0F;L J;NB

1BCM CH?LN@P=Na=;LLSCHA SIO ;Q;S @LIG NB? =?HN?L |I@ LIN;NCIH C@ NB?L? CM HI =?HNLCJ?N;F @IL=? NI =;0M? =CL=0OF;L GINCIH !
All> OM? CH =?HNLC@B#M 4.17 =?HNLC@@FZHM ; M;GIF? P?LS L;JOMRS?HNCIH?> ?;LFC?L CH NBCM 38Q2: @LIG

NB? LIN;NCHA @L;G? 1@ L?@7?L?H=? NB? CH?LNC;F @IL=? NBLIQM J;LNC=F?M IONQ;L> B;MN?HCHA NB?CL M?>CG?HN;NCIH 1B? AL?;N
P?FI=CNNB? AL?;N?L NB? =?HNLC@OA;F @IL=? ON QB;N L?;FFS B;JJ?HM CM NB;N NB? CH?LNC; I@ NB? J;LNC=F?M =;LLC?M NB?G ;FIH/
N;HA?HN NI NB? =CL=F? QBCF? NB? N?MN NO<? CM @IL=?> CH ; =CL=0F;L J;NB <S ; =?HNLCJ?N;F @IL="?

Figure 4.17 ?HNLC@OA?M OM? CH?LNC; NI J?L@ILG NB?CL N;ME -;,LNC=F?M CH NB? @FOC> M?>CG?HN M?NNF? ION <?=;0M? NB?CL CH?LNC; =,LLC?M NB?G
=?HN?L 1@ LIN;NCIH 1B? F;LA? ;HAOF;L P?FI=CNS |@ NB? =?HNLC@OA? KOC=E?HM NB? M?NBG ZAMIERINENZCINRFSIHN;=N QCNB NB? N?MN NO<?
Q;FFM QBC=B NB?H MOJJFS NB? =?HNLCJ?N;F @IL=? H??>?> NI G;E? NB?G GIP? CH ; =CL=F? |@ =IHMN;HN L;>COM
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)?N OM HIQ =IHMC>?L QB;N B;JJ?HM C@ MIG?NBCHA GIP?M CH ; LIN;NCHA @L;G? 1@ L?@7L?H=? #IL ?R;GJF? QB;N C@ SIO MFC>?; <;F
>CL?=NFS ;Q;S @LIG NB? =?HN?L |@ NB? G?LLS Al LIOH> ;MiMBIQHIGH1B? <;FF @IFFIQM ; MNL;CABN J;NB L?F;NCP? NI ";LNB
;MMOGCHA H?AFCAC<F? @LC=NCIH ;H>; J;NB =OLP?> NI NB? LCABN IH NBPNBZL@51 LIHMIH MN;H>CHA H?RN NI NB?

G?LLS Al LIOH> M??M NB? <;FF GIPCHA MNL;CABN ;H> NB? G?LLS Al LIOH> LIN;NCHA OH>?LH?;NB CN &HN®2;G?LIB Al LIOH>\
L?@?L?H=? Q? ?RJF;CH NB? ;JJ;L?HN =OLP? NI NB? LCABN <S OMCHA ;H CH?LNC6r@isforce FRQBGHER =;,0M?M NB? <;FF NI

=OLP? NI NB? LCABN 1B? ILCIFCM @IL=? =;H <? OM?> <S ;HSIH? CH NB;N @L;G? |@ L?@?L?H=? NI ?RJF;CH QBS I<D?=NM @IFFIQ =OLP
;H> ;FFIQM OM NI ;JJFS +?QNVHY;QM CH HIHCH?LNC;F @L;G?M |@ L?@?L?H="

Figure 4.18 )IIECHA >IQH IH NB? =IOHN?L=FI=EQCM? LIN;NCIH I@ ; G?LLS Al LIOH> Q? M?? NB;N ; <;FF MFC> MNL;CABN NIQ;L> NB? ?>A? @IFFIQM ; J;NB =OLP?:
NINB? LCABN 1B? J?LMIH MFC>?M NB? <;FF NE;MNIGIBNA ;N JICHNB JICHNM LIN;N? NI NB? MB;>?> JIMCNCHH#VB\ MBIQH CH NB? NCG? NB;N
NB? <;FF @IFFIQM NB? =OLP?> J;NB CH NB? LIN;NCHA @L;G? ;H>; MNL;CIWB&ILIBB CH ";LNB\

2J OHNCF HIQ? B;P? =IHMC>?L?> ",LNB NI <? ;H CH?LNC;F @L;G? |I@ L?@?L?H=? QCNB FCNNF? |I@R+ QM ©XNOICRE@ LIN;NCIH

67N MO=B@@=Nb1?RCMNZCH NB? LIN;NCIH |@ Q?;NB?L MSMN?GM @IL ?R;GJF? *IMN =IHM?KG®PHHRO MA@ LN BY

KO;FCN;NCP?FS OH>?LMNII> <S ;H;FIAS QCNB NB? G?LLEAQID@L IS ;<IP? NB? +ILNB -IF? ";LNB LIN;N?M =IOHN?L=FI=EQCM?

;M >1?M NB? G?LLS Al LIOH>@Hure 4.18 M IH NB? G?LLS Al LIOH> ;HS GINCIH CH ";MNBLNB?LH %?GCMJB?L? ?RJ?LC?H=?M

; ILCIFCM @IL=? NI NB? LCABN 'OMN NB? IJJIMCN? I==OLM CH NB? OIONB?LH %?GCMJB?L? NB?L? NB? @IL=? CMMI NB? F?@N ?=,0M
;HAOF;L P?FI=CNS CM MG;FF NB? ILCIFCM @IL=? CM OMO;FFS H?AFCAC<F? <ON @IL F;LA? M=;F? GINCIHM MO=B ;M QCH> J;NN?LHM
MO<MN;HNGF28M

1B? ILCIFCM @IL=? =,0M?M BOLLC=;H?M CH NB? +ILNB?LH %?GCMJB?L? NI LIN;N? CH NB? =IOHN?L=FI=EQCM? >CL?=NCIH QB?L?;M N
=S=FIH?M CH NB? OIONB?LH %?GCMJB?L? LIN;N? CH NB? =FI=EQCM? >CL?=NCIH 1B? N?LGM BOLLC=;H? NSJBIIH ;H> NLIJC=;F MNILG
L?ACIH;FFS MJ?=C@C= H;G?M @IL =S=FIH?M QBC=B ;L? MNILG MSMN?GM =B;L;=N?LCT?> <S FIQ JL?MMOL? =?HN?LM MNLIHA QCH>M
L;CHMFigure 4.19 B?FJM MBIQ BIQ NB?M? LIN;NCIHM N;E? JF;=? CL @FIQM NIQ;L>;HS L?ACIH 1@ FIQ JL?MMOL? ;H> NLIJC=;F =S=FIH?N\
=IHN;CH J;LNC=0F;LFS FIQ JL?MMOL?M 1BOM QCH>M @FIQ NIQ;L>NB? =?HN?L |@ ; NLIJC=;F =S=FIH? IL ; FIQ JL?MMOL? Q?;NB?L MSM
NB? MOL@;=? &H NB? +ILNB?LH %?GCMJB?L? NB?M? CHQ;L> QCH>M ;L? >?@F?=N?> NI NB? LCABN ;M MBIQH CH NB? @CAOL? JLI>O:
=IOHN?L=FI=EQCM? =CL=0F;NCIH ;N NB? MOL@;=? @IL FIQ JL?MMOL? TIH?M I@ ;HS NSJ? )IQ JL?MMOL? ;N NB? MOL@;=? CM ;MMI=C;N
LCMCHAQEIC=B ;FMI JLI>0=?M =lIFCHA ;H> =FIO> @ILG;NCIH G;ECHA FIQ JL?MMOL? J;NN?LHM KOCN? PCMC<F? @LIG MJ;=? [HP?LM?|
QCH> =CL=0F;NCIH ;LIOH> BCAB JL?MMOL? TIH?M CM =FI=EQCM? CH NB? OIONB?LH %?GCMJB?L? <ON CM F?MM PCMC<F? <?=,0M? B!
;MMI=C;N?> QCNB MCHEQHAQECHA =F?;,L MEC?M
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orces 220



Unit 11 -

B;JN?L U2HC@ILG CL=OF;L *INCIH ;H> $L;PCN;NCIH

Figure 4.19 ; 1B? =IOHN?L=FI=EQCM? LIN;NCIH 1@ NBCM +ILNB?LH %?GCMJB?L? BOLLC=;H? CM ; G;DIL =IHM?KO?H=? 1@ NB? ILCIFCM @IL=? < 4CNBION NB"
ILCIFCM @IL=? ;CL QIOF> @FIQ MNL;CABN CHNI ; FIQ JL?MMOL? TIH? MO=B ;M NB;N @IOH> CH NLIJC=;F =S=FIH?M = 1B? ILCIFCM @IL=? >?@F?=NM NB? Q(
LCABN JLI>O=CHA ; =IOHN?L=FI=EQCM? LIN;NCIH > 4CH> @FIQCHA ;Q;S @LIG ; BCAB JL?MMOL? TIH? CM ;FMI >?@F?=N?> NI NB? LCABN JLI>O=CHA ; =FI=EC(
LIN;NCIH ? 1B? 1JJIMCN? >CL?=NCIH I@ LIN;NCIH CM JLI>0=?> <S NB? ILCIFCM @IL=? CH NB? OIONB?LH %?GCMJB?L? F?;>CHA NI NLIJC=;F =S=FIH?M =L?>C
=L?>CN ? GI>C@C=,NCIHM I@ QILE<S +0

1B? LIN;NCIH I@ NLIJC=;F =S=FIH?M ;H> NB? J;NB |@ ; <;FF IH ; G?LLS Al LIOH> =;H DOMN ;M Q?FF <? ?RJF;CH?> <S CH?LNC; ;H> NB?
LIN;NCIH 1@ NB? MSMN?G OH>?LH?;NB 4B?H HIHCH?LNC;F @L;G?M ;L? OM?> CH?LNC;F @IL=?M MO=B ;M NB? ILCIFCM @IL=? GOMN
NI ?RJF;CH NB? =OLP?> J;NB 1B?L? CM HI C>?HNC@C;<F? JBSMC=;F MIOL=? @IL NB?M? CH?LNC;F @IL=?M &H ;H CH?LNC;F @L;G? CH
NB? J;NB ;H> HI @IL=? CM @IOH> NI <? QCNBION ;H C>?HNC@C;<F? MIOL=? "CNB?L PC?Q ;FFIQM OM NI >?M=LC<? H;NOL? <ON ; PC?C
CH?LNC;F @L;G? CM NB? MCGJF?MN CH NB? M?HM? NB;N ;FF @IL=?M B;P? ILCACHM ;H> ?RJF;H;NCIHM

00GG;LS
?HNLCJI?N;F @IL=[? L CM; [=?HN?L M??ECHA” @IL=? NB;N ;FQ;SM JICHNM NIQ;L> NB? =?HN?L 1@ LIN;NCIH &N CM J?LJ?H>C=0F;L
FCH?;L P?FI=CNS ;H> B;M NB? G;AHCNO>?

'p NBp
_ /IN;NCHA ;H> ;==?F?L;N?> @QL;G?M |@ L?@?L?H=?;L? HIHCH?LNC;F &H?LNC;F @IL=?M MO=B ;M NB? ILCIFCM @IL=? ;L? H??>?>N
?RJF;CH GINCIH CH MO=B @L;G?M

IH=?JNO;F .O?MNCIHM

&@ SIO QCMB NI L?>0=? NB? MNL?MM QBC=B CM L?F;N?> NI =?HNLCJ?N;F @IL=? |IH BCAB MJ??> NCL?M QIOF> SIO OM? F;LA? IL M(
>C;G?N?L NCL?M "RJF;CH

I2@CH? =?HNLCJ?N;F @IL=? ;H;HSNSJ? 1@ @IL=? @IL ?R;GJF? N?HMCIH AL;PCN;NCIH;F @IL=? @LC=NCIH ;H>MIIH <?; =?HNLC.
@IL=? ;H;HS =IG<CH;NCIH I@ @IL=?M <? ; =?HNLCJ?N;F @IL=?

Solution

?HNLCJI?N;F @IL=? CM >?@CH?> ;M ;HS H?N @IL=? =;O0MCHA OHC@ILG =CL=0F;L GINCIH 1B? =?HNLCJ?N;F @IL=? CM HIN ; H?Q ECH
1B? F;<?F ]=?HNLCJ?N;F* L?@MN.@NIE=? NB;N E??JM MIG?NBCHA NOLHCHA CH ; =CL=F? 1B;N @IL=? =IOF> <? N?HMCIH AL;PCNS
@LC=NCIH ?F?=NLC=;F ;NNL;=NCIH NB? HILG;F @IL=? IL ;HS INB?L @IL=? HS =IG<CH;NCIH |@ NB?M? =IOF> <? NB? MIOL=? |@ =?HN
@IL=? @IL ?R;GJF? NB? =?HNLCJ?N;F @IL=? ;N NB? NIJ I@ NB? J;NB 1@ ; N?NB?L<;FF MQOHA NBLIOAB ; P?LNC=;F =CL=F? CM NB? L?
<INB N?HMCIH ;H> AL;PCNS

Forces 221



B;JN?L U 2HC@ILG CL=OF;L *INCIH ;H> $L;PCN;NCIH

&@ =?HNLCJ?N;F @IL=? CM >CL?=N?> NIQ;QBEB=2I-S1ONBR?F NB;N SIO ;L? [NBLIQH\ ;Q;S @LIG NB? =?HN?L ;M ; =;L AI?M
;LIOH>; =OLP? "RJF;,CH

/;=? =L >LCP?LM LIONCH?FS =ON =ILH?LM ;M MBIQH <?FIQ -;NB "RJF;CH BIQ NBCM ;FFIQM NB? =OLP? NI <? N;E?H ;N NB?
AL?;N?MN MJ??>

Solution

1B? >LCP?L QBI =ONM NB? =ILH?L IH-;NB B;M; GIL? AL;>O;F =OLP? QCNB ; F;,LA?L L;>COM 1B;N IH? QCFF <? NB? <?NN?L L;=CHA
FCH? &@ NB? >LCP?L AI?M NIl @;MN ;LIOH> ; =ILH?L OMCHA ; L;=CHA FCH? BP QEFRIVINCRBMECSTI@NI MN;S ;N NB?

G;RCGOG P;FO? I@ MN;NC= @LC=NCIH 0l NB? >LCP?L Q;HNM G;RCGOG JIMMC<F? MJ??> ;H> G;RCGOG @LC=NCIH IHMC>?L NB? ?k

@IL =?HNLCJ?N;F @llz? N—Vg QB?L>Y CM MJ??> ;H>CM NB? L;>COM |@ =OLP;NOL? 0l <S >?=L?;MCHA NB? *Q@;NOL?

NB? J;NB NB;N NB? =;L N;E?M Q? L?>0=? NB? ;GIOHN |@ @IL=? NB? NCL?M B;P? NI ?R?LN IH NB? LI;> G?;HCHA Q? =;H HIQ CH=L?;M?
NB? MJ??x )IIECHA ;N NBCM @LIG NB? JICHN I@ PC?Q I@ NB? >LCP?L IH-;NB Q? =;H L?;MIH NBCM Q;S NB? MB;LJ?L NB? NOLH NB"
MG;FF?L NB? NOLHCHA =CL=F? NB? MG;FF?L NB? NOLHCHA =CL=F? NB? F;LA?L CM NB? L?KOCL?> =?HNLCJ?N;F @IL=? &@ NBCM =
HIN ?R?LN?> NB? L?MOFN CM ; MEC>

*'HS ;GOM?G?HN J;LEM B;P? LC>?M NB;N G;E? P?LNC=;F FIIJM FCE? NB? IH? MBIQNI@RIISB? =;LM ;L? ;NN;=B?> NI
NB? L;CFM CH MO=B ; Q;S NB;N NB?S =; H@NS@ MBI@-;L AI?M IP?L NB? NIJ ;N DOMN NB? LCABN MJ??> AL;PCNS ;FIH? QCFF MOJJFS
NB? =?HNLCJ?N;F @IL=? 4B;N INB?L @IL=? ;=NM ;H> QB;N CM CNM >CL?=NCIH C@

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
Unit Il - Forces 222



B;JN?L U2HC@ILG CL=OF;L *INCIH ;H> $L;PCN;NCIH

; 1B? =L AI?M IP?L NB? NIJ ;N @;MN?L NB;H NBCM MJ??>
< 1B? =L AI?M IP?L NB? NIJ ;N MFIQ?L NB;H NBCM MJ??>

4B;N =;0M?M Q;N?L NI <? L?GIP?> @LIG =FINB?M CH ; MJCH >LS?L
Solution

1B? <;LL?F I@ NB? >LS?L JLIPC>?M ; =?HNLCJ?N;F @IL=? IH NB? =FINB?M CH=FO>CHA NB? Q;N?L >LIJF?NM NI E??J NB?G GIPCHA Ct
=CL=OF;L J;NB M ; Q;N?L >LIJF?N =IG?M NI IH? I@ NB? BIF?M CH NB? <;LL?F CN QCFF GIP? CH ; J;NB N;HA?HN NI NB? =CL=F?

M ; ME;N?L @ILGM ; =CL=F? QB;N @IL=? CM L?MJIHMC<F? @IL G;ECHA BCM NOLH 2M?; @L?? <I>S >C;AL;G CH SIOL ;HMQ?L

00JJIM? ; =BCF> CM LC>CHA IH ; G?LLS Al LIOH> ;N ; >CMN;H="? ;<ION B;F@Q;S <?NQ??H CNM =?HN?L ;H> ?>A? 0B? B;M ; FOH=B
<IR L?MNCHA IH Q;R J;JMI NB;N NB?L? CM P?LS FCNNF? @LC=NCIH <?NQ??H CN ;H>NB? G?LLS Al LIOH> 4BC=B J;NB MBIQH <?FIQ Q

NB? FOH=B <IR N;E? QB?H MB? F?NM Al 1B? FOH=B <IR F?;P?M ; NL;CF CH NB? >OMN IH NB? G?LLS Al LIOH> &M NB;N NL;CF MNL;CAE
=0OLP?>NINB? F?@N IL =OLP?> NI NB? LCABN "RJF;CH SIOL ;HMQ?L
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Solution
&@ NB?L? CM HI @LC=NCIH NB?H NB?L? CM HI =?HNLCJ?N;F @IL=? 1BCM G?;HM NB;N NB? FOH=B <IR QCFF GIP? ;FIHA ; J;NB N;HA?!
=CL=F? ;H>NBOM @IFFIQB/1 I8B>OMN NL;CF QCFF <? MNL;CABN 1BCM CM ; LAM@ENMA FQNIHGINCIH

Il SIO @?7?F SIOLM?F@ NBLIQH NI 2CNB?L MC>? QB?H SIO H?AINC;N? ; =OLP? NB;N CM C>?;FFMWHE?> @BNSCL =;L
NB? >CL?=NCIH I@ NB? @IL=? ?R?LN?> IH SIO <S NB? =;L M?;N

00JJIM? ; G;MM CM GIPCHA CH ; =CL=0F;L J;NB |H ; @LC=NCIHF?MM N;<F? ;\&MBIQHBXFILG? |@ L?@7?L?H=? NB?L? CM HI
=?HNLC@OA;F @IL=? JOFFCHA NB? G;MM ;Q;S @LIG NB? =?HN?L I@ LIN;NCIH S?N NB?L? CM ; @IL=? MNL?N=BCHA NB? MNLCHA ;NN
G;MM NI NB? H;CF 2MCHA =IH=?JNM L?F;N?> NI =?HNLCJ?N;F @IL&¥PNBECt2@MIF;CH QB;N @IL=? MNL?N=B?M NB? MNLCHA
C>?HNC@SCHA CNM JBSMC=;F ILCACH

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Solution

1B?L? GOMN <? ; =?HNLCJ?N;F @IL=? NI G;CHN;CH NB? =CL=0F;L GINCIH NBCM CM JLIPC>?> <S-RBR HKIMNBMNBF:QHN?L

?RJF;CHM NB? JB?HIG?HIH 1B? ;=NCIH @IL=? CM NB? @IL=? I@ NB? MNLCHA IH NB? G;MM NB? L?;=NCIH @IL=? CM NB? @IL=? |@ NB
IH NB? MNLCHA 1BCM L?;=NCIH @IL=? =;0M?M NB? MNLCHA NI MNL?N=B

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 >IC
MMOGCHA HI CHCNC;F LIN;NCIH ;H> ; @FIQ CHCNC;FFS >CL?=NFS MNL;CABN NIQ;L> NB? >L;CH ?RJF;CH QB;N =;,0M?M NB? LIN;NCIF
>CL?=NCIH CN B;M CH NB? +ILNB?LH %?GCMJB?L? +IN? NB;N NEIMNCW> 1a6; 56AVIENICF?NM NB? LIN;NCIH CM =,0M?> <S
>CL?=NCIH;F Q;N?L D?MW>4AB? >CL?=NCIH |@ LIN;NCIH L?P?LM? C@ Q;N?L Q?L? @IL=?>OJ NB? >L;CH

=L LIOH>M ; =OLP? ;H> ?H=I0HN?LM ; J;N=B 1@ C=? QCNB ; P?LS@FEMN |@ ECH?NC= @C=NCIH 1B?NB?MEE>?M |@
1?M=LC<? NB? J;NB |@ 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=IOl
NB? =;L QCFF I<?S +?QMIECLMN F;Q ;H>@IN@? LI;> CH ; MNL;CABN FCH? J;NB N;HA?HN NINB? =OLP? =IGGIH GCM=IH=?JNCIH

CM NB;N NB? =;L QCFF @IFFIQ ; =OLR@>NBR 1@

&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 IHXBeM ;BUXETIHN;F @FIIL

CM MJOH 0OJ ;H> NB? @FIIL >LIIM/@x3LM @??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? |@ L?@7?L?H=?1
"RJF;CH CH ;H CH?LNC;F @L;G? |@ L?@7?L?H=? ";LNB CM H?;LFS IH? QB;N JCHM NB? LC>?LM NI NB? Q;FF ;H>C>?HNC@S ;FF @IL=?\
NB?G
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1QI @LC?H>M ;L? B;PCHA ; =IHP?LM;NCIH HH; M;SM ; M;N?FFCN? CH IL<CN CM CH @L?? @;FF <?=;0M? NB? M;N?FFCN? E??JM @;FFC
"LNB 1G M;SM ; M;N?FFCN? CH IL<CN CM HIN CH @L?? @;FF <?=;0M? NB? ;==?F?L;:NCIH >0? NN ALl RBNS| GMOHIN

;AL?? QCNB ;H> QBS

Solution

HH; CM =ILL?=N 1B? M;N?FFCN? CM @L??FS @;FFCHA NIQ;L> ";LRB2HOIRBIDNBRINBCNS CM Q?;E?L ;N NB? ;FNCNO>? |@ NB?
M;N?FFCN? gHeM HIN N T #L?? @;FF >I?M HIN >?J?H> IH NB? P;F@NEN CM SIO =IOF> ?RJ?LC?H=? @L?? @;FF IH *;LM

C@ SIO DOGJI®@ BSGJIOM *IHM NB? N;FF?MN PIF=;HI CH NB? MIF;L MSMN?G

HIHLIN;NCHA @L;G? 1@ L?@7?L?H=? JF;=?> ;N NB? =?HN?L I@ NB? OOH CM P?LS H?;LFS ;H CH?LNC;F IH? 4BS CM CN HIN ?R;=NFS ;H
@L;,G?

-LI<F?GM

; EA =BCF> CM LC>CHA ; JF;SALIOH> G?LLS Al 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 Al 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
+ < + =

i

;F=OF;N? NB? =?HNLCJ?N;F @IL=? [HNB? ?H>1@; G L;>COM QCH> NOL<CH? <F;>? NB;N CM LIN;NCHA ;N L?PM MMOG? NB?
GMMCM EA

4B;N CM NB? C>?;F <;HECHA ;HAF? @IL ; A?HNF? NOLHI@ EGL;>COM IH; BCABQ;S QCNB; EG B MJ??>FCGCN ;<ION GCB
iMMOGCHA ?P?LSIH? NL;P?FM ;N NB? FCGCN

Solution

f

4B;N CM NB? C>?;F MJ??> NI N;E? ; G L;>COM =OLP? <;HE?> ;N ; [;HAF?

; 4B;N CM NB? L;>COM I@ ; <I<MF?>NOLH <;HE?> ;N;H>N;E?H;N G M ;MMOGCHA CN CM C>?;FFS <;HE?> < ;F=0OF;N?
NB? =?HNLCJ?N;F ;==?F?L;NCIH = !I?M NBCM ;==?F?L;NCIH M??G F;LA? NI SIO
Solution
;7 G < N T= NCG?Mg

- LN 1@ LC>CHA ; <C=S=F? CHPIFP?M F?;HCHA ;N NB? =ILL?=N ;HAF? QB?H G;ECHA ; NOLH<?NVUM 2HP <RBR@IL="?

?R?LN?> <S NB? ALIOH> GOMN <? IH ; FCH? AICHA NBLIOAB NB? =?HNBR I@|&42RENB? <C=S=F? QB??F =;H <? L?MIFP?>

CHNI NQI J?LJ?H>C=0F;L =IGJIH?HNMZ@LC=NCIH J;L;FF?F NI NB? LI;> NBCM GOMN MOJJFS NB? =?HNLCJ?N;F @IL=? ;H> NB? P?LNC
HILG;F @IL=? QBC=B GOMN ?KO;F NB? MEANABN ; OBIQ NB;N ;M >?@CH?> ;M MBIQH CM L?F;N?> NI NB? M3??7>

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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L;>COM 1@ =OLP;N@ANB? NOLH CH NB? M;G? Q;S ;M @IL ;H C>?;FFS <;HE?> LI;>Q;SZNB;IKB:'@ WH <
;F=OF;N? @IL; GMNOLHI@L;>COM G ;MCH;L;=?

&@ ; =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>"
=0OLP? ;JLIKF?G IH C=S GIOHN;CH LI;>M ; ;F=0OF;N? NB? C>?;F MJ??> NI N;E? ; G L;>COM =0OLP? <;HE?> N <

4B;N CM NB? GCHCGOGa@?HN 1@ @LC=NCIH H??>?> @IL ; @LCABN?H?>>LCP?L NI N;E? NB? M;G? =OLP? ;N EGB

Solution

; GM <

*[>?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 NE
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?ENGCHAO? NI AL;PCNS

NB? J;MM?HA?LM JL?MM?> @CLGFS CHNINB?CL M?;NM ; 4B;N CM NB? MJ??> |@ NB? LIFF?L =I;MN?L ;N NB? NIJ 1@ NB? FIlJ C@ NB?
=OLP;NOL? NB?L? CM G ;H>NB? >IQHQ;L> ;==?F?L;NCIH I@ NB? = GM%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 ;HM

BIQ GO=B ?H?LAS >C> CN FIM? NI @LC=NCIH &NM G:MM Clat
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=BCF>1@ G;MM  EACM CH ; LIFF?L =I;MN?L =;L NB;N NL;P?FM CH ; FIJ I@ L;>COM G NJICHN NB? MJ??>1@ NB? =L CM
GM ;H>;NJICHN NB?MJ??>CM GM MMOG? NB? =BCF> CM HIN BIF>CHA IH ;H>>I?M HIN Q?;L ; M?;N <?FN ; 4B;N CM NB?
@IL=? 1@ NB? =;L M?;N IH NB? =BCF> ;N JICHN < 4B;N CM NB? @IL=? 1@ 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

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Solution
) + < + = GM

&H NB? MCGJF? IBL GI>?F 1@ 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??> 1@ NB? ?F?=NLIH CM— N T 1B? G:MM |@ ;H

?F?=NLIHCM — ' LF 4B;N CM NB? @IL=? IH NB? ?F?=NLIH

[,CFLI;> NL;=EM @IFFIQ ; =CL=OF;L =OLP? |@ L;>COM G ;H>;L? <;HE?> ;N ;H ;HAF?F L NL;CHM I@ QB;N MJ??> ;L?
NB?M? NL;=EM >?MCAH?>

Solution
GM

1B? "/+ J;,LNC=F? ;==?F?L;NIL CM =CL=0F,;L QCNB ; =CL=0G@?L?H=?1@ EG ; 4B;N CM NB? ;==?F?L;NCIH I@ NB? JLINIHM
N — LH NB;N GIP? ;LIOH> NB? ;==?F?L;NIL ;N 1@ NB? MJ??>1@ FCABN 1B? MJ??>1@ FCABN CM

W = N ~ < 4B;N CM NB? @IL=? IH NB? JLINIHM

=L LIOH>M ;H OH<;HE?>=0LP? 1@ L;>COM G &@ NBT=C@IN |@ MN;NC= @LC=NCIH <?NQ??H NB? LI;>;H>=LCM QB;NCM
NB? G;RCGOG MJ??> ;N QBC=B NB? =;L NL;P?LM? NB? =OLP? QCNBION MFCJJCHA

Solution
GM
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<;HE?> BCABQ;S CM >?MCAH?> @IIONIGEPCHA ;N EG B 1B? L;>COM I@ NB? =OLP? CM G 4B;N CM NB? ;HAF? |@ <;HECHA
1@ NB? BCABQ;S

4.4 Fictitious Forces and Non-inertial Frames: The Coriolis Force

4B;N > N;ECHA I@ CH ; D?N ;CLJF;H? NOLHCHA ; =ILH?LCHCHAL, G?LLS Al LIOH> ;H> NB? =CL=0OF;L GINCIH I@ ; NLIJC=;F =S=FIH?
B;P? CH =IGGIH ";=B ?RBC<CNM @C=NCNCIOM @IL=?MZOHL?;F @IL=?M NB;N ;LCM? @de&CIREIH 734083 NB?
I<M?LPM @L;G? 1@ L?@7?L?H=? CM ;==?F?L;NCHA IL LIN;NCHA

4B?H N;ECHA@CH ; D?N GIMN J?1JF? 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? LOH®ZN ; JBSMC=CMN QIOF> My®NBAH> NI L?G;CH MN;NCIHLS QBE&R NBRIB?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=? [==OLM QB?H SIO G;E? ; NCABN =OLP? CH SIOL
=LZM;S NINB? LCABI® @??F ;M C@ SIO ;L? NBLIQH N@te@MIQ;L> NB? F?@N L?F;NCP? NI HEHE,LIBSMC=CMN QIOF> M;S
NB;Nou ;L? AICHA CH ; MNL;CABN FCH?caORIRB? NI NB? LCABN ;H> NB?L? CM HI L?;F @IL=? IH SIO NI NB? F?@N Ki=;FF +?QNIH\
@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=? ;LC
OM? 1@ NB? =,L ;M ; @QL;G? 1@ L?@7?L?H=? < &H NB@LIGBI@ L?@?L?H=? NB? >LCP?L GIP?M CH ; MNL;CABN FCH? Nk@STIH/ANHRQNBN=;L
GIP?M NINB? 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 |@ PC?Q <S ?R;GCHCHA NB? @L;G?M 1@ L?@7?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? |@ L?@7?L?H=? QBCF? ; JBSMC=CMN OM?M ";LNB 1B? JBSMC=CMN =BIIM?M ";L
CN CM P?LS H?;LFS ;H CH?LNC;F @L;G? |@ L?@7?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>~
JBSMC=;F ILCACH &H MO=B ; @L;G? |@ L?@?L?HAF;@ROHGINCIH N;E? NB? @ILG ACR?HNCH: Newton's Laws of

Motion (https://legacy .cnx.org/content/m42129/latest/) 1B? =;L CM non-inertial frame of reference  <?=;0M? CN CM ;==?F?L;N?>

NI NB? MC>? 1B? @IL=? NI NB? F?@N M?HM?> <S =;L J;MNiGttiaasNbEk! ; B;PCHA HI JIBSMC=;F ILCACH 1B?L? CM HINBCHA L?;F
JOMBCHA NB?G F?@NZNBPQ?EF ;M NB? >LGPML=NO;FFS ;==?F?L;NCHA NI NB? LCABN

)?N OM HIQ N;E? ; G?HN;F LC>? IH ; G?LLS Al LIOH>ZMJ?=C@ICHFHS LIN;NCHA JF;SALIOH> G?LLS Al LIGHN;B? NB?

G?LLS Al LIOH> NI <? SIOL @L;G? |@ L?@?L?H=? <?=;0M? SIO LIN;N?&HAMBIBMIH CH?LNC;F @L;G? SIO @??F ; @C=NCNCIOM @IL="?
H;G?> centrifugal force (HIN NI <? =IH@OM?> QCNB =?HNLCJIPMNES@HANI NBLIQ S@ KOGOMN B;HA IH NCABNFS NI

=IOHN?L;=N NB? =?HNLC@OA;F @IL=" & ;ANB L?@7?L?H=? NB?L? CM HI @IL=? NLSCHA & NBIBQLSHCDI@OMN B;HA IH

NI G;E? SIOLM?F@ Al CH ; =CL=F? <?=;0M? INB?LQCM? SIO QIOF> Al CH ; MNL;CABNBZB?LLSABNI@H>

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.21 ; LC>?LIH; G?LLS Al LIOH> @??FM ;M C@ B? CM <?CHA@BIBQNI@C=NCNCIOM @IL=? CM =;FF?> NB? =?HNLC@OA;F @I\M?ZCN ?RJF;CHM NB? LC
GINCIH CH NB? LIN;NCHA @L;G? 1@ L?@7?L?H=? < &H;H CH?LNC;F @QL;G? |@ L?@7?L?H=? ;H>M-=QNMCBN BM-BQNIQH?LNC; NB;N =@LB2MIBICG |@
; L?;F @IL=? NB? OHMB;>?> LC>?L'B@IB ;H>B?;>M CH ; MNL;CABN FCH? L?;F @Ib——l’:} 0 QE CM H??>?> NI =;,0M? ; =CL=0F;L J;NB

1BCM CH?LN@P=MNa=;LLSCHA SIO ;Q;S @LIG NB? =?HN?L |@ LIN;NCIH C@ NB?L? CM HI =?HNLCJ?N;F @IL=? NI =;0M? =CL=0OF;L GINCIH !
All> OM? CH =?HNLC@OAZpIMR2.22  =?HNLC@OA? MICHM ; M;GJF? P?LS;MIE2HSCIH?> ?;LFC?L CH NBCM 3B3N?:

@LIG NB? LIN;NCHA @L;G? 1@ L?@7?L?H=? NB? @C=NCNCIOM =?HNLC@OA;F @IL=? NBLIQM J;LNC=F?M IONQ;L> B;MN?HCHA NB?CL M
AL?;N?L NB? ;HAOF;L P?FINBRBL?;N?L NB? =?HNLC@OA;F @IL=? ON QB;N L?;FFS B;JJ?HM CM NB;N NB? CH?LNC; I@ NB? J;,LNC=F?M =;
NB?G ;FIHA ; FCH? N;HA?HN NI NB? =CL=F? QBCF? NB? N?MN NO<? CM @IL=?> CH ; =CL=0F;L J;NB <S ; =?HNLCJ?N;F @IL="?

Figure 4.22  2HNLC@OA?M OM? CH?LNC; NI J?L@ILG NB?CL N;ME -;LNC=F?M CH NB? @FOC> M?>CG?HN =IG? ION <?=;0M? NB?CL CH?LNC; =;LLC?M NB?G ;Q;!
=?HN?L 1@ LIN;NCIH 1B? F;LA? ;HAOF;L P?FI=CNS |@ NB? =?HNLC@OA? KOC=E?HM NB? M?NBG IHNMIERINLRIOEE MNEHSCHNI =IHN;=N QCNB NB? N?MN
NO<? Q;FFM QBC=B QCFF NB?H MOJJFS NB? =?HNLCJ?N;F @IL=? H??>?> NI G;E? NB?G GIP? CH ; =CL=F? |@ =IHMN;HN L;>COM

)?N OM HIQ =IHMC>?L QB;N B;JJ?HM C@ MIG?NBCHA GIP?M CH ; @L;G? |@ L?@?L?H=? NB;N LIN;N?M #IL ?R;GJF? QB;N C@ SIO MFC>?
>CL?=NFS ;Q;S @LIG NB? =?HN?L |@ NB? G?LLS Al LIOH> ;MiMBHQHACH1B? <;FF @IFFIQM ; MNL;CABN J;NB L?F;NCP? NI ";LNB
;MMOGCHA H?AFCAC<F? @LC=NCIH ;H>; J;NB =OLP?> NI NB? LCABN IH NBPNBJLEGS+4 LIHMIH MN;H>CHA H?RN NI NB?

G?LLS Al LIOH> M??M NB? <;FF GIPCHA MNL;CABN ;H> NB? G?LLS Al LIOH> LIN;NCHA OH>?LH?;NB CN &H/N82,G?LUIE Al LIOH>\
L?@7?L?H=? Q? ?RJF;CH NB? ;JJ;L?HN =OLP? NI NB? LCABN <S OMCHA ; @C=NCNCtoMigdticc® =NB:R>=NBWI?M NB? <;FF NI

=OLP? NI NB? LCABN 1B? @C=NCNCIOM ILCIFCM @IL=? =;H <? OM?> <S ;HSIH? CH NB;N @L;G? 1@ L?@7?L?H=? NI ?RJF;CH QBS I<D?=NI
=OLP?> J;NBM ;H> ;FFIQM OM NI ;JJFS +?RINI@M CH HIH CH?LNC;F @L;G?M |@ L?@?L?H="
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Figure 4.23 )IIECHA >IQH IH NB? =IOHN?L=FI=EQCM? LIN;NCIH I@ ; G?LLS Al LIOH> Q? M?? NB;N ; <;FF MFC> MNL;CABN NIQ;L> NB? ?>A? @IFFIQM ; J;NB =OLP?:
NINB? LCABN 1B? J?LMIH MFC>?M NB? <;FF NIQ;L>JICHN MN;LNCHA ;N JICHN INB JICHNM LIN;N? NI NB?H#B\>BIQMCHCNB2? NCG? NB;N
NB? <;FF @IFFIQM NB? =OLP?> J;NB CH NB? LIN;NCHA @L;G? ;H> ; MNL;CWBRIL]IG/B CH ";LNB\

2J OHNCF HIQ? B;P? =IHMC>?L?> ";.LNB NI <? ;H CH?LNC;F @L;G? |@ L?@?L?H=? QCNB FCNNF? |I@R+ QM. ©XNOICRE@ LIN;NCIH

67N MO=B@@=Nb!?RCMNZCH NB? LIN;NCIH |@ Q?;NB?L MSMN?GM @IL ?R;GJF? *IMN =IHM?KG®PHBREMA@ SHHBY

KO;FCN;NCP?FS OH>?LMNII> <S ;H;FIAS QCNB NB? G?LLEAQAD@L IS ;<IP? NB? +ILNB -IF? ";LNB LIN;N?M =IOHN?L=FI=EQCM?

;M >1?M NB? G?LLS Al LIOH>BHure 4.23 M IH NB? G?LLS Al LIOH> ;HS GINCIH CH ";MNBALNB?LH B?GCMJB?L? ?RJ?LC?H=?M ;

ILCIFCM @IL=? NI NB? LCABN 'OMN NB? |JJIMCN? |==OLM CH NB? MIONB?LH B?GCMJB?L? NB?L? NB? @IL=? CMINI NB? F?@N ?=;0M"
;HAOF;L P?FI=CNS CM MG;FF NB? ILCIFCM @IL=? CM OMO;FFS H?AFCAC<F? <ON @IL F;LA? M=;F? GINCIHM MO=B ;M QCH> J;NN?LHM
MO<MN;HNG@?2 M

1B? ILCIFCM @IL=? =;,0M?M BOLLC=;H?M CH NB? HILNB?LH B?GCMJB?L? NI LIN;N? CH NB? =IOHN?L=FI=EQCM? >CL?=NCIH QBCF? NB~
=S=FIH?M QB;N BOLLC=;H?M ;L? =;FF?> <?FIQ NB? ?KO;NIL CH NB? MIONB?LH B?GCMJB?L? LIN;N? CH NB? =FI=EQCM? >CL?=NCIH 1B~
BOLLC=;H? NSJBIIH ;H> NLIJC=;F MNILG ;L? L?ACIH;FFS MJ?=C@C= H;G?M @IL NLIJC=;F =S=FIH?M MNILG MSMN?GM =B;L;=N?LCT?> <!
JL?MMOL? =?HN?LM MNLIHA QCH>M ;H> B?{ASUteCHR B?FIM MBIQ BIQ NB?M? LIN;NCIHM N;E? JF;=? CL @FIQM NIQ;L> ;HS

L?ACIHH |@ FIQ JL?MMOL? ;H> NLIJC=;F =S=FIH?M =IHN;CH J;LNC=0OF;LFS FIQ JL?MMOL?M 1BOM QCH>M @FIQ NIQ;L>NB? =?HN?L |@ ; |
=S=FIH? IL ; FIQ JL?MMOL? Q?;NB?L MSMN?G ;N NB? MOL@;=? &H NB? HILNB?LH B?GCMJB?L? NB?M? CHQ;L> QCH>M ;L? >?@F?=N?> |
LCABN ;M MBIQH CH NB? @CAOL? JLI>O=CHA ; =IOHN?L=FI=EQCM? =CL=0F;NCIH ;N NB? MOL@;=? @IL FIQ JL?MMOL? TIH?M 1@ ;HS N¢
JL?MMOL? ;N NB? MOL@;=? CM ;MMI=C;N?> QCRBCLBAEMAIOEO="M =IIFCHA ;H> =FIO> @ILG;NCIH G;ECHA FIQ JL?MMOL?

J;NN?LHM KOCN? PCMC<F? @LIG MJ;=? IBePEMTHS-OF;NCIH ;LIOH>BCAB JL?MMOL? TIH?M CM =FI=EQCM? CH NB? HILNB?LH
B?GCMJB?L? <ON CM F?MM PCMC<F? <?=;,0M? BCAB JL?MMOL? CM ;MMI=CINZOQCNB MCHBETHB? L

1B? LIN;NCIH I@ NLIJC=;F =S=FIH?M ;H> NB? J;NB |@ ; <;FF IH ; G?LLS Al LIOH> =;H DOMN ;M Q?FF <? ?RJF;CH?> <S CH?LNC; ;H> NB?
LIN;NCIH 1@ NB? MSMN?G OH>?LH?;NB 4B?H HIH CH?LNC;F @L;G?M ;L? OM?> @C=NCNCIOM @IL=?M MO=B ;M NB? ILCIFCM @IL=? Gt
CHP?HN?> NI ?RJF;CH NB? =OLP?> J;NB 1B?L? CM HI C>?HNC@C;<F? JBSMC=;F MIOL=? @IL NB?M? @C=NCNCIOM @IL=?M &H ;H CH?L
?RJIF;,CHM NB? J;NB ;H> HI @IL=? CM @IOH> NI <? QCNBION ;H C>?HNC@C;<F? MIOL=? "CNB?L PC?Q ;FFIQM OM NI >?M=LC<? H;NOL? -
CH ;H CH?LNC;F @L;G? CM NB? MCGJF?MN ;H>NLO?MN CH NB? M?HM? NB;N ;FF @IL=?M B;P? L?;F ILCACHM ;H> ?RJF;H;NCIHM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.24 ; 1B? =IOHN?L=FI=EQCM? LIN;NCIH I@ NBCM HILNB?LH B?GCMJB?L? BOLLC=;H? CM ; G;DIL =IHM?KO?H=? |@ NB? ILCIFCM @IL=? =L?>CN +0 <
ACNBION NB? ILCIFCM @IL=? ;CL QIOF> @FIQ MNL;CABN CHNI ; FIQ JL?MMOL? TIH? MO=B ;M NB;N @IOH> CH NLIJC=;F =S=FIH?M = 1B? ILCIFCM @IL=? >?@
QCH>M NI NB? LCABN JLI>O=CHA ; =IOHN?L=FI=EQCM? LIN;NCIH > 4CH> @FIQCHA ;Q;S @LIG ; BCAB JL?MMOL? TIH? CM ;FMI >?@F?=N?> NI NB? LCABN JLI>
=FI=EQCM? LIN;NCIH ? 1B? IJJIMCN? >CL?=NCIH I@ LIN;NCIH CM JLI>0=?><S NB? ILCIFCM @IL=? CH NB? MIONB?LH B?GCMJB?L? F?;>CHA NI NLIJC=;F =S=F
=L?>CN +0

4.5 NewtonG Universal Law of Gravitation

4B;N > ;=BCHA @??N ; @;FFCHA ;JJF? ;H>NB? IL<CN I@ NB? *IIH B;P? CH =IGGIH ";=B CM =,0M?> <S NB? AL;PCN;NCIH;F @IL=? ,OL
@7??N ;L? MNL;CH?> <S MOJJILNCHA IOL Q?CABNZNB? @ILAZR@NENBOM H ;JJF? @;FFM @LIG ; NL?? <?=,0M? |@ NB? M;G?

@IL=? ;=NCHA ; @?Q G?N?LM ;<IP?MIMBL@;=? H> NB? *IIH IL<CNM ";LNB <?=,0M? AL;PCNS CM ;<F? NI MOJJFS NB? H?=?MM;LS
=?HNLCJ?N;F @IL=? ;N ; >CMN;H=? |@ BOH>L?>M |@ GCFFCIHM I@ G?N?LM &H @;=N NB? M;G? @IL=? =,0M?M JF;H?NM NI IL<CN NB? 0
IL<CN NB? =?HN?L |@ NB? A{5;RF;RC?M NI =FOMN?L NIARINBCINS CM ;HINB?L ?R;GJF? |@ OH>?LFSCHA MCGJFC=CNS CH H;NOL? &N ClI
NB? Q?;E?MN 1@ NB? @IOL <;MC= @IL=?M @IOH> CH H;NOL? ;H> CH MIG? Q;SM NB? F?;MN OH>?LMNII> &N CM ; @IL=? NB;N ;=NM ;N ; >
QCNBION JBSMCs=;F =IHN;=N ;H>CM ?RJIL?MM?> <S ; @ILGOF; NB;N CM P;FC> ?P?LSQB?L? CH NB? OHCP?LM? @IL G;MM?M ;H>>CMN;|
P;LS @LIG NB? NCHS NI NB? CGG?HM?

OCL &M;;= +?QNIH Q;M NB? @CLMN M=C?HNCMN NI JL?=CM?FS >?@CH? NB? AL;PCN;NCIH;F @IL=? ;H> NI MBIQ NB;N CN =IOF> ?RJF;CF}
<I>C?M ;H> ;MNLIHIGC=;F GINCIHM BiRire 4.25 ON +?QNIH Q;M HIN NB? @CLMN NI MOMJ?=N NB;N NB? M;G? @IL=? =;,0M?> <INB IOL
Q?CABN ;H> NB? GINCIH 1@ JF;H?NM %CM @IL?LOHH?L $;FCF?I $;FCF?C B;> =IHN?H>?> NB;N @;FFCHA <I>C?M ;H> JF;H?N;LS GINCIHM
M;G? =,0M? 0IG? |@ +?QNIHV =IHN?GJIL;LC?M MO=B ;M /I<?LN %IIE? BLCMNIJB?H4;H>">GOH> %;FF?B;> ;FMI G;>?

MIG? JLIAL?MM NIQ;L> OH>?LMN;H>CHA AL;PCN;NCIH ON +?QNIH Q;M NB? @CLMN NI JLIJIM? ;H ?R;=N G;NB?G;NC=;F @ILG ;H> NI OM?
NB;N @ILG NI MBIQ NB;N NB? GINCIH |@ B?;P?HFS <I>C?M MBIOF> <? =|[HC= M?=NCIHMZ=CL=F?M ?FFCIM?M J;L;<IF;M ;H> BSJ?L<IF;M
NB?IL?NC=;F JL?>C=NCIH Q;M ; G;DIL NLCOGJBZCN B;> <??H EHIQH @IL MIG? NCG? NB;N GIIHM JF;H?NM ;H>=IG?NM @IFFIQ MO=B J;N
<ON HI IH? B;> <??H ;<F? NI JLIJIM? ; G?=B;HCMG NB;N =,0M?> NB?G NI @IFFIQ NB?M? J;NBM ;H> HIN INB?LM
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Figure 4.25 ==IL>CHA NI ?;LFS ;==IOHNM +?QNIH Q;M CHMJCL?> NI G;E? NB? =IHH?=NCIH <?NQ??H @;FFCHA <I>C?M ;H> ;MNLIHIGC=;F GINCIHM QB?H B? M;Q
;H;JIF? @;FF @LIG ; NL?? ;H> L?;FCT?> NB;N C@ NB? AL;PCN;NCIH;F @IL=? =IOF> ?RN?H> ;<IP? NB? ALIOH> NI ; NL?? CN GCABN ;FMI L?;=B NB? 0OH 1B? CHM.
1@ +?QNIHA ;JJF? CM ; J;.LN I@ QILF>QC>? @IFEFIL? ;H> G;S ?P?H <? <;M?> CH @;=N $L?;N CGJILN;H=? CM ;NN;=B?> NI CN EHCBWIMFKMMH\Q@

AL;PCN;NCIH ;H> BCM F;QM 1@ GINCIH ;HMQ?L?> P?LS IF> KO?MNCIHM ;<ION H;NOL? ;H> A;P? NL?G?H>IOM MOJJILN NI NB? HINCIH |@ OH>?LFSCHA MCGJFC=
OHCNS CH H;NOL? 0=C?HNCMNM MNCFF ?RJ?=N OH>?LFSCHA MCGJFC=CNS NI ?G?LA? @LIG NB?CL IHAICHA CHKOCLC?M CHNI H;NOL?

1B? AL;PCN;NCIH;F @IL=? CM L?F;NCP?FS MCGJF? &N CM ;FQ;SM ;NNL;=NCP? ;H>CN >?J?H>M IHFS IH NB? G;MM?M CHPIFP?> ;H> NB~
<?NQ7??H NB?G ON;N?> CH GI>?LH F;HAS®onGs universal law of gravitation  MN;N?M NB;N ?P?LS J;LNC=F? CH NB? OHCP?LM?
;NNL;=NM ?P?LS INB?L J;LNC=F? QCNB ; @IL=? ;FIHA ; FCH? DICHCHA NB?G 1B? @IL=? CM >CL?=NFS JLIJILNCIH;F NI NB? JLI>O=N I@ NI
;H> CHP?LM?FS JLIJILNCIH;F NI NB? MKO;L? 1@ NB? >CMN;H=? <?NQ??H NB?G

Figure 4.26 $L;PCN;NCIH;F ;NNL;=NCIH CM ;FIHA ; FCH? DICHCHA NB? =?HN?LM 1@ G;MM 1@ NB?M? NQI <I>C?M 1B? G;AHCNO>? |@ NB? @IL=? CM NB? M;G? IH
=IHMCMN?HN QCNB 4AQMEL> F;Q

*CM=IH=?JNCIH F?LN

1B? G;AHCNO>? |@ NB? @IL=? IH ?;=B I<D?=N IH? B;M F;LA?L G;MM NB;H NB? INB?L CM NB? M;G? =IHMCMKRBTIGCNB +?QNIH\
F.Q

1B? <I>C?M Q? ;L? >?;FCHA QCNB N?H> NI <? FMBGIFC@S NB? MCNO;NCIH Q? ;MMOG? NB;N NB? <I>S ;=NM ;M C@ CNM ?HNCL? G;MM (
=IH=?HNL;N?> ;N IH? MJ?=C@C= JICHN =geterBMass * QBC=B QCFF <? @OLNB?L ?RJHAlL®aCkHomentum and
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Collisions (https://legacy .cnx.org/content/m42155/latest/)  #IL NQI <I>C?M B;PCHA G;MMMH> . QCNB ; >CMN;H&?

<?NQ??H NB?CL =?HN?LM |@ G;MM NB? ?KO;NCIH®QHSRMNIM\F F;Q 1@ AL;PCN;NCIH CM
' N .
(_

S

QB?L? ' CM NB? G;AHCNO>? |@ NB? AL;PCN;NCIH;F(@QM?2 HRILNCIH;FCNS @;=NIL =;F§rawiMEsnal constant ( c™m;
OHCP?LM;F AL;PCN;NCIH;F =IHMN;HNZNB;N CM CN CM NBIOABN NI <? NB? M;G? ?P?LSQB?L? CH NB? OHCP?LM? &N B;M <??H G?;MOL"
?RJI?LCG?HN;FFS NI <?

( _'/U\|
LH

CH 0& OHCNM +IN? NB;N NB? GHCRM@®@B NB;N ; @IL=? CH H?QNIHM CM I<N;CH?> @I:l%— QB?H =IHMC>?LCHA G;MM?M CH

ECFIAL;GM ;H> >CMN;H=? CH G?N?LM #IL ?R;GJF? NQI EA G,MM?M M?J;L;N?><S G QCFF ?RJ?LC?H=?; AL;PCN;NCIH;F
NNL;=NCIHI@ — ' /' 1BCM CM ;H ?RNL;IL>CH;LCFS MG;FF @IL=? 1B? MG;FF G;AHCNO>? |@ NB? AL;PCN;NCIH;F @IL=? CM =IHN
QCNB ?P?LS>;S ?RJ?LC?H27L2 OH;Q;L? NB;N ?P?H F;LA? I<D?=NM FCE? GIOHN;CHM ?R?LN AL;PCN;NCIH;F @IL=?M [H OM &H @;=N IOL
<I>S Q?CABN CM NB? @IL=? |@ ;NNL;=Niid @aiB?H OM QCNB ; G;MM I@— Lk

/?=;FF NB;N NB? ;==?F?L;NCIH >0? NI ALLFEMISION NT IH",LNB 4 ? =;H HIQ >?N?LGCH? QBS NBCM CM MI 1B? Q?CABN I@
:H I<D?=Nng CM NB? AL;PCN;NCIH;F @IL=? <?NQ??H CN ;H>";LNB 6@Q<®NCNONEMENIM\OHCP?LM;F F;Q I@ AL;PCN;NCIH ACP?M

NH (N
s

QB?L? N CM NB? G;MM I@ NB? I<D?=0M NB? G;MM 1@ ";,LNB ;8EM NB? >CMN;H=? NI NB? =?HN?L I@ ";LNB NB? >CMN;H=? <?NQ??H
NB? =?HN?LM 1@ G;MM 1@ NB? I<D?=N ;H>";,LRBui@?2.27 1B? G;MM N 1@ NB? I<D?=N =;H=?FM F?;PCHA ;H ?KO;NEIH @IL

H (=
S
0O<MNCNONCHA EHIQH P;FO?MNEE; MMNB® L;>COM NI NBL?? MCAHC@C=;HN @CAOL?M
1 o~ 4
H 2 — ' LWN3g — LH
3 LH 6 — N

;H>Q? I<N;CH ; P;FO? @IL NB? ;==?F?L;NCIH |@ ; @;FFCHA <I>S
H N T

Figure 4.27 1B? >CMN;H=? <?NQ??H NB? =?HN?LM I@ G;MM I@ ";LNB ;H>;H I<D?=N IH CNM MOL@;=? CM P?LS H?;LFS NB? M;G? ;M NB? L;>COM |I@ ";LNB <?=;Ol
";LNB CM MI GO=B F;LA?L NB;H NB? I<D?=N

1BCM CM NB? ?RJ?=N?>ah&#@7Andependent of the body® mass +?QNIHM F;Q 1@ AL;PCN;NCIH N;E?M $AERM?LP;NCIH NB;N ;FF
G;MM?M @;FF QCNB NB? M;G? ;==?F?L;NCIH ; MNZRI8CHIB?. NB? I<M?LP;NCIH CH N?LGM |@ ; @IL=? NB;N =;0M?M I<D?=NM NI @;FFZC
@;=N CHN?LGM I@ ; OHCP?LM;FFS ?RCMNCHA @IL=? 1@ ;NNL;=NCIH <?NQ??H G;MM?M

LE? %IG? "RI?LCG?HN

LE?; GL<F? ; <;FF ;H>; MJIIH ;H>>LIJ NB?G @LIG NB? M;G? B?CABN !l NB?S BCN NB? @FIIL ;N NB? M;G? NCG? &@ SIO >LIJ;
JC?=? 1@ J;J?L ;M Q?FF >I?M CN <?B;P? FCE? NB? INB?L I<D?=NM "RJF;CH SIOL I<M?LP;NCIHM
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*ECHA IHH?=NCIHM

NN?GJINM ;L? MNCFF <?CHA G;>? NI OH>?LMN;H> NB? AL;PCN;NCIH;F @IL=? M=QRMBFREM2? CH
(https://llegacy .cnx.org/content/m42667/latest/) GI>?LH JBSMC=M CM ?RJFILCHA NB? =IHH?=NCIHM 1@ AL;PCNS NI INB?L @IL=?M
MJ;=? ;H>NCG? $?H?L;F L?F;NCPCNS ;FN?LM IOL PC?Q I@ AL;PCN;NCIH F?;>CHA OM NI NBCHE 1@ AL;PCN;NCIH ;M <?H>CHA MJ;=?;

&H NB? @IFFIQCHA ?R;GJF? Q? G;E? ; =IGJ;,LCMIH MCGCEF;L NI IH? G;>? <S +?QNIH BCGM?F@ %? HIN?> NB;N C@ NB? AL;PCN;NCIH;F @
=,0M?>NB? *IIH NI IL<CN ";LNB NB?H NB? ;==?F?L;NCIH >0? NI AL;PCNS MBIOF> ?KO;F NB? =?HNLCJ?N;F ;==?F?L;NCIH 1@ NB? *IIH CH C
IL<CN +?QNIH @IOH> NB;N NB? NQI ;==?F?L;NCIHM ;AL??> JJL’NNS H?;LFS

Example 4.6 Earth® Gravitational Force Is the Centripetal Force Making the Moon Move in a

; #CH>NB? ;==?F?L;NCIH >0? NI ";MNE\;PCNS ;N NB? >CMN;H=? |@ NB? *IIH

< ;F=OF;N? NB? =?HNLCJ?N;F ;==?F?L;NCIH H??>?> NI E?2J NB? *IIlH CH CNM IL<CN ;MMOGCHA ; =CL=OF;L IL<CN ;<ION ; @CR?> ";LN
:H>=IGJ;L? CN QCNB NB? P;FO? I@ NB? ;==?F?L;NCIH >0 KL“REI8S NB;N SIO B;P? DOMN @IOH>

Strategy for (a)

1BCM =;F=0F;NCIH CM NB? M;G? ;M NB? IH? @CH>CHA NB? ;==?F?L;NCIH >0? NI WOPAN\=; RRENBI NBM NB?
>CMN;H=? @LIG NB? =?HN?L |@ ";LNB NI NB? =?HN?L |I@ NB? *IIH 1B? L;>COM K®;NBS HC¢i\=OF;L IL<CN CM N
Solution for (a)

0O<MNCNONCHA EHIQH P;FO?M CHNI NB? ?RH.@MMTHH<EPIR L?G?G<?LCHA NB;NCM NB? G;MM I@ ";LNB HIN NB? *IIH

SC?F>M
S 3 LH 6 — N
— NT
Strategy for (b)
?HNLCJI?N;F ;==?F?L;NCIH =;H <? =;F=0OF;N?> OMCHA ?CNB?L @QILG |@
A
B ¥p
B s ©

4 ? =BIIM? NI OM? NB? M?=IH> @ILG
Bb S
QB?L? CMNB?;HAOF;L P?FI=CNS I@ NB? *lIH ;<ION ";LNB

Solution for (b)
$CP?H NB;N NB? J?LCI> NB? NCG? CN N;E?M NI G;E? IH? =IGIJF?N? LIN;NCIHFMI@JMBPCNH\ >;SM > ;H> OMCHA

Q? M?? NB;N
T *BE _ B
TU E TE
1B? =?HNLCJ?N;F ;==?F?L;NCIH CM
Bb S — N — ' BE
—  NT
1B? >CL?=NCIH |@ NB? ;==?F?L;NCIH CM NIQ;L> NB? =?HN?L |@ NB? ";LNB

Discussion

1B? =?HNLCJ?N;F ;==?F?L;NCIH I@ NB? *I|lH @IOH>@PLM *E&MM NB;H @LIG NB? ;==?F?L;NCIH >OMALBIBS

@IOH>CH ; 1BCM ;AL??G?HN CM ;JIJLIRCG;N? <?=,0M? NBPLHIEN CM MFCABNFS ?FFCINC=;F ;H>";LNB CM HIN MN;NCIH;LS L;NB?L
NB? ";LNB *IIH MSMN?G LIN;N?M ;<ION CNM =?HN?L |@ G;MM QBC=B CM FI=;N?>MIG? EG NMMMQL@NB\ 1B? =F?;L

CGJFC=;NCIH CM NB;N"AINBEN;NCIH;F @IL=? =;0M?M NB? *[IH NI IL<CN ";LNB

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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4BS >1?M ";LNB HIN L?G;CH MN;NCIH;LS ;M NB? *IIH IL<CNM CN 1BCM CM <?=;0M? ;M ?RJ?=N?NM@IBCGL=?@HLNB ?R?LNM

; @IL=? IH NB? *IIH NB?H NB? *IIH MBIOF> ?R?LN ;H ?KO;F ;H> IJJIMCN? @IL=? IH ";LNBgM22.28 4 ? >l HIN M?HM? NB?

*IHW M ?2@7?=N IH ";LNBGINCIH <?=;0M? NB? *IIIM AL;PCNS GIP?M IOL <I>C?M LCABN ;FIHA QCNB ";LNB <ON NB?L? ;L? INB?L MCAHM IH
";.LNB NB;N =F?;LFS MBIQ N@?2@ @ NB? *MHAL;PCN;NCIH;F @IL=? ;M >CM=CiM 2= Ckhd Kepler's Laws: An Argument

for Simplicity

Figure 4.28 ; ";LNB ;H> NB? *IIH LIN;N? ;JJLIRCG;N?FS IH=? ; GIHNB ;LIOH> NB?CL =IGGIH =?HN?L |@ G;MM < 1B?CL =?HN?L I@ G;MM IL<CNM NB? 0OH CH
;H ?FFCINC=;F IL<CN <OM J;N¥BLIOH> NB? 0OH B;M JQCAAF?M” CH CN 0CGCF;L QCAAF?M CH NB? J;NBM 1@ MN;LM B;P? <??H I<M?LP?> ;H> ;L? =IHMC>?L?>
>CL?=N ?PC>?H=? |@ JF;H?NM IL<CNCHA NBIM? MN;LM 1BCM CM CGJILN;HN <?=;0M? NB? JF;H?NM\ L?@F?=N?> FCABN CM I@N?H NIl >CG NI <? I<M?LP?>

1C>?M

,=?;HNC>?M ;L? IH? P?LS I<M?LP;<F? L?MOFN 1@ NBPRALPCNS ;=NCHA IH "JENBe 4.29 CM ; MCGIFC@C?>>L;QCHA |@ NB?

*[IH\ M JIMCNCIH L?F;NCP? NI NB? NC>?M ?=;,0M? Q;N?L ?;MCFS @RQU@=LNBCAB NC>? CM =L?;N?> IH NB? MC>? 1@ ";LNB

H?;L?MN NI NB? *IIH QB?L? NB? *IIlf AL;PCN;NCIH;F JOFF CM MNLIHA?MN 4BS CM NB?L? ;FMI ; BCAB NC>? |[H NB? IJJIMCN? MC>? |@ "L
1B? ;HMQ?L CM NB;N ";LNB CM JOFF?> NIQ;L> NB? *IIH GIL? NB;H NB? Q;N?L IH NB? @;L MC>? <?=;0M? ";LNB CM =FIM?L NI NB? *IIH Ol
NB? Q;N?L IH NB? MC>? 1@ ";LNB =FIM?MN NI NB? *IIH CM JOFF?>;Q;S @LIG ";LNB ;H>";LNB CM JOFF?>;Q;S @LIG Q;N?L IH NB? @;L MC
M ";LNB LIN;N?M NB? NC>;F <OFATMR@E@@ NB? NC>;F @IL=?M <?NQ??H ;H IL<CNCHA H;NOL;F M;N?FFCN? ;H> NB? JLCG;LS JF;H?N NB;
IL<CNM E??JM CNM ILC?HN;NCIH QCNB NB? *IIH 1BOM NB?L? ;L? NQI NC>?M J?L >;S NB? ;=NO;F NC>;F J?LCI>CM ;<ION BIOLM ;H>
GCHON?M <?=;0M? NB? *IIH GIP?M CH CNM IL<CN ?;=B >;S ;M Q?FF

Figure 4.29 1B? *IIH =,0M?M I=?;H NC>?M <S ;NNL;=NCHA NB? Q;N?L IH NB? H?;L MC>? GIL? NB;H ";LNB ;H><S ;NNL;=NCHA ";LNB GIL? NB;H NB? Q;N?L IH NB?
@;L MC>? 1B? >CMN;H=?M ;H>MCT?M ;L? HIN NI M=;F? #IL NBCM MCGJFC@C?> L?JL?M?HN;NCIH |@ NB? ";LNB *IIlH MSMN?G NB?L? ;L? NQI BCAB ;H> NQI FIQ |
>;S ;N ;HS FI=;NCIH <?=;0M? ";,LNB LIN;N?M OH>?L NB? NC>;F <OFA?

1B? OOH ;FMI;@?=NM NC>?M ;FNBIOAB CN B;M ;<ION@FE® MBRB@*IIH %IQ?PRB? F;,LA?MN NC>?M =;FF?> MJLCHA NC>?M |==0OL
QB?H",.LNB NB? *lIH ;H>NB? OOH ;L? ;FCAH?> 1B? MG;FF?MN NC>?M =FF?> H?,J NC>?M |==0OL QB?H NB?:QBAFCNN|N ;
NB? ",LNB *IIH ;FCAHG?HN
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Figure 4.30 ; < 0OJLCHA NC>?M 1B? BCAB?MN NC>?M |==0OL QB?H ";LNB NB? *lIH ;H>NB? OOH ;L? ;FCAH?> = +?;JNC>? 1B? FIQ?MN NC>?M I==0OL QB?H NB?
0OH FC?M ;N z NI NB? ";LNB *IIH ;FCAHG?HN +IN? NB;N NBCM @CAOL? CM HIN >L;QH NI M=;F?

1C>?M;L? HIN OHCKO? NI ";LNB <ON I==0OL CH G;HS ;MNLIHIGC=;F MSMN?GM 1B? GIMN ?RNL?G? NC>?M |==0OL QB?L? NB? AL;PCN;NCI}
@IL=? CM NB? MNLIHA?MN ;H> P;LC?M GIMR£BM4F®;L <F;=E BIF?M MRfure 4.31 @7?Q FCE?FS =;H>C>;N?M @IL <F;=E BIF?M

B;P? <??H I<M?LP?> CH IOL A;F;RB?M? B;P? G;MM?M AL?;N?L NB;H NB? OOH <ON B;P? >C;G?N?LM IHFS ; @?Q ECFIG?N?LM ;=LIMM

1B? NC>;F @IL=?M H?;L NB?G ;L? MI AL?;N NB;N NB?S =;H ;=NO;FFS N?;L G;NN?L @LIG ; =IGJ;HCIH MN;L

Figure 4.31 <F;=E BIF? CM ;H I<D?=N QCNB MO=B MNLIHA AL;PCNS NB;N HIN ?P?H FCABN =;H ?M=;J? CN 1BCM <F;=E BIF? Q;M =L?;N?><S NB? MOJ?LHIP; I@ It
MN;L CH ; NQI MN;L MSMN?G 1B? NC>;F @IL=?M =L?;N?> <S NB? <F;=E BIF? ;L? MI AL?;N NB;N CN N?;LM G;NN?L @LB&EMEZ, RN HBMH MN;L
=IGIL?MM?> ;H> B?;N?> ;M CN CM MO=E?> CHNI NB? <F;=E BIF? =L?;NCHA FCABN ;H>5 L;SM I<M?LP;<F? @LIG ";,LNB

A4 2CABNF?MMH?MMA ;H> *C=LIAL;PCNS

&H =IHNL;MN NI NB? NL?G?H>IOM AL;PCN;NCIH;F @IL=? H?;L <F;=E BIF?M CM NB? ;JJ;L?HN AL;PCN;NCIH;F @C?F> ?RJ?LC?H=?> <S ;MNI
IL<CNCHA ";.LNB 4B;N CM EEZR@@ |Q?CABNF?MMH?MM” OJIH ;H ;MNLIH;ON QBI CM CH IL<CN @IL GIHNBM @Q@B\WN@ION NB? ?@
Q?CABNF?MMH?MM OJIH JF;HN AL?2QABNF?MMH?MM >1?MH\N G?;H NB;N ;H ;MNLIH;ON CM HIN <?CHA ;=N?> OJIH <S NB? AL;PCN;NCIH;F
@IL=? 1B?L? CM HI ]T?LI AL;PCNS" CH ;H ;MWILLKENIB? N?LG DOMN G?;HM NB;N NB? ;MNLIH;ON CM CH @L?? @;FF ;==?F?L;NCHA QCN
;==?F?L;NCIH >0? NI AL;P&RISH ?F?P;NIL =;<F? <L?;EM NB? J;MM?HA?LM CHMC>? QCFF <? CH @L?? @;FF ;H> QCFF ?RJ?LC?H="
Q?CABNF?MMH?20M;H ?RJI?LC?H=7? MBILN J?LCI>M |@ Q?CABNF?MMH?MM CH MIG? LC>?M CH ;GOM?G?HN J;,LEM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.32  MNLIH;ONM ?RJ?LC?H=CHA Q?CABNF?MMH?MM IH <I;L> NB? &HN?LH;NCIH;F 0J;=? ON;NCIH =L?>CN +0

Microgravity L?@?LM NI ;H ?HPCLIHG?HN CH QBC=B NB? ;JJ;L?HN H?N ;==?F?L;NCIH |@ ; <I>S CM MG;FF =IGJ;L?> QCNB NB;N JLI>0=2?> <
";LNB ;N CNM MOL@;=? *;HS CHN?L?MNCHA <CIFIAS ;H>JBSMC=M NIJC=M B;P? <??H MNO>C?> IP?L NB? J;MN NBL?? >?=;>?M CH NB? J
|@ GC=LIAL;PCEILGG?>C;N? =IH=?LH CM KEF=R@H ;MNLIH;ONM 1@ ?RN?H>?> NCG?M CH ION?L MJ;=? MO=B ;M ;N NB? &HN?LH;NCIH;F
0J;=? ON;NCIH /?M?;L=B?LM B;P? I<M?LP?> NB;N GOM=F?M QCFF ;NLIJBS Q;MN?;Q;S CH NBCM ?HPCLIHG?HN 1B?L? CM ;FMI;
=ILL?MJIH>CHA FIMM 1@ <IH? G;MM ONO>S =I[HNCHO?M IH =;L>CIP;M=0F;L ;>;JN;NCIH NI MJ;=? @FCABN ,H ";,LNB <FII>JL?MMOL? CM
OMO;FFS BCAB?L CH NB? @??N NB;H CH NB? B?;> <?=,0M? NB? BCAB?L =IFOGH 1@ <FII> ?R?LNM ; >IQHQ;L> @IL=? IH CN >0O7? NI AL;PC
4B?H MN;H>CHA 1@ SIOL <FlI> CM <?FIQ NB? F?P?F |@ NB? B?;,LN QBCF? CH ; BILCTIHN;F JIMCNCIH DOMN NB? IJJIMCN? I==OLM 4B
>Q@rL?H=? >1?M NB? ;<M?H=? |@ NBCM JL@IRMOHNEHAB;P? OJIH NB? B?;LN

0IG? @CH>CHAM CH BOG;H JBSMCIFIAS CH MJ;=? =;H <? =FCHC=;FFS CGJILN;HN NI NB? G;H;A?G?HN |@ >CM?;M?M <;=E IH";LNB ,H;
MIG?QB;N H?A;NCP? HIN? MJ;=?@FCABN CM EBITON NBEBOG;H CGGOH? MSMN?G JIMMC<FS G;ECHA NB? =L?Q G?G<?LM GIL?
POFH?L;<F? NI CH@?=NCIOM >CM?;M?M "RJ?LCG?HNM @FIQH CH MJ;=? ;FMI B;P? MBIQH NB;N MIG? <;=N?LC; ALIQ @;MN?L CH GC=LIA
NB;H NB?S >I IH ";LNB %I1Q?P2H ; JIMCNCP? HIN? MNO>C?M CH>C=;N? NB;N GC=LI<C;F ;HNC<CINC= JLI>O=NCIH =;H CH=L?;M? <S ; @;=
1@ NQI CH MJ;=? ALIQH =OFNOL?M ,H? BIJ?M NI <? ;<F? NI OH>?LMN;H> NB?M? G?=B;HCMGM MI NB;N MCGCF;L MO==?MM?M =;H <?
;=BC?P?>|H NB? ALIOH> &H ;HINB?L ;L?; |@ JBSMC=M MJ;=? L?M?;L=B CHILA;HC==LSMN;FM ;H> JLIN?CH =LSMN;FM B;P? <??H ALIQH C
ION?L MJ;=? NB;N B;P? GO=B BCAB?L KO;FCNS NB;H ;HS ALIQH IH ";LNB MI =LSMN;FFIAL;JBS MNO>C?M IH NB?CL MNLO=NOL? =;H SC?F
<?NN?L L?MOFNM

-F;HNM B;P? ?PIFP?> QCNB NB? MNCGOFOM I@ AL;PCNS ;H> QCNB AL;PCNS M?HMILM /IINM ALIQ >IQHQ;L> ;H> MBIINM ALIQ OJQ;L> -F
GCABN <? ;<F? NI JLIPC>? ; FC@? MOJJILN MSMN?G @IL FIHA >OL;NCIH MJ;=? GCMMCIHM <S L?A?H?L;NCHA NB? ;NGIMJB?L? JOLC@S
;H>JLI>0=CHA @II> 0IG? MNO>C?M B;P? CH>C=;N?> NB;N JF;HN ALIQNB ;H> >?P?FIJC@N-N2>HN A®D; RENENB?L? CM MNCFF
OH=?LN;CHNS ;<ION MNLO=NOL;F =B;HA?M CH JF;HNM ALIQH CH ; GC=LIAL;PCNS ?HPCLIHG?HN

1B? ;P?H>CMB "RJ?LCG?HN 1B?H ;H> +IQ

M JL?PCIOMFS HIN?> NB? OHCP?LM;F AL;PCN;NCIH{F EMIMMJANGCH?> ?RJ?LCG?HBCMFES? @CHCNCIH Q;M @CLMN >IH?

;==OL;N?FS <S %?HLS ;P?H>CMB Y ;H"HAFCMB M=C?HNCMN CH GIL?NB;H S?;LM;@N?L +?QNIH JO<FCMB?> BCM
OHCP?LM;F F;Q 1@ AL;PCN;NCIH 1B? G?;MOLAG@HNR@ALS <;MC=;H> CGJILN;HN <?=;0M? CN >?N?LGCH?M NB? MNL?HANB I@ IH? |@ NB
@IOL @IL=?M CH H;NOL? ;PMRUIB\CG?HN Q;M P?I@CEIN <?=,0M? B? G?;MOL?> NB? NCHS AL;PCN;NCIH;F ;NNL;=NCIH <?NQ??H
NQI IL>CH;LS MCT?> G;MM?M N?HM I@ ECFIAL;GM ;N GIMN OMCHA ;JJ;L;NOjl RCE2NBAGCH;<FS BCM P;FO? &L

>Q@?LM <S F?’MM NB;H @LIG NB? <?MN GI>?LH P;FO?

,H? CGJILN;HN =IHM?KO?H=? 1@ EHIQCHZM NB;N ;H ;==0L;N? P;FO? @IL "MNBMM =IOF> @CH;FFS <? I<N;CH?> 1BCM Q;M >IH?

<S G?;MOLCHA NB? ;==?F7?L;NCIH >0? NI AL;PCNS ;M ;==0OL;N?FS ;M JIMMC<F? ;H> NB?H =;F=OF;NCHA NELENNB?@ ";LNB
L?F;NCIHMBCJ +?QWBNCP?LM;F F;Q 1@ AL;PCN;NCIH ACP?M

NH (DN
S

QB?L? N CM NB? G;MM I@ NB? I<D?=0GM NB? G;MM I@ ";,LNB ;HEM NB? >CMN;H=? NI NB? =?HN?L I@ ";LNB NB? >CMN;H=? <?NQ??H
NB? =?HN?LM I@ G;MM 1@ NB? I<D?=N ;H>";LNBu@?2.26 1B? G;MM N 1@ NB? I<D?=N =;H=?FM F?;PCHA ;H ?KO;NEIH @IL

H (=
S
/?;,LL;HACHA NI MIFP? @IL SC?F>M

B
(
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0l . =H<?=F=0F;N?><?=,0M? ;FF KO;HNCNC?M IH NB? LCABN CH=FO>CHA NE?,L>EdRH@LEIBCL?=N
G?;MOL?G?HNM AMB;FF M?? &Hellites and Kepler's Laws: An Argument for Simplicity NB;N EHIQCH@ :FMI;FFIQM @IL NB?
>?N?LGCH;NCIH 1@ ;MNLIHIGC=;F G;MM?M &HN@R?2MNSBAEBOH>;G?HN;F =IHMN;HNM CI—(JW/IG—-@;L NB? F?;MN Q?FF
>?N?LGCH?>

1B? ;P?H>CMB ?RJ?LCG?HN CM ;FMI OM?> NI ?RJFIL? INB?L ;MJ?=NMB@INBCKEIMN CHN?L?MNCHA KO?MNCIHM CM QB?NB?L NB?

AL;PCN;NCIH;F @IL=? >?J?H>M IH MO<MN;H=? ;M Q?FF ;M G;MMZ@IL ?R;GJF? QB?NB?L IH? ECFIAL;G 1@ F?;> ?R?LNM NB? M;G?

AL;PCN;NCIH;F JOFF ;M IH? ECFIAL;G |@YQRA;LC;H M=C?HNCMN H;G?> /IF;H> PIH "WNPWM JCIH??L?> NBCM CHKOCLS ?;LFS CH NB?
NB =?HNOL%? @IOH> QCNB ;H ;==0L;=S |@ @CP? J;LNM J?L <CFFCIH NB;N NB? AL;PCN;NCIH;F @IL=? >I?M HIN >?J?H> |[H NB? MO<MN

00=B ?RJ?LCG?HNM =IHNCHO? N=BFP? CGJILIP?> OJIH "WNPWM\ G?;MOL?G?HNM ;P?H>CMB NSJ? ?RJ?LCG?HNM MO=B ;M NBIM?

1@ "LC= >?F<?LA?L ;H>INB?LM ;N NB? 2HCP?LNUBGUDH B;P? ;FMI JON M?P?L? FCGCNM IH NB? JIMMC<CFCNS |@ ; @C@NB @IL=? ;H

B;P? P?LC@C?>; G;DIL JL?>C=NCIH 1@ A?H?L;F L?F;NCPCNSZNB;N AL;PCN;NCIH;F ?H?LAS =IHNLC<ON?M NI L?MN G;MM ,HAICHA G?;M

NB?L? OM? ; NILMCIH <;F;H=? ;H>; J;L;FF?F JF;N? HIN MJB?L?M ;M ;P?H>CMB OM?> NI ?R;GCH? BI®;@A@NMPCN;NCIH

QILEM IP?L MO< GCFFCG?N?L >CMN;H=?M ,H NBCM MG;FF M=;F? >I@RONMNTIENF@@G NB? CHP?LM? MKO;L? R 0l @;L

>?PC;NCIH B;M <??H I<M?LP?>

Figure 4.33 ;P?H>CMB OM?> ;H ;JJ;L;NOM FCE? NBCM NI G?;MOL? NB? AL;PCN;NCIH;F ;NNL;=NCIH <?NQ??H NB? NQI MNMBRHWBS NQBRL?M
NB? MN;H>.  <S I<M?LPCHA NB? ;GIOHN I@ NILMCIH NQCMNCHA =L?;N?6/@N;NB? @RQ2?H NB? G;MM?M =;H <? P;LC?> NI =B?=E NB?
>?J?H>?H=? 1@ NB? @IL=? IH >CMN;H=? *I>?LH ?RJ?LCG?HNM I@ NBCM NSJ? =IHNCHO? NI ?RJFIL? AL;PCNS

4.6 Satellites and Kepler @ Laws: An Argument for Simplicity

"R;GJIF?M |@ AL;PCN;NCIH;F IL<CNM ;<IOH> %OH>L?>M I@ ;LNC@C=C;F M;N?FFCN?M IL<CN ";LNB NIA?NB?L QCNB NBIOM;H>M |@ JC?=
1B? *IIH\ M IL<CN ;<ION ";LNB B;M CHNLCAO?> BOG;HM @LIG NCG? CGG?GILC;F 1B? IL<CNM I@ JF;H?NM ;MN?LIC>M G?N?ILM ;H> =IC
;<ION NB? OOH ;L? HI F?MM CHN?L?MNCHA &@ Q?G@RB@QESBAN OHCG;ACH;<F? HOG<?LM |I@ MN;LM A;F;RC?M ;H>INB?L

=?F?MNC;F I<D?=NM IL<CNCHA IH? ;HINB?L ;H> CHN?L;=NCHA NBLIOAB AL;PCNS

FF NB?M? GINCIHM ;L? AIP?LH?> <S AL;PCN;NCIH;F @IL=? ;H>CN CM JIMMC<F? NI >?M=LC<? NB?G NI P;LCIOM >?AL??M |@ JL?=CMCIH
>?M=LCJINCIHM I@ =IGJF?R MSMN?GM GOMN <? G;>? QCNB F;LA? =IGJORZLMH®BIPHAAT<? ;H CGIILN;HN =F;MM |@ IL<CNM
QCNBION NB? OM? 1@ =IGJON?LM ;H> Q? MB;FF @CH> CN CHMNLO=NCP? NI MNO>S NB?G 1B?M? IL<CNM B;P? NB? @IFFIQCHA =B;L;=
A small mass N orbits a much larger mass . 1BCM ;FFIQM OM NI PC?Q NB? GINCIH ;@2C@®MN;NCIH;LSZCH @;=N ;M C@
@LIG ;H CH?LNC;F @L;G? 1@ L?@7?L?H=? JF;=ZQ0NBION MCAHC@C=;HMMLLN.CM NB? M;N?FFCN?C@ NB? IL<CN CM
AL;PCN;NCIH;FFS <IOH>
The system is isolated from other masses 1BCM ;FFIQM OM NI H?AF?=N ;HS MZFHRN@0? NI IONMC>? G;MM?M
1B? =IH>CNCIHM ;L? M;NCM@C?> NI All> ;JJLIRCG;NCIHVKE;NIZRBCN?M CH=FO>CHA NB? *IIH <S I<D?=NM IL<CNCHA NB? 00OH ;H><S
NB? M;N?FFCN?M |@ INB?L JF;H?NM BEMRNMORESMNO>C?> @CLMN ;H>NB?L? CM ; =F;MMC=;F M?N 1@ NBL29IF;QM =;FF?> (?JF?L
F;QM 1@ JF;H?N;LS GINCIH NB;N >?M=LC<? NB? IL<CNM 1@ ;FF <I>C?M M;NCM@SCHA NB? NQI JL?PCIOM =IH>CNCIHM HIN DOMN JF;H?
MSMN?G 1B?M? >?M=LCJINCP? F;QM ;L? H;G?> @IL NB? $?LG;H ;MNLIHIG?L 'IB;HH?M (?JF?L Y  QBI >?PCM?>NB?G ;@N~?L
=L?@OF MNO>S IP?L MIG? S?;LM 1@ ; F;LA? ;GIOHN |@ G?NC=0FIOMFS L?=IL>?> I<M?LP;NCIHM |@ JF;H?N;LS€BNCIH >IH? <S 1
L;B? Y 00=B=,L?@OF =IFF?=NCIH ;H>>?N;CF?> L?=IL>CHA |@ G?NBI>M ;H>>;N; ;L? B;FFG;LEM |@ All> M=C?H=? !:N;
=IHMNCNON? NB? ?PC>?H=? @LIG QBC=B H?Q CHN?LJL?N;NCIHM ;H> G?;HCHAM =;H <? =IHMNLO=N?>

(?JF?1\M );QM 1@ -F;H?N;LS *INCIH
Kepler @ First Law
1B? IL<CN I@ ?;=B JF;H?N ;<ION NB? OOH CM ;H ?FFCJM? QCNB NB? OOH ;N IH? @I|=OM

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Figure 4.34 ; H?FFCIM? CM ; =FIM?> =0OLP? MO=B NB;N NB? MOG |@ NB? >CMN;H=?M @LIG ; JICHN IH NB? =0E7HH NK3 M @HMN;HN

610 =;H >L:Q ;H ?FFCIM? ;M MBIQH <S JONNCHA ; JCH ;N ?;=B @|=0M ;H> NB?H JF;=CHA ; MNLCHA ;LIOH> ; J?H=CF ;H> NB? JCHM ;H> NL;=CHA ; FCH? IH J;J7L
=CL=F? CM ; MJ?=C;F =;M? I@ ;H ?FFCIM? CH QBC=B NB? NQI @I=C =ICH=C>? NBOM ;HS JICHN IH NB? =CL=F? CM NB? M;G? >CMN;H=? @LIG NB? =?HN?L < #
AL;PCN;NCIH;F IL<BN@IFFIQM ;H ?FFCINGC=;F J;NB QEME? @I=OM (?JFRL@CLMN F;Q MN;N?M NBCM @;=N @IL JF;H?NM IL<CNCHA NB? 0OH

Kepler @ Second Law

":=B JF;H?N GIP?M MI NB;N ;H CG;ACH;LS FCH? >L;QH @LIG NB? OOH NI NB? JF;H?N MQ??JM ION ?KO;F ;L?;M CH ?KO;F NCG?M M??
Figure 4.35

Kepler @ Third Law

1B? L;NCI 1@ NB? MKO;L?M 1@ NB? J?LCI>M 1@ ;HS NQI JF;H?NM ;<ION NB? 0OH CM ?KO;F NI NB? L;NCI |@ NB? =O<?M I@ NB?CL ;P?L;A?
>CMN;H=?M @LIG NB? 00OH &H ?KO;NCIH @ILG NBCM CM

5 S

5 S
QB?L? 5 CM NB? J?LCI> NCG? @IL IH? IL<CNCM:NB? ;P?L;A? L;>COM 1BCM ?KO;NCIH CM P;FC> IHFS @IL =IGJ;LCHA NQI MG;FF

G;MM?M IL<CNCHA NB? M;G? F;LA? IH? *IMN CGJINBEMES/ ; >?M=LCINCP? ?KO;NCROHASI CH@ILG;NCIH ;M NI NB? =;,0M? |@
NB? ?KO;FCNS
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Figure 4.35 1B? MB;>?> L?ACIHM B;P? ?KO;F ;L?;M &N N;E?M ?KO;F NCNM @@LIG NI @LIG NI! ;H>@LIG"NI# 1B? G;MM N GIP?M
@;MN?MN QB?H CN CM =FIM?@BHAILM M?=IH> F;Q Q;M ILCACH;FFS >?PCM?> @IL JF;H?NM IL<CNCHA NB? OOH <ON CN B;M <LI;>?L P;FC>CNS

+IN? ;A;CH NB;N QBCF? @IL BCMNILC=;F L?;MIWMF,QIF2L? MN;N?> @IL JF;H?NM IL<CNCHA NB? 0OH NB?S ;L? ;=NO;FFS P;FC> @IL ;FF
<I>C?M M;NCM@SCHA NB? NQI JL?PCIOMFS MN;N?> =IH>CNCIHM

Example 4.7 Find the T ime for One Orbit of an Earth Satellite

$CP?H NB;N NB? *IIH IL<CNM ";.LNB ?;=B > ;H>NB;N CN CM ;H ;P?L;A? >CMN;H=2+@ N @LIG NB? =?HN?L |@ ";LNB
=;F=0OF;N? NB? J?LCI> |@ ;H ;LNC@C=C;F M;N?FFCN? IL<CNCHA ;N ;H ;P?L;A? ;FNCNO>? |@ MOE@;=IP? ";LNB\

Strategy
1B? J?LCI> IL NCG? @IL IH? IL<CN CM L?F;N?> NI NB? L;>COM |@ NB?\MNBCKS BAQGF?H CH G;NB?G;NC=;F @ILG CH
5 S
5— g )?N OM OM? NB? MO<M=LCJN @IL NB? *IIH ;H> NB? MO<M=LCJIN @IL RR?ME?ERONGCHD> 1B?
ACP?H CH@ILG;NCIH N?FFM OM NB;N NB? IL<CN:F L;>COM 1@ NB? tHH CNN ;H> NB;N NB? J?LCI> |@ NB? *IIH CM
5 1B? B?CABN |I@ NB? ;LNC@C=C;F M;N?FFCMNMAE@ #NBM ACP?H ;H> MI Q? GOMN ;>> NB? L;>COM I@ ";LNB
EG NIA?N S LN L N +IQ ;FF KO;HNCNC?M ;L? EHIQH ;HBME;H <? @IOH>
Solution

(?JF?L\M NBCL> F;Q CM
5 S

5 S

U MIFP? @IL5 Q? =LIMM GOFNCJFS ;H> N;E? NB? MKO;L? LIIN SC?F>CHA

o
ot
0OO<MNCNONCHA EHIQH P;FO?M SC?F>M
11 LN 4
5 E
E 3 _ |n\®

Discussion 1BCM CM ; L?;MIH;<F? J?LCI> @IL ; M;N?FFCN? CH ; @;CLFS FIQ IL<CN &N CM CHN?L?MNCHA NB;N ;HS M;N?FFCN? ;N NBC
IL<CN CH NB? M;G? ;GIOHN 1@ NCG? 1BCM @;=N CM L?F;N?> NI NB? =IH>CNGHGBN CB MG, REEAGBR?> QCNB NB;N |@

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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";LNB

-?1JF? CGG?>C;N?FS M?;L=B @IL >??J?L G?;HCHA QB?H <LI;>FS ;JJFC=;<F? F;,QM WCHZ?(2CRPLIP?L?> &N Q;M +?QNIH QBI
NIIE NB? H?RN AC;HN MN?J QB?H B? JLIJIM?> NB? F;Q |@ OHCP?LM;F AL;PCN;NCIH 4BCF? (?JF?L QWwhatk®;MI >CM=IP?L
B;JJ?HCHA +?QNIH >CM=IP?L?> NB;N AL;PCN;NCIH;F @IL=? Q;M NB? =,0M?

I?LCP;NCIH |@ (?JM211BCL> );Q @IL CL=OF;L ,L<CNM

4 ? MB;FF >?LCP? (?JW?NBCL> AYN;LNCHA QCNB +RQN®M 1@ GINCIH ;H> BCM OHCP?LM;F F;Q 1@ AL;PCN;NCIH 1B? JICHN CM NI
>?GIHMNL;N? NB;N NB? @IL=? |@ AL;PCNS CM NB? =;OMF @M (FENBIOAB Q? QCFF IHFS >?LCP? NB? NBCL> IH?

)?N OM =IHMC>?L ; =CL=OF;L IL<CN 1@ ; MG;N5;a0Hi# ; F;LA? G;MM . M;NCM@SCHA NB? NQI =IH>CNCIHM MN;N?> ;N NB? <?ACHHCHA
1@ NBCM M?=NCIH $L;PCNS MOJJFC?M NB? =?HNLCJ?N] @GNLEICH S HIBNB +?RINIFFIH> F;Q ;JJFC?> NI =CL=OF;L GINCIH

'oe NB Nysv

1B? H?N ?RN?LH;F @IL=? IH GINIEM AL;PCNS Ml Q? MO<MNCNON? NB? @IL=? I@ AL;BENS @IL

(N W
s S
1B? G;MM N =;H=?FM SC?F>CHA

(s W

1B? @;=N NB;N =;H=?FM ION CM ;HINB?L ;MJ?=N 1@ NB? I@N HIN?> @;=N NB;N ;N ; ACP?H FI=;NCIH ;FF G;,MM?M @;FF QCNB NB? M;G?
;==?F?L;NCIH %7?L? Q? M?? NB;N ;N ; ACP?H IL<CN;RLSEGMWMM?M IL<CN ;N NB? M;G? MJ??> 1BCM Q;M CGJFC?> <S NB? L?MOFN |1@
NB? JL?=?>CHA QILE?> ?R;GJF? +KJ A?N ;N (?JFM NBCL> FgQ GOMN A?N NB? J?L&EIEHNI NB? ?KO;NCIH S >?@CHCNCIH

J?LCI> 5 CM NB? NCG? @IL IH? =IGJF?N? IL<CN +IQ NB? ;P?L;ANIBMPRB? =CL=0G@?L?H=? >CPC>?> <S NB? J?LCI>ZNB;N CM

W —=S
5
0O<MNCNONCHA NBCM CHNI NB? JL?PCIOM ?KO;NCIH ACP?M
. s
( [ ]
s
OIFPCHA @5. SC?F>M
5 -5
@

2MCHA MO<M=LCJNM ;H> NI >?HIN? @QL2BKDM;N?FFCN?M ;H> N;ECHA NB? L;NCI |@ NB? F;MN ?KO;NCIH @IL M;N?FFCN? NI M;N?FF(
SC?F>M

5 S

5 S

1BCM CM (?WPNBCL> FMN? NB;N (?JFAM NBCL> F;Q CM P;FC> IHFS @IL =IGJ;LCHA M;N?FFCN?M |@ NB? M7GOM?HNFS|>S
NB?H >I1?M NB? G;MM 1@ NB? J;L?HN <I>§H=?F

L]

+1Q =IHMC>?L QB;N Q? A?N C@ Q? NGFP?

S @ILNB?L;:NSI 5 4 ?1<N;CH ; L?F;NCIHMBCJ NB:N =;H <? OM?> NI

(.
>?N?LGCH? NB? G;MMI@ ; J;L?HN <I>S @LIG NB? IL<CNM I@ CNM M;N?FFCN?M
S _(
5 .

&@t ;H> 5;L? EHIQH @IL ; M;N?FFCN? NB?H NB? G@MB? J;L?HN =;H <? =;F=OF;N?> 1BCM JLCH=CJF? B;M <??H OM?>
?RN?HMCP?FS NI @CH> NB? G;MM?M I@ B?;P?HFS <I>C?M NB;N B;P? M;N?FFCN?M #SLNB?MBLOFNB? [ :;NEBMN;HN @IL ;FF
M;N?FFCN?M 1@ NB? M;G? J;,L?HN <I>S <&;0? (. e 07?7 Table4.2

&N CM =F?;L @ili@ 4.2 NB;N NB? L;NCIE® 5 CM =IHMN;HN ;N F?;MN NI NB? NBCL>>CACN @IL ;FF FCMN?> M;N?FFCN?M |@ NB? OOH ;
NBIM? 1@ 'OJCN®@;FF P;LC;NCIHM CH NB;N L;NCI B;P? NQI =;,0M?MZOH=?LN; CHNC2MIHMBM> J?LNOL<;NCIHM |@ NB?
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IL<CNM >07? NI INB?L <I>C?M &HN?LRBNCHARESIOL<;NCIHM =;H <?Z;H> B;P? <??HZOM?> NI JL?>C=N NB? FI=;NCIH |@ H?Q JF;H?NM
;H> GIIHM 1BCM CM ;HINB?L P?LC@C=;NCIH i@ 3PQRMWM;F F;Q |@ AL;PCN;NCIH

*ECHA IHH?=NCIHM

+?QNIHM OHCP?LM;F F;Q 1@ AL;PCN;NCIH CM GI>C@CRPABITHIVNRTHS 1@ L?F;NCRPCNB;FF M?? [CHiticle

Physics (https://legacy .cnx.org/content/m42667/latest/)  +?QNIHM AL;PCNS CM HIN M?LCIOMFS CH ?LLILZCN Q;M ;H> MNCFF CM ;H
?RNL?G?FS All> ;JJLIRCG;NCIH @IL GIMN MCNO;NCIHM GTHMBICENCIH CM GIMN HINC=?;<F? CH ?RNL?G?FS F;LA? AL;PCN;NCIH;F
@C?F>M MO=B ;M H?;L <F;=E BIF?M %fQPPRLF L?F;NCPCNS ;FMI ?RJF;CHM MO=B JB?HIG?H; ;M MG;FF <ON FIHA EHIQH
>?PC;NCIHM I@ NB? IL<CN 1@ NB? JF;H?N *?L=0LS @LIG =F;MMC=;F JL?>C=NCIHM

1B? ;M? @IL OCGJFC=CNS

1B? >?P?FIJG?HN 1@ NB? OHCP?LM;F F;Q 1@ AL;PCN;NCIH <S +?QNIH JF;S?> ; JCPIN;F LIF? CH NB? BCMNILS I@ C>?;M 4BCF? CN CM <?
M=13? 1@ NBCM N?RN NI =IP?L NB;N BCMNILS CH ;HS >?N;CF Q? HIN? MIG? CGJILN;HN JICHNM 1B? >?@CHCNCIH I@ JF;H?N M?N CH
&HN?LH;NCIH;F MNLIHIGC=;F 2HCIH &2 MN;N?M NB;N CH NB? MIF;L MSMN?G ; JF;H?N CM ; =?F?MNC;F <I>S NB;N

CM CH IL<CN ;LIOH> NB? OOH
B;M M@C=C?HN G;MM NI ;MMOG? BS>LIMN;NC= ?KOCFC<LCOG ;H>
B;M =F?;L?> NB? H?CAB<ILBII> ;LIOH> CNM IL<CN
HIH M;N?FFCN? <I>S @OF@CFFCHA IHFS NB? @CLMN NQI I@ NB? ;<IP? =LCN?LC; CM =F;MMC@C?> ;M >Q;L@ JF;H?N *
&H -FONI Q;M >?GIN?> NI ; [>Q;L@ JF;H?N\ ;@N?L M=C?HNCMNM L?PCM?> NB?CL >?@CHCNCIH 1@ QB;N =IHMNCNON?M ; INLO?" JF;}

1:<F?  L<CN:F I;N; :H> (2JF?LM 1BCL> ):Q

";.LNB *IIH — —

OOH *?L=0LS — —

3?HOM — —

";LNB — —

“LM — —

'‘OJCN?L — —

O;NOLH — —

+2IJNOH? — —

-FONI — —

'‘OJCN?L | &l — > —

"OLIJ; — > —

$;:HSG?>? — > _

;FFCMNI — > —

1B? OHCP?LM;F F;Q 1@ AL;PCN;NCIH CM ; All> ?R;GJF? |@ ; JIBSMC=;F JLCH=CJF? NB;N CM P?LS <LI;>FS ;JJFC=;<F? 1B;N MCHAF? ?KO;N
NB? AL;PCN;NCIH;F @IL=? >?M=LC<?M ;FF MCNO;NCIHM CH QBC=B AL;PCNS ;=NM &N ACP?M ; =j@ MENFILMC-BNHRBX?L 1@ ?@
IL<CNM I@ NB? JF;H?NM ;H> GIIHM CH NB? MIF;L MSMN?G &N ?JCNIGCT?M NB? OH>?LFSCHA OHCNS ;H> MCGJFC=CNS I@ JBSMC=M

?@IL? NB? >CM=IP?LC?M |@ (?JF2HC=0OM $;FCF?l +?QNIH ;H>INB?LM NB? MIF;,L MSMN?G Q;M NBIOABN NI L?PIFP? ;LIOH>";,LNB
;M MBIQH CHgure 4.36 ; 1BCM CM =;FF?> NB? -NIF?G;C=@029B? $L??E JBCFIMIJB?L QBI FCP?> CH NB? M?=IH> =?HNOLS !

1BCM GI>?F CM =B;L;=N?LCT?><S ; FCMN |@ @;=NM @IL NB? GINCIHM |@ JF;H?NM@ENBRIEBINNCH> PEPL? N?H>?> NI <?

; >C@7L?HN LOF? @IL ?;=B B?;P?HFS <I>S ;H>; A?H?L;F F;=E |@ MCGJFC=CNS

Figure 4.36 < L?JL?M?HNM NB? GI>?LH IL IJ?LHC=;H GI>?F &H NBCM GI>?F ; MG;FF M?N |@ LOF?M ;H> ; MCHAF? OH>?LFSCHA @IL="?
?RJF;CH HIN IHFS ;FF GINCIHM CH NB? MIF;L MSMN?G <ON ;FF INB?L MCNO;NCHB? €HPHNBCHA MCBORG=CNS 1@ NB? F;QM 1@
JBSMC=M ;L? =IGJ?FFCHA M IOL EHIQF?>A? |@ H;NOL? B;M ALIQH NB? <;MC= MCGJFC=CNS I@ CNM F;QM B;M <?=IG? ?P?L GIL? ?PC>"
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Figure 4.36 ; 1B? -NIF?G;C= GI>?F |I@ NB? OHCP?LM? B;M ";LNB ;N NB? =?HN?L QCNB NB? *IIH NB? JF;H?NM NB? OOH ;H> NB? MN;LM L?PIFPCHA ;<ION CN CH
=IGJF?R MOJ?LJIMCNCIHM |@ =CL=0F;L J;NBM 1BCM A?I=?HNLC= GI>?F QBC=B =;H <? G;>? JLIAL?MMCP?FS GIL? ;==0OL;N? <S ;>>CHA GIL? =CL=F?M CM JOL~
>?M=LCINCP? =IHN;CHCHA HI BCHNM ;M NI QB;N ;L? NB? =;,0M?M |I@ NB?M? GINCIHM < 1B? 1J?LHC=;H GI>?F B;M NB? OOH ;N NB? =?HN?L I@ NB? MIF;L MSMI
CM @OFFS ?RJF;CH?> <S ; MG;FF HOG<?L I@ F;QM I@ JBSMC=M CHOHTFCHM FREIKD AL;PCN;NCIH

angular velocity : NB? L;N? I@ =B;HA? I@ NB? ;HAF? QCNB QBC=B ;H I<D?=N GIP?M IH ; =CL=0OF;L J;NB
arc length : T NB? >CMN;H=? NL;P?F?> <S :H I<D?=N ;FIHA ; =CL=OF;L J;NB

banked curve : =OLP? CH ; LI;> NB;N CM MFIJCHA CH ; G;HH?L NB;N B?FJM ; P?BC=F? H?AINC;N? NB? =OLP?
center of mass : NB? JICHN QB?L? NB? ?HNCL? G;MM 1@ ;H I<D?=N =;H <? NBIOABN NI <? =IH=?HNL;N?>

centrifugal force : ; @C=NCNCIOM @IL=? NB;N N?H>M NI NBLI@;@BZBNBIA@D?=N CM LIN;NCHA CH ; HIH CH?LNC;F @L;G? |@
L?@7?L?H="?

centripetal acceleration : NB?;==?F?L;NCIH I@ ;H I<D?=N GIPCHA CH ; =CL=F? >CL?=N?> NIQ;L> NB? =?HN?L
centripetal force : ;HS H?N @IL=? =;OMCHA OHC@ILG =CL=0F;L GINCIH
Coriolis force : CH?LNC;F @IL=? =;,0MCHA NB? ;JJ;L?HN >?@F?=NCIH 1@ GIPCHA I<D?=NM QB?H PC?Q?> CH ; LIN;NCHA @L;G? |@ L?@"

Coriolis force : NB? @C=NCNCIOM @IL=? =;0MCHA NB? ;JJ;L?HN >?@F?=NCIH |@ GIPCHA I<D?=NM QB?H PC?Q?> CH ; LIN;NCHA @L;G"
L?@7?L?H="

fictitious force : ; @IL=? B;PCHA HI JBSMC=;F ILCACH

gravitational constant, G: ; JLIJILNCIH;FCNS @;=NIL OM?> CH NB? ?KO;NCIH @ QHCRRILM;F F;Q |@ AL;PCN;NCIH CN CM;
OHCP?LM;F =IHMN;HNZNB;N CM CN CM NBIOABN NI <? NB? M;G? ?P?LSQB?L? CH NB? OHCP?LM?

ideal banking : MFIJCHA 1@ ; =OLP? CH ; LI;> QB?L? NB? ;HAF? |I@ NB? MFIJ? ;FFIQM NB? P?BC=F? NI H?AINC;N? NB? =OLP? ;N ; =?LN;Cl
MJ??> QCNBION NB? ;C> 1@ @LC=NCIH <?NQ??H NB? NCL?M ;H> NB? LI;> NB? H?N ?RN?LH;F @IL=? IH NB? P?BC=F? ?KO;FM NB?
BILCTIHN;F =?HNLCJ?N;F @IL=? CH NB? ;<M?H=? 1@ @LC=NCIH

inertial force : @IL=? NB;N B;M HI JBSMC=;F ILCACH

microgravity : ;H ?HPCLIHG?HN CH QBC=B NB? ;JJ;L?HN H?N ;==?F?L;NCIH |@ ; <I>S CM MG;FF =IGJ;L?> QCNB NB;N JLI>0=?> <S ";LNB
;N CNM MOL@;=?

NewtonG universal law of gravitation : ?P?LS J;LNC=F? CH NB? OHCP?LM? ;NNL;=NM ?P?LS INB?L J;LNC=F? QCNB ; @IL=? ;FIHA ; FCH?
DICHCHA NB?G NB? @IL=? CM >CL?=NFS JLIJILNCIH;F NI NB? JLI>O=N 1@ NB?CL G;MM?M ;H> CHP?LM?FS JLIJILNCIH;F NI NB? M}
NB? >CMN;H=? <?NQ??H NB?G

non-inertial frame of reference : ;H;==?F?L;N?> @L;G? |@ L?@7?L?H="

noninertial frame of reference : ;==?F?L;N?> @L;G? |@ L?@7?L?H="

pit: ; NCHS CH>?HN;NCIH IH NB? MJCL;F NL;=E GIOF>?> CHNI NB? N1J |@ NB? JIFS=;L<IH;N? F;S?L 1@ !

radians : ; OHCN I@ ;HAF? G?;MOL?G?HN
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radius of curvature : L;>COM @ ; =CL=0OF;L J;NB

rotation angle : NB? L;NCI 1@ NB? ;L= F?HANB NI NB? L;>COM I@ =OLP;NOL? IH ; =CL=0OF;L J;NB
T 4

ultracentrifuge : ; =?HNLC@OA? IINCGCT?> @IL MJCHHCHA ; LINIL ;N P?LS BCAB MJ??>M

uniform circular motion : NB? GINCIH I@ ;H I<D?=N CH ; =CL=0F;L J;NB ;N =IHMN;HN MJ??>

Section Summary

4.1 Rotation Angle and Angular V elocity
_ 2HC@ILG =CL=0F;L GINCIH CM GINCIH CH ; =CL=F? ;N =IHMN;HN MJ??> 1B?ILINONCHI@@F?> ;M NB? L;NCI I@ NB? ;L=
F?HANB NI NB? L;>COM I@ =OLP;NOL?

T A

QB?L? ;L= F?HANB1CM >CMN;H=? NL;P?F?> :FIHA ; =CL=0OF;L JNBVHNB? L;>COM I@ =OLP;NOL? I@ NB? =CL=OF;L J;NB 1B?
KO;HNCNB CM G?;MOL?> CH OHCNM 1@ L;>C;HM L;> @IL QBC=B
*BE Z S MVI
_ 1B? =IHP?LMCIH <?NQ??H L;>C;HM ;H> >?AL??MBNE Z
HAOF;L P?FI=CNSCM NB? L;N? 1@ =B;HA? |1@ ;H ;HAF?
T
TU
QB?L?; LIN;NCIHT N;E?M JF;=? CH ; NCG4 1B? OHCNM I@ ;HAOF;L P?FI=CNS ;L? L;>C;HM J?L M?=IH> L;>M )CH?;L P?FI=CNS
\ ;H> ;HAOF;L P?FI=CNS;L? L?F;N?> <S

ws ps ¥

4.2 Centripetal Acceleration
?HNLCJI?N;F ;==?F?L;N&HCM NB? ;==?F?L;NCIH ?RJ?LC?H=?> QBCF? CH OHC@ILG =CL=OF;L GINCIH &N ;FQ;SM JICHNM NIQ;L> NE
=?HN?L I@ LIN;NCIH &N CM J?LJ?H>C=0F;L NI NB? FGHPi: BAFNBRS;AHCNO>?

Bb ¥ s
_ 1B? OHCN I@ =?HNLCJ?N;F ;==?F?LIICIH CM

4 4 Fictitious Forces and Non-inertial Frames: The Coriolis Force
_ /IN;NCHA ;H> ;==?F?L;N?> @L;G?M |@ L?@?L?H=? ;L? HIH CH?LNC;F
_ #C=NCNCIOM @IL=?M MO=B ;M NB? ILCIFCM @IL=? ;L? H??>?> NI ?RJF;CH GINCIH CH MO=B @L;G?M

4.5 NewtonG Universal Law of Gravitation
+?QNIHM OHCP?LM:;F F;Q 1@ AL;PCN;NCIH "P?LS J;LNC=F? CH NB? OHCP?LM? ;NNL;=NM ?P?LS INB?L J;,LNC=F? QCNB ; @IL=? ;FIH/
DICHCHA NB?G 1B? @IL=? CM >CL?=NFS JLIJILNCIH:F NI NB? JLI>O=N I@ NB?CL G;MM?M :H> CHP?LM?FS JLIJILNCIH:F NI NB? MKC
>CMN;H=? <?NQ??H NB?G &H ?KO;NCIH @ILG NBCM CM

' ( N.

s
QB?L? # CM NB? G;AHCNO>? |@ NB? AL;PCN;NC(HSEI\@‘IB??AL;PCN;NCIH;F =IHMN;HN ACP?H <S
( — /N H
_ +?QNIHM F;Q |@ AL;PCN;NCIH ;JJFC?M OHCP?LM;FFS

4.6 Satellites and Kepler @ Laws: An Argument for Simplicity
_ (2JF?LM F;QM ;L? MN;N?> @IL ; MG;FF A\MMCNCHA ; F;LA?L G;MMCH H?;L CMIF;NCIH (P0FP.QM 1@ JF;H?N;LS GINCIH
;L? NB?H ;M @IFFIQM
(?JF?LM @CLMN F;Q

1B? IL<CN 1@ ?;=B JF;H?N ;<ION NB? 00OH CM ;H ?FFCIM? QCNB NB? 0OH ;N IH? @I=OM
(?IF?L.M M?=IH> F;Q
"=B JF;H?N GIP?M MI NB;N ;H CG;ACH;LS FCH? >L;QH @LIG NB? 00OH NI NB? JF;H?N MQ??JM ION ?KO;F ;L?;M CH ?KO;F NCG?M

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJNMHREAA=8HN?HN =IF
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(?JF?L\M NBCL> F;Q
1B? L;NCI 1@ NB? MKO;L?M I@ NB? J?LCI>M I@ :HS NQI JF;H?NM ;<ION NB? 00H CM ?KO;F NI NB? L;NCI I@ NB? =0<?M @ NB?CL ;P’
>CMN;H=?M @LIG NB? 00H

5 S

5 S

QB?L? 5 CM NB? J?LCI> NCG? @IL IH? IL<CNCM:NB? ;P?L;A? L;>COM I@ NB? IL<CN
1B? J?LCI> ;H> L;>COM 1@ ; M;NMFGNAN ;<ION ; F;LA?L <I>S ;L? L?F;N?><S

5 @ S
IL

S _C

5 .

Conceptual Questions

4.1 Rotation Angle and Angular V elocity

1. 1B?L? CM ;H ;H;FIAS <?NQ??H LIN;NCIH;F ;H> FCH?;L JBSMC=;F KO;HNCNC?M 4B;N LIN;NCIH;F KO;HNCNC?M ;L? ;H;FIAIOM NI >CMN;H:
P?FI=CNS

4.2 Centripetal Acceleration

2. ;H=?HNLCJ?N;F ;==?F?L;NCIH =B;HA? NB? MJ??> |@ =CL=OF;L GINCIH "RJF;CH

4.3 Centripetal Force

3. &@ SIO QCMB NI L?>0=? NB? MNL?MM QBC=B CM L?F;N?> NI =?HNLCJ?N;F @IL=? IH BCAB MJ??> NCL?M QIOF> SIO OM? F;LA? IL M(
>C;G?N?L NCL?M "RJF;CH

4.12@CH? =?HNLCJ?N;F @IL=? ;H;HS NSJ?1@ @IL=? @IL ?R;GJF? N?HMCIH AL;PCN;NCIH;F @IL=? @LC=NCIH ;H>MIIH <? ; =?HNLC:
@IL=? ;H;HS =IG<CH;NCIH I@ @IL=?M <? ; =?HNLCJ?N;F @IL=?

5. &@ =?HNLCJ?N;F @IL=? CM >CL?=N7?> NIQ;|.@B&B2I-S1aNPR?F NB;N SIO ;L? [NBLIQH\ ;Q;S @LIG NB? =?HN?L ;M ; =;,L AI?M
;LIOH>; =OLP? "RJF;CH
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6. /;=? =;L >LCP?LM LIONCH?FS =ON =ILH?LM ;M MBIQH <?FIQ -;NB "RJF;CH BIQ NBCM ;FFIQM NB? =OLP? NI <? N;E?H ;N NB? AL?;N?M|

MJ??>

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJWHFAA=3HN?HN =IF
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7.*HS ;GOM?G?HN J;,LEM B;P? LC>?M NB;N G;E? P?LNC=;F FIIJM FCE? NB? IH? MBIQM=@RNBB? =;LM ;L? ;NN;=B?> NI NB?
L;CFM CH MO=B ; Q;S NB;N NB?S =;HH@® &FNE® =;L AI?M IP?L NB? NIJ ;N DOMN NB? LCABN MJ??> AL;PCNS ;FIH? QCFF MOJJFS NB?

=?HNLCJ?N;F @IL=? 4B;N INB?L @IL=? ;=NM ;H> QB;N CM CNM >CL?=NCIH C@
; 1B? =L AI?M IP?L NB? NIJ ;N @;MN?L NB;H NBCM MJ??>
< 1B? =L AI?M IP?L NB? NIJ ;N MFIQ?L NB;H NBCM MJ??>

8. 4B;N =;,0M?M Q;N7?L NI <? L?GIP?> @LIG =FINB?M CH ; MJCH >LS?L
9. M; ME;N?L @ILGM ; =CL=F? QB;N @IL=? CM L?MJIHMC<F? @IL G;ECHA BCM NOLH 2M? ; @L?? <I>S >C;AL;G CH SIOL ;HMQ?L
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10. 00JJIM? ; =BCF> CM LC>CHA IH ; G?LLS Al LIOH> ;N ; >CMN;H=? ;<ION B;F@Q;S <?NQ??H CNM =?HN?L ;H> ?>A? 0B? B;M ; FOH=B <IR
L?MNCHA IH Q;R J;J™U NB;N NB?L? CM P?LS FCNNF? @LC=NCIH <?NQ??H CN ;H> NB? G?LLS Al LIOH> 4BC=B J;NB MBIQH <?FIQ QCFF N
<IR N;E? QB?H MB? F?NM Al 1B? FOH=B <IR F?;P?M ; NL;CF CH NB? >OMN IH NB? G?LLS Al LIOH> &M NB;N NL;CF MNL;CABN =OLP?> NI
IL =OLP?> NINB? LCABN "RJF;CH SIOL ;HMQ?L

11. 1 SIO @?7?F SIOLM?F@ NBLIQH NI ?CNB?L MC>? QB?H SIO H?AINC;N? ; =OLP? NB;N CM C>?;FFMWVHE?> @B NSCML NR?
>CL?=NCIH I@ NB? @IL=? ?R?LN?> |[H SIO <S NB? =;L M?;N

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
Unit Il - Forces 250



Unit 11 -

B;JN?L U2HC@ILG CL=OF;L *INCIH ;H> $L;PCN;NCIH

12. 00JJIM? ; G;MM CM GIPCHA CH ; =CL=0F;L J;NB IH ; @LC=NCIHF?MM N;<F? ;\&MBIQHBXTFICG? |@ L?@7?L?H=? NB?L? CM HI
=?HNLC@OA;F @IL=? JOFFCHA NB? G;MM ;Q;S @LIG NB? =?HN?L 1@ LIN;NCIH S?N NB?L? CM ; @IL=? MNL?N=BCHA NB? MNLCHA ;NN;=l
NB? H;CF 2MCHA =IH=?JNM L?F;N?> NI =?HNLCJ?N;F @IL=";NBGL2QRIRIF,;CH QB;N @IL=? MNL?N=B?M NB? MNLCHA C>?HNC@SCHA CI

JBSMC=;F ILCACH

13. 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 >
MMOGCHA HI CHCNC;F LIN;NCIH ;H> ; @FIQ CHCNC;FFS >CL?=NFS MNL;CABN NIQ;L> NB? >L;CH ?RJF;CH QB;N =;,0M?M NB? LIN;NCIH ;t
>CL?=NCIH CN B;M CH NB? +ILNB?LH %?GCMJB?L? +IN? NB;N NEBIMNCM> 126, 5AVIE@NICF?NM NB? LIN;NCIH CM =,0M?> <S

>CL?=NCIH;F Q;N?L D?XIM>&B? >CL?=NCIH |@ LIN;NCIH L?P?LM? C@ Q;N?L Q?L? @IL=?> OJ NB? >L;CH

14. =L LIOH>M ; =OLP? ;H> ?H=IOHN?LM ; J;N=B I@ C=? QCNB ; P?LS@FEMAEN |@ ECH?NC= @C=NCIH 1B?NB?NMFE>?M |@
1?M=LC<? NB? J;NB I@ NB? =;L ;M CN F?;P?M NB? LI;>

15. &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 IHIBM BUAETTIN;F @FIIL

MJOH OJ ;H>NB? @FIIL >LIIM ;QCS3?LM @7?7?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? 1@ L?@7?L?H=? |@ NB? <;l
;HCH?LNC;F @L;G? |@ L?@7?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 NI

16. 1QI @LC?H>M ;L? B;PCHA ; =IHP?LM;NCIH HH; M;SM ; M;N?FFCN? CH IL<CN CM CH @L?? @;FF <?=;0M? NB? M;N?FFCN? E??JM @;FF
"LNB 1G M;SM ; M;N?FFCN? CH IL<CN CM HIN CH @L?? @;FF <?=;0M? NB? ;==?F?L;NCIH >0? NN AL RE&NS| GMOHML??
QCNB ;H> QBS

17. HIHLIN;NCHA @L;G? |@ L?@7?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 ;F
@L,G?

4.4 Fictitious Forces and Non-inertial Frames: The Coriolis Force

18. 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 >
MMOGCHA HI CHCNC;F LIN;NCIH ;H> ; @FIQ CHCNC;FFS >CL?=NFS MNL;CABN NIQ;L> NB? >L;CH ?RJF;CH QB;N =;0M?M NB? LIN;NCIH ;t
>CL?=NCIH CN B;M CH NB? HILNB?LH B?GCMJB?L? +IN? NB;N NBCMCM> GKEERVNANICF?NM NB? LIN;NCIH CM =,0M?> <S >CL?=NCIH;F
Q;N?L D?NMIG@F> NB? >CL?=NCIH I@ LIN;NCIH L?P?LM? C@ Q;N?L Q?L? @IL=?> OJ NB? >L;CH

19. &M NB?L? ; L?;F @IL=? NB;N NBLIQM Q;N?L @LIG =FINB?M >OLCHA NB? MJCH =S=F? 1@ ; Q;MBCHA G;=BCH? "RJF;CH BIQ NB? Q;N?L
L?GIP?>

20. &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 IHIEM BLAETONN;F @FIIL

MJOH OJ ;H> NB? @FIIL >LIIM ;@CS?LM @7?7?F ;M C@ NB?S ;L? JCHH?> NI NB? Q;FF <S ; @IL=? MIG?NBCHA FCE? NB? AL;PCN;NCIH;F @IL:
1BCM CM ; @C=NCNCIOM @IL=? M?HM?> ;H> OM?> <S NB? LC>?LM NI ?RJF;CH ?P?HNM CH NB? LIN;NCHA @L;G? 1@ L?@7?L?H=? |@ NB?
;HCH?LNC;F @L;G? 1@ L?@?L?H=? ";LNB CM H?;LFS IH? QB;N JCHM NB? LC>?LM NI NB? Q;FF ;H> C>?HNC@S ;FF |@ NB? L?;F @IL=?M ;
NB?G
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21. =NCIH ;N ; >CMN;H=? MO=B ;M CM NB? =;M? @Q;M_IRENSBIOABN NI <? CFFIAC=;F ;H> NB?L?@IL? OHNLO? 4B;N CM NB?
OFNCG;N? >?N?LGCH;HN 1@ NB? NLONB CH JBSMC=M ;H> QBS Q;M NBCM ;=NCIH OFNCG;N?FS ;==?JN?>

22.1QI @LC?H>M :L? B;PCHA ; =IHP?LM;NCIH HH; M;SM : M;N?FFCN? CH IL<CN CM CH @L??@;FF <?=;0M? NB? M;N?FFCN? E??JM @;FF
"LNB 1G M;SM ; M;N?FFCN? CH IL<CN CM HIN CH @L??@;FF <?=;0M? NB? ;==?F?L;NCIH >0? N All;RBNS S0 -AN??

QCNB ;H> QBS

23. HIH LIN;NCHA @L;G? 1@ L?@?L?H=? JF;=?> ;N NB? =?HN?L I@ NB? 00H CM P?LS H?;LFS ;H CH?LNC;F IH? 4BS CM CN HIN ?R;=NFS ;|
@L;G?

4.5 NewtonB Universal Law of Gravitation

24. =NCIH ;N ; >CMN;H=? MO=B ;M CM NB? =;M? @ Q;MIRENSBIOABN NI <? CFFIAC=;F ;H> NB?L?@IL? OHNLO? 4B;N CM NB?
OFNCG;N? >?N?LGCH;HN 1@ NB? NLONB CH JBSMC=M ;H>QBS Q;M NBCM ;=NCIH OFNCG;N?FS ;==?JN?>

25.1Q1 @LC?H>M ;L? B;PCHA ; =IHP?LM;NCIH HH; M;SM ; M;N?FFCN? CH IL<CN CM CH @L??@;FF <?=,0M? NB? M;N?FFCN? E??JM @;FF
"LNB 1G M;SM ; M;N?FFCN? CH IL<CN CM HIN CH @L??@;FF <?=;0M? NB? ;==?F?L;NCIH >0? NINTI;ENSI SIOHML??
QCNB ;H> QBS

26.!L;,Q; @L?? <I>S >C;AL;G @IL ; M;N?FFCN? CH ;H ?FFCJINC=;F IL<CN MBIQCHA QBS CNM MJ??> CH=L?;M?M ;M CN ;JJLI;=B?M CNM J;L’
;H>>?=L?;M?M ;M CN GIP?M ;Q;S

27. +?QNIHM F;QM |@ GINCIH ;H> AL;PCNS Q7?L? ;GIHA NB? @CLMN NI =IHPCH=CHAFS >?GIHMNL;N? NB? OH>?LFSCHA MCGJFC=CNS ;H
H;NOL? *HS INB?L ?R;GJF?M B;P? MCH=? <??H >CM=IP?L?> ;H> Q? HIQ ?RJ?=N NI @CH> MO=B OH>?LFSCHA IL>?L CH =IGJF?R
MCNO;NCIHM &M NB?L? JLII@ NB;N MO=B IL>?L QCFF ;FQ;SM <? @IOH> CH H?Q ?RJFIL;NCIHM

4.6 Satellites and Kepler @ Laws: An Argument for Simplicity

28. &8H QB;N @L;G? M 1@ L?@7?L?H=? ;LANPBEQM P;FC> L? (?JFRLF;QM JOL?FS >?M=LCJINCP? IL > NB?S =IHN;CH =;,0M;F
CH@ILG;NCIH

CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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Problems & Exercises 4.2 Centripetal Acceleration

. . 10. @;CLALIOH> LC>? MICHM CNM 1==0J;HNM CHMC>? ; @FSCHA
4.1 Rotation Angle and Angular V elocity M;0=2L MB;J?> =IHN;CH&{@ NB? BILCTIHN;F =CL=OF;L J;NB NB?
1. 07GC NL;CF?L NLO=EM B;P? ;H I>IG?N?L IH IH? BO< 1@ ;  LC>?LM @IFFIQB;M;H G L;>COM ;N BIQ G;HS L?PIFONCIHM
NL;CF?L QB??F 1B? BO< CM Q?CABN?> Mi NB;N CN >I?M HIN #M;REHON? QCFF NB? LC>?LM <? MO<D?=N?> NI ; =2HNLCJ?N;F

<ON CN =IHN;CHM A?,LM NI =IOHN NB? HOG<?L 1@ QB??F  ;==?F?L;NCIH QBIM? G;AHCNO>? CM  NCG?M NB;N >0? NI
L?PIFONCIHMZCN NB?H =;F=OF;N?M NB? >CMN;H=? NL;P?F>AKBENS?
QB??F BIM; ~ G >C,G?N?L ;H> AI?M NBLIOAB 11. LOHH?L N;ECHA J,LN CHNB? G >;MB GOMN LOH ;LIOH>

LIN:NCIHM BIQ G;HS ECFIG?N?LM MBIOF> NB? I>IG?NL L?;>NB2 7H> @ - NL=E NB:N B:M : =CL=OF.L :L= OCNB : L:>COM I@
2.*C=LIQ;P? IP?HM LIN;N? ;N ; LiN? I@ ;<ION L?P GCH 4B;N =OLP;NOL?|@ G &@ B?=IGIF?N?MNB? G>MBCH M

CM NBCM CH L?PIFONCIHM J?L M?=IH> 4B;N CM NB? ;HAOF;LH*?ERENSN =IHMN;HN MJ??> NBLIOABION NB? L;=? QB;N CM NB?
CH L;>C;HM J?L M?=IH> G;AHCNO>? I@ BCM =?HNLCJ?N;F ;==?F?L;NCIH ;M B? LOHM NB?

= ?. ? =
3. H;ONIGI<CF? QCNB G L;>COM NCL?M NL;P?FM EG OLP?>JILNCIH 1@ NB? NL;=E

<?@IL? Q?;LCHA NB?G ION %IQ G;HS L?PIFONCIHM > NB? NGb?MECHA NB? :A? 1@ "LNB NI <? :<ION—  S?7:LM :H>
GiE? H?AF?=NCHA ;HS <;=ECHA OJ ;H> ;HS =B;HA? CH L;>COM
>07? NI Q?;L :MMOGCHA CNM IL<CN;F L;>COM+@ G B;M HIN =B;HA?>
4. ; 4B;N CMNB? J?LCI> |@ LIN;NCIH I@ ";LNB CH M?=IH>M <> CM =CL=CER=0F;N? NB? JJJLIRCG;N? NIN;F >CMN;H=? "LNB
4B:N CM NB? :HAOF:L P?FI=CNS 1@ "LNB = $CP?H NB:N ":LNBMMLP?F?> MCH=? CNM <CLNB CH ; @L;G? I@ L?@?L?H=? MN;NCIH;LS
QCNB L?MJ?=N NI NB? 0OH
L>coMi@ — N NCNMZKONENCMNE?FCHZL 15 8p LiserraL |@ ; WF>4;L & @CABN?L JF;H?CM G CH
. 7 ?FF~ TUF> 4 ? H7
P?FI=CNS ;N ";LNBAOL@;="? >C.GINIL
5. <;M?<;FF JCN=B?L <LCHAM BCM ;LG @ILQ:L> >OLCHA ; JCN5R, , A SCHM 391 Mo=
LIN;NCHA NB? @IL?;LG ;<ION NB? &&IRQB? P?FI=CNS 1@ NB? < "L\IogMegEM HAOFIL PPFIZCNS CH Li>CHM J2L M?=IH> C@ CN MICHM
CHNB? JCN#BBtH>CM G M;H>NB?<;FFCM G @LIG ' '
NB? ?F<IQ DICHN QB;N CM NB? ;HAOF;L P?FI=CNS |@ NB? @I£?4BN CM NB? FCH?;L MJ??>1@ CNM NCJ ;N NBCM ;HAOF;L P?FI=CNS C@

2 JE-H? - - 2N:LG:=
6. &H F:=LIMM? ; <;FF CM NBLIQH @LIG ; H?N IH NB? 2H> 1@ ; MRicg - OM MNNCIFILS IH NB? NiLG;

<S LIN;NCHA NB? MNC=E ;H> @IL?;LG ;<ION NB@?NBIQ = 4B;N CM NB? =?HNLCJ?N;F ;==?F?L;NCIH I@ NB? JLIJ?FF?L NCJ
;HAOF;L P?FI=CNS I@ NB? <;FF ;<ION NB? ?F<IQ DICHN CM ~ @H>AL NB?M? =IH>CNCIHM ;F=OF;N? CN CH G?N?LM J?L M?=IH>
;H>NB? <;FFCM G @LIG NB? ?F<IQ DICHN QB;N CM NB? PMHECNS ;H> =IHP?LN NI GOFNCJH?M |1@

I@ NB? <;FF
14. HIL>CH;LS QILEMBIJ ALCH>MNIH? B;M ; L;>COM 1@ =G
7. NLOSEQCNB G L;>COMNCL?M NL;P?FM;N G M 4BNys | INNM N L2P GCH

CM NB? ;HAOF;L P?FI=CNS I@ NB? LIN;NCHA NCL?M CH L;>C;HM J?L
M?=IH> 4B:N CM NBCM CH L?P GCH . :F=OF;N? NB? G;AHCNO>? |@ NB? =?HNLCJ?N;F ;==?F?L;NCIH ;N

CNM ?>A? CH G?N?LM J?L M?=IH> MKO;L?> ;H> =IHP?LN CN NI
8. Integrated Concepts 4B?H EC=ECHA ; @IIN<;FF NB? ECzE?ISOFNCJF?M—I@

LIN;N?M BCM F?A ;<ION NB? BCJ DICHN

. 8@ NB? P2FI=CNS 1@ NB? NCJ [GWBBEGH?L G M:H> < 4BiN CMNB? FCH?:L MJ?2> 1@ ; JICHN IH CNM ?>A?

NB? BCIJDICHN CM G @LIG NB? NCJ 1@ NB? MBI? QB;N CMBB®Z?FC=IIJN?L <F;>?M QCNBMN;H> NL?G?H>IOM MNL?MM?M &H
MBI? NQJ\;HAOF;L P?FI=CNS :>>CNCIH NI MOJJILNCHA NB? Q?CABN 1@ ; BIBTS=UN?L

< 1B? MBI? CM CH =IHN;=N QCNB NB? CHCNC;FFS MN;NCIH;MJOHEN L1JC> LIN?M [H> ?RJ?PLC?H=? FILA? =?HNLCJ?N;F
@IINSFF @IL  GM 4B;N ;P?L;:A? @IL=? CM ?R?LN?> IH NB? :==7F?LNCIHM ?MJ?=C;FFS ;N NB? NCJ

@IIN<;FFNIACP? CN; P?FI=CNS 1@ GM ;. :F=OF;N? NB? G;AHCNO>? |@ NB? =?HNLCJ?N;F ;==?F?L;NCIH ;N
= #CH> NB? G;RCGOG L;HA? 1@ NB? @IIN<;FF H?AF?=NCHANE? NCJ1@; G FIHA B?FC=IIN?L <F;>? NB;N LIN;N?M ;N
L?MCMN;H=? L?P GCH

< IGJ;L? NB? FCH?;L MJ??> 1@ NB? NCJ QCNB NB? MJ??> |@

MIOH> N;E?HNI<? GM
IHMC>?L ;H ;GOM?G?HN J;LE LC>? CH QBC=B J;LNC=CJ;HNM ;L?

LIN;N?> ;<ION ; PPLNC=;F ;RCM CH ; =SFCH>?L QCNB P?LNC=F5¢QFFfaC= C=? MEN?LM L? ;<F? NI MJCH ;N ;<ION L?P M
,H=? NB? ;HAOF;L P?FI=CNS L?;=B?M CNM @OFF P;FO? NB? @®:N CM NB?CL ;HAOF;L P?FI=CNS CH L;>C;HM J?L M?=IH>
>LIIM ;Q;S ;H> @LC=NCIH <?NQ??H NB? Q;FFM ;H> NB? LC>?LM ~ e _
JL?P?HNM NB?G @LIG MFC>CHA >IQH [HMNLO=N ; JLI<F?G 43'\;\‘ CMGN@BEI ‘G"L'g“,;cég':ﬂf@‘[r’\'f T\ILCII\II-?IH @ WBRIME, R
QBC=B SIO =;F=OF;N? NB? H?=?MM;LS ;HAOF;L P?FI=CNS NB; o '

:‘MMOL?M NB? LC>?LM QCFF HIN MFC>? >IQH NB? Q;FF &H=F©>P;2R£?INCIH;F ME;N?L H;G?> IC=E ONNIH Q;M ;<F? NI MJCH

<I>S >C;AL;G 1@ ; MCHAF? LG3MA NB? P;LC;<F?M NI GO=B @;MN?L CHNB? M NB;H ;HSIH? MCH=?Z;N ;<ION L?P
=IHMC>?L ;L? NB? L;>COM 1@ NB? =SFCH>?L ;HBGHE?HR@ I@M 4B;N Q;M NB? =?HNLCJ?N;F ;==?F?L;NCIH 1@ NB? NCJ |@ BCM HIM?
@LC=NCIH <?NQ??H NB? LC>?LM\ =FINBCHA ;:H>NB? Q;FF ;MMOGCHACNCM N G L;>COM

> |IGG?HN IH NB? G;AHCNO>?M 1@ NB? ;==?F?L;NCIHM @IOH> &N
CM L?JON?> NB;N ONNIH LOJNOL?> MG;FF <FlI> P?MM?FM >OLCHA BCM
MJCHM

17. 4B;N J?L=?HN;A? |@ NB? ;==?F?L;NCIH ;N NLNBL@;=? CM
NB? ;==?F?L;NCIH >0? NI AL;PCNS ;N NB? JIMCNCIH 1@ ; M;N?FFCN?
FI=;N?>  EG ;<IP? ";LNB

9. Construct Y our Own Problem
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18. 3?LC@S NB;N NB? FCH?;L MJ??> 1@ ;H OFNL;=?HNLC@OAP EM=i@NN s Universal Law of Gravitation
EG M ;H>"LNB CH CNM IL<CN CM :<ION EG M <S

—FoOFNCHA 23. ; ;F=OF;N? ";LNBM G;MM ACP?H NB? ;==2F?L;NCIH >0? NI
| 1B? FCH?,L MJ?2> 1@ ; JICHN IH ;H OFNL;=?HNLC@0A? ~ GLPCNSNNB?+ILNB-IF?CM  NT;H>NB? L;>COM @ NB?
@LIG CNM =?HNPNCHA ;N L?P GCH "LNBCM EG @LIG =?HN?L NI JIF?

< 1B? FCH?,L MJ??> 1@ ";LNB CH CNM IL<CN ;<ION NB? 0OH GMIBJ;L? NBCM QCNB NB? ;==?JN?> P;FO? I@

>:N; @LIG NB? N?RN IH NB? L;>COM I ILEER\;H> o

;JJLIRCG;N? CN ;M <?CHA =CL=0OF;L

19. LIN;NCHA MJ;=? MN:NCIH CM M:C> NI =L?%N? [LNC@C=C;£- & F=OFN? NB? GAHCNO>? 1@ NB? :==2F2L.NCIH >07 NI

AL;PCNSAZ; FIIM?ES >?@CH?> N?LG OM?> @IL :H ;==2F?L;NCMH{iSNS IH NB? MOL@:=? 1@ "LNB >0 NI NB? *IIH

QIOF> <? =LO>?FS MCGCF:L NI ABPEN®L Q:FF |@ NB? < :F=OF;N? NB? G:AHCNO>? I@ NB? :==?F?L:NCIH >0? NI AL:PCNS

LIN;NCHA MJ:=? MN:;NCIH QIOF> <?=I1G? ; @FIIL @IL NB? ‘N ":LNB >0? NI NB? 00H

. . . =2 ?2N'F '==?F?| * 2 2?2

MNLIHONM :H> =?HNLCI?NF ;==2F2LiNCIH MOJJFC?> <S NB2 @EUL\ 1 | NCI 1@ NB? AIMU==2F2L:NCIH NI NB? BOHS

QIOF> ;FFIQ ;MNLIH;ONM NI 2R?L=CM? ;H> GiCHN:CH GOM=FZ % , ! .
M _ : “F 215G 2HN IH QBS NB? NC>?M :L? JL?>IGCH;HNFS >0? NI NB? *IIH

<IH? MNL?HANB GIL? H;NOL;FFS NB;H CH HIH LIN;NCHA MJ;=2, 1t o

FFSNB > @ NBCM HOG<?L
PHPCLIHG?HNM &@ NB? MJ:=? MN:NCIH CM G CIBQG?N?T

;HAOF;L P?FI=CNS QIOF> JLI>0="? ;H ;LNC@C=C;F AL;PCNS” #®. ; 4B;N CM NB? ;==?F?L;NCIH >O? NI AL;PCNS IH NB? MOL@;=?
2 *
N T:NNB?LCG |@ NB? *IIH
< ,HNB? MOL@;=? 1@ *;LM 1B? G;MM I@ *;LM CM
20. NN;E?I@ ; =IGG?L=C;FD?NB;M; G MMJI??> &NM NCL?M ) )
B:P?:>C:G?N?LI@ G — LF;H>CNML;>cOMCM— N
; NBIQG;HS L?P GCH ;L? NB? NCL?M LIN;NCHA 26. ; ;F=0OF;N? NB? ;==?F?L;NCIH >07? NI AL;PCNS IH NB?

< 4B:N CM NB? =?HNLCJ?N:F :==?F?L;NCIH :N NB? ?>A? |@ NM$&:57 1@ NB? OOH
< S QB:N @:=NIL QIOF> SIOL Q?CABN CH=L?:M? C@ SIO =IOF>

= 4CNB QBN @IL=? GOMN ; >?N?LGCH?>— L+ MN;H> IH NB? 00H +?P?L GCH> NB;N SIO =;HHIN
<;=N?LCOG =FCHANINB? LCG 27. 1B? *IIH ;H> ";LNB LIN:N? ;<ION NB?CL =IGGIH =?HN?L 1@
> 1;E? NB? L;NCI |@ NBCM @IL=? NI NB? <M R?C2BE G;MM QBC=B CM FI=;N?>:<ION EG @LIG NB? =?HN?L |@

<? ? =2
21. Integrated Concepts LNB 1BCMCM  EG <?FIQ NB? MOL@;

. :F=OF;N? NB? G; >? ? :==7F7L; >0? ?
/C>?LM CH ;H ;GOM?G?HN JLE LC>? MB;J?> FCEGHA MBCJ ), o ﬁiE_PEE‘S_GNANHB(T‘S?ICF:,\? NB? ==?F?LINCIH>0? NINB

BOHA @LIG : F:LA? JCPIN :L? LIN:N?> <:=E :H> @ILNB FCE? : LeAS>M AL : :

J?H>0FOG 0IG?NCG? H?,L NB? GC>>F? 1@ NB? LC>? NB? MBEJ:ERMOF;N? NB? G;AHCNO>? 1@ NB? =?HNLCJ?N;F ;==?F?L;NCIH |@
GIG?HN;LCFS GINCIHF?MM ;N NB? NIJ I@ CNM =CL=OF;L ;L= NB?MBRdY?L |@ ";LNB ;M CN LIN;N?M ;<ION NB;N JICHN IH=? ?;=B
NB?H MQCHAM >IQH OH>?L NB? CH@FO?H=? 1@ AL;PCNS FOH;L GIHNB ;<ION > ;H>=IGJ;L? CN QCNB NB?

==2F7L; >CHUJLN ; ? 2NB?
oG oARCAC<s oLE-NCt o e e o (ERIHPIOT I leemmiicomen i
NB? <INNIG 1@ CNM ;L= ACP?H NB? MSMN?G M =?HN?L 1@ GiMM ™~ " 7" ' '
NL;P?FM CH ;H ;L=B;PCHA ; L;>COM I@ G ;H>NB? LC>?LM & oiFp? JiLN < I@xample 4.6 OMCHBp W <

H?;L NB? =2HN?L I@ G;MM

< 4B;N CM NB? =?HNLCJ?N;F ;==?F?L;NCIH ;N NB? <INNIG 1@ B MNLIFIANB;N OHFCE?FS ;H> P,AC? JM?0>IM=C?H=? GE?M
L= GO=B I@ NB? JIMCNCIH 1@ NB? JF;H?NM ;N NB? GIGI?HN 1@ IH?\
’ <CLNB 1B? IHFS EHIQH @IL=? ; JF;H?N ?R?LNM IH ";LNB CM

= IL,Q; @L?? <I>S >C;ALG I@ NB? @IL=?M ;=NCHA IH ; LC>?LANPCN:NCIH:F

NB? <INNIG 1@ NB? ;L=
; ;F=OF;N? NB? G;AHCNO>? |@ NB? AL;PCN;NCIH;F @IL=? ?R?LN?>
> #CH>NB? @IL=? ?R?LN?><SNB?LC>?IH; EALC>?L;H3H; EA<<S<S: EA@NB?L G :Q:S:N<CLNB

=IGJ;L? CN NI B?L Q?CABN B? CM ;MMCMNCHA MI B? CM =FIM? NI NB? =BCF>
? ICM=OMM QB?NB?L NB? ;HMQ?L M??GM L?;MIH;<F? < ;F=OF;N? NB? G;AHCNO>? |@ NB? @IL=? IH NB? <;<S >0? NI
22 Unreasonable Results 'OJCN?L C@ CN CM ;N CNM =FIM?MN >CMN;H=? NI ";LNB MIG?
GINB?L JOMB?M B?L =BCF> IH ; MQCHA MI NB:N BCMMJ??>cM —  N;Q;S %IQ >I?M NB? @IL=? @ 'OJCN?L IH NB?
G M ;N NB? FIQ?MN JICHN I@ BCM JNB 1B? MQCHACM  <;<S =IGJ;L? NI NB? @IL=? |@ NB? @;NB?L IH NB? <;<S ,NB?L
MOMJ?H>?> G ;<IP? NB? =BCR#+?HN?L |@ G;MM I<D?=NM CH NB? LIIG ;H> NB? BIMJCN;F <OCF>CHA ;FMI ?R?LN MCGCF;L

. . . - Eoe—e . ‘BCN;NCIH;F @IL=?M ,@ =IOLM? NB?L? =IOF> <? ;H OHEHIQH
; 4B;N CM NB? G;AHCNO>? |@ NB? =?HNLCJ?N;F ,——?F?L,NC%‘ @C o - N a )
NB? =BCF> ;N NB? FIQ JICHN IIL—? ;=NCHA <ON M=C?HNCMNM @CLMN H??> NI <? =[HPCH=?> NB;N

NB?L? CM ?P?H ;@?@N GO=B F?MM NB;N ;H OHEHIQH @IL=?
< 4B;N CM NB? G;AHCNO>? |@ NB? @IL=? NB? =BCF> ?R?LNMHANRPCN

M?;NC@ BCM GMMCM  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

. CM ,J?HON;R <IIE CM ;P;CF;<F? @IL @L?? ;N BNNJVMHREAA=8HN?HN =IF
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30. 1B? 2RCMN?H=? I@ NB? >Q;L@ JF;H?N -FONI Q;M JLIJIM?:87. MNLIHIGC=;F I<M?LP;NCIHM |1@ IOL *CERSHRS
<;M?> IH CLL?AOF;LCNC?M CH WPONGHN?\FONI Q;M 'N? NB:N CN B:M : G:MM 1@ <IGN  MIF:L G:MM?M
MO<M?KO?HNFS >CM=IP?L?> H?;L CNM JL?>C=N?> JIMCNCIH ON N T
HIQ ;JJ?;LM NB;N NB? >CM=IP?LS Q;M @ILNOCNIOM <?=;0M? MBOMIIL<CNCHA IH NB? AfA;RB\CJIB?LS CM ;<ION—
CM MG;FF ;H> NB? CLL?AOF;,LCNC?MNH.<CINQMA HIN Q?FF FCABN S?;LM @LIG CNM:=#BINAMBIOF> NB? IL<CN:F J?LCI>
EHIQH 1 CFFOMNL;N? NB;N -FONI B;M N B? IL<CN
1@ +Q°JN0H° =IGJ;L?> QCNB NB? = FIM”M%:E Hm| +2JNOHF@ NBINMNL <7 < &@ CNM J?LCE-CM CHMN?:> QBN CM

NB? G;MM 1@ NB? A;F;RS 00=B =;F=OF;NCIHM ;L? OM?> NI CGJFS
; ;F=OF;N? NB? ;==?F?L;NCIH >0? NI AL;PCNS ;N +2IJNOH? >Qi&s > o CMN2H=? |@ J>:LE G:NN?LA CH NB? OHCP2LM? :H> B.P?
NI-FONI QB?H NB?S ;L? — N :J,LN :MNB?S;L?;N CH>C=:N?> @IL ?R;GJF? NB? ?2RCMN?H=? |@ P?LS G;MMCP? <F;=E
IL2MPHN 187 G:MM @ -FONI CM= Lk BIF?M ;N NB? =?HN?LM 1@ MIG? A;F;RC?M

38. Integrated Concepts

< F=OFN? NB?;==?F?LINCIH >0? NI ALIPCNS ;N +2INOH? >@2_5 .o| cM F?@N @LIG IF> M:N?FFCN?M ;H> NB?CL F;:OH=B?LM CM

NI 2L;HOM JL?M?HNFS :<ION —  N;JLN ;H> <?=IGCHA ; B:T:L> NI INB?L M;N?FFCN?M : :F=OF:N? NB? MJ??>

=IGJ;L? CN QCNB NB;N >0? NI -FONI 1B? G;MM I@ 2L;HOM CM@ ; M;N?FFCN? CH ;H IL<CN = EG ;<IP? MNBL@;=? <

Lt 00JJIM? ; FIIM? LCP?N CM CH :H IL<CN 1@ NB? M:G? L;>COM NB:N

CHN?LM?=NM NB? MyNRRESNR\:H :HAF? @2 L?F;NCP? NI

31. ; 1B? 00H IL<CNM NB? *CFES4;F;RS IH=? ;=B "LNB 4B:N CM NB? P?FI=CNS I@ NB? LCP?N L?F;NCP? NI NB? M:N?FFCN?
DOMN <?@IL? MNLCECHA CN = $CP?HNB? LCP?NCM GG CH MCT?

. = = . . ’) .
Y ZQCNB;LIOABFS =CL=OFL IL<CN P?LIACHA ' &~ 1A OCFEF CNM ZIFFCMCIH QCNB NB? M:N?FFCN? F:MN > &@ CNM G

Y  FCABNS?LMCHL>COM FCABN S?;L CM NB? SZIN;HA-RBN CMNB? ;P7LA? @IL=? CN ?R?LNM IH NB? M;N?FFCN?

?H? ? ?H?L:N? ?=
NL;P?F?> <S FCABN CH=6F;N? NB? =?HNLCJ?N;F ,==’?F?L,NCIE§I/O|[Q! GO=B ?H?LAS CH DIOF?M CM APH?LIN?> <S NB? =IFFCMCIH

? ? ? 2= ?
1@ NB? 00H CH CNM A;F;=NC= IL<CN !I?M SIOL L?MOFN MOJ 'RJM\'; FC&M' 'é'g'_gg'f’;,ll;)'\f Hg\,‘H E'E':,)AL' éfj,}'\'l\ GEOM:
=IHN?HNCIH NB;N ; H?,LFS CH?LNC{F @L,G? |@ L?@?L?H=? ?L NB;H MB? LCP"
Fl=;N?> ;N NB? OOH 39. Unreasonable Results

< ;F=0OF;N? NB? ;P?L;A? MJ??> 1@ NB? 0OH CH CNM A;F;=NC= ;M?>IH (?JF?L W F;,QM ;H> CH@ILG;NCIH IH NB? IL<CN;F

IL<CN !1?M NB? ;HMQ?L MOLJLCM? SIO =B;L;=N?LCMNC=M I@ NB? *IIH =;F=0OF;N? NB? IL<CN;F L;>COM @IL ;H

"'.LNB M;N?FFCN? B;PCHA ; J?LCI>1@ B < 4B;NCM

OHL?;MIH;<F? ;<ION NBCM L?MOFN = 4B;N CM OHL?;MIH;<F? IL
GIOHN;CH EG @LIG ; J?LMIH ?R?LNM ; AL;PCN;NCIH;F @ILGRA=IHMCMN?HN :<ION NB? JL?GCM? 1@ ; B IL<CN

IHBCG ?KOF NI |@ BCM Q?CABN 40. Construct Y our Own Problem

» [F=OFN? NB? G;MM 1@ NB? GIOHN;CH H#7<LOLS NB? +"/ MJ;=2=L:@N Q:M MO==?MM@OFFS

< IGJ;L? NB? GIOHN:CHM G;MM QCNB NB:N |@ ":LNB CHM?LN?> CHNI IL<CN :LIOH> "LIM <?=IGCHA NB? @CLMN :LNC@C=C:F

— 4B:N CM OHL?:MIH:<E? :<ION NB?M? L?2MOENM M:N?FECN? 1@ :H :MN?LIC> IHMNLO=N ; JLI<F?G CH QBC=B SIO
>7N?LGCH? NB? IL<CN:F MJ2?> @IL : M:N?FECN? IG?QCEM 6

> 4BC=B JL?GCM?M ;L? OHL?MIH;<F? IL CH=IHMCMN?HN +{}2>> N| @ CH> NB? G;MM I@ NB? ;MN?LIC> ;H> =IHMC>?L MO=B

NB:N ;==OL;N? AL;PCN;NCIH;F G?;MOL?G?HNM =;H ?;MCFS >RBeMAM :M : M:@? >CMN:H=? @IL NB? IL<CN FNBIOAB "LIM CM HIN

NB? 7@?=N 1@ H?;L<S GIOHN;CHM ;H> P;LC;NCIHM CH FI=;F  \JB2L.C=:F =:F=OF;N? NB? :==?F?L:NCIH >0? NI AL:PCNS IH CNM

32. Unreasonable Result

A?IFIAS MOL@;=? ;N ; JICHN ;H ;P?L;A? >CMN;H=? @LIG CNM =?HN?L |@
G;MM 80L CHMNLO=NIL G;S ;FMI QCMB NI B;P? SIO =;F=OF;N? NB?

4.6 Satellites and Kepler @& Laws: An Argument ?M=;J? P?FI=CNS @LIG NBCM JICHN IH "LIM

for Simplicity

33. A?IMSH=BLIHIOM ";,LNB M;N?FFCN? CM IH? NB;N B;M ;H

IL<CN;F J?LCI> |@ JL?=CM?F0=B IL<CNM ;