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#"

"

$%&'(&') "
$*+,-+,. "/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"#"

01-234-"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!# "

$536,-1"!7"8+,1*9:4,;*+7"'5-"&3,:1-"*2")4;-+4-"3+9"05<.;4."///////////////////////////////////////////////////////"!= "

!/#"05<.;43>"?:3+,;,;-."3+9"@+;,."/////////////////////////////////////////////////////////////////////////////////////////////"!= "

!/="A44:134<B"01-4;.;*+B"3+9");C+;2;43+,"D;C:1-."///////////////////////////////////////////////////////////////////////"!E"

$536,-1"#7"F;+-G3,;4."//////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!H"

#/!"I;.6>34-G-+, "//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!H"

#/="';G-B"J->*4;,<B"3+9")6--9"///////////////////////////////////////////////////////////////////////////////////////////////////"!H"

#/K"L*,;*+"(M:3,;*+."2*1"$*+.,3+,"A44->-13,;*+";+"%+-"I;G-+.;*+"////////////////////////////////////////"!N"

#/O"D3>>;+C"%PQ-4,."/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"#! "

#/N"R1365;43>"A+3><.;."*2"%+-SI;G-+.;*+3>"L*,;*+ "/////////////////////////////////////////////////////////////////"#="

$536,-1"=7"'T*SI;G-+.;*+3>"F;+-G3,;4."/////////////////////////////////////////////////////////////////////////////////////"#K"

=/#"J-4,*1"A99;,;*+"3+9"):P,134,;*+7"R1365;43>"L-,5*9."////////////////////////////////////////////////////////"#K"

=/="J-4,*1"A99;,;*+"3+9"):P,134,;*+7"A+3><,;43>"L-,5*9."///////////////////////////////////////////////////////"#O"

=/E"01*Q-4,;>-"L*,;*+"////////////////////////////////////////////////////////////////////////////////////////////////////////////////"#U"

=/K"A99;,;*+"*2"J->*4;,;-."//////////////////////////////////////////////////////////////////////////////////////////////////////////"=#"

$536,-1"E7"I<+3G;4.7"D*14-"3+9"&-T,*+V."W3T."*2"L*,;*+"/////////////////////////////////////////////////////////"=H"

E/="&-T,*+V.")-4*+9"W3T"*2"L*,;*+7"$*+4-6,"*2"3")<.,-G"/////////////////////////////////////////////////////"=H"

E/H"01*P>-GS)*>X;+C"),13,-C;-."/////////////////////////////////////////////////////////////////////////////////////////////////"=O"

E/O"D:1,5-1"A66>;43,;*+."*2"&-T,*+V."W3T."*2"L*,;*+"/////////////////////////////////////////////////////////////"E!"

$536,-1"K7"D:1,5-1"A66>;43,;*+"*2"&-T,*+V."W3T.7"D1;4,;*+B"I13CB"3+9"(>3.,;4;,<"/////////////////////////"EK"



="

"

K/!"D1;4,;*+"////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"EK"

K/="(>3.,;4;,<7"),1-.."3+9"),13;+"/////////////////////////////////////////////////////////////////////////////////////////////////"EH"

$536,-1"H7"@+;2*1G"$;14:>31"L*,;*+"3+9"R13X;,3,;*+"///////////////////////////////////////////////////////////////////"EU"

H/!"Y*,3,;*+"A+C>-"3+9"A+C:>31"J->*4;,<"//////////////////////////////////////////////////////////////////////////////////"EU"

H/#"$-+,1;6-,3>"A44->-13,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////////"KZ"

H/="$-+,1;6-,3>"D*14-"////////////////////////////////////////////////////////////////////////////////////////////////////////////////"KZ"

H/K"&-T,*+V."@+;X-1.3>"W3T"*2"R13X;,3,;*+"//////////////////////////////////////////////////////////////////////////////"K!"

H/H")3,->>;,-."3+9"F-6>-1V."W3T.7"A+"A1C:G-+,"2*1");G6>;4;,<"///////////////////////////////////////////////////"K#"

$536,-1"O7"[*1\B"(+-1C<B"3+9"(+-1C<"Y-.*:14-."/////////////////////////////////////////////////////////////////////////"KE"

O/!"[*1\7"'5-")4;-+,;2;4"I-2;+;,;*+"///////////////////////////////////////////////////////////////////////////////////////////"KE"

O/#"F;+-,;4"(+-1C<"3+9",5-"[*1\S(+-1C<"'5-*1-G"///////////////////////////////////////////////////////////////////"KK"

O/="R13X;,3,;*+3>"0*,-+,;3>"(+-1C<"////////////////////////////////////////////////////////////////////////////////////////////"KK"

O/O"0*T-1"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"KH"

O/N"[*1\B"(+-1C<B"3+9"0*T-1";+"]:G3+."/////////////////////////////////////////////////////////////////////////////////"KO"

$536,-1"N7"W;+-31"L*G-+,:G"3+9"$*>>;.;*+."///////////////////////////////////////////////////////////////////////////////"H!"

N/!"W;+-31"L*G-+,:G"3+9"D*14-"/////////////////////////////////////////////////////////////////////////////////////////////"H!"

N/#"8G6:>.-"///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"H!"

N/="$*+.-1X3,;*+"*2"L*G-+,:G"///////////////////////////////////////////////////////////////////////////////////////////////"H#"

N/K"8+->3.,;4"$*>>;.;*+.";+"%+-"I;G-+.;*+"/////////////////////////////////////////////////////////////////////////////////"H="

N/H"$*>>;.;*+."*2"0*;+,"L3..-.";+"'T*"I;G-+.;*+."///////////////////////////////////////////////////////////////////"HK"

N/O"8+,1*9:4,;*+",*"Y*4\-,"01*6:>.;*+"//////////////////////////////////////////////////////////////////////////////////////"HO"

$536,-1"U7"),3,;4."3+9"'*1M:-"//////////////////////////////////////////////////////////////////////////////////////////////////////"HU"

U/#"'5-")-4*+9"$*+9;,;*+"2*1"(M:;>;P1;:G"////////////////////////////////////////////////////////////////////////////////"HU"

U/="),3P;>;,<"///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"HU"



E"

"

U/H"D*14-."3+9"'*1M:-.";+"L:.4>-."3+9"^*;+,."//////////////////////////////////////////////////////////////////////////"O#"

$536,-1"!Z7"Y*,3,;*+3>"L*,;*+"3+9"A+C:>31"L*G-+,:G"////////////////////////////////////////////////////////////"O="

!Z/!"A+C:>31"A44->-13,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////////////"O="

!Z/="I<+3G;4."*2"Y*,3,;*+3>"L*,;*+7"Y*,3,;*+3>"8+-1,;3"//////////////////////////////////////////////////////////"OE"

!Z/E"Y*,3,;*+3>"F;+-,;4"(+-1C<7"[*1\"3+9"(+-1C<"Y-X;.;,-9"/////////////////////////////////////////////////////"OH"

!Z/K"A+C:>31"L*G-+,:G"3+9"8,."$*+.-1X3,;*+"////////////////////////////////////////////////////////////////////////"ON"

!Z/H"$*>>;.;*+."*2"(_,-+9-9"`*9;-.";+"'T*"I;G-+.;*+. "////////////////////////////////////////////////////////////"ON"

$536,-1"!!7"D>:;9"),3,;4."///////////////////////////////////////////////////////////////////////////////////////////////////////////////"NZ"

!!/#"I-+.;,< "//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"NZ"

!!/="01-..:1- "////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"NZ"

!!/E"J31;3,;*+"*2"01-..:1-"T;,5"I-6,5";+"3"D>:;9"//////////////////////////////////////////////////////////////////////"N!"

!!/K"03.43>V."01;+4;6>-"///////////////////////////////////////////////////////////////////////////////////////////////////////////////"N#"

!!/O"A145;G-9-.V"01;+4;6>-"///////////////////////////////////////////////////////////////////////////////////////////////////////"NE"

!!/N"$*5-.;*+"3+9"A95-.;*+";+"W;M:;9.7"):1234-"'-+.;*+"3+9"$36;>>31<"A4,;*+"////////////////////////"NH"

!!/U"01-..:1-.";+",5-"`*9< "///////////////////////////////////////////////////////////////////////////////////////////////////////"NO"

$536,-1"!#7"D>:;9"I<+3G;4."3+9"8,."`;*>*C;43>"3+9"L-9;43>"A66>;43,;*+."////////////////////////////////////"UZ"

!#/!"D>*T"Y3,-"3+9"8,."Y->3,;*+",*"J->*4;,<"//////////////////////////////////////////////////////////////////////////////"UZ"

!#/#"`-1+*:>>;V."(M:3,;*+"//////////////////////////////////////////////////////////////////////////////////////////////////////////"U!"

!#/="'5-"L*.,"R-+-13>"A66>;43,;*+."*2"`-1+*:>>;V."(M:3,;*+"///////////////////////////////////////////////////"U#"

!#/E"J;.4*.;,<"3+9"W3G;+31"D>*Ta"0*;.-:;>>-V."W3T"////////////////////////////////////////////////////////////////////"U#"

!#/K"'5-"%+.-,"*2"':1P:>-+4-"//////////////////////////////////////////////////////////////////////////////////////////////////"UE"

!#/O"L*>-4:>31"'13+.6*1,"05-+*G-+37"I;22:.;*+B"%.G*.;.B"3+9"Y->3,-9"01*4-..-. "///////////////"UK"

$536,-1"!=7"'-G6-13,:1-B"F;+-,;4"'5-*1<B"3+9",5-"R3."W3T."//////////////////////////////////////////////////////"UO"

!=/!"'-G6-13,:1- "/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"UO"



K"

"

!=/#"'5-1G3>"(_63+.;*+"*2")*>;9."3+9"W;M:;9."//////////////////////////////////////////////////////////////////////////"UN"

!=/="'5-"89-3>"R3."W3T"/////////////////////////////////////////////////////////////////////////////////////////////////////////////"UN"

!=/E"F;+-,;4"'5-*1<7"A,*G;4"3+9"L*>-4:>31"(_6>3+3,;*+"*2"01-..:1-"3+9"'-G6-13,:1-"////////"!Z! "

!=/H"]:G;9;,<B"(X36*13,;*+B"3+9"`*;>;+C"////////////////////////////////////////////////////////////////////////////////"!Z! "

$536,-1"!E7"]-3,"3+9"]-3,"'13+.2-1"L-,5*9. "///////////////////////////////////////////////////////////////////////////"!ZE"

!E/#"'-G6-13,:1-"$53+C-"3+9"]-3,"$3634;,<"////////////////////////////////////////////////////////////////////////"!ZE"

!E/="053.-"$53+C-"3+9"W3,-+,"]-3,"///////////////////////////////////////////////////////////////////////////////////////"!ZK"

!E/K"$*+9:4,;*+"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!ZO"

!E/H"$*+X-4,;*+"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!ZN"

!E/O"Y39;3,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!ZU"

$536,-1"!K7"'5-1G*9<+3G;4."////////////////////////////////////////////////////////////////////////////////////////////////////"!!# "

!K/!"'5-"D;1.,"W3T"*2"'5-1G*9<+3G;4."//////////////////////////////////////////////////////////////////////////////////"!!# "

!K/#"'5-"D;1.,"W3T"*2"'5-1G*9<+3G;4."3+9")*G-");G6>-"01*4-..-."/////////////////////////////////////"!!= "

!K/="8+,1*9:4,;*+",*",5-")-4*+9"W3T"*2"'5-1G*9<+3G;4.7"]-3,"(+C;+-."3+9"'5-;1"(22;4;-+4<
"////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!!E "

!K/K"A66>;43,;*+."*2"'5-1G*9<+3G;4.7"]-3,"0:G6."3+9"Y-21;C-13,*1."/////////////////////////////////"!!E "

!K/H"(+,1*6<"3+9",5-")-4*+9"W3T"*2"'5-1G*9<+3G;4.7"I;.*19-1"3+9",5-"@+3X3;>3P;>;,<"*2"
(+-1C<"/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!!K "

!K/O"),3,;.,;43>"8+,-161-,3,;*+"*2"(+,1*6<"3+9",5-")-4*+9"W3T"*2"'5-1G*9<+3G;4.7"'5-"
@+9-1><;+C"(_6>3+3,;*+"///////////////////////////////////////////////////////////////////////////////////////////////////////////"!!H "

$536,-1"!H7"%.4;>>3,*1<"L*,;*+"3+9"[3X-."////////////////////////////////////////////////////////////////////////////////"!!N "

!H/!"]**\-V."W3T7"),1-.."3+9"),13;+"Y-X;.;,-9"////////////////////////////////////////////////////////////////////////"!!N "

!H/#"0-1;*9"3+9"D1-M:-+4<";+"%.4;>>3,;*+."//////////////////////////////////////////////////////////////////////////////"!!U "

!H/=");G6>-"]31G*+;4"L*,;*+7"A")6-4;3>"0-1;*9;4"L*,;*+"/////////////////////////////////////////////////////"!!U "

!H/E"'5-");G6>-"0-+9:>:G"/////////////////////////////////////////////////////////////////////////////////////////////////////"!!U "



H"

"

!H/K"(+-1C<"3+9",5-");G6>-"]31G*+;4"%.4;>>3,*1"///////////////////////////////////////////////////////////////////"!#Z"

!H/H"@+;2*1G"$;14:>31"L*,;*+"3+9");G6>-"]31G*+;4"L*,;*+"/////////////////////////////////////////////////"!#! "

!H/N"D*14-9"%.4;>>3,;*+."3+9"Y-.*+3+4-"////////////////////////////////////////////////////////////////////////////////"!## "

!H/U"[3X-. "/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!## "

!H/!Z"):6-16*.;,;*+"3+9"8+,-12-1-+4-"////////////////////////////////////////////////////////////////////////////////////"!#="

!H/!!"(+-1C<";+"[3X-.7"8+,-+.;,<"////////////////////////////////////////////////////////////////////////////////////////////"!#E"

$536,-1"!O7"05<.;4."*2"]-31;+C"///////////////////////////////////////////////////////////////////////////////////////////////////"!#K"

!O/#")6--9"*2")*:+9B"D1-M:-+4<B"3+9"[3X->-+C,5"////////////////////////////////////////////////////////////////"!#K"

!O/=")*:+9"8+,-+.;,<"3+9")*:+9"W-X->"////////////////////////////////////////////////////////////////////////////////////"!#K"

!O/E"I*66>-1"(22-4,"3+9")*+;4"`**G."/////////////////////////////////////////////////////////////////////////////////////"!#O"

!O/K")*:+9"8+,-12-1-+4-"3+9"Y-.*+3+4-7"),3+9;+C"[3X-.";+"A;1"$*>:G+."////////////////////////////"!#O"

!O/H"]-31;+C"////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!#U"

!O/O"@>,13.*:+9"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!=Z"

$536,-1"!N7"(>-4,1;4"$531C-"3+9"(>-4,1;4"D;->9"////////////////////////////////////////////////////////////////////////////"!=="

!N/!"),3,;4"(>-4,1;4;,<"3+9"$531C-7"$*+.-1X3,;*+"*2"$531C-"////////////////////////////////////////////////////"!=="

!N/#"$*+9:4,*1."3+9"8+.:>3,*1."//////////////////////////////////////////////////////////////////////////////////////////////"!=="

!N/="$*:>*GPV."W3T"////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!=E"

!N/E"(>-4,1;4"D;->97"$%+4-6,"*2"3"D;->9"Y-X;.;,-9"/////////////////////////////////////////////////////////////////////"!=H"

!N/K"(>-4,1;4"D;->9"W;+-.7"L:>,;6>-"$531C-."/////////////////////////////////////////////////////////////////////////////"!=O"

!N/O"$*+9:4,*1."3+9"(>-4,1;4"D;->9.";+"),3,;4"(M:;>;P1;:G"///////////////////////////////////////////////////////"!=N"

!N/N"A66>;43,;*+."*2"(>-4,1*.,3,;4."//////////////////////////////////////////////////////////////////////////////////////////"!E! "

$536,-1"!U7"(>-4,1;4"0*,-+,;3>"3+9"(>-4,1;4"D;->9"/////////////////////////////////////////////////////////////////////////"!E#"

!U/!"(>-4,1;4"0*,-+,;3>"(+-1C<7"0*,-+,;3>"I;22-1-+4-"///////////////////////////////////////////////////////////////"!E#"

!U/#"(>-4,1;4"0*,-+,;3>";+"3"@+;2*1G"(>-4,1;4"D;->9"///////////////////////////////////////////////////////////////////"!E#"



O"

"

!U/="(>-4,1;4"0*,-+,;3>"I:-",*"3"0*;+,"$531C-"/////////////////////////////////////////////////////////////////////////"!EE"

!U/E"(M:;6*,-+,;3>"W;+-."/////////////////////////////////////////////////////////////////////////////////////////////////////////"!EE"

!U/K"$3634;,*1."3+9"I;->-,1;4."////////////////////////////////////////////////////////////////////////////////////////////////"!EK"

!U/H"$3634;,*1.";+")-1;-."3+9"0313>>->"/////////////////////////////////////////////////////////////////////////////////////"!EK"

!U/O"(+-1C<"),*1-9";+"$3634;,*1."////////////////////////////////////////////////////////////////////////////////////////////"!EH"

$536,-1"#Z7"(>-4,1;4"$:11-+,B"Y-.;.,3+4-B"3+9"%5GV."W3T"/////////////////////////////////////////////////////////"!EN"

#Z/!"$:11-+,"////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!EN"

#Z/#"%5GV."W3T7"Y-.;.,3+4-"3+9");G6>-"$;14:;,."////////////////////////////////////////////////////////////////////"!EU"

#Z/="Y-.;.,3+4-"3+9"Y-.;.,;X;,<"///////////////////////////////////////////////////////////////////////////////////////////////"!KZ"

#Z/E"(>-4,1;4"0*T-1"3+9"(+-1C<"//////////////////////////////////////////////////////////////////////////////////////////////"!K#"

#Z/K"A>,-1+3,;+C"$:11-+,"X-1.:."I;1-4,"$:11-+,"//////////////////////////////////////////////////////////////////////"!KK"

#Z/H"(>-4,1;4"]3b319."3+9",5-"]:G3+"`*9<"////////////////////////////////////////////////////////////////////////////"!KH"

$536,-1"#!7"$;14:;,.B"`;*->-4,1;4;,<B"3+9"I$"8+.,1:G-+,."///////////////////////////////////////////////////////////"!KO"

#!/!"Y-.;.,*1.";+")-1;-."3+9"0313>>->"////////////////////////////////////////////////////////////////////////////////////////"!KO"

#!/#"(>-4,1*G*,;X-"D*14-7"'-1G;+3>"J*>,3C-"//////////////////////////////////////////////////////////////////////////"!KN"

#!/="F;1455*22V."Y:>-."/////////////////////////////////////////////////////////////////////////////////////////////////////////////"!KU"

#!/E"I$"J*>,G-,-1."3+9"AGG-,-1. "////////////////////////////////////////////////////////////////////////////////////////"!KU"

#!/K"&:>>"L-3.:1-G-+,. "////////////////////////////////////////////////////////////////////////////////////////////////////////"!H! "

#!/H"I$"$;14:;,."$*+,3;+;+C"Y-.;.,*1."3+9"$3634;,*1."////////////////////////////////////////////////////////////"!H! "

$536,-1"##7"L3C+-,;.G"//////////////////////////////////////////////////////////////////////////////////////////////////////////////"!H="

##/E"L3C+-,;4"D;->9"),1-+C,57"D*14-"*+"3"L*X;+C"$531C-";+"3"L3C+-,;4"D;->9"//////////////////////"!H="

##/K"D*14-"*+"3"L*X;+C"$531C-";+"3"L3C+-,;4"D;->97"(_3G6>-."3+9"A66>;43,;*+."//////////////////"!HE"

##/H"'5-"]3>>"(22-4,"/////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!HK"

##/O"L3C+-,;4"D*14-"*+"3"$:11-+,S$311<;+C"$*+9:4,*1"//////////////////////////////////////////////////////////"!HH"



N"

"

##/N"'*1M:-"*+"3"$:11-+,"W**67"L*,*1."3+9"L-,-1."/////////////////////////////////////////////////////////////"!HH"

##/!Z"L3C+-,;4"D*14-"P-,T--+"'T*"0313>>->"$*+9:4,*1."//////////////////////////////////////////////////////"!HO"

##/!!"L*1-"A66>;43,;*+."*2"L3C+-,;.G"/////////////////////////////////////////////////////////////////////////////////"!OZ"

$536,-1"#=7"(>-4,1*G3C+-,;4"8+9:4,;*+B"A$"$;14:;,.B"3+9"(>-4,1;43>"'-45+*>*C;-."/////////////////////"!O="

#=/!"8+9:4-9"(G2"3+9"L3C+-,;4"D>:_"//////////////////////////////////////////////////////////////////////////////////////"!O="

#=/#"D31393<V."W3T"*2"8+9:4,;*+7"W-+bV."W3T"//////////////////////////////////////////////////////////////////////////"!O="

#=/="L*,;*+3>"(G2"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!OE"

#=/E"(99<"$:11-+,."3+9"L3C+-,;4"I3G6;+C"///////////////////////////////////////////////////////////////////////////"!OK"

#=/K"(>-4,1;4"R-+-13,*1."/////////////////////////////////////////////////////////////////////////////////////////////////////////"!OK"

#=/H"`34\"(G2"/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!OH"

#=/O"'13+.2*1G-1."///////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!OH"

#=/U"8+9:4,3+4-"//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!OO"

#=/!Z"YW"$;14:;,."/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!ON"

#=/!!"Y-34,3+4-B"8+9:4,;X-"3+9"$3634;,;X-"////////////////////////////////////////////////////////////////////////////"!OU"

#=/!#"YW$")-1;-."A$"$;14:;,."////////////////////////////////////////////////////////////////////////////////////////////////////"!OU"

$536,-1"#E7"(>-4,1*G3C+-,;4"[3X-."//////////////////////////////////////////////////////////////////////////////////////////"!N#"

#E/!"L3_T->>V."(M:3,;*+.7"(>-4,1*G3C+-,;4"[3X-."01-9;4,-9"3+9"%P.-1X-9"////////////////////////"!N#"

#E/="'5-"(>-4,1*G3C+-,;4")6-4,1:G"///////////////////////////////////////////////////////////////////////////////////////"!N#"

#E/E"(+-1C<";+"(>-4,1*G3C+-,;4"[3X-."///////////////////////////////////////////////////////////////////////////////////"!N="

$536,-1"#K7"R-*G-,1;4"%6,;4."////////////////////////////////////////////////////////////////////////////////////////////////////"!NO"

#K/!"'5-"Y3<"A.6-4,"*2"W;C5,"///////////////////////////////////////////////////////////////////////////////////////////////////"!NO"

#K/="'5-"W3T"*2"Y-2134,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////////"!NO"

#K/E"'*,3>"8+,-1+3>"Y-2>-4,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////"!NN"

#K/K"I;.6-1.;*+7"'5-"Y3;+P*T"3+9"01;.G."//////////////////////////////////////////////////////////////////////////////"!NN"



U"

"

#K/H"8G3C-"D*1G3,;*+"P<"W-+.-."////////////////////////////////////////////////////////////////////////////////////////////"!NU"

#K/O"8G3C-"D*1G3,;*+"P<"L;11*1."///////////////////////////////////////////////////////////////////////////////////////////"!UZ"

$536,-1"#H7"J;.;*+"3+9"%6,;43>"8+.,1:G-+,."///////////////////////////////////////////////////////////////////////////////"!U! "

#H/!"05<.;4."*2",5-"(<-"///////////////////////////////////////////////////////////////////////////////////////////////////////////"!U! "

#H/#"J;.;*+"$*11-4,;*+"////////////////////////////////////////////////////////////////////////////////////////////////////////////"!U! "

#H/K"'->-.4*6-."//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!U#"

#H/H"AP-113,;*+."/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"!U#"

$536,-1"#O7"[3X-"%6,;4."////////////////////////////////////////////////////////////////////////////////////////////////////////////"!UE"

#O/!"'5-"[3X-"A.6-4,"*2"W;C5,7"8+,-12-1-+4-"/////////////////////////////////////////////////////////////////////////"!UE"

#O/="c*:+CV."I*:P>-")>;,"(_6-1;G-+,"//////////////////////////////////////////////////////////////////////////////////////"!UE"

#O/E"L:>,;6>-")>;,"I;22134,;*+"///////////////////////////////////////////////////////////////////////////////////////////////////"!UK"

#O/K");+C>-")>;,"I;22134,;*+"///////////////////////////////////////////////////////////////////////////////////////////////////////"!UO"

#O/H"W;G;,."*2"Y-.*>:,;*+7"'5-"Y3<>-;C5"$1;,-1;*+"///////////////////////////////////////////////////////////////////"!UN"

#O/O"'5;+"D;>G"8+,-12-1-+4-"/////////////////////////////////////////////////////////////////////////////////////////////////////"!UU"

#O/N"0*>31;b3,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////"#ZZ"

$536,-1"#N7")6-4;3>"Y->3,;X;,<"/////////////////////////////////////////////////////////////////////////////////////////////////////"#Z!"

#N/#");G:>,3+-;,<"3+9"';G-"I;>3,;*+"///////////////////////////////////////////////////////////////////////////////////////"#Z!"

#N/="W-+C,5"$*+,134,;*+"/////////////////////////////////////////////////////////////////////////////////////////////////////////"#Z#"

#N/E"Y->3,;X;.,;4"A99;,;*+"*2"J->*4;,;-."////////////////////////////////////////////////////////////////////////////////////"#Z="

#N/K"Y->3,;X;.,;4"L*G-+,:G"///////////////////////////////////////////////////////////////////////////////////////////////////"#ZE"

#N/H"Y->3,;X;.,;4"(+-1C<"///////////////////////////////////////////////////////////////////////////////////////////////////////////"#ZK"

$536,-1"#U7"8+,1*9:4,;*+",*"?:3+,:G"05<.;4."///////////////////////////////////////////////////////////////////////////"#ZO"

#U/!"?:3+,;b3,;*+"*2"(+-1C<"///////////////////////////////////////////////////////////////////////////////////////////////////"#ZO"

#U/#"'5-"05*,*->-4,1;4"(22-4,"//////////////////////////////////////////////////////////////////////////////////////////////////"#ZO"



!Z "

"

#U/="05*,*+"(+-1C;-."3+9",5-"(>-4,1*G3C+-,;4")6-4,1:G"/////////////////////////////////////////////////////"#ZN"

#U/E"05*,*+"L*G-+,:G "////////////////////////////////////////////////////////////////////////////////////////////////////////"#!Z"

#U/H"'5-"[3X-"&3,:1-"*2"L3,,-1"////////////////////////////////////////////////////////////////////////////////////////////"#!Z"

#U/O"01*P3P;>;,<7"'5-"]-;.-+P-1C"@+4-1,3;+,<"01;+4;6>-"/////////////////////////////////////////////////////////"#!! "

#U/N"'5-"031,;4>-S[3X-"I:3>;,<"Y-X;-T-9 "//////////////////////////////////////////////////////////////////////////////"#!! "

$536,-1"=Z7"A,*G;4"05<.;4."////////////////////////////////////////////////////////////////////////////////////////////////////////"#!="

=Z/!"I;.4*X-1<"*2",5-"A,*G"////////////////////////////////////////////////////////////////////////////////////////////////////"#!="

=Z/="`*51V."'5-*1<"*2",5-"]<91*C-+"A,*G"/////////////////////////////////////////////////////////////////////////////"#!="

=Z/E"d"Y3<.7"A,*G;4"%1;C;+."3+9"A66>;43,;*+."/////////////////////////////////////////////////////////////////////////"#!K"

=Z/K"A66>;43,;*+."*2"A,*G;4"(_4;,3,;*+."3+9"I-S(_4;,3,;*+."///////////////////////////////////////////////////"#!K"

=Z/N"?:3+,:G"&:GP-1."3+9"Y:>-."/////////////////////////////////////////////////////////////////////////////////////////"#!H"

=Z/U"'5-"03:>;"(_4>:.;*+"01;+4;6>-"///////////////////////////////////////////////////////////////////////////////////////////"#!H"

$536,-1"=!7"Y39;*34,;X;,<"3+9"&:4>-31"05<.;4."//////////////////////////////////////////////////////////////////////////"#!U"
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0Y(DA$("
'5-" ),:9-+,V. ")*>:,;*+."L3+:3>"61*X;9-.".*>:,;*+.",*" .->-4,"01*P>-G."f"(_-14;.-."21*G"
%6-+.,3_"!"##$%$&'()*+,*/"'5-"6:16*.-"*2",5;."G3+:3>"3+9"*2",5-"01*P>-G."f"(_-14;.-.";.",*"
P:;>9"61*P>-GS.*>X;+C".\;>>.",53,"31-"41;,;43>",*":+9-1.,3+9;+C"3+9"366><;+C",5-"61;+4;6>-."*2"
65<.;4./"'5-",-_,"*2"!"##$%$&'()*+,*&4*+,3;+."G3+<"2-3,:1-.",53,"T;>>"5->6"<*:"+*,"*+><",*".*>X-"
61*P>-G.B"P:,",*":+9-1.,3+9",5-;1"4*+4-6,.B";+4>:9;+C"01*P>-GS)*>X;+C"),13,-C;-.B"(_3G6>-.B"
)-4,;*+"):GG31;-.B"3+9"4536,-1"R>*..31;-./"`-2*1-",:1+;+C",*",5-"61*P>-G".*>:,;*+.";+",5;."
G3+:3>B"<*:".5*:>9":.-",5-.-"2-3,:1-.";+"<*:1",-_,",*"<*:1"39X3+,3C-/"'5-"T*1.,",5;+C"<*:"43+"
9*"T;,5",5-".*>:,;*+."G3+:3>";.",*"4*6<",5-"3+.T-1."9;1-4,><"T;,5*:,",5;+\;+C"3P*:,",5-"
61*P>-GS.*>X;+C"61*4-.."3+9",5-"4*+4-6,.";+X*>X-9/""

'5-",-_,"*2"!"##$%$&'()*+,*";."3X3;>3P>-";+"G:>,;6>-"2*1G3,."g*+>;+-B"0IDB"-S6:PB"3+9"61;+,h"21*G"
5,,67ii*6-+.,3_4*>>-C-/*1Ci,-_,P**\.i4*>>-C-S65<.;4./"[5;>-",5-.-"G:>,;6>-"2*1G3,."61*X;9-"
<*: "T;,5"3"T;9-"13+C-"*2"*6,;*+."2*1"344-..;+C"3+9"1-6:16*.;+C",5-",-_,B",5-<"3>.*"61-.-+,"
.*G-"453>>-+C-."2*1",5-"*1C3+;b3,;*+"*2",5;.".*>:,;*+."G3+:3>B".;+4-"61*P>-G"+:GP-1;+C";."
3:,*G3,-9"3+9",5-".3G-"61*P>-G"G3<"P-"+:GP-1-9"9;22-1-+,><"9-6-+9;+C"*+",5-"2*1G3,"
.->-4,-9"P<",5-"-+9":.-1/"

A.".:45B"T-"53X-"9-4;9-9",*"*1C3+;b-",5-"01*P>-G."f"(_-14;.-."G3+:3>"P<"4536,-1"3+9".-4,;*+B"
3.",5-<"31-"*1C3+;b-9";+",5-"0ID"3+9"61;+,"X-1.;*+."*2"!"##$%$&'()*+,*-")--",5-"'3P>-"*2"$*+,-+,."
*+",5-"61-X;*:. "63C-/"

01*P>-G"+:GP-1;+C",51*:C5*:,",5-".*>:,;*+."G3+:3>"T;>>"G3,45",5-"+:GP-1;+C";+",5-"0ID"
X-1.;*+"*2",5-"61*9:4,B"61*X;9-9",53,":.-1."53X-"+*,"G*9;2;-9"*1"4:.,*G;b-9",5-"*1;C;+3>"
4*+,-+,"*2",5-"P**\"P<"399;+C"*1"1-G*X;+C"61*P>-G./"&:GP-1;+C"*2"'3P>-.B"D;C:1-.B"(_3G6>-.B"
3+9"*,5-1"->-G-+,."*2",5-",-_,",51*:C5*:,",5;."G3+:3>"T;>>"3>.*"4*;+4;9-"T;,5",5-"+:GP-1;+C";+"
,5-"0ID"3+9"61;+,"X-1.;*+."*2",5-",-_,/"

D*1"*+>;+-"3+9"-6:P":.-1."*2"!"##$%$&'()*+,*."T-"53X-";+4>:9-9"M:-.,;*+".,-G"3>*+C"T;,5",5-"
.*>:,;*+"2*1"-345"01*P>-G"*19-1",*"G;+;G;b-"3+<"4*+2:.;*+"43:.-9"P<"9;.41-63+4;-.";+"
+:GP-1;+C/"8G3C-.B"2;C:1-.B"3+9",3P>-.j T5;45"*443.;*+3>><"344*G63+<"*1"4*G6>-G-+,"
61*P>-G."3+9"-_-14;.-.j 53X-"P--+"*G;,,-9"21*G",5-".*>:,;*+."G3+:3>",*".3X-".634-/"

"

"
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$]A0'(Y"!7" 8&'Y%I@$'8%&7"']("&A'@Y("
%D")$8(&$("A&I"0]c)8$) "

1.2	  PHYSICAL	  QUANTITIES	  AND	  UNITS	  

E/" /0$1+,23&4""562##&+*&7#2)$8&"3&2&9::;)8;#"3%&4+$#8.&$<,#=8+3%&5($&$38&>"3$*-&?"@&#"3%&
+*&5($&4+$#8&+3&0$5$1*A&B/**=0$&5(25&9&0$5$1&$C=2#*&D-EF9&4$$5-G&

)*>:,;*+ " );+4-"="2--,"k"!"<319"3+9"=/#N!"2--,"k"!"G-,-1B"G:>,;6><"!ZZ"<319."P<",5-.-"4*+X-1.;*+"
234,*1.",*"43+4->",5-":+;,."*2"<319.B">-3X;+C",5-":+;,."*2"G-,-1.7"

m 4.91
ft 3.281

m 1
yd 1
ft 3

yd 100yd 100 =××= "

A"2**,P3>>"2;->9";."U!/E"G">*+C/"

!Z/" B2G&H$4$1&5"&I26#$&9-D&5"&8$5$10+3$&5($&2J$12%$&8+*523,$&6$5@$$3&5($&K215(&238&5($&
L=3-&I($3&,2#,=#25$&5($&2J$12%$&*7$$8&"4&5($&K215(&+3&+5*&"16+5&+3&M+#"0$5$1*&7$1&
*$,"38-&B6G&N(25&+*&5(+*&+3&0$5$1*&7$1&*$,"38A&

)*>:,;*+ " g3h"'5-"3X-13C-".6--9"*2",5-"-31,5V.""*1P;,"31*:+9",5-".:+";."43>4:>3,-9"P<"9;X;9;+C",5-"
9;.,3+4-",13X->-9"P<",5-",;G-";,",3\-.",*"C*"*+-"1-X*>:,;*+7"

km/s 20  
s 3600

h 1
h 24

d 1
d 365.25

km) 10 (2

year 1
sun) Earth to ofdist  (average2

speed average

8

=!!=

=

"

"

"

'5-"-31,5",13X->."3,"3+"3X-13C-".6--9"*2"#Z"\Gi."31*:+9",5-".:+/"

gPh"'*"4*+X-1,",5-"3X-13C-".6--9";+,*":+;,."*2"Gi.B":.-",5-"4*+X-1.;*+"234,*17"!ZZZ"G"
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!E"

"

k"!"\G7"

m/s1020
km1

m1000
s
km20speed average 3×=×=

"

1.3	  ACCURACY,	  PRECISION,	  AND	  SIGNIFICANT	  FIGURES	  

!K/" B2G&L=77"*$&5(25&2&7$1*"3&(2*&23&2J$12%$&($215&125$&"4&OE-:&6$25*P0+3-&?"@&023)&
6$25*&8"$*&($&"1&*($&(2J$&+3&E-:&)A&B6G&Q3&E-::&)A&B,G&Q3&E-:::&)A&

)*>:,;*+ " g3h""'*"43>4:>3,-",5-"+:GP-1"*2"P-3,.".5-"53.";+"#/Z"<-31.B"T-"+--9",*"G:>,;6><"O#/Z"
P-3,.iG;+:,-"P<"#/Z"<-31."3+9":.-"4*+X-1.;*+"234,*1.",*"43+4->",5-":+;,."*2",;G-7"

×××
d 1.00
h 24.0

h 1.00
min 60.0

min 1
beats 72.0

beats 107.5738 y  2.0
y 1.00
d 365.25 7×=×

"

);+4-",5-1-"31-"*+><"#".;C+;2;43+,"2;C:1-.";+"#/Z"<-31.B"T-"G:.,"1-6*1,",5-"3+.T-1"

T;,5"#".;C+;2;43+,"2;C:1-.7" .beats107.6 7× "

gPh"");+4-"T-"+*T"53X-"=".;C+;2;43+,"2;C:1-.";+"#/ZZ"<-31.B"T-"+*T"1-6*1,",5-"3+.T-1"

T;,5"=".;C+;2;43+,"2;C:1-.7" .beats107.57 7× "

g4h""(X-+",5*:C5"T-"+*T"53X-"E".;C+;2;43+,"2;C:1-.";+"#/ZZZ"<-31.B",5-"O#/Z"
P-3,.iG;+:,-"*+><"53."=".;C+;2;43+,"2;C:1-.B".*"T-"G:.,"1-6*1,",5-"3+.T-1"T;,5"="

.;C+;2;43+,"2;C:1-.7" .beats107.57 7× "

#!/ " /&7$1*"3&0$2*=1$*&(+*&"1&($1&($215&125$&6)&,"=35+3%&5($&3=06$1&"4&6$25*&+3&s 30 -&
Q4& 140± &6$25*&21$&,"=35$8&+3& s 5.00.30 ± .&@(25&+*&5($&($215&125$&238&+5*&=3,$152+35)&
+3&6$25*&7$1&0+3=5$A&

)*>:,;*+ " '*"43>4:>3,-",5-"5-31,"13,-B"T-"+--9",*"9;X;9-",5-"+:GP-1"*2"P-3,."P<",5-",;G-"3+9"
4*+X-1,",*"P-3,."6-1"G;+:,-/"
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!K"

"

beats/min 80
min 1.00

s  60.0
s 30.0

beats 40
minute
beats

=×=
"

'*"43>4:>3,-",5-":+4-1,3;+,<B"T-":.-",5-"G-,5*9"*2"399;+C"6-14-+,./"

%4%2.4%7.1%5.2%100
s 30.0
s 5.0100%

beats 40
beat 1 % ==+=×+×=unc "

'5-+"43>4:>3,;+C",5-":+4-1,3;+,<";+"P-3,."6-1"G;+:,-7"

beats/min 3beats/min 3.3beats/min 80
100%
4.2%

100
 % ==×=×= A
%
uncAδ "

&*,;4-",53,"T5;>-"9*;+C"43>4:>3,;*+.B"T-"\--6"*+-"(d'YA"9;C;,B"3+9"1*:+9",*",5-"
4*11-4,"+:GP-1"*2".;C+;2;43+,"2;C:1-."*+><"3,",5-"-+9/"

)*B",5-"5-31,"13,-";." .beats/min 3  80± "

#O/" I($&#$3%5(&238&@+85(&"4&2&1$,523%=#21&1""0&21$&0$2*=1$8&5"&6$&m 005.0955.3 ± &238&
m 005.0050.3 ± -&!2#,=#25$&5($&21$2&"4&5($&1""0&238&+5*&=3,$152+35)&+3&*C=21$&0$5$1*-&

"

)*>:,;*+ " '5-"31-3";." .m 12.06  m 3.050  m 3.995 2=× "&*T":.-" ,5-"G-,5*9"*2"399;+C"6-14-+,.",*"
C-,":+4-1,3;+,<";+",5-"31-3/""

0.3%  0.29%0.16%  0.13%  width  %length  %area  %

%16.0%100
m 3.050
m 0.005  width  %

%13.0%100
m 3.955
m 0.005 length   %

==+=+=

=×=

=×=

uncuncunc

unc

unc

"

D;+3>><B":.;+C",5-"6-14-+,":+4-1,3;+,<"2*1",5-"31-3B"T-"43+"43>4:>3,-",5-":+4-1,3;+,<";+"

.M:31-"G-,-1.7" 222 m 04.0m 035.0m 12.06 
100%
0.29% area

100%
area  %  δ ==×=×=

uncarea "

'5-"31-3";." .m  0406012. 2.  ± "
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2.1	  DISPLACEMENT	  

!/ " R+38&5($&4"##"@+3%&4"1&725(&/&+3&R+%=1$&E-STU&B2G&I($&8+*523,$&512J$#$8-&B6G&I($&
02%3+5=8$&"4&5($&8+*7#2,$0$35&41"0&*5215&5"&4+3+*(-&B,G&I($&8+*7#2,$0$35&41"0&*5215&5"&
4+3+*(-&

)*>:,;*+ " g3h"'5-",*,3>"9;.,3+4-",13X->-9";.",5-">-+C,5"*2",5-">;+-"21*G",5-"9*,",*",5-"311*T";+"
63,5"AB"*1"O"G/"

gPh"'5-"9;.,3+4-"21*G".,31,",*"2;+;.5";.",5-"G3C+;,:9-"*2",5-"9;22-1-+4-"P-,T--+",5-"
6*.;,;*+"*2",5-"311*T."3+9",5-"6*.;,;*+"*2",5-"9*,";+"63,5"A7"

m 7m 0m 712 =−=−=Δ xxx "

g4h"'5-"9;.6>34-G-+,";.",5-"9;22-1-+4-"P-,T--+",5-"X3>:-"*2",5-"6*.;,;*+"*2",5-"311*T"
3+9",5-"X3>:-"*2",5-"6*.;,;*+"*2",5-"9*,";+"63,5"A7"'5-"9;.6>34-G-+,"43+"P-"-;,5-1"
6*.;,;X-"*1"+-C3,;X-7" m 7m 0m 712 +=−=−=Δ xxx "

2.3	  TIME,	  VELOCITY,	  AND	  SPEED	  

!E/" /&4""562##&C=215$162,M&1=3*&9S-:&0&*512+%(5&8"@3&5($&7#2)+3%&4+$#8&+3&E-S:&*-&?$&+*&
5($3&(+5&238&7=*($8&D-::&0&*512+%(5&62,M@218&+3&9-OS&*-&?$&61$2M*&5($&52,M#$&238&
1=3*&*512+%(5&4"1@218&23"5($1&E9-:&0&+3&S-E:&*-&!2#,=#25$&(+*&2J$12%$&J$#",+5)&B2G&4"1&
$2,(&"4&5($&5(1$$&+35$1J2#*&238&B6G&4"1&5($&$35+1$&0"5+"3-&

)*>:,;*+ " g3h"'5-"3X-13C-"X->*4;,<"2*1",5-"2;1.,".-CG-+,";.",5-"9;.,3+4-",13X->-9"9*T+2;->9"g,5-"

6*.;,;X-"9;1-4,;*+h"9;X;9-9"P<",5-",;G-"5-",13X->-97"

(forward) m/s 6.00
s 2.50
m 15.0

time
ntdisplaceme

1

_
+=

+
==v "

'5-"3X-13C-"X->*4;,<"2*1",5-".-4*+9".-CG-+,";.",5-"9;.,3+4-",13X->-9"g,5;.",;G-";+"

,5-"+-C3,;X-"9;1-4,;*+"P-43:.-"5-";.",13X->;+C"P34\T319h"9;X;9-9"P<",5-",;G-"5-"
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,13X->-97" (backward) m/s 71.1
s 1.75
m 3.00

2

_

!=
!

=v "

D;+3>><B",5-"3X-13C-"X->*4;,<"2*1",5-",5;19".-CG-+,";.",5-"9;.,3+4-",13X->-9"

g6*.;,;X-"3C3;+"P-43:.-"5-";."3C3;+",13X->;+C"9*T+2;->9h"9;X;9-9"P<",5-",;G-"5-"

,13X->-97" d)m/s(forwar 04.4
s 5.20
m 21.0

3

_

+=
+

=v "

gPh"'*"43>4:>3,-",5-"3X-13C-"X->*4;,<"2*1",5-"-+,;1-"G*,;*+B"T-"399",5-"9;.6>34-G-+,"

21*G"-345"*2",5-",51--".-CG-+,."g1-G-GP-1;+C",5-".;C+"*2",5-"+:GP-1.hB"3+9"

9;X;9-"P<",5-",*,3>",;G-"2*1",5-"G*,;*+7"

m/s 3.49
s 5.20s 1.75s 2.50
m 21.0m 3.00m 15.0

total

_

+=
++
+!

=v "

&*,;4-",53,",5-"3X-13C-"X->*4;,<"2*1",5-"-+,;1-"G*,;*+";."+*,"Q:.,",5-"399;,;*+"*2"
,5-"3X-13C-"X->*4;,;-."2*1",5-".-CG-+,./&

!K/" I($&7#23$521)&0"8$#&"4&5($&25"0&7+,5=1$*&$#$,51"3*&"16+5+3%&5($&25"0+,&3=,#$=*&0=,(&
2*&7#23$5*&"16+5&5($&L=3-&Q3&5(+*&0"8$#&)"=&,23&J+$@&()81"%$3.&5($&*+07#$*5&25"0.&2*&
(2J+3%&2&*+3%#$&$#$,51"3&+3&2&,+1,=#21&"16+5&  

! 

1.06" 10#10 m&+3&8+20$5$1-&B2G&Q4&5($&
2J$12%$&*7$$8&"4&5($&$#$,51"3&+3&5(+*&"16+5&+*&M3"@3&5"&6$&m/s 1020.2 6! .&,2#,=#25$&5($&
3=06$1&"4&1$J"#=5+"3*&7$1&*$,"38&+5&02M$*&26"=5&5($&3=,#$=*-&B6G&N(25&+*&5($&
$#$,51"3V*&2J$12%$&J$#",+5)A&

)*>:,;*+ " g3h"'5-"3X-13C-".6--9";."9-2;+-9"3.",5-",*,3>"9;.,3+4-",13X->-9"9;X;9-9"P<",5-"->36.-9"

,;G-B".*",53,7" m/s 1020.2
elapsed time
 traveleddistance

 speed average 6!== "

82"T-"T3+,",*"2;+9",5-"+:GP-1"*2"1-X*>:,;*+."6-1".-4*+9B"T-"+--9",*"\+*T"5*T"

231",5-"->-4,1*+",13X->.";+"*+-"1-X*>:,;*+/"

rev 1
m10  3.33

 
rev 1

m)]10  (0.5)(1.06[2
  

rev 1
r2

  
revolution

 traveleddistance -1010 !
=

!
==

"##

"
)*",*"43>4:>3,-",5-"+:GP-1"*2"1-X*>:,;*+."6-1".-4*+9B"T-"+--9",*"9;X;9-",5-"

3X-13C-".6--9"P<",5-"9;.,3+4-",13X->-9"6-1"1-X*>:,;*+B",5:."43+4->;+C",5-":+;,."*2"
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G-,-1.7" rev/s10  6.61 
onm/revoluti10  33.3

m/s 10  2.20
  

evolutiondistance/r
speed average

  
s 

rev 15
10

6

!=
!

!
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2.8	  GRAPHICAL	  ANALYSIS	  OF	  ONE-‐DIMENSIONAL	  MOTION	  
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3.2	  VECTOR	  ADDITION	  AND	  SUBTRACTION:	  GRAPHICAL	  METHODS	  
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3.3	  VECTOR	  ADDITION	  AND	  SUBTRACTION:	  ANALYTICAL	  METHODS	  
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71"6#$0.&$<7#+,+5#)&*("@&("@&)"=&4"##"@&5($&*5$7*&"4&5($&232#)5+,2#&0$5("8&"4&J$,5"1&
288+5+"3-&

)*>:,;*+ " g3h"'*".*>X-",5;."61*P>-G"3+3><,;43>><B"399":6",5-"9;.,3+4-"P<"4*:+,;+C",5-"P>*4\."
,13X->-9"3>*+C",5-">;+-",53,";."03,5"$7"

( ) ( ) ( ) ( ) ( ) ( )
m 1056.1

m 1203m 1201m 1201m 1202m 1205m 1201
3×=

×+×+×+×+×+×=d
"

gPh"'*"C-,",5-"9;.6>34-G-+,B"43>4:>3,-",5-"9;.6>34-G-+,.";+",5-"<S"3+9")S"9;1-4,;*+."
.-6313,-><B",5-+":.-",5-"2*1G:>3."2*1"399;+C"X-4,*1./"'5-"9;.6>34-G-+,";+",5-"<S
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3.4	  PROJECTILE	  MOTION	  
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3.5	  ADDITION	  OF	  VELOCITIES	  
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T3,-1"1->3,;X-",*",5-".5;6"6>:.",5-"X->*4;,<"*2",5-".5;6"1->3,;X-",*",5-"-31,5/"

SESWSEWSWE vvvvv +−=+= 	  

&*TB"T-"+--9",*"43>4:>3,-",5-"<S"3+9")S4*G6*+-+,.".-6313,-><7"

( ) ( )
( ) ( ) m/s 157.195sinm/s 80.4115sinm/s 00.4

m/s 272.195cosm/s 80.4115cosm/s 00.4

SESWWE

SESWWE

=°+°−=+−=

=°+°−=+−=

yyy

xxx

vvv
vvv

"

vg
α

N

4.8 m/s

20°4 m/s
5°

vgx

vgy

"

D;+3>><B"T-":.-",5-"-M:3,;*+."P->*T",*"43>4:>3,-",5-"X->*4;,<"*2",5-"T3,-1"1->3,;X-",*"
,5-"-31,57"

E. of N 42.3
m/s 1.272
m/s 1.157tantan

m/s 72.1m/s) (1.157m/s) (1.272

1

WE

WE1

22
WE

2
WE

2
WE

°==⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

=+=+=

−−

,x

,y

,y,x

v
v

α

vvv

"
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$]A0'(Y"E7"Ic&AL8$)7"D%Y$("A&I"
&(['%&V)"WA[)"%D"L%' 8%&"

4.3	  NEWTON’S	  SECOND	  LAW	  OF	  MOTION:	  CONCEPT	  OF	  A	  SYSTEM	  

!/ " /&ZD-:;M%&*71+35$1&*5215*&2&12,$&@+5(&23&2,,$#$125+"3&"4&
2m/s 20.4 -&N(25&+*&5($&3$5&

$<5$132#&4"1,$&"3&(+0A&&

)*>:,;*+ " '5-"+-,"2*14-"34,;+C"*+",5-".61;+,-1";."C;X-+"P<
N265m/s!) kg)(4.20 (63.0==net =maF "

O/" B2G&Q4&5($&1",M$5&*#$8&*("@3&+3&R+%=1$&[-D9&*5215*&@+5(&"3#)&"3$&1",M$5&6=13+3%.&@(25&
+*&+5*&2,,$#$125+"3A&/**=0$&5(25&5($&02**&"4&5($&*)*5$0&+*&E9::&M%.&238&5($&4"1,$&"4&
41+,5+"3&"77"*+3%&5($&0"5+"3&+*&M3"@3&5"&6$&ZS:&_-&B6G&N()&+*&5($&2,,$#$125+"3&3"5&
"3$;4"=15(&"4&@(25&+5&+*&@+5(&2##&1",M$5*&6=13+3%A&

)*>:,;*+ " g3h"@.-",5-",51:.,"C;X-+"2*1",5-"1*4\-,".>-9";+"D;C:1-"E/NB" N 1059.2 4!=T /"[;,5"*+><"
*+-"1*4\-,"P:1+;+CB" fTF !=net .*",53,"&-T,*+V.".-4*+9">3T"C;X-.7"""

 m/s 0.12
kg 2100

N 650N 1059.2net 2
4

=
!"

=
!

==
m

fT
m

F
a "

gPh"'5-"344->-13,;*+";."+*,"*+-S2*:1,5"*2"T53,";,"T3."T;,5"3>>"1*4\-,."P:1+;+C"
P-43:.-",5-"21;4,;*+3>"2*14-";.".,;>>"3.">31C-"3.";,"T3."T;,5"3>>"1*4\-,."P:1+;+C/"

!=/ " I($&@$+%(5&"4&23&2*51"32=5&7#=*&(+*&*72,$&*=+5&"3&5($&X""3&+*&"3#)&ES:&_-&?"@&0=,(&
8"&5($)&@$+%(&"3&K215(A&N(25&+*&5($&02**&"3&5($&X""3A&b3&K215(A&
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=O"

"

)*>:,;*+ "

( )( ) N105.1N 1470m/s 8.9kg 150

kg 150
m/s 67.1

N 250

 32
EarthEarth

2
Moon

Moon

MoonMoon

×====

===

=

mgw
g
w

m

mgw

"

L3.."9*-."+*,"453+C-/"'5-"3.,1*+3:,V."G3.."*+"P*,5"(31,5"3+9",5-"L**+";."!KZ"\C/"

4.6	  PROBLEM-‐SOLVING	  STRATEGIES	  

#K/" !2#,=#25$&5($&4"1,$&2&O:-:;M%&(+%(&\=07$1&0=*5&$<$15&"3&5($&%1"=38&5"&71"8=,$&23&
=7@218&2,,$#$125+"3&[-::&5+0$*&5($&2,,$#$125+"3&8=$&5"&%12J+5)-&K<7#+,+5#)&*("@&("@&
)"=&4"##"@&5($&*5$7*&+3&5($&'1"6#$0;L"#J+3%&L5125$%)&4"1&_$@5"3V*&#2@*&"4&0"5+"3-&&

)*>:,;* +" ),-6"!/"@.-"&-T,*+V."W3T."*2"L*,;*+/"

"

),-6 "#/"R;X-+7" kg 70.0 ; m/s 2.39)m/s 0(4.00)(9.8  00.4 22 ==== mga "

D;+9"F /"

),-6"=/"∑ =−+= ,mawFF ".*",53," )( gammgmawmaF +=+=+= "

N 1043.3)]m/s 9.80()m/s kg)[(39.2 0.70( 322 ×=+=F ""

'5-"2*14-"-_-1,-9"P<",5-"5;C5SQ:G6-1";."34,:3>><"9*T+"*+",5-"C1*:+9B"P:,"F ";.":6"
21*G",5-"C1*:+9",*"5->6"5;G"Q:G6/"

),-6"E/"'5;."1-.:>,";."1-3.*+3P>-B".;+4-";,";."M:;,-"6*..;P>-"2*1"3"6-1.*+",*"-_-1,"3"2*14-"
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=N"

"

*2",5-"G3C+;,:9-"*2" N 103 /"

=Z/" B2G&R+38&5($&02%3+5=8$*&"4&5($&4"1,$*&1F &238& 2F &5(25&288&5"&%+J$&5($&5"52#&4"1,$&totF &

*("@3&+3&R+%=1$&[-DS-&I(+*&02)&6$&8"3$&$+5($1&%127(+,2##)&"1&6)&=*+3%&51+%"3"0$51)-&
B6G&L("@&%127(+,2##)&5(25&5($&*20$&5"52#&4"1,$&+*&"652+3$8&+38$7$38$35&"4&5($&"18$1&"4&
288+5+"3&"4&1F &238& 2F -&B,G&R+38&5($&8+1$,5+"3&238&02%3+5=8$&"4&*"0$&"5($1&72+1&"4&

J$,5"1*&5(25&288&5"&%+J$totF -&^12@&5($*$&5"&*,2#$&"3&5($&*20$&812@+3%&=*$8&+3&7215&B6G&

"1"2&*+0+#21&7+,5=1$-"

)*>:,;*+ " g3h");+4-" 2F ";.",5-" y S4*G6*+-+,"*2",5-",*,3>"2*14-7"

N 11  N 11.47N)sin35  (2035sin  tot2 ==°=°= FF /"

A+9" 1F ";.",5-" xS4*G6*+-+,"*2",5-",*,3>"2*14-7"

N 16  N 16.38N)cos35 20(cos35 tot1 ==°=°= FF /"

gPh

" 35°

F1


F2


Ftot


;.",5-".3G-"3.7" "

g4h"D*1"-_3G6>-B":.-"X-4,*1."3.".5*T+";+",5-"2;C:1-/"

20° F1


F2


Ftot


15° '

'

"

1F ʹ′";."3,"3+"3+C>-"*2"°20 "21*G",5-"5*1;b*+,3>B"T;,5"3"G3C+;,:9-"*2" 11cos20 FF =°ʹ′

N 17N 4.17
cos20

N 38.16
cos20

1
1 ==

°
=

°
=ʹ′

FF

"

2F ʹ′";."3,"3+"3+C>-"*2"°90 "21*G",5-"5*1;b*+,3>B"T;,5"3"G3C+;,:9-"*2"

N 5.220sin122 =°ʹ′−=ʹ′ FFF "
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=U"

"

==/" N(25&4"1,$&+*&$<$15$8&"3&5($&5""5(&+3&R+%=1$&[-DF&+4&5($&5$3*+"3&+3&5($&@+1$&+*&ES-:&_A&
_"5$&5(25&5($&4"1,$&277#+$8&5"&5($&5""5(&+*&*02##$1&5(23&5($&5$3*+"3&+3&5($&@+1$.&6=5&
5(+*&+*&3$,$**+525$8&6)&712,5+,2#&,"3*+8$125+"3*&"4&("@&4"1,$&,23&6$&277#+$8&+3&5($&
0"=5(-&K<7#+,+5#)&*("@&("@&)"=&4"##"@&*5$7*&+3&5($&'1"6#$0;L"#J+3%&L5125$%)&4"1&
_$@5"3V*&#2@*&"4&0"5+"3-&

)*>:,;*+ " ),-6"!7"@.-"&-T,*+V.">3T.".;+4-"T-"31-">**\;+C"2*1"2*14-./"

),-6"#7"I13T"3"21--"P*9<"9;3C13G7"

"

),-6"=7"R;X-+" N, 25.0=T "2;+9" appF /"@.;+C"&-T,*+V.">3T."C;X-." ,0=yΣ F .*",53,",5-"

366>;-9"2*14-";.""9:-",*",5-" y S4*G6*+-+,."*2",5-",T*",-+.;*+.7

( ) N 9.1215sinN 0.252sin2app =°== θTF "

'5-" xS4*G6*+-+,."*2",5-",-+.;*+"43+4->/" 0=∑ xF "

),-6"E7"'5;.".--G."1-3.*+3P>-B".;+4-",5-"366>;-9",-+.;*+.".5*:>9"P-"C1-3,-1",53+",5-"
2*14-"366>;-9",*",5-",**,5/"

=E/" R+%=1$&[-DT&*("@*&L=7$1($1"&238&I1=*5)&L+8$M+,M&(23%+3%&0"5+"3#$**&41"0&2&1"7$-&
L=7$1($1"V*&02** &+*&T:-: &M%.&@(+#$&I1=*5)&L+8$M+,MV*&+*&SS-:&M%.&238&5($&02** &"4&5($&1"7$&+*&
3$%#+%+6#$-&B2G&̂12@&2&41$$;6"8)&8+2%120&"4&5($&*+5=25+"3&*("@+3%&2##&4"1,$*&2,5+3%&"3&
L=7$1($1".&I1=*5)&L+8$M+,M.&238&5($&1"7$-&B6G&R+38&5($&5$3*+"3&+3&5($&1"7$&26"J$&
L=7$1($1"-&B,G&R+38&5($&5$3*+"3&+3&5($&1"7$&6$5@$$3&L=7$1($1"&238&I1=*5)&L+8$M+,M-&
Q38+,25$&"3&)"=1&41$$;6"8)&8+2%120&5($&*)*5$0&"4&+35$1$*5&=*$8&5"&*"#J$&$2,( &7215-&&
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EZ"

"

)*>:,;*+ " g3h

" "

gPh"@.;+C",5-":66-1"4;14>-"*2",5-"9;3C13GB"  0∑ =yF B".*",53, 0B =−− wTT ' /"

@.;+C",5-">*T-1"4;14>-"*2",5-"9;3C13GB"  0∑ =yF B"C;X;+C" 0R =−wT /"

&-_,B"T1;,-",5-"T-;C5,.";+",-1G."*2"G3..-.7" gmg , wmw RRBB == /"

)*>X;+C"2*1",5-",-+.;*+";+",5-":66-1"1*6-"C;X-.7"

)(' BRBRBRB mmggmgmwwwTT +=+=+=+= "

0>:CC;+C";+",5-"+:GP-1."C;X-.7" ( )( ) N1042.1kg 90.0kg 0.55m/s 80.9  32 ×=+=T ' "

@.;+C",5-">*T-1"4;14>-"*2",5-"9;3C13GB"+-,"  0∑ =yF B".*",53," 0R =−wT /"AC3;+B"

T1;,-"",5-"T-;C5,";+",-1G."*2"G3..7" .RR gmw = ") *>X;+C"2*1",5-",-+.;*+";+",5-"

>*T-1"1*6-"C;X-.7" ( ) N 539m/s 9.80kg) 0.55( 2
R === gmT "

"

"

"

"
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4.7	  FURTHER	  APPLICATIONS	  OF	  NEWTON’S	  LAWS	  OF	  MOTION	  

EH/" 0(/%1")/%2+3#(.%-/&&/&62*M$562##&7#2)$1&\=07*&*512+%(5&=7&4"1&2&62##-&I"&8"&5(+*.&($&
#"@$1*&(+*&6"8)&:-D::&0&238&5($3&2,,$#$125$*&5(1"=%(&5(+*&8+*523,$&6)&4"1,$4=##)&
*512+%(5$3+3%&(+*&#$%*-&I(+*&7#2)$1&#$2J$*&5($&4#""1&@+5(&2&J$15+,2#&J$#",+5)&*=44+,+$35&5"&
,211)&(+0&:-T::&0&26"J$&5($&4#""1-&B2G&!2#,=#25$&(+*&J$#",+5)&@($3&($&#$2J$*&5($&4#""1-&
B6G&!2#,=#25$&(+*&2,,$#$125+"3&@(+#$&($&+*&*512+%(5$3+3%&(+*&#$%*-&?$&%"$*&41"0&>$1"&5"&
5($&J$#",+5)&4"=38&+3&7215&B2G&+3&2&8+*523,$&"4&:-D::&0-&B,G&!2#,=#25$&5($&4"1,$&($&$<$15*&
"3&5($&4#""1&5"&8"&5(+*.&%+J$3&5(25&(+*&02**&+*&99:&M%-&&

)*>:,;*+ " g3h"A2,-1"5-">-3X-.",5-"C1*:+9B",5-"P3.\-,P3>>"6>3<-1";.">;\-"3"61*Q-4,;>-/");+4-"5-"

1-345-."3"G3_;G:G"5-;C5,"*2"Z/UZZ"GB" ),(2 0
2
0

2 yygvv −−= "T;,5"

m/s. 0 and m, 900.00 ==− vyy )*>X;+C"2*1",5-";+;,;3>"X->*4;,<"C;X-.7"

( ) m/s 20.4m)] 900.0)(m/s 80.9(2[]2[ 1/221/2
00 ==−= yygv "

gPh");+4-"T-"T3+,",*"43>4:>3,-"5;."344->-13,;*+B":.- ( )  ,2 0
2
0

2 yyavv −+= T5-1- "
 m, 300.00 =− yy 3+9".;+4-"5-".,31,."21*G"1-.,B" m/s. 00 =v )*>X;+C"2*1",5-"

344->-13,;*+"C;X-.7" 2
2

0

2

m/s 4.29
)m 300.0)(2(

m/s) 20.4(
)(2

==
−

=
yy

va "

g4h

" "

&*TB"T-"G:.,"913T"3"21--"P*9<"9;3C13G";+"*19-1",*"43>4:>3,-",5-"2*14-"-_-1,-9"
P<",5-"P3.\-,P3>>"6>3<-1",*"Q:G6/"'5-"+-,"2*14-";."-M:3>",*",5-"G3..",;G-.",5-"
344->-13,;*+7" mgFwFmaF −=−==   net "

)*B".*>X;+C"2*1",5-"2*14-"C;X-.7"
( ) N104.31 )m/s 80.9m/s kg(29.4 110 322 ×=+=+=+= gammg maF ""
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EU/" 0(/%1")/%2+3#(.%-/&&/3&$#$J25"1&4+##$8&@+5(&72**$3%$1*&(2*&2&02**&"4&9O::&M%-&B2G&

I($&$#$J25"1&2,,$#$125$*&=7@218&41"0&1$*5&25&2&125$&"4&2m/s .201 &4"1&9-S:&*-&
!2#,=#25$&5($&5$3*+"3&+3&5($&,26#$&*=77"15+3%&5($&$#$J25"1-&B6G&I($&$#$J25"1&
,"35+3=$*&=7@218&25&,"3*5235&J$#",+5)&4"1&F-S:&*-&N(25&+*&5($&5$3*+"3&+3&5($&,26#$&

8=1+3%&5(+*&5+0$A&B,G&I($&$#$J25"1&8$,$#$125$*&25&2&125$&"4&2m/s .6000 &4"1&D-::&*-&
N(25&+*&5($&5$3*+"3&+3&5($&,26#$&8=1+3%&8$,$#$125+"3A&B8G&?"@&(+%(&(2*&5($&
$#$J25"1&0"J$8&26"J$&+5*&"1+%+32#&*5215+3%&7"+35.&238&@(25&+*&+5*&4+32#&J$#",+5)A&

)*>:,;*+ "
g3h

"

T

m

w
"

'5-"+-,"2*14-";."9:-",*",5-",-+.;*+"3+9",5-"T-;C5,7
. kg 1700 and ,net =−=−== mmgTwTmaF "

( ) N 101.87)m/s 9.80m/s kg)(1.20 1700( 
:is tension  theso ,m/s 20.1

422

2

×=+=+=

=

gamT
a

""

gPh ,m/s 0 2=a ".*",5-",-+.;*+";.7 " N10671)m/s kg)(9.80 (1700 42  .mgwT ×==== "

g4h
"

( ) N 101.56)m/s 0.600m/s kg)(9.80 (1700
 :downbut ,m/s 0.600

422

2

×=−=−=

=

agmT
a

"

g9h

"

v3 t3
y3

v2 t2
y2

v1 t1
y1 "

@.-""  at.vvattvyy +=+=− 0
2

00  and 
2
1

"
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D*1"631,"g3hB" s, 150 ,m/s 1.20  m/s, 0 2
0 === tav "C;X-+"

 m 35.1)s 50.1)(m/s 1.20(
2
1

2
1 222

111 === tay 3+9"

. m/s 80.1)s 50.1)(m/s 20.1( 2
111 === tav "

D*1"631,"gPhB" s, 8.50m/s, 0 m/s, 1.800 ==== tavv . * "
. m 3.15)s 50.8)(m/s 80.1(211 === tvy "

D*1"631,"g4hB" , s 3.00 ,m/s 0.600 m/s, 80.1 2
0 =−== tav .*",53,7"

m/s 0s) )(3.00m/s 0.600( m/s 80.1

m 70.2)s 00.3)(m/s 600.0(5.0)s 00.3)(m/s 80.1(
2

3323

22
3323

=+=+=

=−+=+=

-tavv
tatvy

"

D;+3>><B",5-",*,3>"9;.,3+4-",13X->-9";."

m419m 19.35m 2.70m 15.3m 1.35321  .yyy ==++=++ "

A+9",5-"2;+3>"X->*4;,<"T;>>"P-",5-"X->*4;,<"3,",5-"-+9"*2"631,"g4hB"*1m/s 0final =v /"

K!/" 4("%)&#()5*%+6%&7*/&&/&OS-:;M%&023&*5238*&"3&2&625(1""0&*,2#$&+3&23&$#$J25"1&5(25&
2,,$#$125$*&41"0&1$*5&5"&D:-:&0P*&+3&E-::&*-&B2G&!2#,=#25$&5($&*,2#$&1$28+3%&+3&3$@5"3*&
238&,"0721$&+5&@+5(&(+*&@$+%(5-&BI($&*,2#$&$<$15*&23&=7@218&4"1,$&"3&(+0&$C=2#&5"&+5*&
1$28+3%-G&B6G&N(25&+*&=31$2*"326#$&26"=5&5($&1$*=#5A&B,G&N(+,(&71$0+*$&+*&
=31$2*"326#$.&"1&@(+,(&71$0+*$*&21$&+3,"3*+*5$35A&

)*>:,;*+ " g3h

" "

@.;+C" atvv o += C;X-.7" 20 m/s 0.15
s 00.2

m/s 0m/s 0.30
=

−
=

−
=

t
vv

a /"

&*TB":.;+C"&-T,*+V.">3T."C;X-." mawFF =−=net B".*",53,"
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( ) ( ) N 1860m/s 80.9m/s 15.0kg 0.75 22 =+=+= gamF /"

'5-"13,;*"*2",5-"2*14-",*",5-"T-;C5,";.",5-+7"

2.53
m/s 80.9

m/s 80.9m/s 0.15)(
2

22

=
+

=
+

=
mg
gam

w
F

"

gPh"'5-"X3>:-"g!NHZ"&h";."G*1-"2*14-",53+"<*:"-_6-4,",*"-_6-1;-+4-"*+"3+"->-X3,*1/"

g4h"'5-"344->-13,;*+" ga 53.1m/s 0.15 2 == ";."G:45"5;C5-1",53+"3+<".,3+9319"->-X3,*1/"
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5.1	  FRICTION	  

N/" L("@&5(25&5($&2,,$#$125+"3&"4&23)&"6\$,5&8"@3&2&41+,5+"3#$**&+3,#+3$&5(25&02M$*&23&
23%#$&θ &@+5(&5($&("1+>"352#&+*&θsinga = -&B_"5$&5(25&5(+*&2,,$#$125+"3&+*&+38$7$38$35&
"4&02**-G&

)*>:,;*+ " '5-"4*G6*+-+,"*2 w "9*T+",5-";+4>;+-">-39.",*",5-"344->-13,;*+7"
θθ sin that so sinnet gamgmaFw xx ==== ""
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'5-"4*G6*+-+,"*2 "w "6-16-+9;4:>31",*",5-";+4>;+-"-M:3>.",5-"+*1G3>"2*14-/
θsin0net mgNFw yy −=== "
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B,G&b3&+,$.&2**=0+3%&5(25&100.0s =µ .&5($&*20$&2*&4"1&*("$*&"3&+,$-&
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⎠

⎞
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2
1m/s 9.80 ,00.1 =⎥⎦

⎤
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2
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⎤
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2
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5.3	  ELASTICITY:	  STRESS	  AND	  STRAIN	  
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6.1	  ROTATION	  ANGLE	  AND	  ANGULAR	  VELOCITY	  

!/ " L$0+;512+#$1&51=,M*&(2J$&23&"8"0$5$1&"3&"3$&(=6&"4&2&512+#$1&@($$#-&I($&(=6&+*&
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m 575.0rad 10257.1  
5

6

=×=

×=×Δ=Δ rs θ
"
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6.2	  CENTRIPETAL	  ACCELERATION	  

!N/" e$1+4)&5(25&5($&#+3$21&*7$$8&"4&23&=#512,$351+4=%$&+*&26"=5&:-S:&M0 P*.&238&K215(&+3&+5*&
"16+5&+*&26"=5&D:&M0 P*&6)&,2#,=#25+3%U&B2G&I($&#+3$21&*7$$8&"4&2&7"+35&"3&23&
=#512,$351+4=%$&:-9::&0&41"0&+5*&,$35$1.&1"525+3%&25&S:.:::&1$JP0+3-&B6G&I($&#+3$21&
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⎞
⎜
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6.3	  CENTRIPETAL	  FORCE	  

#H/" N(25&+*&5($&+8$2#&*7$$8&5"&52M$&2&9::&0&128+=*&,=1J$&623M$8&25&2&E:-:f&23%#$A&&
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6.5	  NEWTON’S	  UNIVERSAL	  LAW	  OF	  GRAVITATION	  
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6.6	  SATELLITES	  AND	  KEPLER’S	  LAWS:	  AN	  ARGUMENT	  FOR	  SIMPLICITY	  
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g-h"'5-"-+-1C<";."C-+-13,-9"21*G",5-"1;X-,/"8+",5-".3,->>;,-V."213G-"*2"1-2-1-+4-B"

.0 and, ftoti == vvv ")*B",5-"453+C-";+",5-"\;+-,;4"-+-1C<"*2",5-"1;X-,";.7"

( )( ) J 1022.2J 0sm 1098.2kg 10500.0
2
1

2
1

2
1KE 52432

i
2

tot ×=−××=−=Δ −mvmv "

"
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7.1	  WORK:	  THE	  SCIENTIFIC	  DEFINITION	  

! /" ?"@&0=,(&@"1M&8"$*&2&*=7$1021M$5&,($,M"=5&255$38235&8"&"3&2&,23&"4&*"=7&($&
7=*($*&:-Z::&0&("1+>"352##)&@+5(&2&4"1,$&"4&S-::&_A&K<71$**&)"=1&23*@$1&+3&\"=#$*&238&
M+#",2#"1+$*-&

)*>:,;*+ " @.;+C" )cos(θfdW = B"T5-1-" m 600.0 N, 00.5 == dF "3+9".;+4-",5-"2*14-";."366>;-9"

5*1;b*+,3>><B" °= 0θ 7" J 3.00cos0m) (0.600N) (5.00cos =°== θFdW "

@.;+C",5-"4*+X-1.;*+"234,*1" J 4186kcal 1 = "C;X-.7

kcal 107.17
J 4186

kcal 1J 3.00 4−×=×=W "

O/" /&*("77$1&7=*($*&2&%1",$1)&,215&E:-:&0&25&,"3*5235&*7$$8&"3&#$J$#&%1"=38.&2%2+3*5&2&
DS-:&_&41+,5+"32#&4"1,$-&?$&7=*($*&+3&2&8+1$,5+"3&  

€ 

25.0°&6$#"@&5($&("1+>"352#-&B2G&N(25&+*&
5($&@"1M&8"3$&"3&5($&,215&6)&41+,5+"3A&B6G&N(25&+*&5($&@"1M&8"3$&"3&5($&,215&6)&5($&
%12J+525+"32#&4"1,$A&B,G&N(25&+*&5($&@"1M&8"3$&"3&5($&,215&6)&5($&*("77$1A&B8G&R+38&5($&
4"1,$&5($&*("77$1&$<$15*.&=*+3%&$3$1%)&,"3*+8$125+"3*-&B$G&N(25&+*&5($&5"52#&@"1M&8"3$&
"3&5($&,215A&

)*>:,;*+ " g3h"'5-"T*1\"9*+-"P<"21;4,;*+";.";+",5-"*66*.;,-"9;1-4,;*+"*2",5-"G*,;*+B".*" ,180°=θ
3+9",5-1-2*1-" J 700cos180m 20.0N 35.0cosf −=°××== θFdW "

gPh"'5-"T*1\"9*+-"P<"C13X;,<";."6-16-+9;4:>31",*",5-"9;1-4,;*+"*2"G*,;*+B".*" ,90°=θ "
3+9" J 0cos90m 20.0N 35.0cosg =°××== θFdW "

g4h"82",5-"431,"G*X-."3,"3"4*+.,3+,".6--9B"+*"-+-1C<";.",13+.2-11-9",*";,B"21*G",5-"
T*1\ S-+-1C<",5-*1-G7" J 700or  0,net sfs ==+= WWWW "

g9h"@.-",5-"-M:3,;*+ " θFdW coss = B"T5-1-" ,25°=θ 3+9".*>X-"2*1",5-"2*14-7"
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N 38.6N 38.62
cos25m 20.0
J 700

cos 
s ==

°×
==

θd
W

F "

g-h");+4-",5-1-";."+*"453+C-";+".6--9B",5-"T*1\"-+-1C<",5-*1-G".3<.",53,",5-1-";."+*"
+-,"T*1\"9*+-"*+",5-"431,7" J 0J 700J 700net sf =+−=+= WWW "

7.2	  KINETIC	  ENERGY	  AND	  THE	  WORK-‐ENERGY	  THEOREM	  

!=/ " / &,21V*&6=07$1&+*&8$*+%3$8&5"&@+5(*5238&2&[-: ;M0P(&B9-9;0 P*G&,"##+*+"3&@+5(&23&
+00"J26#$&"6\$,5&@+5("=5&8202%$&5"&5($&6"8) &"4&5($&,21-&I($ &6=07$1&,=*(+"3*&5($&
*(",M&6)&26*"16+3%&5($&4"1,$&"J$1&2&8+*523,$-&!2#,=#25$&5($&02%3+5=8$&"4&5($&2J$12%$&
4"1,$&"3&2&6=07$1&5(25&,"##27*$*&:-E:: &0 &@(+#$&61+3%+3%&2&T:: ;M%&,21&5"&1$*5&41"0&23&
+3+5+2#&*7$$8&"4&9-9&0 P*-&

)*>:,;*+ "
@.-",5-"T*1\"-+-1C<",5-*1-GB" θFdmvmvW cos

2
1

2
1net 2

0
2 =−= B"

N 102.8
cos0 m) (0.200 2

m/s) (1.12 kg) (900m/s) (0 kg) (900
cos2

3
222

0
2

×−=
°

−
=

−
=

θd
mvmv

F "

'5-"2*14-";."+-C3,;X-"P-43:.-",5-"431";."9-4->-13,;+C/"

7.3	  GRAVITATIONAL	  POTENTIAL	  ENERGY	  

!H/" /&()81"$#$,51+,&7"@$1&42,+#+5)&B*$$&R+%=1$&O-DFG&,"3J$15*&5($&%12J+525+"32#&7"5$35+2#&
$3$1%)&"4&@25$1&6$(+38&2&820&5"&$#$,51+,&$3$1%)-&B2G&N(25&+*&5($&%12J+525+"32#&
7"5$35+2#&$3$1%)&1$#25+J$&5"&5($&%$3$125"1*&"4&2&#2M$&"4&J"#=0$& 3km0.50 &B

kg1000.5mass 13×= G.&%+J$3&5(25&5($&#2M$&(2*&23&2J$12%$&($+%(5&"4&[:-:&0&26"J$&5($&
%$3$125"1*A&B6G&!"0721$&5(+*&@+5(&5($&$3$1%)&*5"1$8&+3&2&T;0$%25"3&4=*+"3&6"06-&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+ "" ,ΔPEg mgh= T5-1-"

 m, 40.0 and,m/s 9.80 kg, 105.00 213 ==×= hgm C;X-.7

J 101.96m) (40.0)m/s (9.80kg) 10(5.00ΔPE 16213
g ×=×= "

gPh"D1*G"'3P>-"O/! B"T-"\+*T",5-"-+-1C<".,*1-9";+"3"USG-C3,*+"2:.;*+"P*GP";."

J 103.8 16× B".*",53," 0.52.
J 103.8
J 101.96

16

16

bomb

lake =
×

×
=

E
E

"
'5-"-+-1C<".,*1-9";+",5-">3\-";."
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3661*_;G3,-><"53>2",53,"*2"3"USG-C3,*+"2:.;*+"P*GP/"

"

7.7	  POWER	  

=Z/" I($&!126&_$6=#2&B*$$&R+%=1$&O-[9G&7=#*21&+*&5($&1$03235&"4&2&*=7$13"J2&5(25&",,=11$8&
+3&/ -̂ -&9:S[-&a*+3%&8252&41"0&I26#$&O-D.&,2#,=#25$&5($&2771"<+025$&42,5"1&6)&@(+,(&5($&
7"@$1&"=57=5&"4&5(+*&2*51"3"0+,2#&"6\$,5&(2*&8$,#+3$8&*+3,$&+5*&$<7#"*+"3-&

)*>:,;*+ " D1*G"'3P>-"O/=7"  W105 and  W,10 37
Supernova

28
Crab ×== PP ".*",53,"

.102
105
10 10

37

28

0

−×=
×

≈
W
W

P
P

"
'5;."6*T-1" ,*93<";." 1010 "*19-1."*2"G3C+;,:9-".G3>>-1"

,53+";,"T3."3,",5-",;G-"*2",5-"-_6>*.;*+/"

=H/" B2G&N(25&+*&5($&2J$12%$&=*$4=#&7"@$1&"=57=5&"4&2&7$1*"3&@("&8"$*&J 1000.6 6× &"4&
=*$4=#&@"1M&+3&F-::&(A&B6G&N"1M+3%&25&5(+*&125$.&("@&#"3%&@+##&+5&52M$&5(+*&7$1*"3&5"&#+45&
E:::&M%&"4&61+,M*&9-S:&0&5"&2&7#254"10A&BN"1M&8"3$&5"&#+45&(+*&6"8)&,23&6$&"0+55$8&
6$,2=*$&+5&+*&3"5&,"3*+8$1$8&=*$4=#&"=57=5&($1$-G"

)*>:,;*+ "
g3h"@.-"

t
WP = "gT5-1-"5";.";+".-4*+9.nh7"

 W208J/s 208.3
s/1h) h)(3600 (8.00
J 106.00 6

==
×

==
t
WP "

gPh"@.-",5-"T*1\"-+-1C<",5-*1-G",*"-_61-..",5-"T*1\"+--9-9",*">;2,",5-"P1;4\.7"

mghW = B"T5-1- " m 50.1 and kg 2000 == hm /"'5-+":.-
t
WP = ",*".*>X-"2*1",5-"

,;G-7" s 141s 1.411
 W)(208.3

m) )(1.50m/s kg)(9.80 (2000 2

====⇒==
P
mght

t
mgh

t
WP &

E#/" !2#,=#25$&5($&7"@$1&"=57=5&3$$8$8&4"1&2&TS:;M%&,21&5"&,#+06&2&°00.2 &*#"7$&25&2&
,"3*5235&D:-:&0 P*&@(+#$&$3,"=35$1+3%&@+38&1$*+*523,$&238&41+,5+"3&5"52#+3%&Z::&_-&
K<7#+,+5#)&*("@&("@&)"=&4"##"@&5($&*5$7*&+3&5($&'1"6#$0;L"#J+3%&L5125$%+$*&4"1&K3$1%)-"

)*>:,;*+ " '5-"-+-1C<".:66>;-9"P<",5-"-+C;+-";."4*+X-1,-9";+,*"21;4,;*+3>"-+-1C<"3.",5-"431"C*-."
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:6",5- ";+4>;+-/"

"

,Fv
t
dF

t
Fd

t
WP =⎟

⎠

⎞
⎜
⎝

⎛=== "T5-1-" F ";."6313>>->",*",5-";+4>;+-"3+9"

θsinN 600 mgwfF +=+= /"):P.,;,:,;+C"C;X-." vmgfP )sin( θ+= B".*",53,7"

[ ]  W102.77m/s) (30.0)sin2m/s kg)(9.80 (950N 600 42 ×=°+=P "

7.8	  WORK,	  ENERGY,	  AND	  POWER	  IN	  HUMANS	  

EH/" !2#,=#25$&5($&7"@$1&"=57=5&+3&@255*&238&("1*$7"@$1&"4&2&*("5;7=55$1&@("&52M$*&9-E:&*&
5"&2,,$#$125$&5($&O-EO;M%&*("5&41"0&1$*5&5"&9[-:&0 P*.&@(+#$&12+*+3%&+5&:-F::&0-&B^"&3"5&
+3,#=8$&5($&7"@$1&71"8=,$8&5"&2,,$#$125$&(+*&6"8)-G&

)*>:,;*+ " @.-",5-"T*1\"-+-1C<",5-*1-G",*"9-,-1G;+-",5-"T*1\"9*+-"P<",5-".5*, S6:,,-17"

J 769.5m) (0.800)m/s (9.80kg) (7.27m/s) (14.0kg) (7.27
2
1

2
1

2
1net 

22

0
2

0
2

=+=

−−+= mghmvmghmvW
""

'5-"6*T-1"43+"P-"2*:+9":.;+C"
t
WP = "7" . W641 W641.2

s 1.20
J 769.5

====
t
WP "

'5-+B":.;+C",5-"4*+X-1.;*+"!"56"k"OEH[B"T-".--",53," hp 860.0
 W746 

hp 1 W 641 =×=P "

K#/" e$1)&#21%$&4"1,$*&21$&71"8=,$8&+3&\"+35*&@($3&2&7$1*"3&\=07*&41"0&*"0$&($+%(5&5"&5($&
%1"=38-&B2G&!2#,=#25$&5($&4"1,$&71"8=,$8&+4&23&F:-:;M%&7$1*"3&\=07*&41"0&2&:-Z::h0 ;
(+%(&#$8%$&238&#238*&*5+44#).&,"071$**+3%&\"+35&025$1+2#&9-S:&,0&2*&2&1$*=#5-&BW$&,$152+3&
5"&+3,#=8$&5($&@$+%(5&"4&5($&7$1*"3-G&B6G&Q3&712,5+,$&5($&M3$$*&6$38&2#0"*5&
+3J"#=3521+#)&5"&($#7&$<5$38&5($&8+*523,$&"J$1&@(+,(&)"=&*5"7-&!2#,=#25$&5($&4"1,$&
71"8=,$8&+4&5($&*5"77+3%&8+*523,$&+*&:-D::&0-&B,G&!"0721$&6"5(&4"1,$*&@+5(&5($&@$+%(5&
"4&5($&7$1*"3-&
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"

)*>:,;*+ " R;X-+7" m 0150.0 and m, 600.0 kg, 0.80 === dhm ""

D;+97"+-,"F /"@.;+C" FdW = 3+9",5-"T*1\S-+-1C<",5-*1-G"C;X-.7" mghdFW == j "

N. 10136.3
m 0150.0

)600.0()m/s 80.9()kg 0.80( 4
2

×===
d
mghF "

N


m  

F

j

   g "

g3h"&*TB">**\;+C"3,",5-"P*9<"9;3C13G7" jnet FwF += ""

N 10  3.21N 10  3.136 )m/s (9.80 kg) (80.0 net 442 ×=×+=F "

gPh"&*TB">-," m 300.0=d ".*",53," N. 1568
m 300.0

)600.0()m/s 80.9()kg 0.80( 2

j ===
d
mghF "

N 102.35N 1568  )m/s kg)(9.80 (80.0  net 32 ×=+=F "

g4h"8+"g3hB" .41.0
N 784

N 32,144net 
==

mg
F

"'5;."4*:>9"P-"93G3C;+C",*",5-"P*9</"

8+"gPhB" .3.00
N 784
N 2352net 
==

mg
F

"'5;."43+"P-"-3.;><".:.,3;+-9/ "

KN/" I($&2@$;+3*7+1+3%&`1$25&')120+8&"4&!($"7*&@2*&6=+#5&0"1$&5(23&[S::&)$21*&2%"-&Q5*&
*C=21$&62*$.&"1+%+32##)&ED:&0&"3&2&*+8$.&,"J$1$8&9D-9&2,1$*.&238&+5&@2*&9[Z&0&(+%(.&
@+5(&2&02**&"4&26"=5&kg 107 9× -&BI($&7)120+8V*&8+0$3*+"3*&21$&*#+%(5#)&8+44$1$35&5"82)&
8=$&5"&C=211)+3%&238&*"0$&*2%%+3%-G&?+*5"1+23*&$*5+025$&5(25&E:.:::&@"1M$1*&*7$35&
E:&)$21*&5"&,"3*51=,5&+5.&@"1M+3%&9E;("=1&82)*.&DD:&82)*&7$1&)$21-&B2G&!2#,=#25$&5($&
%12J+525+"32#&7"5$35+2#&$3$1%)&*5"1$8&+3&5($&7)120+8.&%+J$3&+5*&,$35$1&"4&02**&+*&25&
"3$;4"=15(&+5*&($+%(5-&B6G&b3#)&2&412,5+"3&"4&5($&@"1M$1*&#+45$8&6#",M*i&0"*5&@$1$&
+3J"#J$8&+3&*=77"15&*$1J+,$*&*=,(&2*&6=+#8+3%&1207*&B*$$&R+%=1$&O-[SG.&61+3%+3%&4""8&
238&@25$1.&238&(2=#+3%&6#",M*&5"&5($&*+5$-&!2#,=#25$&5($&$44+,+$3,)&"4&5($&@"1M$1*&@("&
8+8&5($&#+45+3%.&2**=0+3%&5($1$&@$1$&9:::&"4&5($0&238&5($)&,"3*=0$8&4""8&$3$1%)&25&
5($&125$&"4&D::&M,2#P(-&N(25&8"$*&)"=1&23*@$1&+07#)&26"=5&("@&0=,(&"4&5($+1&@"1M&
@$35&+35"&6#",M;#+45+3%.&J$1*=*&("@&0=,(&@"1M&@$35&+35"&41+,5+"3&238&#+45+3%&238&
#"@$1+3%&5($+1&"@3&6"8+$*A&B,G&!2#,=#25$&5($&02**&"4&4""8&5(25&(28&5"&6$&*=77#+$8&$2,(&
82).&2**=0+3%&5(25&5($&2J$12%$&@"1M$1&1$C=+1$8&DZ::&M,2#&7$1&82)&238&5(25&5($+1&8+$5&
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@2*&Sd&71"5$+3.&Z:d&,216"()8125$.&238&DSd&425-&BI($*$&71"7"15+"3*&3$%#$,5&5($&02**&
"4&6=#M&238&3"38+%$*5+6#$&025$1+2#*&,"3*=0$8-G&

)*>:,;*+ " g3h"'*"43>4:>3,-",5-"6*,-+,;3>"-+-1C<":.-" mgh=PE B"T5-1-" kg 107 9×=m "3+9"

:m 36.5m 146
4
1

=×=h
"

J 102.50J 102.504m) (36.5)m/s (9.80kg) 10(7.00  PE 121229 ×=×=×== mgh "

gPh"D;1.,B"T-"+--9",*"43>4:>3,-",5-"-+-1C<"+--9-9",*"2--9",5-"!ZZZ"T*1\-1."*X-1",5-"
#Z"<-31.7

kcal. 109.946
d

h 12
y

d 330y 20
kcal

J 4186
h
kcal 3001000 13

in ×=×××××== NPtE
"

&*TB".;+4-",5-"T*1\-1."G:.,"61*X;9-",5-"0("21*G"631,"g3hB":.- in

out

E
W

Eff =
",*"

43>4:>3,-",5-;1"-22;4;-+4<7"
2.52%0.0252

109.946
J 102.504PE

13

12

inin

out ==
×
×

===
EE

WEff
"

g4h"82"-345"T*1\-1"1-M:;1-."=HZZ"\43>i93<B"3+9"T-"\+*T",5-"4*G6*.;,;*+"*2",5-;1"9;-,B"
T-"43+"43>4:>3,-",5-"G3.."*2"2**9"1-M:;1-97"

kcal. 1260)kcal)(0.35 (3600

and kcal; 2160)kcal)(0.60 (3600 

kcal; 180)kcal)(0.05 (3600

fat

tecarbohydra

protein

==

==

==

E
E
E

"

&*TB"21*G"'3P>-"O/!"T-"43+"4*+X-1,",5-"-+-1C<"1-M:;1-9";+,*",5-"G3.."1-M:;1-9"
2*1"-345"4*G6*+-+,"*2",5-;1"9;-,7"

g. 135.5
kcal 9.3
g 1kcal 2160

kcal 9.3
g 1

g; 526.8
kcal 4.1
g 1kcal 2160

kcal 4.1
g 1

;g 43.90
kcal 4.1
g 1kcal 180

kcal 4.1
g 1

fatfat

tecarbohydratecarbohydra

proteinprotein

=×=×=

=×=×=

=×=×=

Em

Em

Em

"

'5-1-2*1-B",5-",*,3>"G3.."*2"2**9"1-M:;1-"2*1",5-"3X-13C-"T*1\-1"6-1"93<";.7"

,g 706.2g) (135.5g) (526.8g) (43.90fattecarbohydraproteinperson =++=++= mmmm "
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3+9",5-",*,3>"3G*:+,"*2"2**9"1-M:;1-9"2*1",5-"#ZBZZZ"T*1\-1.";.7""

kg 101.4kg 101.41kg 0.706220,000 44
person ×=×=×== Nmm "
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8.1	  LINEAR	  MOMENTUM	  AND	  FORCE	  

!/ " B2G&!2#,=#25$&5($&0"0$35=0&"4&2&E:::;M%&$#$7(235&,(21%+3%&2&(=35$1&25&2&*7$$8&"4&
m/s50.7 -&B6G&!"0721$&5($&$#$7(235V*&0"0$35=0&@+5(&5($&0"0$35=0&"4&2&:-:[::;M%&

5123C=+#+>$1&8215&4+1$8&25&2&*7$$8&"4&m/s600 -&B,G&N(25&+*&5($&0"0$35=0&"4&5($&T:-:;
M%&(=35$1&1=33+3%&25&m/s407. &245$1&0+**+3%&5($&$#$7(235A&

)*>:,;*+ " g3h"  m/skg 10  1.50  m/s 7.50  kg 0002  4
eee ⋅×=×== vmp "

gPh
"

625  
kg.m/s 24.0

kg.m/s10 1.50  

so kg.m/s, 24.0  m/s 600  kg 0.0400
 4

b

c

bbb

=
×

=

=×==

p
p

vmp
"

'5-"G*G-+,:G"*2",5-"->-653+,";."G:45">31C-1"P-43:.-",5-"G3.."*2",5-"->-653+,"
;."G:45">31C-1/"

g4h" m/skg 10  6.66  m/s 7.40  kg 90.0 2
hhb ⋅×=×== vmp "

AC3;+B",5-"G*G-+,:G";.".G3>>-1",53+",53,"*2",5-"->-653+,"P-43:.-",5-"G3.."*2"
,5-"5:+,-1";."G:45".G3>>-1/"

8.2	  IMPULSE	  

U/" /&7$1*"3&*#27*&($1&#$%&@+5(&($1&(238.&61+3%+3%&($1&(238&5"&1$*5&+3&E-S:&0+##+*$,"38*&
41"0&23&+3+5+2#&*7$$8&"4&[-::&0P*-&B2G&N(25&+*&5($&2J$12%$&4"1,$&$<$15$8&"3&5($&#$%.&
52M+3%&5($&$44$,5+J$&02**&"4&5($&(238&238&4"1$210&5"&6$&9-S:&M%A&B6G&N"=#8&5($&4"1,$&
6$&23)&8+44$1$35&+4&5($&@"023&,#277$8&($1&(238*&5"%$5($1&25&5($&*20$&*7$$8&238&
61"=%(5&5($0&5"&1$*5&+3&5($&*20$&5+0$A&K<7#2+3&@()&"1&@()&3"5-&&
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"

H#"

"

)*>:,;*+ " g3h"$3>4:>3,-",5-"+-,"2*14-"*+",5- "53+97"

( ) N 10  2.40 
s  10  2.50

m/s 4.00  m/s 01.50kg      net 3
3 ×−=

×
−

=
Δ
Δ

=
Δ
Δ

=
−t

vm
t
pF "

g,3\;+C"G*G-+," ,*T319",5-">-C"3."6*.;,;X-h/"'5-1-2*1-B"P<"&-T,*+V.",5;19">3TB",5-"
+-,"2*14-"-_-1,-9"*+",5-">-C";." N 10  2.40 3× B",*T319",5-">-C/"

gPh"'5-"2*14-"*+"-345"53+9"T*:>9"53X-",5-".3G-"G3C+;,:9-"3.",53,"2*:+9";+"631,"g3h"
gP:,";+"*66*.;,-"9;1-4,;*+."P<"&-T,*+V.",5;19">3Th"P-43:.-",5-"453+C-. ";+"
G*G-+,:G"3+9",;G-";+,-1X3>"31-",5-".3G-/"

!K/" /&,1=+*$&*(+7&@+5(&2&02**&"4&kg 1000.1 7× &*51+M$*&2&7+$1&25&2&*7$$8&"4&:-OS:&0P*-&Q5&
,"0$*&5"&1$*5&Z-::&0&#25$1.&8202%+3%&5($&*(+7.&5($&7+$1.&238&5($&5=%6"25&,2752+3V*&
4+323,$*-&!2#,=#25$&5($&2J$12%$&4"1,$&$<$15$8&"3&5($&7+$1&=*+3%&5($&,"3,$75&"4&+07=#*$-&
B?+35U&R+1*5&,2#,=#25$&5($&5+0$&+5&5""M&5"&61+3%&5($&*(+7&5"&1$*5-G&&

)*>:,;*+ " R;X-+7" m. 6.00Δ m/s, 0 =  m/s, 0.75=kg, 101.00= 0
7 =× xv vm "D;+97"+-,"2*14-"*+",5-"

6;-1/"D;1.,B"T-"+--9"3"T3<",*"-_61-..",5-",;G-B"tΔ .";+",-1G."*2"\+*T+"M:3+,;,;-./"

@.;+C",5-"-M:3,;*+. "
t
xv
Δ

Δ
= "3+9"

2
0 vv

v
+

= "C;X-.7""

( ) ( )
( )

( ) ( )( ) N. 10  4.69  
s  16.0

m/s 07500kg 10  1.00       net 

s. 16.0  
m/s 0.750  0

m 6.002 
  

2   that so   
2
1    

5
7

0

0
0

×−=
−×

=
Δ

−
=

Δ
Δ

=

=
+

=
+
Δ

=ΔΔ+=Δ=Δ

t
vvm

t
pF

vv
xttvvtvx

"

` <"&-T,*+V.",5;19">3TB",5-"+-,"2*14-"*+",5-"6;-1";." N 10  4.69 5× B";+",5-"*1;C;+3>"
9;1-4,;*+"*2",5-".5;6/

"

8.3	  CONSERVATION	  OF	  MOMENTUM	  

#=/" !"#$%&&'#()*+,--*'.)/'#( &I12+3&,21*&21$&,"=7#$8&5"%$5($1&6)&6$+3%&6=07$8&+35"&"3$&
23"5($1-&L=77"*$&5@"&#"28$8&512+3&,21*&21$&0"J+3%&5"@218&"3$&23"5($1.&5($&4+1*5&
(2J+3%&2&02**&"4&9S:.:::&M%&238&2&J$#",+5)&"4&:-D::&0P*.&238&5($&*$,"38&(2J+3%&2&
02**&"4&99:.:::&M%&238&2&J$#",+5)&"4&m/s120.0− -&BI($&0+3=*&+38+,25$*&8+1$,5+"3&"4&
0"5+"3-G&N(25&+*&5($+1&4+32#&J$#",+5)A&
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"

H="

"

)*>:,;*+ " @.-"4*+.-1X3,;*+"*2"G*G-+,:GB" '' 22112211 vmvmvmvm +=+ "B".;+4-",5-;1"2;+3>"
X->*4;,;-."31-",5-".3G-/"

( )( ) ( )( ) m/s 0.122
kg 110,000kg 150,000

m/s 0.120kg 110,000m/s 0.300kg 150,000'
21

2211 =
+

−+
=

+

+
=

mm
vmvmv "

'5-"2;+3>"X->*4;,<";.";+",5-"9;1-4,;*+"*2",5-"2;1.,"431"P-43:.-";,"539"3">31C-1";+;,;3>"
G*G-+,:G/ "

8.5	  INELASTIC	  COLLISIONS	  IN	  ONE	  DIMENSION	  

==/" !"#$%&&'#()*+,--*'.)/'#( &a*+3%&02**&238&*7$$8&8252&41"0&K<207#$&F-9&238&2**=0+3%&
5(25&5($&4""562##&7#2)$1&,25,($*&5($&62##&@+5(&(+*&4$$5&"44&5($&%1"=38&@+5(&6"5(&"4&5($0&
0"J+3%&("1+>"352##).&,2#,=#25$U&B2G&5($&4+32#&J$#",+5)&+4&5($&62##&238&7#2)$1&21$&%"+3%&+3&
5($&*20$&8+1$,5+"3&238&B6G&5($&#"**&"4&M+3$5+,&$3$1%)&+3&5(+*&,2*$-&B,G&H$7$25&7215*&B2G&
238&B6G&4"1&5($&*+5=25+"3&+3&@(+,(&5($&62##&238&5($&7#2)$1&21$&%"+3%&+3&"77"*+5$&
8+1$,5+"3*-&X+%(5&5($&#"**&"4&M+3$5+,&$3$1%)&6$&1$#25$8&5"&("@&0=,(&+5&(=15*&5"&,25,(&
5($&72**A&

)*>:,;*+ " g3h"@.-"4*+.-1X3,;*+"*2"G*G-+,:G"2*1",5-"6>3<-1"3+9",5-"P3>>7"
( ) '212211 vmmvmvm +=+ ".*",53,""

( )( ) ( )( ) m/s 8.06 m/s 8.063
kg 0.410kg 110

m/s 25.0kg 0.410m/s 8.00kg 110'
21

2211 ==
+

+
=

+

+
=

mm
vmvmv "

gPh

"

( )

( ) ( )

( )( ) ( )( ) ( )( )[ ]
J 59.0         

m/s 25.0kg 0.400m/s 8.00kg 110
2
1m/s 8.063kg 110.41

2
1

''
2
1'

2
1

2
1

2
1'

2
1'

2
1

KEKE  KE'KE

222

2
22

2
11

2
21

2
22

2
11

2
22

2
11

21

−=

+−=

+−+=−−+=

+−=Δ

vmvmvmmvmvmvmvm
"

g4h"g;h" ( )( ) ( )( ) m/s 7.88
kg 110.41

m/s 25.0kg 0.410 m/s 8.00kg 110 ' =
−+

=v "
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"

HE"

"

g;;h

"
( )( )

( )( ) ( )( ) J 223m/s 25.0kg 0.410
2
1m/s 8.00kg 110

2
1

m/s 7.877kg 110.41
2
1 KE

22

2

−=⎥⎦

⎤
⎢⎣

⎡ −+

−=Δ
"

=N/" /&:-:ES: ;M%&6=##$5&+*&2,,$#$125$8&41"0&1$*5&5"&2&*7$$8&"4&SS:&0P*&+3&2&D-::;M%&1+4#$-&I($&
72+3&"4&5($&1+4#$V*&M+,M&+*&0=,(&@"1*$&+4&)"=&("#8&5($&%=3&#""*$#)&2&4$@&,$35+0$5$1*&
41"0&)"=1&*("=#8$1&125($1&5(23&("#8+3%&+5&5+%(5#)&2%2+3*5&)"=1&*("=#8$1-&B2G&!2#,=#25$&
5($&1$,"+#&J$#",+5)&"4&5($&1+4#$&+4&+5&+*&($#8&#""*$#)&2@2)&41"0&5($&*("=#8$1-&B6G&?"@&0=,(&
M+3$5+,&$3$1%)&8"$*&5($&1+4#$&%2+3A&B,G&N(25&+*&5($&1$,"+#&J$#",+5)&+4&5($&1+4#$&+*&($#8&
5+%(5#)&2%2+3*5&5($&*("=#8$1.&02M+3%&5($&$44$,5+J$&02**&EF-:&M%A&B8G&?"@&0=,(&M+3$5+,&
$3$1%)&+*&5123*4$11$8&5"&5($&1+4#$;*("=#8$1&,"06+325+"3A&I($&72+3&+*&1$#25$8&5"&5($&
20"=35&"4&M+3$5+,&$3$1%).&@(+,(&+*&*+%3+4+,235#)&#$**&+3&5(+*&#255$1&*+5=25+"3-&B$G&L$$&
K<207#$&F-9&238&8+*,=**&+5*&1$#25+"3*(+7&5"&5(+*&71"6#$0-&

)*>:,;*+ " g3h"R;X-+7" kg. 3.00  m/s, 0 121 === mvv "@.-"4*+.-1X3,;*+"*2"G*G-+,:G7"

( ) '212211 vmmvmvm +=+ "

( )( ) m/s 4.58 m/s 4.583 
kg 3.00

m/s 550kg 0.0250 
'

  '  '  '
1

22
12211 =−=

−
=

−
=⇒−=

m
vm

vvmvm "

gPh"'5-"1;2>-"P-C;+."3,"1-.,B".*" J0KEi = B"3+9"

( )( ) J 5.13m/s 58.4kg 00.3
2
1'

2
1KE 22

11 =−==Δ vm
"

g4h"&*TB" kg .0821 =m B".*",53,"
( )( ) m/s 491.0 

kg 28.0
m/s 550kg 0.0250   '

1

22
1 −=

−
=

−
=

m
vm

v "

g9h"AC3;+B" J0KEi = B"3+9"

( )( ) J .383  J 3.376 m/s 491.0kg 0.28
2
1  '

2
1  KE 22

11 ==−==Δ vm
"

g-h

"

(_3G6>-"N/!"G3\-.",5-"*P.-1X3,;*+",53,";2",T*"*PQ-4,."53X-",5-".3G-"G*G-+,:G"
,5-"5-3X;-1"*PQ-4,"T;>>"53X-"3".G3>>-1"\;+-,;4"-+-1C</"F--6;+C",5-"1;2>-"4>*.-",*",5-"
P*9<";+41-3.-.",5-"-22-4,;X-"G3.."*2",5-"1;2>-B"5-+4-"1-9:4;+C",5-"\;+-,;4"-+-1C<"
*2",5-"1-4*;>;+C"1;2>-/");+4-"63;+";."1->3,-9",*",5-"3G*:+,"*2"\;+-,;4"-+-1C<B"3"1;2>-"
5:1,.">-..";2";,"5->9"3C3;+.,",5-"P*9</"
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HK"

"

EE/" B2G&^=1+3%&23&+,$&*M25+3%&7$14"1023,$.&23&+3+5+2##)&0"5+"3#$**&F:-:;M%&,#"@3&5(1"@*&2&
42M$&6216$##&2@2)-&I($&,#"@3V*&+,$&*M25$*&2##"@&($1&5"&1$,"+#&41+,5+"3#$**#)-&Q4&5($&,#"@3&
1$,"+#*&@+5(&2&J$#",+5)&"4&:-S::&0P*&238&5($&6216$##&+*&5(1"@3&@+5(&2&J$#",+5)&"4&9:-:&
0P*.&@(25&+*&5($&02**&"4&5($&6216$##A&B6G&?"@&0=,(&M+3$5+,&$3$1%)&+*&%2+3$8&6)&5(+*&
023$=J$1A&B,G&N($1$&8"$*&5($&M+3$5+,&$3$1%)&,"0$&41"0A&

)*>:,;*+ " g3h"@.-"4*+X-1.3,;*+"*2"G*G-+,:G",*"2;+9",5-"G3.."*2",5-"P31P->>7"
'' 22112211 vmvmvmvm +=+ "T5-1-" m/s021 == vv B"3+9

"
'1v kSZ/KZZ"Gi."g.;+4-";,"

1-4*;>."P34\T319.hB".*".*>X;+C"2*1",5-"G3.."*2",5-"P31P->>"C;X-.7"

( )( ) 4.00kg  
m/s 10.0

m/s 0.500kg 80.0         0
2

11
22211 =

−−
=

−
=⇒+=

v
vm

mvmvm "

gPh"D;+9",5-"453+C-";+"\;+-,;4"-+-1C<7"

( )

( )( ) ( )( ) J 210m/s 10.0kg 4.00
2
1m/s 0.500kg 80.0

2
1

''
2
1

2
1

2
1'

2
1'

2
1KE

22

2
22

2
11

2
22

2
11

2
22

2
11

=⎥⎦

⎤
⎢⎣

⎡ +−=

+=−−+=Δ vmvmvmvmvmvm
"

g4h"'5-"4>*T+"9*-."T*1\",*",51*T",5-"P31P->>B".*",5-"\;+-,;4"-+-1C<"4*G-."21*G",5-"
G:.4>-."*2",5-"4>*T+/"'5-"G:.4>-."4*+X-1,",5-"45-G;43>"6*,-+,;3>"-+-1C<"*2"A'0"
;+,*"\;+-,;4"-+-1C</

"

8.6	  COLLISIONS	  OF	  POINT	  MASSES	  IN	  TWO	  DIMENSIONS	  	  

EU/" !"#$%&&'#()*+,--*'.)/'#( &K13$*5&H=5($14"18&B5($&4+1*5&_$@&j$2#238$1&5"&6$&2@218$8&
5($&_"6$#&'1+>$&+3&!($0+*51)G&8$0"3*5125$8&5(25&3=,#$+&@$1$&J$1)&*02##&238&8$3*$&6)&
*,255$1+3%&($#+=0;[&3=,#$+&( )He4 &41"0&%"#8;9TO&3=,#$+&( )Au197 -&I($&$3$1%)&"4&5($&

+3,"0+3%&($#+=0&3=,#$=*&@2*& J1000.8 13−× .&238&5($&02**$*&"4&5($&($#+=0&238&%"#8&

3=,#$+&@$1$& kg 1068.6 27−× &238& kg1029.3 25−× .&1$*7$,5+J$#)&B3"5$&5(25&5($+1&02**&
125+"&+*&[&5"&9TOG-&B2G&Q4&2&($#+=0&3=,#$=*&*,255$1*&5"&23&23%#$&"4&°120 &8=1+3%&23&$#2*5+,&
,"##+*+"3&@+5(&2&%"#8&3=,#$=*.&,2#,=#25$&5($&($#+=0&3=,#$=*V*&4+32#&*7$$8&238&5($&4+32#&
J$#",+5)&B02%3+5=8$&238&8+1$,5+"3G&"4&5($&%"#8&3=,#$=*-&B6G&N(25&+*&5($&4+32#&M+3$5+,&
$3$1%)&"4&5($&($#+=0&3=,#$=*A&
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"

HH"

"

)*>:,;*+ "
g3h" ( ) m/s 101.548

kg 106.68
J 108.002KE2KE

2
1 7

2/1

27

132/1

1

i
ii

2
11 ×=⎥

⎦

⎤
⎢
⎣

⎡

×
×

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⇒= −

−

m
vvm "

$*+.-1X3,;*+"*2";+,-1+3>"\;+-,;4"-+-1C<"C;X-.7"

2
21

2
11

2
11 '

2
1'

2
1

2
1 vmvmvm += "

g;h"

*1""" ( ) 2
2

2
'2

2
1

2

1 '''
1

vvv
m
m

=− "
g;Vh"

$*+.-1X3,;*+"*2"G*G-+,:G"3>*+C",5-"<S3_;."C;X-.7"

22211111  cos ' cos ' θθ vmvmvm += " g;;h"

$*+.-1X3,;*+"*2"G*G-+,:G"3>*+C",5-")S3_;."C;X-.7"

222111 sin  'sin  '0 θθ vmvm += " g;;;h"

Y-3113+C;+C"(M:3,;*+."g;;h"3+9"g;;;h"C;X-.7"

22211111  cos ' cos ' θθ vmvmvm =− " g;;Vh"

222111 sin  'sin  ' θθ vmvm =− " g;;;Vh"

)M:31;+C"(M:3,;*+"g;;Vh"3+9"g;;;Vh"3+9"399;+C"C;X-.7"

( )
2
1

2
1111

2
1

2
1

2
1

2
2

2
2

2
111

2
111112

22
2

2
22

22
2

2
2

'cos'2''or  

cos')cos'(sin'cos'

vmvvmvmvm
vmvmvmvmvm

+−=

−+−=+

θ

θθθθ
"

)*>X;+C"2*1"22'v "3+9".:P.,;,:,;+C";+,*"g;Vh7"

( ) ( )

( ) cos'2''

 thatso cos'2''

111
2
1

2
1

2

12
1

2
1

111
2
1

2
12

2

2
12

1
2
1

2

1

θ

θ

vvvv
m
mvv

vvvv
m
mvv

m
m

−+=−

−+=−

"
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HO"

"

@.;+C" kg1029.3;kg1068.6;120;m/s10548.1 25
2

27
11

7
1

−− ×=×=°=×= mmv θ "

01'cos2'1 2
1

2

1
111

2

12
1

2

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+ v

m
mvv

m
mv

m
m

θ

"

 thatso /sm 102.3481

m/s, 103.143cos
2

  ,0203.11

22142
1

2

1

5
11

2

1

2

1

×−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=

×=−==+=

v
m
mc

v
m
mb

m
ma θ

"

( ) ( )( )
( )

( ) m/s 105.36'' and   m/s 101.50' 

or  
0203.12

/sm 102.3480203.14m/s 10143.3m/s10143.3

2
4'

5
1

2
1

2

1
2

7
1

2214255

2

1

×=−=×=

×−−×+×−
=

−±−
=

vv
m
mvv

a
acbbv

"

( )
( )

( ) °−=−=

−=
°×−×

°×=
=

−

−
=

− 5.2956529.0tanor 

0.56529
cos120m/s 101.50m/s 101.58

sin120m/s 101.50
cos'

sin'tan

1
2

77

7

111

11
2

θ

θ
θ

θ
vv
v

"gPh"'5-"2;+3>"\;+-,;4"-+-1C<";.",5-+7""

( ) ( )( )( ) J 107.52m/s 101.50kg 106.680.5'5.0KE 1327272
11f

−− ×=××== vm

"

8.7	  INTRODUCTION	  TO	  ROCKET	  PROPULSION	  

KK/" !"#$%&&'#()*+,--*'.)/'#( &!2#,=#25$&5($&+3,1$2*$&+3&J$#",+5)&"4&2&[:::;M%&*72,$&71"6$&
5(25&$<7$#*&DS::&M%&"4&+5*&02**&25&23&$<(2=*5&J$#",+5)&"4&m/s10002 3×. -&c"=&02)&
2**=0$&5($&%12J+525+"32#&4"1,$&+*&3$%#+%+6#$&25&5($&71"6$V*&#",25+"3-&

)*>:,;*+ "
@.-",5-"-M:3,;*+ " ,ln 0

e0 ⎟
⎠

⎞
⎜
⎝

⎛
+=

m
mvvv

"
T5-1-"

 m/s102.00= and kg, 500 = kg 3500 - kg 4000= kg,4000= 3
e0 ×vmm ".*",53, "
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" m/s 10  4.16  m/s 10  4.159 
kg 500
kg 4000m/s)ln  10  (2.00  333

0 ×=×=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=− vv

"

"

KO/" ^$1+J$&5($&$C=25+"3&4"1&5($&J$15+,2#&2,,$#$125+"3&"4&2&1",M$5-&

)*>:,;*+ " '5-"2*14-"+--9-9",*"C;X-"3".G3>>"G3.."m! "3+"344->-13,;*+"ma! ";." mmaF !!= /"'*"

344->-13,-",5;."G3..";+",5-".G3>>",;G-";+,-1X3>"t! "3,"3".6--9" ev "1-M:;1-." tav m!= !e B"

.*"
t
m

vF
!
!

= e /"`<"&-T,*+V.",5;19">3TB",5;."2*14-";."-M:3>";+"G3C+;,:9-",*",5-",51:.,"

2*14-"34,;+C"*+",5-"1*4\-,B".*"
t
m

vF e !
!

=thrust B"T5-1-"3>>"M:3+,;,;-."31-"6*.;,;X-/"

A66><;+C"&-T,*+V.".-4*+9">3T",*",5-"1*4\-,"C;X-." g
t
m

m

v
amamgF e !

"
"

=#=!thrust B"

T5-1-" m";.",5-"G3.."*2",5-"1*4\-,"3+9":+P:1+,"2:->/"

H!/" !"#$%&&'#()*+,--*'.)/'#( &B2G&/&S-::;M%&*C=+8&+3+5+2##)&25&1$*5&$\$,5*&:-ES:;M%&"4&4#=+8&
@+5(&2&J$#",+5)&"4&9:-:&0P*-&N(25&+*&5($&1$,"+#&J$#",+5)&"4&5($&*C=+8&+4&5($&$\$,5+"3&+*&
8"3$&+3&:-9::&*&238&5($1$&+*&2&S-::;_&41+,5+"32#&4"1,$&"77"*+3%&5($&*C=+8V*&0"J$0$35-&
B6G&?"@&0=,(&$3$1%)&+*&#"*5&5"&@"1M&8"3$&2%2+3*5&41+,5+"3A&

)*>:,;*+ " g3h"D;1.,B"2;+9"1'v B",5-"X->*4;,<"32,-1"-Q-4,;+C",5-"2>:;97"

( )
( )( )

m/s 0.526
kg 4.75

m/s 10.0kg 0.250'
'

 thatso ,''0

1

22
1

221121

!=
!

=
!

=

+==+

m
vm

v

vmvmvmm

"
&*TB",5-"21;4,;*+3>"2*14-".>*T.",5-".M:;9"*X-1",5-"Z/!ZZ"."

( )( ) ( )( )
m/s 0.421 

kg 4.75
m/s 10.0kg 0.250  s 0.100N 5.00
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'
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'
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!

=
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=
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"gPh

"

( )
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2
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9.2	  THE	  SECOND	  CONDITION	  FOR	  EQUILIBRIUM	  

!/ " B2G&N($3&"7$3+3%&2&8""1.&)"=&7=*(&"3&+5&7$17$38+,=#21#)&@+5(&2&4"1,$&"4&SS-:&_&25&2&
8+*523,$&"4&:-FS:0&41"0&5($&(+3%$*-&N(25&5"1C=$&21$&)"=&$<$15+3%&1$#25+J$&5"&5($&
(+3%$*A&B6G&^"$*&+5&0255$1&+4&)"=&7=*(&25&5($&*20$&($+%(5&2*&5($&(+3%$*A&

)*>:,;*+ " g3h"'*"43>4:>3,-",5-",*1M:-":.-" Fr!=" B"T5-1-",5-"6-16-+9;4:>31"9;.,3+4-";."Z/NKZ"GB"

,5-"2*14-";."KK/Z"&B"3+9",5-"5;+C-."31-",5-"6;X*,"6*;+,/"

mN 46.8  m  N 46.75 N 55.0 m 0.850 ⋅=⋅=×== ⊥F rτ "

gPh"8,"9*-."+*,"G3,,-1"3,"T53,"5-;C5,"<*:"6:.5/"'5-",*1M:-"9-6-+9."*+"*+><",5-"
G3C+;,:9-"*2",5-"2*14-"366>;-9"3+9",5-"6-16-+9;4:>31"9;.,3+4-"*2",5-"2*14-V."
366>;43,;*+"21*G",5-"5;+C-./"g$5;>91-+"9*+V,"53X-"3",*:C5-1",;G-"*6-+;+C"3"9**1"
P-43:.-",5-<"6:.5">*T-1",53+"39:>,.B",5-<"53X-"3",*:C5-1",;G-"P-43:.-",5-<"
9*+V,"6:.5"231"-+*:C5"21*G",5-"5;+C-./h"

9.3	  STABILITY	  

H/" L=77"*$&2&("1*$&#$23*&2%2+3*5&2&@2##&2*&+3&R+%=1$&T-DE-&!2#,=#25$&5($&4"1,$&$<$15$8&"3&
5($&@2##&2**=0+3%&5(25&4"1,$&+*&("1+>"352#&@(+#$&=*+3%&5($&8252&+3&5($&*,($025+,&
1$71$*$3525+"3&"4&5($&*+5=25+"3-&_"5$&5(25&5($&4"1,$&$<$15$8&"3&5($&@2##&+*&$C=2#&238&
"77"*+5$&5"&5($&4"1,$&$<$15$8&"3&5($&("1*$.&M$$7+3%&+5&+3&$C=+#+61+=0-&I($&5"52#&02**&"4&
5($&("1*$&238&1+8$1&+*&S::&M%-&I2M$&5($&8252&5"&6$&2,,=125$&5"&5(1$$&8+%+5*-&

)*>:,;*+ " '5-1-"31-"2*:1"2*14-."34,;+C"*+",5-"5*1.-"3+9"1;9-17"N"g34,;+C".,13;C5,":6",5-"C1*:+9hB"
w"g34,;+C".,13;C5,"9*T+"21*G",5-"4-+,-1"*2"G3..hB"f+g34,;+C"5*1;b*+,3>><",*",5-">-2,B"3,"
,5-"C1*:+9",*"61-X-+,",5-"5*1.-"21*G".>;66;+ChB"3+9"wallF "g34,;+C",*",5-"1;C5,h/");+4-"
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+*,5;+C";."G*X;+CB",5-",T*"4*+9;,;*+."2*1"-M:;>;P1;:G"366><7" 0.net   and  0net == τF "

'5-"2;1.,"4*+9;,;*+">-39.",*",T*"-M:3,;*+."g*+-"2*1"-345"9;1-4,;*+h7"

0net   and  0net wall =−==−= wNFfFF yx "

'5-",*1M:-"-M:3,;*+"g,3\;+C",*1M:-"3P*:,"",5-"4-+,-1"*2"C13X;,<B"T5-1-"$$[";."
6*.;,;X-h"C;X-.7" ( ) ( ) ( ) 0m 350.0 m 40.1 1.201.40 net wall =+−−= NfFτ "

'5-"2;1.,",T*"-M:3,;*+."C;X-7 mgwNfF ===  and , wall "

):P.,;,:,;+ C";+,*",5-",5;19"-M:3,;*+"C;X-.7"

( ) ( ) ( )m 350.0m 40.1m 1.20  m 40.1 wallwall mgFF !=!! "

)*B",5-"2*14-"*+",5-"T3>>";.7"

( ) ( )( )( )
N 10  1.43 N 1429

m 1.20
m 350.0sm80.9kg 500

m 1.20
m 350.0 3

2

wall !====
mg

F "

!E/" / &*238@+,(&6"218&28J$15+*+3%&*+%3&+*&,"3*51=,5$8&2*&*("@3&+3&R+%=1$&T-DZ-&I($&*+%3V*&
02** &+*&F-:: &M%-&B2G&!2#,=#25$&5($&5$3*+"3&+3&5($&,(2+3&2**=0+3%&3"&41+,5+"3&6$5@$$3&5($&
#$%*&238&5($&*+8$@2#M-&B6G&N(25&4"1,$&+*&$<$15$8&6)&$2,( &*+8$&"3&5($&(+3%$A&

)*>:,;*+ " W**\;+C"3,"D;C:1-"U/=HB",5-1-"31-",51--"2*14-."34,;+C"*+",5-"-+,;1-".3+9T;45"P*319"

.<.,-G7"w B"34,;+C"9*T+"3,",5-"4-+,-1"*2"G3.."*2",5-".<.,-GB"  , and R L NN 34,;+C":6"

3,",5-"C1*:+9"2*1"(A$]"*2",5-">-C./"'5-",-+.;*+"3+9",5-"5;+C-"-_-1,";+,-1+3>"2*14-.B"
3+9",5-1-2*1-"43+4->"T5-+"4*+.;9-1;+C",5-"-+,;1-".3+9T;45"P*319/"@.;+C",5-"2;1.,"
4*+9;,;*+"2*1"-M:;>;P1;:G"C;X-.7" SRLnet wNNF !+= /"

'5-"+*1G3>"2*14-."31-"-M:3>B"9:-",*"".<GG-,1<B"3+9",5-"G3..";."C;X-+B".*"T-"43+"

9-,-1G;+-",5-"+*1G3>"2*14-.7" ( )( ) NNmgN 2.39sm 9.80  kg 00.82 2 =!== "

&*TB"T-"43+"9-,-1G;+-",5-",-+.;*+";+",5-"453;+"3+9",5-"2*14-"9:-",*",5-"5;+C-"P<"
:.;+C",5-"*+-".;9-"*2",5-".3+9T;45"P*3197"
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( )
!!  cos  ,sin  

side) one(for  N 2.39sm80.9
2

kg 00.8
 N, 2.39

 m, 30.1 m, 500.0 m, 0.650  
2

m 30.1
 m, 550.0

2
 10.1

rrhrrv

2

FFFF

mgwN

dcba

==

====

======

"

'5-".<.,-G";.";+"-M:;>;P1;:GB".*",5-",T*"4*+9;,;*+."2*1"-M:;>;P1;:G"5*>97"

0net  and 0net == !F "

'5;."C;X-.",51--"-M:3,;*+.7"

0
2
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0net 

0net 

rv
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=+!!=

=+!=

=!=
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a
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NwFF

TFF
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"

"
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a

wTcFNwF

FFFF

FTF

=+=!=

==

==

2
 and , sin  

 cos  ,sin  

,  cos  Giving

rrv

rrhrrv

rrh

"
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"

"
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'5-1-2*1-B".:P.,;,:,;+C";+",5-"X3>:-."C;X-.7"
( )( )

( )
N 6.21

m 500.02
m 550.0 N 2.39

==T "

gPh"'*"9-,-1G;+-",5-"2*14-"*2",5-"5;+C-B"3+9",5-"3+C>-"3,"T5;45";,"34,.B".,31,"T;,5",5-"
.-4*+9"-M:3,;*+B"1-G-GP-1;+C",53," .0 , rvrv =⇒−== FNwFwN "

&*TB",5-"2;1.,"-M:3,;*+".3<.7" ,rh TF = ".*" rF "43++*,"P-"b-1*B"P:,"13,5-1" 0=φ B"

C;X;+C"3"2*14-"*2" ly)horizontal (acting N 6.21=rF "

9.6	  FORCES	  AND	  TORQUES	  IN	  MUSCLES	  AND	  JOINTS	  

=#/" KJ$3&@($3&5($&($28&+*&($#8&$1$,5.&2*&+3&R+%=1$&T-[E.&+5*&,$35$1&"4&02**&+*&3"5&8+1$,5#)&
"J$1&5($&71+3,+72#&7"+35&"4&*=77"15&B5($&25#235";",,+7+52#&\"+35G-&I($&0=*,#$*&25&5($&
62,M&"4&5($&3$,M&*("=#8&5($1$4"1$&$<$15&2&4"1,$&5"&M$$7&5($&($28&$1$,5-&I(25&+*&@()&
)"=1&($28&42##*&4"1@218&@($3&)"=&42##&2*#$$7&+3&5($&,#2**-&B2G&!2#,=#25$&5($&4"1,$&
$<$15$8&6)&5($*$&0=*,#$*&=*+3%&5($&+34"1025+"3&+3&5($&4+%=1$-&B6G&N(25&+*&5($&4"1,$&
$<$15$8&6)&5($&7+J"5&"3&5($&($28A&

)*>:,;*+ " g3h"@.-",5-".-4*+9"4*+9;,;*+"2*1"-M:;>;P1;:G7

( ) ( )

( ) downward N 25
m 0.050
m 0.025 N 50

m 0.050
m 025.0

 thatso ,0m 025.0  m 050.0net 

M

M

===

=−=

wF

wFτ "

gPh"'*"43>4:>3,-",5-"2*14-"*+",5-"Q*;+,B":.-",5-"2;1.,"4*+9;,;*+"*2"-M:;>;P1;:G7"

( ) ( ) upward N 75 N 50 N 25

 that so , 0net 

MJ

MJ

=+=+=

=−−=

wFF
wFFFy

"

"

"

" "
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$]A0'(Y"!Z7"Y%'A'8%&AW"L%'8%&"A&I"
A&R@WAY"L%L(&'@L"

10.1	  ANGULAR	  ACCELERATION	  

!/ " /5&+5*&7$2M.&2&5"1328"&+*&Z:-:&0&+3&8+20$5$1&238&,211+$*&S::&M0P(&@+38*-&N(25&+*&+5*&
23%=#21&J$#",+5)&+3&1$J"#=5+"3*&7$1&*$,"38A&

)*>:,;*+ "
D;1.,B"4*+X-1,",5-".6--9",*"Gi.7" m/s. 138.9

km 1
m 1000

s 3600
h 1

h 1
km 500

=××=v "

'5-+B":.- ",5-"-M:3,;*+"
r
v

=ω ",*"9-,-1G;+-",5-"3+C:>31".6--97"

rad/s. 4.630
m 30.0
m/s 138.9

===
r
v

ω "

D;+3>><B"4*+X-1,",5-"3+C:>31".6--9",*"1-Xi.7" rev/s 0.737
rad 2

rev 1rad/s. 4.630 =×=
π

ω "

=/" 0(/%1")/%2+3#(.%-/&&c"=&(2J$&2&%1+38*5"3$&B2&8+*MG&5(25&+*&T:-:&M%.&(2*&2&:-D[:;0&
128+=*.&238&+*&5=13+3%&25&T:-:&170.&238&)"=&71$**&2&*5$$#&2<$&2%2+3*5&+5&@+5(&2&128+2#&
4"1,$&"4&E:-:&_-&B2G&/**=0+3%&5($&M+3$5+,&,"$44+,+$35&"4&41+,5+"3&6$5@$$3&*5$$#&238&
*5"3$&+*&:-E:.&,2#,=#25$&5($&23%=#21&2,,$#$125+"3&"4&5($&%1+38*5"3$-&B6G&?"@&023)&
5=13*&@+##&5($&*5"3$&02M$&6$4"1$&,"0+3%&5"&1$*5A&

)*>:,;*+ " g3h"R;X-+7" m 0.340 , kg 90.0 == RM "g2*1",5-".*>;9"9;.\hB"

, N 20.0rev/min, 90.0 == Nω 3+9" .20.0k =µ "

D;+9"α /"'5-"21;4,;*+3>"2*14-";."C;X-+"P<" . N 4.0N) 0(0.20)(20.k === Nf µ '5;."

21;4,;*+3>"2*14-";."1-9:4;+C",5-".6--9"*2",5-"C1;+9.,*+-B".*",5-"3+C:>31"
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344->-13,;*+"T;>>"P-"+-C3,;X-/"@.;+C",5-"G*G-+,"*2";+-1,;3"2*1"3".*>;9"9;.\"3+9

ατ I= "T-"\+*T7 " αατ 2

2
1MRIfR ==−= /")*>X;+C"2*1"3+C:>31"344->-13,;*+"C;X-.7"

).  todue figs sig. (2rad/s 0.26rad/s 0.261
m) kg)(0.340 (90.0

N) 2(4.02

k
22 µ

α

−=−=

−
=

−
=
MR
f

"

gPh"R;X-+7" rad/s. 9.425
s 60

min 1
rev

rad 2
min

rev 90.0  ,rad/s 0 0 =××==
π

ωω "

D;+9"  θ /"@.- ",5-"-M:3,;*+" , 22
0

2 αθωω =− ".*",53,7"

. rev 27rev 27.0
rad 2

rev 1rad 170.2

)rad/s 0.2612(
rad/s) (9.425rad/s) (0

2 2

222
0

2

==×=

−

−
=

−
=

π

α
ωω

θ
"

10.3	  DYNAMICS	  OF	  ROTATIONAL	  MOTION:	  ROTATIONAL	  INERTIA	  

!Z/" I(+*&71"6#$0&,"3*+8$1*&288+5+"32#&2*7$,5*&"4&$<207#$&!2#,=#25+3%&5($&K44$,5&"4&X2**&
^+*51+6=5+"3&"3&2&X$11);`" ;H"=38-&B2G&?"@&#"3%&8"$*&+5&52M$&5($&425($1&5"&%+J$&5($&
0$11);%";1"=38&238&,(+#8&23&23%=#21&J$#",+5)&"4&9-S:&128P*A&B6G&?"@&023)&1$J"#=5+"3*&
0=*5&($&%"&5(1"=%(&5"&%$3$125$&5(+*&J$#",+5)A&B,G&Q4&($&$<$15*&2&*#"@+3%&4"1,$&"4&D::&_&
25&2&128+=*&"4&9-DS&0.&("@&#"3%&@"=#8&+5&52M$&(+0&5"&*5"7&5($0A&

)*>:,;*+ " g3h"@.;+C",5-"1-.:>,"21*G"(_3G6>-"!Z/O7"

rad/s, 1.50 and ,rad/s 0.00,rad/s 4.44 0
2 === ωωα "

T-"43+".*>X-"2*1",;G-":.;+C",5-"-M: 3,;*+B" ,0 tαωω += "*1"

( ) ( ) .s 0.338
rad/s 4.44

rad/s 0rad/s 1.50
2

0 =
−

=
−

=
α
ωω

t "

gPh"&*TB",*"2;+9"θ "T;,5*:,":.;+C"*:1"1-.:>,"21*G"631,"g3hB":.- ",5-"-M:3,;*+"
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αθωω 22
0

2 += B"C;X;+C7""

( ) ( )
( ) rev 0.0403

rad 2π
rev 1rad 0.253

rad/s 4.442
rad/s 0rad/s 1.50

2 2

222
0

2

=×=
−

=
−

=
α
ωω

θ "

"g4h"'*"C-,"3+"-_61-..;*+"2*1",5-"3+C:>31"344->-13,;*+B":.-",5-"-M:3,;*+

I
rF

I
==

τ
α

net  
/"' 5-+B",*"2;+9",;G-B":.-",5-"- M:3,;*+7"

( ) ( )( )
( )( )

s 0.313
N 300m 1.35

kg.m 84.38rad/s 1.50rad/s 0 2
00 =

−

−
=

−
=

−
=

rF
I

t
ωω

α
ωω 	  

!H/" j"1,(.&23&21,($3$0)&"4&L=7$1023.&8$,+8$*&5"&*#"@&K215(V*&1"525+"3&5"&"3,$&7$1&EF-:&(&
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N1000.4 7× &B2&#+55#$&%1$25$1&5(23&2&L25=13&e&1",M$5V*&5(1=*5G-&?"@&#"3%&0=*5&j"1,(&
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rev 1

and  rad/s, 107.272
s 3600

h 1
rev 1
rad 2π

h 24.0
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10.4	  ROTATIONAL	  KINETIC	  ENERGY:	  WORK	  AND	  ENERGY	  REVISITED	  

#E/" !2#,=#25$&5($&1"525+"32#&M+3$5+,&$3$1%)&+3&5($&0"5"1,),#$&@($$#&BR+%=1$&9: -DFG&+4&+5*&
23%=#21&J$#",+5)&+*&9E:&128P*-&



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!Z"

"

OO"

"

)*>:,;*+ " '5-"G *G-+,"*2";+-1,;3"2*1",5-"T5-->";.""
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2
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1 mkg 1.124m 0.330m 0.280

2
kg 12.0

2
⋅=+=+= RRMI "
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 , m 240.0  ,kg 00.2m rad, 1.047
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10.5	  ANGULAR	  MOMENTUM	  AND	  ITS	  CONSERVATION	  
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10.6	  COLLISIONS	  OF	  EXTENDED	  BODIES	  IN	  TWO	  DIMENSIONS	  
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11.2	  DENSITY	  

!/ " `"#8&+*&*"#8&6)&5($&51")&"=3,$&BD9-9:D&%G-&N(25&+*&5($&J"#=0$&"4&9&51")&"=3,$&"4&7=1$&
%"#8A&

)*>:,;*+ "
D1*G"'3P>-"!!/! 7" 3
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V
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3
3
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523M&(2*&2&1$2*"326#$&J"#=0$&4"1&2&72**$3%$1&,21-&

)*>:,;*+ "
g3h"D1*G"'3P>-"!!/! 7" 33
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lw
m

V
m

!
! ==
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h
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gPh"'5-"X*>:G-"*2",5;."C3.*>;+-",3+\";."!U/E"C3>>*+.B"M:;,-"1-3.*+3P><".;b-9"2*1"3"

63..-+C-1"431/"

11.3	  PRESSURE	  

!#/ " I($&71$**=1$&$<$15$8&6)&2&7("3"%127(&3$$8#$&"3&2&1$,"18&+*&*=171+*+3%#)&#21%$-&Q4&5($&
$C=+J2#$35&"4&9-::&%&+*&*=77"15$8&6)&2&3$$8#$.&5($&5+7&"4&@(+,(&+*&2&,+1,#$&:-E::&00&+3&

128+=*.&@(25&71$**=1$&+*&$<$15$8&"3&5($&1$,"18&+3&2N/m A&
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ππ r
mg
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'5 ;."61-..:1-";."3661*_;G3,-><"KNK"GG"]C/"

11.4	  VARIATION	  OF	  PRESSURE	  WITH	  DEPTH	  IN	  A	  FLUID	  

! N/" I($&2C=$"=*&(=0"1&+3&2&7$1*"3V*&$)$&+*&$<$15+3%&2&4"1,$&"4&:-D::&_&"3&5($&2cm-10.1 &
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A
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" Hg mm 5.20
Pa 3.133
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11.5	  PASCAL’S	  PRINCIPLE	  

#O/" /&,$152+3&()812=#+,&*)*5$0&+*&8$*+%3$8&5"&$<$15&2&4"1,$&9::&5+0$*&2*&#21%$&2*&5($&"3$&
7=5&+35"&+5-&B2G&N(25&0=*5&6$&5($&125+"&"4&5($&21$2&"4&5($&*#2J$&,)#+38$1&5"&5($&21$2&"4&
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,53+",5-"T*1\";+6:,/"8+"*,5-1"T*19.B"T;,5"21;4,;*+B"<*:"+--9",*"6:.5"5319-1"*+",5-"
;+6:,"6;.,*+",53+"T3."43>4:>3,-9/"&*,-7",5-"X*>:G-"*2"2>:;9";.".,;>>"4*+.-1X-9/"

"

"
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"

NE"

"

11.7	  ARCHIMEDES’	  PRINCIPLE	  

EZ/" W+18&6"3$*&(2J$&2+1&7",M$5*&+3&5($0&5"&1$8=,$&5($+1&@$+%(5] 5(+*&2#*"&%+J$*&5($0&23&
2J$12%$&8$3*+5)&*+%3+4+,235#)&#$**&5(23&5(25&"4&5($&6"3$*&"4&"5($1&23+02#*-&L=77"*$&23&
"13+5("#"%+*5&@$+%(*&2&6+18&6"3$&+3&2+1&238&+3&@25$1&238&4+38*&+5*&02**&+*&g0.45 &238&+5*&

27721$35&02**&@($3&*=60$1%$8&+*&g60.3 &B5($&6"3$&+*&@25$15+%(5G-&B2G&N(25&02**&"4&

@25$1&+*&8+*7#2,$8A&B6G&N(25&+*&5($&J"#=0$&"4&5($&6"3$A&B,G&N(25&+*&+5*&2J$12%$&
8$3*+5)A"

)*>:,;*+ " g3h"'5-" 36631-+,"G3..">*..";."-M:3>",*",5-"G3.."*2",5-"2>:;9"9;.6>34-9B".*",5-"G3.."*2"
,5-"2>:;9"9;.6>34-9";."Q:.,",5-"9;22-1-+4-",5-"G3.."*2",5-"P*+-"3+9";,."36631-+,"
G3..7" g 41.4g 60.3g 0.45displaced =!=m "

gPh"@.;+C"A145;G-9-.V"01;+4;6>-B"T-"\+*T",53,",53,"X*>:G-"*2"T3,-1"9;.6>34-9""-M:3>."

,5- "X*>:G-"*2",5-"P*+-a"T-".--",53, " 3
3

w

w
wb cm 4.41

g/cm 1.00
g 4.41

====
!
m

VV "

g4h"@.;+C",5-"2*>>*T;+C"-M:3,;*+B"T-"43+"43>4:>3,-",5-"3X-13C-"9-+.;,<"*2",5-"P*+-7"

3
3

b

b
o g/cm .091

cm 41.4
g 0.45

===
V
m

! "

'5;.";."4>-31><"+*,",5-"9-+.;,<"*2",5-"P*+-"-X-1<T5-1-/"'5-"3;1"6*4\-,."T;>>"53X-"3"

9-+.;,<"*2"3661*_;G3,-><" 33 g/cm 1029.1 !" B"T5;>-",5-"P*+-"T;>>"P-".:P.,3+,;3>><"

9-+.-1/&

EH/" B2G&N(25&+*&5($&8$3*+5)&"4&2&@"023&@("&4#"25*&+3&41$*(@25$1&@+5(&%00.4 &"4&($1&
J"#=0$&26"J$&5($&*=142,$A&I(+*&,"=#8&6$&0$2*=1$8&6)&7#2,+3%&($1&+3&2&523M&@+5(&
021M*&"3&5($&*+8$&5"&0$2*=1$&("@&0=,(&@25$1&*($&8+*7#2,$*&@($3&4#"25+3%&238&@($3&
($#8&=38$1&@25$1&B61+$4#)G-&B6G&N(25&7$1,$35&"4&($1&J"#=0$&+*&26"J$&5($&*=142,$&@($3&
*($&4#"25*&+3&*$2@25$1A&
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"

NK"

"

)*>:,;*+ "
g3h"D1*G",5-"- M:3,;*+"

fl

objsubmergedfraction 
!

!
= B"T-".--",53,7"

( ) 333
rfresh wateperson kg/m 960)960.0(kg/m 1000.1)submergedfraction ( =!=!= "" "

gPh"'5-"9-+.;,<"*2".-3T3,-1";."C1-3,-1",53+",53,"*2"21-.5"T3,-1B".*".5-".5*:>9"2>*3,"
G*1-/"

.9366.0
kg/m 1025
kg/m 960

submergedfraction 
3

3

 water sea

person ===
!

!

"
'5-1-2*1-B",5-"6-14-+,"*2"5-1"X*>:G-"3P*X-"T3,-1";.

"( ) %34.6%1000.9366-1.0000 waterabove % =!= "

)5-"9*-.";+9--9"2>*3,"G*1-";+".-3T3,-1/"

KZ/" L,=11+#"=*&,"3&215+*5*&(2J$&6$$3&M3"@3&5"&1$71$*$35&%"#8;7#25$8&5=3%*5$3&+3%"5*&2*&
7=1$&%"#8&238&*$##&5($0&5"&5($&%1$$8)&25&71+,$*&0=,(&6$#"@&%"#8&J2#=$&6=5&8$*$1J$8#)&
421&26"J$&5($&,"*5&"4&5=3%*5$3-&N+5(&@(25&2,,=12,)&0=*5&)"=&6$&26#$&5"&0$2*=1$&5($&
02**&"4&*=,(&23&+3%"5&+3&238&"=5&"4&@25$1&5"&5$##&5(25&+5&+*&2#0"*5&7=1$&5=3%*5$3&125($1&
5(23&7=1$&%"#8A&

)*>:,;*+ " '*"9-,-1G;+-";2",5-";+C*,";."C*>9"*1",:+C.,-+B"T-"+--9",*"43>4:>3,-",5-"6-14-+,"
9;22-1-+4-"P-,T--+",5-",T*".:P.,3+4-."P*,5"*:,"3+9";+"T3,-1/"'5-+B",5-"9;22-1-+4-"
P-,T--+",5-.-"6-14-+,"9;22-1-+4-.";.",5-"+-4-..31<"344:134<",53,"T-"G:.,"53X-";+"
*19-1",*"9-,-1G;+-",5-".:P.,3+4-"T-"53X-/"'5-"6-14-+,"9;22-1-+4-";."43>4:>3,-9"P<"
43>4:>3,;+C",5-"9;22-1-+4-";+"3"M:3+,;,<"3+9"9;X;9;+C",53,"P<",5-"X3>:-"2*1"C*>9/"

b=5&"4&@25$17"@.;+C",5-"9;22-1-+4-";+"9-+.;,<B",5-"6-14-+,"9;22-1-+4-";.",5-+7"

airin  %1035.0%100
g/cm 32.19

g/cm 30.19g/cm 32.19
%100%

3

33

g

tg
out =!

"
=!

"
=

#

##
"

Q3&@25$17"A..:G-"3" 3cm 000.1 +:CC-,/"'5-+",5-"36631-+,"G3..">*..";."-M:3>",*",53,"*2"

,5-"T3,-1"9;.6>34-9B";/-/B"!/ZZZ"C/")*B"T-"43+"43>4:>3,-",5-"6-14-+,"9;22-1-+4-";+",5-"
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"

NH"

"

G3..">*.."P<":.;+C",5-"9;22-1-+4-";+"G3..-.7"

in water %1092.0%100
g/cm 32.18

g/cm 30.18g/cm 32.18
%100

'

''
% 3

33

g

tg
in =!

"
=!

"
=

m

mm
"

'5-"9;22-1-+4-"P-,T--+",5-"1-M:;1-9"344:134;-."2*1",5-",T*"G-,5*9.";.
"

%006.0% 0057.0%1035.0%1092.0 ==! B".*"T-"+--9"K"9;C;,."*2"344:134<",*"

9-,-1G;+-",5-"9;22-1-+4-"P-,T--+"C*>9"3+9",:+C.,-+/"

11.8	  COHESION	  AND	  ADHESION	  IN	  LIQUIDS:	  SURFACE	  TENSION	  AND	  
CAPILLARY	  ACTION	  

KU/" N$&*525$8&+3&K<207#$&99-9E&5(25&2&<)#$0&5=6$&+*&"4&128+=*& m1050.2 5!" -&e$1+4)&5(25&

*=,(&2&5=6$&12+*$*&*27&#$**&5(23&2&0$5$1&6)&4+38+3%&h&4"1&+5.&02M+3%&5($&*20$&

2**=075+"3*&5(25&*27V*&8$3*+5)&+*&
3kg/m1050 .&+5*&,"352,5&23%#$&+*&>$1".&238&+5*&*=142,$&

5$3*+"3&+*&5($&*20$&2*&5(25&"4&@25$1&25& C0.20 ¡ -&

)*>:,;*+ "
@.-",5-"-M:3,;*+ "

gr
h

!
"#cos2

= ",*"2;+9",5-"5-;C5,",*"T5;45"436;>>31<"34,;*+"T;>>"G*X-"

.36",51*:C5",5-"_<>-G",:P-7"

( )( )( ) m 566.0
m 1050.2m/s 80.9kg/m 1050

)0)(cosN/m 0728.0(2cos2
523

=
!
¡

==
"gr

h
#

$% "

HK/" N($3&5@"&*"27&6=66#$*&5"=,(.&5($&#21%$1&+*&+34#25$8&6)&5($&*02##$1&=35+#&5($)&4"10&2&
*+3%#$&6=66#$-&B2G&N(25&+*&5($&%2=%$&71$**=1$&+3*+8$&2&*"27&6=66#$&@+5(&2&9-S:;,0&
128+=*A&B6G&Q3*+8$&2&[-::;,0 ;128+=*&*"27&6=66#$A&B,G&Q3*+8$&5($&*+3%#$&6=66#$&5($)&4"10&
+4&3"&2+1&+*&#"*5&@($3&5($)&5"=,(A&

)*>:,;*+ "
g3h"@.-",5-"-M:3,;*+ "

r
P

!4
= ",*"2;+9",5-"C3:C-"61-..:1-";+.;9-"3".65-1;43>".*36"
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"

NO"

"

P:PP>-"*2"139;:."!/KZ"4G7"  N/m 87.9
m) 10(1.50

N/m) 0370.0(44 2
2-1 =

!
==

r
P

" "

gPh"@.-"
r

P
!4

= ",*"2;+9",5-"C3:C-"61-..:1-";+.;9-"3".65-1;43>".*36"P:PP>-"*2"139;:."

E/ZZ"4G7" 2
2 N/m 70.3

m) .04000(
)N/m 0370.0(44

===
r

P
!

"

g4h"82",5-<"2*1G"*+-"P:PP>-"T;,5*:,">*.;+C"3+<"3;1B",5-+",5-",*,3>"X*>:G-"1-G3;+."

4*+.,3+,7" 33
2

3
121 3

4
3
4

3
4

RrrVVV !!! =+=+= "

)*>X;+C"2*1",5-".;+C>-"P:PP>-"139;:."C;X-.7"

[ ] [ ] m. 0406.0)m 0400.0()m 0150.0(
3133313

2
3

1 =+=+= rrR "

)*"T-"43+"43>4:>3,-",5-"C3:C-"61-..:1-"2*1",5-".;+C>-"P:PP>-":.;+C",5-"-M:3,;*+""

 N/m 65.3
m .04060

)N/m 0370.0(44 2===
r

P
!

"

11.9	  PRESSURES	  IN	  THE	  BODY	  

O!/" ?$1"$*&+3&0"J+$*&(+8$&6$3$25(&@25$1&238&61$25($&5(1"=%(&2&("##"@&1$$8&BJ+##2+3*&
3$J$1&,25,(&"3&5"&5(+*&51+,MG-&Q3&712,5+,$.&)"=&,233"5&+3(2#$&+3&5(+*&0233$1&+4&)"=1&#=3%*&
21$&0"1$&5(23&Z:-:&,0&6$#"@&5($&*=142,$-&N(25&+*&5($&02<+0=0&3$%25+J$&%2=%$&
71$**=1$&)"=&,23&,1$25$&+3&)"=1&#=3%*&"3&81)&#238.&2**=0+3%&)"=&,23&2,(+$J$&

cm00.3! &@25$1&71$**=1$&@+5(&)"=1&#=3%*&Z:-:&,0&6$#"@&5($&*=142,$A&

)*>:,;*+ " '5-"+-C3,;X-"C3:C-"61-..:1-",53,"43+"P-"345;-X-9";.",5-".:G"*2",5-"61-..:1-"9:-",*"
,5-"T3,-1"3+9",5-"61-..:1-";+",5-">:+C.7""

( ) OH cm 0.63OH cm 0.60OH cm 00.3 222 !=!!!=P "
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"

NN"

"

OK/" '1$**=1$&+3&5($&*7+32#&4#=+8&+*&0$2*=1$8&2*&*("@3&+3&R+%=1$&99-[D-&Q4&5($&71$**=1$&+3&
5($&*7+32#&4#=+8&+*&9:-:&00&?%U&B2G&N(25&+*&5($&1$28+3%&"4&5($&@25$1&023"0$5$1&+3&
,0&@25$1A&B6G&N(25&+*&5($&1$28+3%&+4&5($&7$1*"3&*+5*&=7.&7#2,+3%&5($&5"7&"4&5($&4#=+8&
Z:&,0&26"J$&5($&527A&I($&4#=+8&8$3*+5)&+*&9-:S&%P0Y-&

)*>:,;*+ " g3h"'5;."631,";."3":+;,"4*+X-1.;*+"61*P>-G7"

( ) OH m 3.61
N/m 98.1

OH cm 0.1
Hg mm 0.1

N/m 133
Hg mm 0.10 22

2
2

0 =!
"
#

$
%
&

!!
"

#
$$
%

&
=P "

gPh")*>X;+C",5;."631,";+".,3+9319":+;,.B"T-"\+*T",53,"

( )( )( ) 22332

00

N/m 7504m 600.0m/s 80.9kg/m 1005.1N/m 1330

or  ,

=!+=

+="+=

P

ghPPPP #

"

'5-+"4*+X-1,;+C",*"4G"T3,-17
"

( ) OH cm 76.5
N/m 98.1

OH cm 0.1
N/m 7504 22

22 =!
"

#
$
%

&
=P "

N#/" !2#,=#25$&5($&71$**=1$&8=$&5"&5($&",$23&25&5($&6"55"0&"4&5($&X21+232*&I1$3,(&3$21&
5($&'(+#+77+3$*.&%+J$3&+5*&8$75(&+*&km0.11 238&2**=0+3%&5($&8$3*+5)&"4&*$2&@25$1&+*&

,"3*5235&2##&5($&@2)&8"@3-&B6G&!2#,=#25$&5($&7$1,$35&8$,1$2*$&+3&J"#=0$&"4&*$2&@25$1&
8=$&5"&*=,(&2&71$**=1$.&2**=0+3%&+5*&6=#M&0"8=#=*&+*&5($&*20$&2*&@25$1&238&+*&
,"3*5235-&B,G&N(25&@"=#8&6$&5($&7$1,$35&+3,1$2*$&+3&+5*&8$3*+5)A&Q*&5($&2**=075+"3&"4&
,"3*5235&8$3*+5)&J2#+8A&N+##&5($&2,5=2#&71$**=1$&6$&%1$25$1&"1&*02##$1&5(23&5(25&
,2#,=#25$8&=38$1&5(+*&2**=075+"3A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" ghP != B"T-"43+"43>4:>3,-",5-"61-..:1-"3,"3"9-6,5"*2"!!/Z"\G7

( )( )( )
atm 1009.1

N/m 101.013
atm 1

N/m 10105.1

m/s 80.9kg/m 1025m 1011.0

3
25

28

233

!=
!

!!=

!== ghP "
"

gPh"@.;+C",5-"2*>>*T;+C"-M:3,;*+7
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"

NU"

"

.in volume decrease %0.51002.5
N/m 102.2
N/m 10105.11 2

29

28

0

=!=
!
!

===
" #

B
P

A
F

BV
V

"

g4h"@.;+C",5-"- M:3,;*+"
V
m

P = B"T-"43+"C-,"3+"-_61-..;*+"2*1"6-14-+,"453+C-";+"

9-+.;,<7"
( )

( )
,053.1

1002.500.1
1

1
1

2
00

0

0

0 =
!"

=
#"

=
#"

=
#"

=
#

"VVVV
V

Vm
VVm

$
$ "

.*",53,",5-"6-14-+,";+41-3.-";+"9-+.;,<";."K/=o/"'5-1-2*1-B",5-"3..:G6,;*+"*2"
4*+.,3+,"9-+.;,<";."+*,".,1;4,><"X3>;9/"'5-"34,:3>"61-..:1-"T*:>9"P-"C1-3,-1B".;+4-"
,5-"61-..:1-";."61*6*1,;*+3>",*"9-+.;,</"

"

" "
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"

UZ"

"

$]A0'(Y"!#7" DW@8I"Ic&AL8$)"A&I"8')"
`8%W%R8$AW"A&I"L(I8$AW"A00W8$A'8%&)"

12.1	  FLOW	  RATE	  AND	  ITS	  RELATION	  TO	  VELOCITY	  

!/ " N(25&+*&5($&2J$12%$&4#"@&125$&+3&/scm3
&"4&%2*"#+3$&5"&5($&$3%+3$&"4&2&,21&512J$#+3%&25&

9::&M0P(&+4&+5&2J$12%$*&9:-:&M0PYA&

)*>:,;*+ " [-"31-"C;X-+",5-".6--9"*2",5-"431"3+9"3"C3."G;>-3C-B"C;X;+C":."3"X*>:G-"4*+.:G-9"

6-1",;G-B".*",5-"-M:3,;*+"
t
VQ = ";.",5-"2*1G:>3"T-"T3+,",*":.-",*"43>4:>3,-",5-"

3X-13C-"2>*T"13,-7"

scm2.78
s 3600

H 1
L 1
cm1000

km/L  10.0
km/h  100

mileage gas
speed 3

3

/ 
t
VQ =××===

"
!E/" '1"J$&5(25&5($&*7$$8&"4&23&+3,"071$**+6#$&4#=+8&5(1"=%(&2&,"3*51+,5+"3.&*=,(&2*&+3&2&

e$35=1+&5=6$.&+3,1$2*$*&6)&2&42,5"1&$C=2#&5"&5($&*C=21$&"4&5($&42,5"1&6)&@(+,(&5($&
8+20$5$1&8$,1$2*$*-&BI($&,"3J$1*$&277#+$*&4"1&4#"@&"=5&"4&2&,"3*51+,5+"3&+35"&2&#21%$1;
8+20$5$1&1$%+"3-G&

)*>:,;*+ " 82",5-"2>:;9";.";+4*G61-..;P>-B",5-+ ",5-"2>*T"13,-",51*:C5"P*,5".;9-."T;>>"P-"-M:3>7"

2211 vAvAQ == /"[ 1;,;+C",5-"31-3.";+",-1G."*2",5-"9;3G-,-1"*2",5-",:P-"C;X-.7"

( ) ( )2211
2
2

2
1122

2
2

1

2
1 //

44
ddvddvvvdvd

==⇒= ππ "

'5-1-2*1-B",5-"X->*4;,<",51*:C5".-4,;*+"#"-M:3>.",5-"X->*4;,<",51*:C5".-4,;*+"!",;G-."
,5-".M:31-"*2",5-"13,;*"*2",5-"9;3G-,-1."*2".-4,;*+"!"3+9".-4,;*+"#/&

	   "
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U!"

"

12.2	  BERNOULLI’S	  EQUATION+

#!/ " KJ$1)&4$@&)$21*.&@+38*&+3&W"=#8$1.&!"#"128".&2552+3&*=*52+3$8&*7$$8*&"4&[S-:&0 P*&
B26"=5&9::&0+P(G&@($3&5($&\$5&*51$20&8$*,$38*&8=1+3%&$21#)&*71+3%-&/771"<+025$#)&

@(25&+*&5($&4"1,$&8=$&5"&5($&W$13"=##+&$44$,5&"3&2&1""4&(2J+3%&23&21$2&"4&2m220 A&

I)7+,2#&2+1&8$3*+5)&+3&W"=#8$1&+*&3kg/m14.1 .&238&5($&,"11$*7"38+3%&250"*7($1+,&

71$**=1$&+*& 24 N/m1089.8 × -&BW$13"=##+V*&71+3,+7#$&2*&*525$8&+3&5($&5$<5&2**=0$*&

#20+321&4#"@-&a*+3%&5($&71+3,+7#$&($1$&71"8=,$*&"3#)&23&2771"<+025$&1$*=#5.&6$,2=*$&
5($1$&+*&*+%3+4+,235&5=16=#$3,$-G&

)*>:,;*+ " 8C+*1;+C",:1P:>-+4-B"T-"43+":.-"`-1+*:>>;V."-M:3,;*+7"

, 
2
1

2
1

2
2
221

2
11 ghvPghvP ρρρρ ++=++ T5-1-",5-"5-;C5,."31-",5-".3G-7" 21 hh = "

P-43:.-"T-"31-"4*+4-1+-9"3P*:,"3P*X-"3+9"P->*T"3",5;+"1**2/"'5-"X->*4;,<";+.;9-",5-"
5*:.-";."b-1*B".*" m/s 0.01 =v B"T5;>-",5-".6--9"*:,.;9-",5-"5*:.-";." m/s 0.452 =v /"

'5-"9;22-1-+4-";+"61-..:1-.B" 21 PP − B"43+",5-+"P-"2*:+97" 2
221 2

1
vPP !=" /"&*TB"T-"43+"

1->3,-",5-"453+C-";+"61-..:1-",*",5-"2*14-"*+",5-"1**2B":.;+C",5-"(M:3,;*+"
( )APPF 21 != "B"P-43:.-"T-"\+*T",5-"31-3"*2",5-"1**2"( ):m 020 2=A "

( ) ( )AvvAPPF 2
1

2
221 2

1
!=!= " "

3+9".:P.,;,:,;+C";+",5-"X3>:-."C;X-.7"

" ( )( ) ( )[ ]( ) N 102.54m 220m/s 0.0m/s 45kg/m 1.14
2
1 52223 !="=F

"

'5;."-_,1-G-><">31C-"2*14-";.",5-"1-3.*+"<*:".5*:>9">-3X-"T;+9*T."*6-+";+"<*:1"5*G-"
T5-+",5-1-"31-",*1+39*."*1"5-3X<"T;+9.,*1G.";+",5-"31-37"*,5-1T;.-"<*:1"1**2"T;>>"
6*6"*22n"

	   "
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12.3	  THE	  MOST	  GENERAL	  APPLICATIONS	  OF	  BERNOULLI’S	  EQUATION+

#O/" I($&#$45&J$351+,#$&"4&2&1$*5+3%&28=#5V*&($215&7=07*&6#""8&25&2&4#"@&125$&"4&/scm83.0 3 .&
+3,1$2*+3%&+5*&71$**=1$&6)&99:&00&?%.&+5*&*7$$8&41"0&>$1"&5"&D:-:&,0 P*.&238&+5*&($+%(5&
6)&S-::&,0-&B/##&3=06$1*&21$&2J$12%$8&"J$1&5($&$35+1$&($2156$25-G&!2#,=#25$&5($&5"52#&
7"@$1&"=57=5&"4&5($&#$45&J$351+,#$-&_"5$&5(25&0"*5&"4&5($&7"@$1&+*&=*$8&5"&+3,1$2*$&
6#""8&71$**=1$-&

)*>:,;*+ " @.;+C",5-"-M:3,;*+"2*1"6*T-1";+"2>:;9"2>*TB"T-"43+"43>4:>3,-",5-"6*T-1"*:,6:,"P<",5-"
>-2,"X-+,1;4>-"9:1;+C",5-"5-31,P-3,7"

"" ( )( )

( )( )( )

( )( )
 W1.26

cm
m 10

/scm 83.0N/m 514.5N/m 47.25N/m 101.463power

:giving , N/m 514.5m 0.0500m/s 9.80kg/m 101.05

and , N/m 47.25m/s 0.300kg/m 101.05
2
1

2
1

,N/m 101.463
Hg mm 1.0

N/m 133
Hg mm 101

where,
2
1

 =power 

3

36
32224

2233

22332

24
2

2

=

++!=

=!=

=!=

!=!=

"
#

$
%
&

' ++

(

gh

v

P

QghvP

)

)

))

"

12.4	  VISCOSITY	  AND	  LAMINAR	  FLOW;	  POISEUILLE’S	  LAW+

=K/" I($&215$1+"#$*&B*02##&215$1+$*G&#$28+3%&5"&23&"1%23.&,"3*51+,5&+3&"18$1&5"&8$,1$2*$&4#"@&
5"&5($&"1%23-&I"&*(=5&8"@3&23&"1%23.&6#""8&4#"@&+*&1$8=,$8&325=12##)&5"&9-::d&"4&+5*&
"1+%+32#&J2#=$-&W)&@(25&42,5"1&8+8&5($&128++&"4&5($&215$1+"#$*&,"3*51+,5A&'$3%=+3*&8"&5(+*&
@($3&5($)&*5238&"3&+,$&5"&1$8=,$&5($&6#""8&4#"@&5"&5($+1&4$$5-&

)*>:,;*+ " 82",5-"2>*T"13,-";."1-9:4-9",*"!/ZZo"*2";,."*1;C;+3>"X3>:-B",5-+""

1

4
1

1
2

4
2

2 8
0100.00100.0

8 L
rP

Q
L
rP

Q
!
"

!
" #

==
#

= /");+4-",5-">-+C,5"*2",5-"31,-1;*>-.";."\-6,"

4*+.,3+,"3+9",5-"61-..:1-"9;22-1-+4-";."\-6,"4*+.,3+,B"T-"43+"C-,"3"1->3,;*+.5;6"
P-,T--+",5-"139;;7" ( ) 11

4/1
2

4
1

4
2 316.00100.00100.0 rrrrr ==!= "
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'5-"139;:.";."1-9:4-9",*"=!/Ho"*2",5-"*1;C;+3>"139;:.",*"1-9:4-",5-"2>*T"13,-",*"!/ZZo"
*2";,."*1;C;+3>"X3>:-/&

E=/" K<207#$&9E-F&8$2#5&@+5(&5($&4#"@&"4&*2#+3$&*"#=5+"3&+3&23&Qe&*)*5$0-&B2G&e$1+4)&5(25&2&
71$**=1$&"4& 24 N/m1062.1 ! &+*&,1$25$8&25&2&8$75(&"4&9-Z9&0&+3&2&*2#+3$&*"#=5+"3.&
2**=0+3%&+5*&8$3*+5)&5"&6$&5(25&"4&*$2&@25$1-&B6G&!2#,=#25$&5($&3$@&4#"@&125$&+4&5($&
($+%(5&"4&5($&*2#+3$&*"#=5+"3&+*&8$,1$2*$8&5"&9-S:&0-&B,G&/5&@(25&($+%(5&@"=#8&5($&
8+1$,5+"3&"4&4#"@&6$&1$J$1*$8A&BI(+*&1$J$1*2#&,23&6$&2&71"6#$0&@($3&725+$35*&*5238&
=7-G&

)*>:,;*+ " g3h"[-"43+"43>4:>3,-",5-"61-..:1-":.;+C",5-"-M:3,;*+" hgP !=2 "T5-1-",5-"5-;C5,";."
!/H!"G"3+9",5-"9-+.;,<";.",53,"*2".-3T3,-17"

( )( )( ) 2 423
2 N/m101.62m/s 9.80m 1.61kg/m 1025 !=== hgP " "

gPh"82",5-"61-..:1-";."9-41-3.-9",*"!/KZ"GB"T-"43+":.-",5-"-M:3,;*+"
l

rPP
Q

!
"

8
)( 4

12 #
= "

,*"9-,-1G;+-",5-"+-T"2>*T"13,-7"  .
8

)( 4
12

l
rPP

Q
!

"#
= [-":.-"

,s/mN 10005.1 m, 100.150  m, 0.0250 233 !"="== ## $rl 3+9

.N/m 101.066 23
1 !=P "

@.;+C",5-"-M:3,;*+" hgP !=2 B"T-"43+"2;+9",5-"61-..:1-"9:-",*"3"9-6,5"*2"!/KZ"G7"

( )( )( ) .N/m 101.507m/s 9.80m 1.50kg/m 1025' 2423
2 !==P "

)*".:P.,;,:,;+C";+,* ",5-"-M:3,;*+"
l

rPP
Q

!
"

8
)( 4

12 #
= "C;X-.7"

( )[ ]
( )( )

/scm 0.111/sm 101.11

m 0.0250s/mN 101.0058
m 100.150)N/m 101.066N/m 10(1.507

337

23

432324

=!=

"!
!!#!

=

#

#

#$
Q

"

g4h"'5-"2>*T"13,-"T;>>"P-"b-1*"g3+9"P-4*G-"+-C3,;X-h"T5-+",5-"61-..:1-";+",5-"8J";."
-M:3>",*"g*1">-..",53+h",5-"61-..:1-";+",5-"63,;-+,V."X-;+7"

( )( ) cm 10.6m 0.106
m/s 9.80kg/m 1025

N/m 101.066
23

23
r

r ==
!

=="=
g

P
hhgP

#
# &
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12.5	  THE	  ONSET	  OF	  TURBULENCE+

K!/" e$1+4)&5(25&5($&4#"@&"4&"+#&+*&#20+321&B621$#)G&4"1&23&"+#&%=*($1&5(25&*(""5*&,1=8$&"+#&
ES-:&0&+35"&5($&2+1&5(1"=%(&2&7+7$&@+5(&2&:-9::;0&8+20$5$18+I($&J$15+,2#&7+7$&+*&S:&0&
#"3%-&I2M$&5($&8$3*+5)&"4&5($&"+#&5"&6$&3kg/m900 &238&+5*&J+*,"*+5)&5"&6$& s)N/m(00.1 2 ! &
B"1& sPa00.1 ! G-&

)*>:,;*+ "
[ -"T;>>":.-",5-"-M:3,;*+"

!
" vr

N
2

R =
"
,*"9-,-1G;+-",5-"Y-<+*>9."+:GP-1B".*"T-"G:.,"

9-,-1G;+-",5-"X->*4;,<"*2",5-"*;>/");+4-",5-"*;>"1;.-.",*"#K/Z"GB"

( )( ) m/s 22.136m 25.0m/s 9.8022

so , m 25.0,m/s 0  where, 2
2

0

2
0

2

===

==!=

gyv

yvgyvv
"

&*TB"T-"43+":.-",5-"-M:3,;*+"
!
" vr

N
2

R = 7"

( )( )( )
( ) 2000101.99

sN/m 1.00
m 0.0500m/s 22.136kg/m 9002 3

2

3

R <!=
"

=N "

);+4-" 2000R =N ;.",5-"3661*_;G3,-":66-1"X3>:-"2*1">3G;+31"2>*T/")*",5-"2>*T"*2"*;>";."
>3G;+31"gP31-><h/&

KU/" `2*"#+3$&+*&7+7$8&=38$1%1"=38&41"0&1$4+3$1+$*&5"&02\"1&=*$1*-&I($&4#"@&125$&+*&
/sm1000.3 32!" &B26"=5&S::&%2#P0+3G.&5($&J+*,"*+5)&"4&%2*"#+3$&+*& s)(N/m1000.1 23 !" # .&

238&+5*&8$3*+5)&+*& 3kg/m680 -&B2G&N(25&0+3+0=0&8+20$5$1&0=*5&5($&7+7$&(2J$&+4&5($&
H$)3"#8*&3=06$1&+*&5"&6$&#$**&5(23&E:::A&B6G&N(25&71$**=1$&8+44$1$3,$&0=*5&6$&
02+352+3$8&2#"3%&$2,(&M+#"0$5$1&"4&5($&7+7$&5"&02+352+3&5(+*&4#"@&125$A&

)*>:,;*+ "
g3h"[-"T;>>":.-",5-"-M:3,;*+"

!
" vr

N
2

R = B"T5-1- 2000
2

R !=
"
#vr

N B",*"2;+9",5-"

G;+;G:G"139;:.B"T5;45"T;>>"C;X-":.",5-"G;+;G:G"9;3G-,-1/"D;1.,B"T-"+--9",*"C-,"

3+"-_61-..;*+"2*1",5-"X->*4;,<B"21*G",5-"-M:3,;*+"
2r

Q
A
Q

v
!

== /"):P.,;,:,;+C"C;X-.7"
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( )
,

)1000(
or   2000

2/2 2

!"
#

!"
#

"
!# Q

r
r
QrrQ

$%=
"
.*",53,",5-"G;+;G:G"9;3G-,-1";."

( ) m 13.0
s/mN 101.00500

/s)m 10)(3.00kg/m (680
500 23

323

=
!"

"
=# $

$

%%&
' Q

d
"

gPh"@.;+C",5-"-M:3,;*+"
l
rP

Q
!
"

8

4#
= B"T-"43+"9-,-1G;+-",5-"61-..:1-"9;22-1-+4-"21*G"

,5-"2>*T"13,-7"

( )
26

4

3223

4 N/m 102.68
m 12.99

/s)m 10m)(3.00 )(1000s/mN 108(1.008 !
!!

"=
"#"

==$
%%

&
r
lQ

P "

'5;."61-..:1-";."-M:;X3>-+,",*" atm 1065.2 11!" B"T5;45";."X-1<".G3>>"61-..:1-n&

12.7	  MOLECULAR	  TRANSPORT	  PHENOMENA:	  DIFFUSION,	  OSMOSIS,	  AND	  
RELATED	  PROCESSES+

HH/" L=77"*$&()81"%$3&238&"<)%$3&21$&8+44=*+3%&5(1"=%(&2+1-&/&*02##&20"=35&"4&$2,(&+*&
1$#$2*$8&*+0=#523$"=*#)-&?"@&0=,(&5+0$&72**$*&6$4"1$&5($&()81"%$3&+*&9-::&*&2($28&
"4&5($&"<)%$3A&L=,(&8+44$1$3,$*&+3&211+J2#&5+0$*&21$&=*$8&2*&23&232#)5+,2#&5""#&+3&%2*&
,(1"025"%127()-&

)*>:,;*+ " D1*G"'3P>-"!#/#B"T-"\+*T" /sm 101.8 and /sm 106.4 25
O

25
H 22

!! "="= DD /"[-"T3+,"

,*":.- ",5-"-M:3,;*+" Dtx 2rms = B".;+4-",53,"1->3,-.",;G-",*",5-"9;.,3+4-",13X->-9"

9:1;+C"9;22:.;*+/"[-"53X-",T*"-M:3,;*+.7"
222222 HHH,rmsOOO,rms 2  and 2 tDxtDx == /""

[-"T3+,",5-"9;.,3+4-",13X- >-9",*"P-",5-".3G-B".*"T-"43+".-,",5-"-M:3,;*+."-M:3>/"
'5-"9;.,3+4-"T;>>"P-",5-".3G-"T5-+",5-",;G-"9;22-1-+4-"P-,T--+"

22 OH  and tt "
;."!/ZZ".B"

.*"T-"43+"1->3,-",5-",T*",;G-.7 s 00.1 
22 HO += tt /"

)-,,;+C",5-",T*"9;.,3+4-"-M:3,;*+."-M:3>"3+9".M:31;+C"C;X-.7"
2222 HHOO 22 tDtD = "3+9"

.:P.,;,:,;+C"2*1"*_<C-+",;G-"C;X-.7" ( )
2222 HHHO s 00.1 tDtD =+ /"

)*>X;+C"2*1",5-"5<91*C-+",;G-"C;X-.7"

s 0.391s 1.00
/sm 101.8/sm 106.4

/sm 101.8
s 1.00

2525

25

OH

O
H

22

2

2
=!

!"!
!

=!
"

=
""

"

DD

D
t "

'5-"5<91*C-+"T;>>",3\-"Z/=U!".",*",13X->",*",5-"9;.,3+4-"x B"T5;>-",5-"*_<C-+"T;>>",3\-"
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35-39"*2",5-"*_<C-+"32,-1"Z/=U!"./&

"
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$]A0'(Y"!=7" '(L0(YA'@Y(B"F8&('8$"
'](%YcB"A&I "']("RA)"WA[) "

13.1	  TEMPERATURE	  

!/ " N(25&+*&5($&R2(1$3($+5&5$07$125=1$&"4&2&7$1*"3&@+5(&2&C0.39 ¡ &4$J$1A&

)*>:,;*+ " [-"43+"4*+X-1,"21*G"$->.;:.",*"D351-+5-;,7"

F102C0.32)C0.39(
5
9

0.32  )(
5
9

F

CF

¡=¡+¡=

¡+=

¡

¡¡

T

TT
"

)*" C0.39 ¡ ";."-M:;X3>-+,",*" F102¡ /"

O/" B2G&L=77"*$&2&,"#8&41"35&6#"@*&+35"&)"=1&#",2#$&238&81"7*&5($&5$07$125=1$&6)&[:-:&
R2(1$3($+5&8$%1$$*-&?"@&023)&8$%1$$*&!$#*+=*&8"$*&5($&5$07$125=1$&8$,1$2*$&@($3&
5($1$&+*&2& F0.40 ¡ &8$,1$2*$&+3&5$07$125=1$A&B6G&L("@&5(25&23)&,(23%$&+3&5$07$125=1$&
+3&R2(1$3($+5&8$%1$$*&+*&3+3$;4+45(*&5($&,(23%$&+3&!$#*+=*&8$%1$$*-&

)*>:,;*+ "
g3h"[-"43+":.-",5-"-M:3,;*+" )32(

9
5

FC != ¡¡ TT ",*"9-,-1G;+-",5-"453+C-";+"

,-G6-13,:1-/ "

C2.22)40(
9
5

9
5

)(
9
5
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9
5
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9
5

!
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F12FC1C2C
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¡¡¡

¡¡¡¡¡

TTT

TTTTT
"

gPh"[-"\+*T",53," F1F2F ¡¡¡ !=" TTT /"[-"3>.*"\+*T",53," 32
5
9
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031,;3>><".*>X;+C"3+9"1-3113+C;+C",5-"-M:3,;*+B"T-"53X-"( )C1C2F 5
9

 ¡¡¡ !=" TTT /"

'5-1-2*1-B" .
5
9

 CF ¡¡ !=! TT "

13.2	  THERMAL	  EXPANSION	  OF	  SOLIDS	  AND	  LIQUIDS	  

!K/" L("@&5(25&Z:-:&Y&"4&%2*"#+3$&"1+%+32##)&25&C0.15 ¡ &@+##&$<7238&5"&Z9-9&Y&@($3&+5&@210*&
5"& C,0.35 ¡ &2*&,#2+0$8&+3&K<207#$&9D-[-&

)*>:,;*+ " [-"43+"C-,"3+"-_61-..;*+"2*1",5-"453+C-";+"X*>:G-":.;+C",5-"-M:3,;*+" TVV !=! 0" B"

.*",5-"2;+3>"X*>:G-";." ),1(00 TVVVV !+=!+= " T5-1- " C/1050.9 4 ¡!= "# "2*1"

C3.*>;+-"g.--"'3P>-"!=/#hB".*",53,""

L 1.16C)L)(20.00.60)(C/1050.9(L0.60 4
0

' =¡¡!+="+= #TVVV $ "

A.",5-",-G6-13,:1-";." ;+41-3.-9B",5-"X*>:G-"3>.*";+41-3.-./"

#!/ " L("@&5(25& ,3!" # &6)&,2#,=#25+3%&5($&,(23%$&+3&J"#=0$&V! &"4&2&,=6$&@+5(&*+8$*&"4&
#$3%5(&

! 

L.&

)*>:,;*+ " D1*G",5-"-M:3,;*+" TLL !=! 0" "T-"\+*T",53,">-+C,5"453+C-."T;,5",-G6-13,:1-/"[-"

3>.*"\+*T",53,",5-"X*>:G-"*2"3"4:P-";."1->3,-9",*";,.">-+C,5"P<" 3LV = "/"@.;+C",5-"
-M:3,;*+" VVV !+= 0 "3+9".:P.,;,:,;+C"2*1",5-".;9-."T-"C-," 3

0 )( LLV !+= /"'5-+"T-"

1-6>34-" TLLL !=!! 0with " ",*"C-," 33
0

3
00 )1()( TLTLLV !+=!+= "" /");+4-" T!" ";."

.G3>>B"T-"43+":.-",5-"P;+*G;3>"-_63+.;*+",*"C-," TLLTLV !+=!+= 3
0

3
0

3
0 3)31( "" /"

Y-T1;,;+C",5-">-+C,5",-1G.";+",-1G."*2"X*>:G-"C;X-." TVVVVV !+=!+= 000 3" /"`<"

4*G631;+C"2*1G."T-"C-," TVTVV !=!=! 00 3"# "/"'5:.B !" 3= /"

13.3	  THE	  IDEAL	  GAS	  LAW	  



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!="

"

UU"

"

#O/" Q3&5($&5$<5.&+5&@2*&*("@3&5(25& 325 m1068.2/ !"=VN &4"1&%2*&25&LI'-&B2G&L("@&5(25&5(+*&

C=235+5)&+*&$C=+J2#$35&5"& ,cm1068.2/ 319 !"=VN &2*&*525$8-&B6G&/6"=5&("@&023)&

25"0*&21$&5($1$&+3&"3$&3µm &B2&,=6+,&0+,1"0$5$1G&25&LI'A&B,G&N(25&8"$*&)"=1&23*@$1&
5"&7215&B6G&+07#)&26"=5&5($&*$72125+"3&"4&25"0*&238&0"#$,=#$*A&

)*>:,;*+ " g3h"'5;.";."3":+;,."4*+X-1.;*+"61*P>-GB".*"

319
3

3

25

cm 1068.2
cm 100

m 1
m

1068.2 !"=#
$

%
&
'

(
##
$

%
&&
'

( "
=

V
N

"

gPh"AC3;+B"T-"+--9",*"4*+X-1,",5-":+;,.7"

3-7

3

63

25

m 1068.2
m1000.1

m1
m

1068.2
µ

µ
!=""

#

$
%%
&

'

!""
#

$
%%
&

' !
=

V
N

"

g4h"'5;.".3<.",53,"3,*G."3+9"G*>-4:>-."G:.,"P-"*+",5-"*19-1"*2"g;2",5-<"T-1-",;C5,><"

634\-9h" 38
3-73-7 m1073.3

m1068.2
1

m1068.2
µ

µµ
!"=

"
=

"
=

N
V "

%1",5-"3X-13C-">-+C,5"*2"3+"3,*G";.">-..",53+"3661*_;G3,-><"
.nm 3m1034.3)m1073.3( 33/138 =!=! "" µµ "

);+4-"3,*G."31-"T;9-><".634-9B",5-"3X-13C-">-+C,5";."61*P3P><"G*1-"*+",5-"*19-1"
*2"Z/="+G/"

==/" /&6+,),#$&5+1$&(2*&2&71$**=1$&"4& 25 N/m 10  00.7 ! &25&2&5$07$125=1$&"4&C0.18 ¡ &238&
,"352+3*&E-::&Y&"4&%2*-&N(25&@+##&+5*&71$**=1$&6$&+4&)"=&#$5&"=5&23&20"=35&"4&2+1&5(25&
(2*&2&J"#=0$&"4& 3cm 100 &25&250"*7($1+,&71$**=1$A&/**=0$&5+1$&5$07$125=1$&238&
J"#=0$&1$02+3&,"3*5235-&

)*>:,;*+ " D;1.,B"T-"+--9",*"4*+X-1,",5-",-G6-13,:1-"3+9"X*>:G-7"

.m 1000.2L 2.00  

 and K, 291.2  273.1518.0273.15C)(  (K)
33!"==

=+=+¡=

V

TT
"

&-_,B":.-",5-";9-3>"C3.">3T",*"9-,-1G;+-",5-";+;,;3>"+:GP-1"*2"G*>-4:>-.";+",5-",;1-7"

( )( )
( )( )

23
23

3325
1

111 103.484
K 291.15J/K 101.38

m 102.00N/m 107.00
!=

!
!!

=="=
#

#

kT
VP

NkTNVP "
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'5-+B"T-"+--9",*"9-,-1G;+-"5*T"G3+<"G*>-4:>-."T-1-"1-G*X-9"21*G",5-",;1-7"

21
23

3

36
325

10521.2
5K)J/K)(291.1 1038.1(

cm
m10

cm 100)N/m 10013.1(

!=
!

""
#

$
%%
&

'
!!

==()(= *

*

kT
PV

NNkTPV "

[-" 43+"+*T"9-,-1G;+-"5*T"G3+<"G*>-4:>-."1-G3;+"32,-1",5-"C3.";."1->-3.-97"

232123
12 10459.310521.210484.3 !=!"!=#"= NNN "

D;+3>><B",5-"2;+3>"61-..:1-";.7"

Pa 1095.6N/m 1095.6
m 1000.2

)K 15.291)(J/K 1038.1)(10459.3(

525

33

2323
2

2

!=!=
!
!!

==
"

"

V
kTN

P
"

=N/" B2G&Q3&5($&8$$7&*72,$&6$5@$$3&%2#2<+$*.&5($&8$3*+5)&"4&25"0*&+*&2*&#"@&2*&
,atoms/m 10 36 &238&5($&5$07$125=1$&+*&2&41+%+8&E-O&k-&N(25&+*&5($&71$**=1$A&B6G&N(25&

J"#=0$&B+3&3m G&+*&",,=7+$8&6)&9&0"#&"4&%2*A&B,G&Q4&5(+*&J"#=0$&+*&2&,=6$.&@(25&+*&5($&
#$3%5(&"4&+5*&*+8$*&+3&M+#"0$5$1*A&

)*>:,;*+ " g3h"@.-",5-";9-3>"C3.">3TB"T5-1-"

Pa 107.3N/m 107.3N/m 103.73

K) J/K)(2.7 1038.1(
m1

10

17217217

23
3

6

!!!

!

"="="=

"==

=

kT
V
N

P

NkTPV

"

gPh"&*TB":.;+C",5-"61-..:1-"2*:+9";+"631,"g3hB">-,"3"k"!/ZZ"G*>/"@.-",5-";9-3>"C3.">3T7"

317317
217

m 100.6m 1002.6
N/m 1073.3

K) K)(2.7J/mol mol)(8.31 00.1(
!=!=

!
"

==

=

#P
nRT

V

nRTPV
"

g4h");+4-",5-"X*>:G-"*2"3"4:P-";.";,.">-+C,5"4:P-97"

km 108.4m 1045.8)m 1002.6( 253/13173/1 !=!=!==VL "

	   "
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13.4	  KINETIC	  THEORY:	  ATOMIC	  AND	  MOLECULAR	  EXPLANATION	  OF	  
PRESSURE	  AND	  TEMPERATURE	  	  

EE/" _=,#$21&4=*+"3.&5($&$3$1%)&*"=1,$&"4&5($&L=3.&()81"%$3&6"06*.&238&4=*+"3&1$2,5"1*.&
",,=1*&0=,(&0"1$&1$28+#)&@($3&5($&2J$12%$&M+3$5+,&$3$1%)&"4&5($&25"0*&+*&(+%(] 5(25&
+*.&25&(+%(&5$07$125=1$*-&L=77"*$&)"=&@235&5($&25"0*&+3&)"=1&4=*+"3&$<7$1+0$35&5"&
(2J$&2J$12%$&M+3$5+,&$3$1%+$*&"4&J 10  40.6 14Ð! -&N(25&5$07$125=1$&+*&3$$8$8A&

)*>:,;*+ "
@.-",5-"-M:3,;*+" kT

2
3

KE = ",*"2;+9",5-",-G6-13,:1-7"

( )
( ) K 103.09

J/K 101.383
J 106.402

3
KE2

2
3

KE 9
23

14

!=
!

!
=="=

#

#

k
TkT "

13.6	  HUMIDITY,	  EVAPORATION,	  AND	  BOILING	  

KZ/" B2G&N(25&+*&5($&J27"1&71$**=1$&"4&@25$1&25&C0.20 ¡ A&B6G&N(25&7$1,$352%$&"4&
250"*7($1+,&71$**=1$&8"$*&5(+*&,"11$*7"38&5"A&B,G&N(25&7$1,$35&"4&C0.20 ¡ &2+1&+*&@25$1&

J27"1&+4&+5&(2*&9::d&1$#25+J$&(=0+8+5)A&BI($&8$3*+5)&"4&81)&2+1&25&C0.20 ¡ &+*& 3kg/m 20.1
-G&

)*>:,;*+ " g3h"J36*1"01-..:1-"2*1" Pa 102.33N/m 102.33C)O(20H 323
2 !=!=¡ "

gPh"I;X;9-",5-"X36*1"61-..:1-"P<"3,G*.65-1;4"61-..:1-7"

%30.2%100
N/m 1001.1
N/m 102.33

25

23

=!
!
!

"

g4h"'5-"9-+.;,<"*2"T3,-1";+",5;."3;1";."-M:3>",*",5-".3,:13,;*+"X36*1"9-+.;,<"*2"T3,-1"3,"
,5;.",-G6-13,:1-B",3\-+"21*G"'3P>-"!=/K/"I;X;9;+C"P<",5-"9-+.;,<"*2"91<"3;1B"T-"43+"

C-,",5-"6-14-+,3C-"*2"T3,-1";+",5-"3;17"
"

%43.1%100
kg/m 1.20

kg/m 1072.1
3

32

=!
! "

"
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KH/" N(25&+*&5($&8$3*+5)&"4&@25$1&J27"1&+3&3g/m &"3&2&("5&81)&82)&+3&5($&8$*$15&@($3&5($&
5$07$125=1$&+*&C0.40 ¡ &238&5($&1$#25+J$&(=0+8+5)&+*&Z-::dA&

)*>:,;*+ "

( )( )

3
3

g/m 07.3
%100

)g/m 1.51%)(00.6(
100%

density vapor saturationhumidity relativepercent 
density vapor 

%100
density vapor saturation

densityvapor 
humidity  relativepercent 

==

=

!=

"

H#/" /50"*7($1+,&71$**=1$&25"7&X5-&KJ$1$*5&+*& 24 N/m 1030.3 ! -&B2G&N(25&+*&5($&7215+2#&
71$**=1$&"4&"<)%$3&5($1$&+4&+5&+*&E:-Td&"4&5($&2+1A&B6G&N(25&7$1,$35&"<)%$3&*("=#8&2&
0"=352+3&,#+06$1&61$25($&*"&5(25&+5*&7215+2#&71$**=1$&+*&5($&*20$&2*&25&*$2&#$J$#.&
@($1$&250"*7($1+,&71$**=1$&+*& ?N/m 1001.1 25! &B,G&b3$&"4&5($&0"*5&*$J$1$&71"6#$0*&
4"1&5("*$&,#+06+3%&J$1)&(+%(&0"=352+3*&+*&5($&$<51$0$&81)+3%&"4&61$25(+3%&72**2%$*-&
N()&8"$*&5(+*&81)+3%&",,=1A&

)*>:,;*+ " g3h"'5-"631,;3>"61-..:1-";.",5-"61-..:1-"3"C3."T*:>9"41-3,-";2";,"3>*+-"*44:6;-9",5-"
,*,3>"X*>:G-B"*1",5-"631,;3>"61-..:1-";.",5-"6-14-+,",5-"C3."*44:6;-.",;G-.",5-"
,*,3>"61-..:1-7"

( )
Pa 1090.6)N/m 1030(0.209)(3.

pressure) ric)(atmosphe(%OO pressure partial
324

22

!=!=

=
"

gPh"D;1.,"43>4:>3,-",5-"631,;3>"61-..:1-"3,".-3">-X->7""

"
( )

Pa 10117.2)N/m 10013(0.209)(1.

pressure) ric)(atmosphe(%Olevel seaat  pressure partial
425

2

!=!=

=
"

)-,",5;."-M:3>",*",5-"6-14-+,"*_<C-+",;G-.",5-"61-..:1-"3,",5-",*6"*2"L,/"(X-1-.,7"

( ) Pa 102.117)N/m 10(3.30
%100

%O
level seaat  pressure partial 4242 !=!"

#

$
%
&

'=

"

'5:.B" %2.64%100
N/m 103.30
N/m 102.117

%O 24

24

2 =!
!
!

= "

'5-"G*:+,3;+"4>;GP-1".5*:>9"P1-3,5-"3;1"4*+,3;+;+C"HE/#o"*_<C-+"3,",5-",*6"*2"
L,/"(X-1-.,",*"G3;+,3;+",5-".3G-"631,;3>"61-..:1-"3."3,".-3">-X->/"$>-31><B",5-"3;1"
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9*-."+*,"4*+,3;+",53,"G:45"*_<C-+/"'5;.";."T5<"<*:"2-->">;C5,5-39-9"3,"5;C5"
3>,;,:9-.7"c*:"31-"631,;3>><"*_<C-+"9-61;X-9/"

g4h"'5;."91<;+C"61*4-.."*44:1."P-43:.-",5-"631,;3>"61-..:1-"*2"T3,-1"X36*1"3,"5;C5"
3>,;,:9-.";."9-41-3.-9".:P.,3+,;3>></"'5-"4>;GP-1."P1-3,5-"X-1<"91<"3;1B"T5;45">-39."
,*"3">*,"*2"G*;.,:1-"P-;+C">*.,"9:-",*"-X36*13,;*+/"'5-"P1-3,5;+C"63..3C-."31-"
,5-1-2*1-"+*,"C-,,;+C",5-"G*;.,:1-",5-<"1-M:;1-"21*G",5-"3;1"P-;+C"P1-3,5-9/"

HN/" 0(/%1")/%2+3#(.%-/&&Q4&)"=&@235&5"&,""M&+3&@25$1&25&C150¡ .&)"=&3$$8&2&71$**=1$&,""M$1&
5(25&,23&@+5(*5238&5($&3$,$**21)&71$**=1$-&B2G&N(25&71$**=1$&+*&1$C=+1$8&4"1&5($&6"+#+3%&
7"+35&"4&@25$1&5"&6$&5(+*&(+%(A&B6G&Q4&5($&#+8&"4&5($&71$**=1$&,""M$1&+*&2&8+*M&ES-:&,0&+3&
8+20$5$1.&@(25&4"1,$&0=*5&+5&6$&26#$&5"&@+5(*5238&25&5(+*&71$**=1$A&

)*>:,;*+ " g3h"D1*G"'3P>-"!=/KB"T-"43+"C-,",5-"X36*1"61-..:1-"*2"T3,-1"3,"C150¡ 7"J36*1"
61-..:1- "

25 N/m1076.4 != "

gPh"@.;+C",5-"-M:3,;*+"  ,
A
F

P = T-"43+"43>4:>3,-",5-"2*14-"-_-1,-9"*+",5-"61-..:1-"

4**\-1">;9/"]-1-B"T-"+--9",*":.-"&-T,*+V.">3T.",*"P3>3+4-"2*14-./"A..:G;+C",53,"T-"
31-"4**\;+C"3,".-3">-X->B",5-"2*14-."*+",5-">;9"T;>>".,-G"21*G",5-";+,-1+3>"61-..:1-B"
2*:+9";+"631,"g3hB",5-"3GP;-+,"3,G*.65-1;4"61-..:1-B"3+9",5-"2*14-."5*>9;+C",5-">;9"
.5:,/"'5:."T-"53X-"3"lP3>3+4-"*2"61-..:1-.m7"

N 101.84=)m) 125.0((Pa) 10(3.75=net 

Pa 103.75 = 0 = Pa) 10  (4.76 atm 1 
425

55

!!=

!"!#+

$PAF

PP
"

"

" "
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$]A0'(Y"!E7"](A'"A&I "](A'"'YA&)D(Y"
L(']%I) "

14.2	  TEMPERATURE	  CHANGE	  AND	  HEAT	  CAPACITY	  

!/ " b3&2&("5&82).&5($&5$07$125=1$&"4&23&F:.:::;Y&*@+00+3%&7""#&+3,1$2*$*&6)& C1.50¡ -&
N(25&+*&5($&3$5&($25&5123*4$1&8=1+3%&5(+*&($25+3%A&Q%3"1$&23)&,"07#+,25+"3*.&*=,(&2*&
#"**&"4&@25$1&6)&$J27"125+"3-&

)*>:,;*+ " '5-"5-3,";+6:,";."C;X-+"P<" TmcQ != B"T5-1-",5-".6-4;2;4"5-3,"*2"T3,-1";."

CJ/kg 4186 ¡!=c /"'5-"G3..";."C;X-+"P<"

kg, 108.00
L 1000

m 1
L) )(80,000kg/m 10(1.00 4

3
33 !=!!== Vm " "

3+9",5-",-G6-13,:1-"453+C-";.

"

C50.1 ¡=! T /"'5-1-2*1-B"

J 1002.5C)C)(1.50J/kg (4186)kg 108.00( 84 !=¡¡"!=#= TmcQ "

U/" R"##"@+3%&J+%"1"=*&$<$1,+*$.&5($&6"8)&5$07$125=1$&"4&23&F:-:;M%&7$1*"3&+*& C40.0¡ -&/5&
@(25&125$&+3&@255*&0=*5&5($&7$1*"3&5123*4$1&5($102#&$3$1%)&5"&1$8=,$&5($&6"8)&
5$07$125=1$&5"& C37.0¡ &+3&D:-:&0+3.&2**=0+3%&5($&6"8)&,"35+3=$*&5"&71"8=,$&$3$1%)&
25&5($&125$&"4&9S:&NA&( )J/s1=W1orndjoule/seco1=watt1 &&

)*>:,;*+ " D;1.,B"43>4:>3,-"5*T"G:45"5-3,"G:.,"P-"9;..;63,-97"

J 1040.8C)37-CC)(40J/kg kg)(3500 (80.0 5
bodyhuman !=¡¡¡"=#= TmcQ "

'5-+B".;+4-"6*T-1";."5-3,"9;X;9-9"P<",;G-B"T-"43+"C-,",5-"6*T-1"1-M:;1-9",*"61*9:4-"
,5-"43>4:>3,-9"3G*:+,"*2"5-3,";+"=Z/Z"G;+:,-.7"
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 W.104.67
min) s/1 min)(60 (30
J  108.40 2

5

cooling !=
!

==
t
Q

P ""

&*TB".;+4-",5-"P*9<"4*+,;+:-.",*"61*9:4-"5-3,"3,"3"13,-"*2"!KZ"[B"T-"+--9",*"399"
,53,",*",5-"1-M:;1-9"4**>;+C"6*T-17"

. W617 W150 W 467bodycoolingrequired =+=+= PPP "

14.3	  PHASE	  CHANGE	  AND	  LATENT	  HEAT	  

!#/ " /&62%&,"352+3+3%&C0¡ &+,$&+*&0=,(&0"1$&$44$,5+J$&+3&26*"16+3%&$3$1%)&5(23&"3$&
,"352+3+3%&5($&*20$&20"=35&"4&C0¡ &@25$1-&B2G&?"@&0=,(&($25&5123*4$1&+*&3$,$**21)&
5"&12+*$&5($&5$07$125=1$&"4&:-F::&M%&"4&@25$1&41"0&C0¡ &5"& C30.0¡ A&B6G&?"@&0=,(&
($25&5123*4$1&+*&1$C=+1$8&5"&4+1*5&0$#5&:-F::&M%&"4&C0¡ &+,$&238&5($3&12+*$&+5*&
5$07$125=1$A&B,G&K<7#2+3&("@&)"=1&23*@$1&*=77"15*&5($&,"35$35+"3&5(25&5($&+,$&+*&
0"1$&$44$,5+J$-&

)*>:,;*+ " g3h"@.-" TmcQ != B".;+4-",5-1-";."+*"653.-"453+C-";+X*>X-9";+"5-3,;+C",5-"T3,-17"

J 101.00C)C)(30.0J/kg kg)(4186 (0.800 5!=¡¡"=#= TmcQ "

gPh"'*"9-,-1G;+-",5-"5-3,"1-M:;1-9B"T-"G:.,"G->,",5-";4-B":.;+C" fmLQ= B"3+9",5-+"

399",5-"5-3,"1-M:;1-9",*"13;.-",5-",-G6-13,:1-"*2"G->,-9";4-":.;+C" TmcQ != B".*"

,53," J 1068.3J 101.005J/kg) 10kg)(334 (0.800 553
f !=!+!="+= TmcmLQ "

g4h"'5-";4-";."G:45"G*1-"-22-4,;X-";+"3P.*1P;+C"5-3,"P-43:.-";,"2;1.,"G:.,"P-"G->,-9B"
T5;45"1-M:;1-."3">*,"*2"-+-1C<B",5-+";,"C3;+. ",5-"5-3,",53,",5-"T3,-1"3>.*"T*:>9/"

'5-"2;1.," J 102.67 5! "*2"5-3,";.":.-9",*"G->,",5-";4-B",5-+";,"3P.*1P.",5-"

J 1000.1 5! "*2"5-3,",53,",5-"T3,-1"3P.*1P./"
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!U/" ?"@&023)&%120*&"4&,"44$$&0=*5&$J27"125$&41"0&DS:&%&"4&,"44$$&+3&2&9::;%&%#2**&,=7&5"&
,""#&5($&,"44$$&41"0&C95.0¡ &5"& C45.0¡ A&c"=&02)&2**=0$&5($&,"44$$&(2*&5($&*20$&
5($102#&71"7$15+$*&2*&@25$1&238&5(25&5($&2J$12%$&($25&"4&J27"1+>25+"3&+*&ED[:&MgPM%&BSZ:&
,2#P%G-&Bc"=&02)&3$%#$,5&5($&,(23%$&+3&02**&"4&5($&,"44$$&2*&+5&,""#*.&@(+,(&@+##&%+J$&)"=&23&
23*@$1&5(25&+*&*#+%(5#)&#21%$1&5(23&,"11$,5-G&

)*>:,;*+ " '5-"5-3,"C3;+-9";+"-X36*13,;+C",5-"4*22--"-M:3>.",5-"5-3,">-3X;+C",5-"4*22--"3+9"C>3.."
,* ">*T-1";,.",-G6-13,:1-B".*",53," ,!! ggccv TcmTcmML += "T5-1-"M ";.",5-"G3.."*2"

4*22--",53,"-X36*13,-./")*>X;+C"2*1",5-"-X36*13,-9"4*22--"C;X-.7"

[ ] g 33.0C)cal/g g)(0.20 (100C)cal/g g)(1.00 (350
cal/g 560

C)45.0C(95.0

)(

v

ggcc

=¡!+¡!!
¡"¡

=

+#
=

L

cmcmT
M

"

&*,;4-",53,"T-"9;9",5-"61*P>-G";+"43>*1;-."3+9"C13G.B".;+4-",5-">3,-+,"5-3,"T3."C;X-+"
;+",5*.-":+;,.B"3+9",5-"1-.:>,"T-"T3+,-9"T3.";+"C13G./"[-"4*:>9"53X-"9*+-",5-"
61*P>-G";+".,3+9319":+;,.B"3+9",5-+"4*+X-1,-9"P34\",*"C13G.",*"C-,",5-".3G-"3+.T-1/"

#K/" Q4&)"=&7"=1&:-:9::&M%&"4&C20.0¡ &@25$1&"35"&2&9-E:;M%&6#",M&"4&+,$&B@(+,(&+*&+3+5+2##)&25&
C15.0¡! G.&@(25&+*&5($&4+32#&5$07$125=1$A&c"=&02)&2**=0$&5(25&5($&@25$1&,""#*&*"&

127+8#)&5(25&$44$,5*&"4&5($&*=11"=38+3%*&21$&3$%#+%+6#$-&

)*>:,;*+ " '5-"5-3,"C3;+-9"P<",5-";4-"-M:3>.",5-"5-3,">*.,"P<",5-"T3,-1/");+4-"T-"9*"+*,"\+*T"
,5-"2;+3>".,3,-"*2",5-"T3,-1i;4-"4*GP;+3,;*+B"T-"2;1.,"+--9",*"4*G631-",5-"5-3,"
+--9-9",*"13;.-",5-";4-",*" C0¡ "3+9",5-"5-3,"3X3;>3P>-"21*G",5-"T3,-1/"D;1.,B"T-"+--9"
,*"43>4:>3,-"5*T"G:45"5-3,"T*:>9"P-"1-M:;1-9",*"13;.-",5-",-G6-13,:1-"*2",5-";4-",*"

C0¡ 7"" J 10762.3C)C)(15J/kg kg)(2090 (1.20 4
ice !=¡¡"=#= TmcQ "

&*TB"T-"+--9",*"43>4:>3,-"5*T"G:45"5-3,";."C;X-+"*22",*">*T-1",5-"T3,-1",*" C0¡ 7

J 837.2C)C)(20.0J/kg kg)(4186 (0.010011 =¡¡!="= TmcQ "

) ;+4-",5;.";.">-..",53+",5-"5-3,"1-M:;1-9",*"5-3,",5-";4-B"T-"+--9",*"43>4:>3,-"5*T"
G:45"5-3,";."C;X-+"*22",*"4*+X-1,",5-"T3,-1",*";4-7



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!E"

"

!ZO"

"

J 103.340J/kg) 10kg)(334 (0.0100 33
f2 !=!== mLQ "

'5:.B ",5-",*,3>"3G*:+,"*2"5-3,"C;X-+"*22",*",:1+",5-"T3,-1",*";4-"3," C0¡ 7"

 . J 10177.4 3
water !=Q ""

);+4-" waterice QQ > B"T-"53X-"9-,-1G;+-9",53,",5-"2;+3>".,3,-"*2",5-"T3,-1i;4-";.";4-"3,"

.*G-",-G6-13,:1-"P->*T" C0¡ /"&*TB"T-"+--9",*"43>4:>3,-",5-"2;+3>",-G6-13,:1-/"[-"

.-, ",5-"5-3,">*.,"21*G",5-"T3,-1"-M:3>",* ",5-"5-3,"C3;+-9"P<",5-";4-B"T5-1-"T-"+*T"
\+*T",53,",5-"2;+3>".,3,-";.";4-"3," C0f ¡<T 7"

?15iceice?0icewaterfwater020waterwater ice,by  gainedby waterlost or !"!! #=#++#= TcmTcmLmTcmQQ "

):P.,;,:,;+C"2*1",5-"453+C-";+",-G6-13,:1-."gP-;+C"431-2:>",53,"T! ";."3>T3<."6*.;,;X-h"
3+9".;G6>;2<;+C"C;X-." C)].15([)]0)((C)20([ ficeiceficefwaterwater ¡!!=!++¡ TcmTcLcm

"

)*>X;+C"2*1",5-"2;+3>",-G6-13,:1-"C;X-.
" iceicewater

iceicefwaterwater
f )(

)C15(])C20([
cmm

cmLcm
T

+
¡!+¡

= "

3+9".*"2;+3>><B""

C13.2

C)J/kg kg)(2090 1.20kg (0.0100
C)C)(15J/kg kg)(2090 (1.20

C)J/kg kg)(2090 1.20kg (0.0100
J/kg] 10334C)C)(20J/kg kg)[(4186 (0.0100 3

f

¡!=

¡"+
¡¡"

!

¡"+
#+¡¡"

=T

"

14.5	  CONDUCTION	  
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14.7	  RADIATION	  

KN/" B2G&!2#,=#25$&5($&125$&"4&($25&5123*4$1&6)&128+25+"3&41"0&2&,21&128+25"1&25&110¡C&+35"&2&

 50.0¡C &$3J+1"30$35.&+4&5($&128+25"1&(2*&23&$0+**+J+5)&"4&:-OS:&238&2&2m-20.1 &
*=142,$&21$2-&B6G&Q*&5(+*&2&*+%3+4+,235&412,5+"3&"4&5($&($25&5123*4$1&6)&23&2=5"0"6+#$&
$3%+3$A&I"&23*@$1&5(+*.&2**=0$&2&("1*$7"@$1&"4&E::&(7&B9-S&MNG&238&5($&$44+,+$3,)&"4&
2=5"0"6+#$&$3%+3$*&2*&25%-&

)*>:,;*+ " g3h"@.;+C",5-"),-23+S̀*>,bG3++">3T"*2"139;3,;*+B"G3\;+C".:1-",*"4*+X-1,",5-"
,-G6-13,:1-.";+,*":+;,."*2"F->X;+B",5-"13,-"*2"5-3,",13+.2-1";.7"

( ) ( )[ ]  W543K 383K 323)m .20)(0.750)(1KmJ/s 10(5.67

)(

442428

4
1

4
2

!=!""#=

!=

!

TTeA
t
Q

$
"

gPh"A..:G;+C"3+"3:,*G*P;>-"-+C;+-";."#ZZ"5*1.-6*T-1"3+9",5-"-22;4;-+4<"*2"3"C3.*>;+-"

-+C;+-";."#KoB",5-"-+C;+-"4*+.:G-." 008
25%

horsepower 200
= "5*1.-6*T-1";+"*19-1"

,*"C-+-13,-",5-"#ZZ"5*1.-6*T-1/"'5-1-2*1-B"NZZ"5*1.-6*T-1";.">*.,"9:-",*"

5-3,;+C/");+4-"!"56"k"OEH"[B",5-"139;3,*1",13+.2-1." hp 0.728
 W746

hp 1
 W543 =! "

21*G"139;3,;*+B"T5;45";."+*,"3".;C+;2;43+,"2134,;*+"P-43:.-",5-"5-3,";."61;G31;><"
,13+.2-11-9"21*G",5-"139;3,*1"P<"*,5-1"G-3+./"



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!E"

"

!!Z "

"

HK/" B2G&/&*(+15#$**&1+8$1&=38$1&2&,+1,=*&5$35&4$$#*&5($&($25&128+25+3%&41"0&5($&*=3#+5&7"15+"3&
"4&5($&5$35-&!2#,=#25$&5($&5$07$125=1$&"4&5($&5$35&,23J2*&62*$8&"3&5($&4"##"@+3%&
+34"1025+"3U&I($&*(+15#$**&1+8$1V*&*M+3&5$07$125=1$&+*&34.0¡C&238&(2*&23&$0+**+J+5)&"4&

:-TO:-&I($&$<7"*$8&21$2&"4&*M+3&+*&2m0.400 -&?$&1$,$+J$*&128+25+"3&25&5($&125$&"4&E:-:&

N ] (2#4&@(25&)"=&@"=#8&,2#,=#25$&+4&5($&$35+1$&1$%+"3&6$(+38&(+0&@2*&("5-&I($&1$*5&"4&
5($&*=11"=38+3%*&21$&25&34.0¡C-&B6G&^+*,=**&("@&5(+*&*+5=25+"3&@"=#8&,(23%$&+4&5($&
*=3#+5&*+8$&"4&5($&5$35&@2*&3$21#)&7=1$&@(+5$&238&+4&5($&1+8$1&@2*&,"J$1$8&6)&2&@(+5$&
5=3+,-&

)*>:,;*+ " g3h"@.-",5-"),- 23+S̀*>,bG3++">3T"*2"139;3,;*+7"

C48.5K 321.63

K) (307
)m .400)(0.970)(0KmJ/s 10(5.67

 W)2(20.0

)/(2
)2/(

/

 , )(
2

1/4

4
2428

4/1
4

1

4/1

4
12

4
1

4
2

¡==

!
"

#
$
%

&
+

''(
=

!"

#
$%

& +=!
"

#
$
%

&
+=

)*
+

,
-
.

/=

)

T
eA

tQ
T

Ae
tQ

T

TT
A

e
t
Q

00

0

"

gPh"A"6:1-"T5;,-"*PQ-4,"1-2>-4,. "G*1-"*2",5-"139;3+,"-+-1C<",53,"5;,.";,B".*",5-"T5;,-"
,-+,"T*:>9"61-X-+,"G*1-"*2",5-".:+>;C5,"21*G"5-3,;+C":6",5-";+.;9-"*2",5-",-+,B"
3+9",5-"T5;,-",:+;4"T*:>9"61-X-+,",53,"139;3+,"-+-1C<";+.;9-",5-",-+,"21*G"
5-3,;+C",5-"1;9-1/"'5-1-2*1-B"T;,5"3"T5;,-",-+,B",5-",-G6-13,:1-"T*:>9"P-">*T-1"
,53+" C48.5¡ B"3+9",5-"13,-"*2"139;3+,"5-3,",13+.2-11-9",*",5-"1;9-1"T*:>9"P-">-.."
,53+"#Z/Z"[/"

OZ/" 0(/%1")/%2+3#(.%-/&&B2G&L=77"*$&)"=&*5215&2&@"1M"=5&"3&2&L52+102*5$1.&71"8=,+3%&
7"@$1&25&5($&*20$&125$&2*&,#+06+3%&99Z&*52+1*&7$1&0+3=5$-&/**=0+3%&)"=1&02**&+*&OZ-:&
M%&238&)"=1&$44+,+$3,)&+*&20.0%.&("@&#"3%&@+##&+5&52M$&4"1&)"=1&6"8)&5$07$125=1$&5"&
1+*$& C1.00¼ &+4&2##&"5($1&4"10*&"4&($25&5123*4$1&+3&238&"=5&"4&)"=1&6"8)&21$&62#23,$8A&
B6G&Q*&5(+*&,"3*+*5$35&@+5(&)"=1&$<7$1+$3,$&+3&%$55+3%&@210&@(+#$&$<$1,+*+3%A&



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!E"

"

!!! "

"

)*>:,;*+ " g3h"c*:"61*9:4-"6*T-1"3,"3"13,-"*2"HNK"[B"3+9".;+4-"<*:"31-"#Zo"-22;4;-+,B"<*:"G:.,"

53X-"C-+-13,-97"  W3425
0.20

 W685
efficiency

produced
generated ===

P
P /""

82"*+><"HNK"["*2"6*T-1"T3.":.-2:>B",5-"6*T-1"3X3;>3P>-",*"5-3,",5-"P*9<";."

 W102.740  W 685 W3425 3
wasted !="=P /""

&*TB"  , wasted t
Tmc

t
Q

P
!

== .*",53,

s 97.1
 W102.74

C)C)(1.00J/kg kg)(3500 (76.0
3

wasted

=
!

¡¡"
=

#
=

P
Tmc

t ""

gPh"'5;.".3<.",53,";,",3\-."3P*:,"3"G;+:,-"3+9"3"53>2",*"C-+-13,-"-+*:C5"5-3,",*"13;.-"
,5-",-G6-13,:1-"*2"<*:1"P*9<"P<" C1.00¡ B"T5;45".--G."M:;,-"1-3.*+3P>-/"
R-+-13>><B"T;,5;+"2;X-"G;+:,-."*2"T*1\;+C"*:,"*+"3") ,3;1G3.,-1B"<*:"9-2;+;,-><"2-->"
T31G"3+9"61*P3P><"31-".T-3,;+C",*"\--6"<*:1"P*9<"21*G"*X-15-3,;+C/"

OH/" 4("%)&#()5*%+6%&7*/&&B2G&N(25&+*&5($&5$07$125=1$&+3,1$2*$&"4&23&F:-:&M%&7$1*"3&@("&
,"3*=0$*&ES::&M,2#&"4&4""8&+3&"3$&82)&@+5(&95.0%&"4&5($&$3$1%)&5123*4$11$8&2*&($25&
5"&5($&6"8)A&B6G&N(25&+*&=31$2*"326#$&26"=5&5(+*&1$*=#5A&B,G&N(+,(&71$0+*$&"1&
2**=075+"3&+*&1$*7"3*+6#$A&

)*>:,;*+ "
g3h .C36

C)kcal/kg kg)(0.83 (80.0
kcal) 00(0.950)(25

 thatso , ¡=
¡!

==""=
mc
Q

TTmcQ "

'5;.".3<.",53,",5-",-G6-13,:1-"*2",5-"6-1.*+";." ! C73C36C37 ¡=¡+¡ "

gPh"A+<",-G6-13,:1-";+41-3.-"C1-3,-1",53+"3P*:,"C3¡ "T*:>9"P-":+1-3.*+3P><">31C-/"
8+",5;."43.-",5-"2;+3>",-G6-13,:1-"*2",5-"6-1.*+"T*:>9"1;.-",*" ( )F163 C73 ¡¡ /"

g4h"'5-"3..:G6,;*+",53,",5-"6-1.*+"1-,3;+."UKo"*2",5-"-+-1C<"3."P*9<"5-3,";."
:+1-3.*+3P>-/"L*.,"*2",5-"2**9"4*+.:G-9"*+"3"93<";."4*+X-1,-9",*"P*9<"5-3,B"
>*.;+C"-+-1C<"P<".T-3,;+C"3+9"P1-3,5;+CB"-,4/"

" "



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!K"

!!# "

"

$]A0'(Y"!K7"'](YL%Ic &AL8$)!

15.1	  THE	  FIRST	  LAW	  OF	  THERMODYNAMICS	  
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15.2	  THE	  FIRST	  LAW	  OF	  THERMODYNAMICS	  AND	  SOME	  SIMPLE	  
PROCESSES	  
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15.3	  INTRODUCTION	  TO	  THE	  SECOND	  LAW	  OF	  THERMODYNAMICS:	  HEAT	  
ENGINES	  AND	  THEIR	  EFFICIENCY	  
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15.5	  APPLICATIONS	  OF	  THERMODYNAMICS:	  HEAT	  PUMPS	  AND	  
REFRIGERATORS	  
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15.6	  ENTROPY	  AND	  THE	  SECOND	  LAW	  OF	  THERMODYNAMICS:	  
DISORDER	  AND	  THE	  UNAVAILABILITY	  OF	  ENERGY	  
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15.7	  STATISTICAL	  INTERPRETATION	  OF	  ENTROPY	  AND	  THE	  SECOND	  LAW	  
OF	  THERMODYNAMICS:	  THE	  UNDERLYING	  EXPLANATION	  
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16.1	  HOOKE’S	  LAW:	  STRESS	  AND	  STRAIN	  REVISITED	  

#/" Q5&+*&@$+%(;+3&5+0$&4"1&5($&#",2#&=38$1;FS;M%&1=%6)&5$20-&I($&625(1""0&*,2#$&=*$8&5"&
2**$**&$#+%+6+#+5)&,23&6$&8$*,1+6$8&6)&?""M$V*&#2@&238&+*&8$71$**$8&:-OS&,0&6)&+5*&
02<+0=0&#"28&"4&9E:&M%-&B2G&N(25&+*&5($&*71+3%V*&$44$,5+J$&*71+3%&,"3*5235A&B6G&/&
7#2)$1&*5238*&"3&5($&*,2#$*&238&8$71$**$*&+5&6)&:-[F&,0-&Q*&($&$#+%+6#$&5"&7#2)&"3&5(+*&
=38$1;FS;M%&5$20A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" m 10750.0 and kg 120  where, 2!"==!= xmkxF "C;X-.7"

( )( )
N/m 101.57

m 100.750
m/s 9.80kg 120 5
2

2

!=
!"

"="="= "x
mg

x
F

k "

'5-"2*14-"4*+.,3+,"G:.,"P-"3"6*.;,;X-"+:GP-1/"

gPh"
( )( )

kg 77kg 90.76
m/s 9.80

m 0048.0N/m 1057.1
2

5

==
!

"!
=

!
=#!=

!=

g
kx

mkxmg

kxF

"

c-.B"5-";."->;C;P>-",*"6>3</ "

K/" N($3&23&F:-:;M%&023&*5238*&"3&2&7"%"&*5+,M.&5($&*71+3%&+*&,"071$**$8&:-9E:&0-&B2G&
N(25&+*&5($&4"1,$&,"3*5235&"4&5($&*71+3%A&B6G&N+##&5($&*71+3%&6$&,"071$**$8&0"1$&
@($3&($&("7*&8"@3&5($&1"28A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" m 0.120and kg 80  where, !==!=  xmkxF "C;X-.7"

( )( )
N/m 106.53

m 0.120
m/s 9.80kg  80.0 3

2

!=
"

"="="=
x

mg
x
F

k "



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"!H"

!!U "

"

gPh"c-.B"T5-+",5-"G3+";."3,"5;.">*T-.,"6*;+,";+"5;."5*66;+C",5-".61;+C"T;>>"P-"
4*G61-..-9",5-"G*., /"

16.2	  PERIOD	  AND	  FREQUENCY	  IN	  OSCILLATIONS	  
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16.3	  SIMPLE	  HARMONIC	  MOTION:	  A	  SPECIAL	  PERIODIC	  MOTION	  
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16.4	  THE	  SIMPLE	  PENDULUM	  
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16.5	  ENERGY	  AND	  THE	  SIMPLE	  HARMONIC	  OSCILLATOR	  
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16.6	  UNIFORM	  CIRCULAR	  MOTION	  AND	  SIMPLE	  HARMONIC	  MOTION	  
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16.8	  FORCED	  OSCILLATIONS	  AND	  RESONANCE	  
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16.9	  WAVES	  
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16.10	  SUPERPOSITION	  AND	  INTERFERENCE	  
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16.11	  ENERGY	  IN	  WAVES:	  INTENSITY	  
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17.2	  SPEED	  OF	  SOUND,	  FREQUENCY,	  AND	  WAVELENGTH	  
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17.3	  SOUND	  INTENSITY	  AND	  SOUND	  LEVEL	  
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17.4	  DOPPLER	  EFFECT	  AND	  SONIC	  BOOMS	  
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17.5	  SOUND	  INTERFERENCE	  AND	  RESONANCE:	  STANDING	  WAVES	  IN	  AIR	  
COLUMNS	  
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17.6	  HEARING	  
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Hz 501.5  and  Hz 498.5 = 0.003)  ±Hz)(1 (500 = f /"
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H=/" N(25&+*&5($&2771"<+025$&*"=38&+35$3*+5)&#$J$#&+3&8$,+6$#*&"4&2&Z::;?>&5"3$&+4&+5&(2*&2&
#"=83$**&"4&E:&7("3*A&Q4&+5&(2*&2&#"=83$**&"4&O:&7("3*A&

)*>:,;*+ " D1*G"D;C:1-"!O/=H7"3"HZZ"]b",*+-"3,"3">*:9+-.."*2"#Z"65*+."53."3".*:+9">-X->"*2"3P*:,"
#="9`B"T5;>-"3"HZZ"]b",*+-"3,"3">*:9+-.."*2"OZ"65*+."53."3".*:+9">-X->"*2"3P*:,"OZ"
9` /"

HU/" /&7$1*"3&(2*&2&($21+3%&5(1$*("#8&9:&8W&26"J$&3"102#&25&9::&?>&238&S:&8W&26"J$&
3"102#&25&[:::&?>-&?"@&0=,(&0"1$&+35$3*$&0=*5&2&9::;?>&5"3$&6$&5(23&2&[:::;?>&
5"3$&+4&5($)&21$&6"5(&621$#)&2=8+6#$&5"&5(+*&7$1*"3A&

)*>:,;*+" D1*G"D;C:1-"!O/=HB",5-"Z"65*+.">;+-";."+*1G3>"5-31;+C/")*B",5;."6-1.*+"43+"P31-><"5-31"

3"!ZZ"]b".*:+9"3,"!Z"9`"3P*X-"+*1G3>B"1-M:;1;+C"3"EO"9`".*:+9">-X->"g1! h/"D*1"3"EZZZ"

]b".*:+9B",5;."6-1.*+"1-M:;1-."KZ"9`"3P*X-"+*1G3>B"*1"3"E="9`".*:+9">-X->"g2! h",*"P-"

3:9;P>-/")*B",5-"!ZZ"]b",*+-"G:.,"P-"E"9`"5;C5-1",53+",5-"EZZZ"]b".*:+9/"'*"
43>4:>3,-",5-"9;22-1-+4-";+";+,-+.;,<B":.-",5-"-M:3,;*+
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(( "3+9"4*+X-1,",5-"9;22-1-+4-";+"9-4;P->."

,*"3"13,;*"*2";+,-+.;,;-./") :P.,;,:,;+C";+",5-"X3>:-."21*G"3P*X-"C;X-.7"

2.510or   dB, 4dB 43dB 47log10 4/10
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$
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)*",5-"!ZZ"]b",*+-"G:.,"P-"#/K",;G-."G*1-";+,-+.-",53+",5-"EZZZ"]b".*:+9",*"P-"
3:9;P>-"P<",5;."6-1.*+/"

17.7	  ULTRASOUND	  

OO/" B2G&!2#,=#25$&5($&0+3+0=0&41$C=$3,)&"4&=#512*"=38&5(25&@+##&2##"@&)"=&5"&*$$&8$52+#*&
2*&*02##&2*&:-ES:&00&+3&(=023&5+**=$-&B6G&N(25&+*&5($&$44$,5+J$&8$75(&5"&@(+,(&5(+*&
*"=38&+*&$44$,5+J$&2*&2&8+2%3"*5+,&71"6$A&
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)*>:,;*+ " g3h"D1*G"'3P>-"!O/!B",5-".6--9"*2".*:+9";+",;..:-";." m/s, 1540w =v ".*":.;+C" !fv =w B"

T-"2;+9",5-"G;+;G:G"21-M:-+4<",*"1-.*>X-"Z/#KZ"GG"9-,3;>.";.7

Hz 106.16
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3
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!
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v
f "

gPh"[ -"\+*T",53,",5-"344-6,-9"1:>-"*2",5:GP";.",53,"<*:"43+"-22-4,;X-><".43+",*"3"
9-6,5"*2"3P*:," !500 ;+,*",;..:-B".*",5-"-22-4,;X-".43+"9-6,5";.7

( ) cm 12.5m 0.125m 100.250050500 3 ==!= "# "

N=/" /&8+2%3"*5+,&=#512*"=38&$,("&+*&1$4#$,5$8&41"0&0"J+3%&6#""8&238&1$5=13*&@+5(&2&
41$C=$3,)&S::&?>&(+%($1&5(23&+5*&"1+%+32#&E-::&X?>-&N(25&+*&5($&J$#",+5)&"4&5($&6#""8A&
B/**=0$&5(25&5($&41$C=$3,)&"4&E-::&X?>&+*&2,,=125$&5"&*$J$3&*+%3+4+,235&4+%=1$*&238&
S::&?>&+*&2,,=125$&5"&5(1$$&*+%3+4+,235&4+%=1$*-G&

)*>:,;*+ " '5;."61*P>-G"1-M:;1-.",T*".,-6.7"g!h"9-,-1G;+-",5-"21-M:-+4<",5-"P>**9"1-4-;X-."
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$]A0'(Y"!N7"(W($'Y8$"$]AYR("A&I"
(W($'Y8$"D8(WI"

18.1	  STATIC	  ELECTRICITY	  AND	  CHARGE:	  CONSERVATION	  OF	  CHARGE	  

!/ " !"00"3&*525+,&$#$,51+,+5)&+3J"#J$*&,(21%$*&123%+3%&41"0&323","=#"06*&5"&
0+,1","=#"06*-&B2G&?"@&023)&$#$,51"3*&21$&3$$8$8&5"&4"10&2&,(21%$&"4&hE-::&3!A&B6G&
?"@&023)&$#$,51"3*&0=*5&6$&1$0"J$8&41"0&2&3$=512#&"6\$,5&5"&#$2J$&2&3$5&,(21%$&"4&

C 500.0 µ A&

)*>:,;*+ " g3h");+4-"*+-"->-4,1*+"53."4531C-"*2" C 10  1.6 = 19!"!eq "B"T-"43+"9-,-1G;+-",5-"

+:GP-1"*2"->-4,1*+."+-4-..31<",*"C-+-13,-"3",*,3>"4531C-"*2"S#/ZZ"+$"P<":.;+C",5-"

-M:3,;*+" = QNqe B".*",53," .electrons 1025.1
C 1060.1
C 1000.2 10

19

9

!=
!"
!"

==
"

"

eq
Q

N "

gPh");G;>31><"T-"43+"9-,-1G;+-",5-"+:GP-1"*2"->-4,1*+."1-G*X-9"21*G"3"+-:,13>"
*PQ-4,",*">-3X-"3"4531C-"*2" C 500.0 µ "*2"4531C-".*",53,7"

electrons 1013.3
C 1060.1
C 10500.0 12

19

6

!=
!"
!"

=
"

"

N &

18.2	  CONDUCTORS	  AND	  INSULATORS	  

O/" /&S:-:&%&62##&"4&,"77$1&(2*&2&3$5&,(21%$&"4&µC 00.2 -&N(25&412,5+"3&"4&5($&,"77$1V*&
$#$,51"3*&(2*&6$$3&1$0"J$8A&BK2,(&,"77$1&25"0&(2*&ET&71"5"3*.&238&,"77$1&(2*&23&
25"0+,&02**&"4&ZD-S-G&

)*>:,;*+ " Y-43>>",53,"AX*C391*V."+:GP-1";." 2310  6.02= !AN "3,*G.iG*>-/ "&*T"T-"+--9",*"
9-,-1G;+-",5-"+:GP-1"*2"G*>-."*2"4*66-1",53,"31-"61-.-+,/"[ -"9*",5;.":.;+C",5-"

G3.."3+9",5-"3,*G;4"G3..7"
g/mol 5.63

g 0.50
==

A
m

n "

)*".;+4-",5-1-"31-"#U"61*,*+."6-1"3,*G"T-"43+"9-,-1G;+-",5-"+:GP-1"*2"61*,*+.B"
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pN B"21*G7"

protons 103751
atomcu

protons 29
mol

atoms 10026
g/mol 563
gm 050

omprotons/at 29

25
23

Ap

!=!""
#
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"

);+4-",5-1-";.",5-".3G-"+:GP-1"*2"->-4,1*+."3."61*,*+.";+"3"+-:,13>"3,*GB"P-2*1-"T-"
1-G*X-",5-"->-4,1*+.",*"C;X-",5-"4*66-1"3"+-,"4531C-B"T-"53X-" 25101.375! "->-4,1*+./"

&-_,"T-"+--9",*"9-,-1G;+-",5-"+:GP-1"*2"->-4,1*+."T-"1-G*X-9",*">-3X-"3"+-,"
4531C-"*2" C 00.2 µ /"[ -"+--9",*"1-G*X-" C 00.2 µ! "*2"4531C-B".*",5-"+:GP-1"*2"
->-4,1*+.",*"P-"1-G*X-9";."C;X-+"P<"

13
19

6

removede, 1025.1
C 1060.1
C 1000.2

 =N !=
!"
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= "

"

eq
Q

"- >-4,1*+."1-G*X-9/"

D;+3>><"T-"43+"43>4:>3,-",5-"2134,;*+"*2"4*66-1V."->-4,1*+"P<",3\;+C",5-"13,;*"*2",5-"
+:GP-1"*2"->-4,1*+."1-G*X-9",*",5-"+:GP-1"*2"->-4,1*+."*1;C;+3>><"61-.-+,7"
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18.3	  COULOMB’S	  LAW	  

!=/ " I@"&7"+35&,(21%$*&21$&61"=%(5&,#"*$1&5"%$5($1.&+3,1$2*+3%&5($&4"1,$&6$5@$$3&5($0&6)&
2&42,5"1&"4&ES-&W)&@(25&42,5"1&@2*&5($+1&*$72125+"3&8$,1$2*$8A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+"

2
1

21
1

r

qq
kF = B"T-".--",53,",5-"2*14-";.";+X-1.-><"61*6*1,;*+3>",*",5-"

.-6313,;*+"9;.,3+4-".M:31-9B".*",53,"
2
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#Z/" B2G&!"00"3&5123*721$35&527$&6$,"0$*&,(21%$8&@($3&7=##$8&41"0&2&8+*7$3*$1-&Q4&"3$&
7+$,$&+*&7#2,$8&26"J$&23"5($1.&5($&1$7=#*+J$&4"1,$&,23&6$&%1$25&$3"=%(&5"&*=77"15&5($&
5"7&7+$,$V*&@$+%(5-&/**=0+3%&$C=2#&7"+35&,(21%$*&B"3#)&23&2771"<+025+"3G.&,2#,=#25$&
5($&02%3+5=8$&"4&5($&,(21%$&+4&$#$,51"*525+,&4"1,$&+*&%1$25&$3"=%(&5"&*=77"15&5($&
@$+%(5&"4&2&9:-:&0%&7+$,$&"4&527$&($#8&9-::&,0&26"J$&23"5($1-&B6G&^+*,=**&@($5($1&
5($&02%3+5=8$&"4&5(+*&,(21%$&+*&,"3*+*5$35&@+5(&@(25&+*&5)7+,2#&"4&*525+,&$#$,51+,+5)-&

)*>:,;*+ " g3h"82",5-"->-4,1*.,3,;4"2*14-";.",*".:66*1,",5-"T-;C5,"*2"!Z/Z"GC"6;-4-"*2",36-B";,"G:.,"
P-"3"2*14-"-M:3>",*",5-"C13X;,3,;*+3>"2*14-"*+",5-",36-B".*":.;+C",5-"-M:3,;*+""

2
1

21
1

r

qq
kF = "3+9",5-"3..:G6,;*+",53,",5-"6*;+,"4531C-."31-"-M:3>B"T-"43+".-,"

->-4,1*.,3,;4"2*14-"-M:3>",*"C13X;,3,;*+3>"2*14-/"

( ) ( )( )
( ) .C 1004.1

/CmN 1000.9
m/s 80.9kg 100.10m 0100.0 9
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gPh"' 5;."4531C-";."3661*_;G3,-><"!"+$B"T5;45";."4*+.;.,-+,"T;,5",5-"G3C+;,:9-"*2",5-"
4531C-"*2",<6;43>".,3,;4"->-4,1;4;,</&

#K/" '"+35&,(21%$*&"4& C 00.5 µ &238& C 00.3 µ! &21$&7#2,$8&:-ES:&0&27215-&B2G&N($1$&,23&2&
5(+18&,(21%$&6$&7#2,$8&*"&5(25&5($&3$5&4"1,$&"3&+5&+*&>$1"A&B6G&N(25&+4&6"5(&,(21%$*&21$&
7"*+5+J$A&

)*>:,;*+ " g3h"[-"\+*T",53,".;+4-",5-"+-C3,;X-"4531C-";.".G3>>-1B",5-",5;19"4531C-".5*:>9"P-"
6>34-9",*",5-"1;C5,"*2",5-"+-C3,;X-"4531C-";2",5-"+-,"2*14-"*+";,",*"P-"b-1*/")*";2"T-"

T3+," 021net =+= FFF B"T-"43+":.- ",5-"-M:3,;*+ "
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4531C-/"

gPh"' 5;.",;G-"T-"\+*T",53," ,5-"4531C-"G:.,"P-"6>34-9"P-,T--+",5-",T*"6*.;,;X-"
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021net =+= FFF B"T-"43+"3C3;+":.-"
2

1

21
1

r

qq
kF =

"
,*"T1;,-",5-"2*14-.";+",-1G."*2"

9;.,3+4-.7" 02
2

2
2

1

1
2

2

2
2

1

21 =!!
"

#
$$
%

&
+=+

r
q

r
q

Kq
r

qKq

r
qKq

"

%1".;+4-"
( ) 2

2

6

2
2

6

21

103

250.0

C 105
0.250m=

rr
rr

!! "
=

!

"
! "B"*1"

( ) ( )22
2

2
2

2 m 250.0
5
3

or  ,m 250.0
5
3

rrrr !=!= B"3+9"2;+3>><"

( )
m 109.0

5
3

1

m 250.0
5
3

2 =

+

=r "

'5-"4 531C-"G:.,"P-"6>34-9"3,"3"9;.,3+4-"*2"Z/!ZUG"21*G",5-" C 3µ "4531C-/&

18.4	  ELECTRIC	  FIELD:	  CONCEPT	  OF	  A	  FIELD	  REVISITED	  

=#/" B2G&R+38&5($&8+1$,5+"3&238&02%3+5=8$&"4&23&$#$,51+,&4+$#8&5(25&$<$15*&2&N1080.4 17!" &
@$*5@218&4"1,$&"3&23&$#$,51"3-&B6G&N(25&02%3+5=8$&238&8+1$,5+"3&4"1,$&8"$*&5(+*&4+$#8&
$<$15&"3&2&71"5"3A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+ " qEF = "T-"43+"2;+9",5-"->-4,1;4"2;->9"43:.-9"P<"3"C;X-+"2*14-"
*+"3"C;X-+"4531C-"g,3\;+C"-3.,T319"9;1-4,;*+",*"P-"6*.;,;X-h7"

t)(eas N/C 300
C 1060.1
C 1080.4
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gPh"'5-"2*14-".5*:>9"P-"-M:3>",*",5-"2*14-"*+",5-"->-4,1*+"*+><";+",5-"*66*.;,-"
9;1-4,;*+/"@.;+C" qEF = "T-"C-,"

( )( ) (east) N 1080.4N/C 300C 1060.1 1719 !! "="== qEF B"3."T-"-_6-4,-9 /&

18.5	  ELECTRIC	  FIELD	  LINES:	  MULTIPLE	  CHARGES	  

==/" B2G&LM$5,(&5($&$#$,51+,&4+$#8&#+3$*&3$21&2&7"+35&,(21%$&q+ -&B6G&^"&5($&*20$&4"1&2&7"+35&
,(21%$& q00.3! -&

)*>:,;*+ " g3h

"

+q

"

gPh

"

Ð  q3

"
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18.7	  CONDUCTORS	  AND	  ELECTRIC	  FIELDS	  IN	  STATIC	  EQUILIBRIUM	  
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18.8	  APPLICATIONS	  OF	  ELECTROSTATICS	  
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19.1	  ELECTRIC	  POTENTIAL	  ENERGY:	  POTENTIAL	  DIFFERENCE	  
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19.2	  ELECTRIC	  POTENTIAL	  IN	  A	  UNIFORM	  ELECTRIC	  FIELD	  
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19.3	  ELECTRIC	  POTENTIAL	  DUE	  TO	  A	  POINT	  CHARGE	  
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19.4	  EQUIPOTENTIAL	  LINES	  
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19.5	  CAPACITORS	  AND	  DIELETRICS	  
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19.6	  CAPACITORS	  IN	  SERIES	  AND	  PARALLEL	  
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19.7	  ENERGY	  STORED	  IN	  CAPACITORS	  
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20.1	  CURRENT	  
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20.2	  OHM’S	  LAW:	  RESISTANCE	  AND	  SIMPLE	  CIRCUITS	  
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20.3	  RESISTANCE	  AND	  RESISTIVITY	  
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2;+9"! /+

20.4	  ELECTRIC	  POWER	  AND	  ENERGY	  

EK/" e$1+4)&5(25&5($&=3+5*&"4&2&J"#5;207$1$&21$&@255*.&2*&+07#+$8&6)&5($&$C=25+"3&IVP   = -&

)*>:,;*+ " ),31,;+C"T;,5",5-"- M:3,;*+" IVP = B"T-"43+"C-,"3+"-_61-..;*+"2*1"3"T3,,";+",-1G."*2"
4:11-+,"3+9"X*>,3C-7"[ ] W=P B"[ ] WJ/s)J/C)(C/s(A.V ====IV B".*",53,"3"T3,,";."

-M:3>",*"3+"3G6-1-"S"X*>,/"

KK/" /&,2=5$1+>$1.&=*$8&5"&*5"7&6#$$8+3%&+3&*=1%$1).&7=5*&"=5&E-::&0/&25&9S-:&Me-&B2G&N(25&
+*&+5*&7"@$1&"=57=5A&B6G&N(25&+*&5($&1$*+*523,$&"4&5($&725(A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" IVP = B"T-"43+"9-,-1G;+-",5-"1G."6*T-1"C;X-+",5-"4:11-+,"
3+9",5-"X*>,3C-7"
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20.5	  ALTERNATING	  CURRENT	  VERSUS	  DIRECT	  CURRENT	  

O=/" !$152+3&($2J)&+38=*51+2#&$C=+70$35&=*$*&/!&7"@$1&5(25&(2*&2&7$2M&J"#52%$&"4&ZOT&e-&
N(25&+*&5($&10*&J"#52%$A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+ "

2
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4"##"@+3%&J2#=$*U&B2G&2/0V &B6G&0V &B,G&:-&
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20.6	  ELECTRIC	  HAZARDS	  AND	  THE	  HUMAN	  BODY	  

NU/"
R""#+*(#)&51)+3%&5"&4+*(&2&6=13+3%&7+$,$&"4&61$28&41"0&2&5"2*5$1&@+5(&2&0$52#&6=55$1&
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$]A0'(Y"#!7" $8Y$@8')B"`8%(W($'Y8$8'cB"
A&I"I$"8&)'Y@L(&') "

21.1	  RESISTORS	  IN	  SERIES	  AND	  PARALLEL	  

!/ " B2G&N(25&+*&5($&1$*+*523,$&"4&5$3&!-275 &1$*+*5"1*&,"33$,5$8&+3&*$1+$*A&B6G&Q3&7212##$#A&&
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21.2	  ELECTROMOTIVE	  FORCE:	  TERMINAL	  VOLTAGE	  

!K/" !216"3;>+3,&81)&,$##*&B*"0$5+0$*&1$4$11$8&5"&2*&3"3;2#M2#+3$&,$##*G&(2J$&23&$04&"4&9-S[&
e.&238&5($)&21$&71"8=,$8&2*&*+3%#$&,$##*&"1&+3&J21+"=*&,"06+325+"3*&5"&4"10&"5($1&
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21.3	  KIRCHHOFF’S	  RULES	  

=!/ " /77#)&5($&#""7&1=#$&5"&#""7&26,8$4%(2&+3&R+%=1$&E9-ES-&
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0 2233312132 =++!+!  - Er I r I r I ERI "
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0111115122222   R I  - ErI R I R - Ir - I E =+++ "

21.4	  DC	  VOLTMETERS	  AND	  AMMETERS	  
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21.5	  NULL	  MEASUREMENTS	  	  

KN/" !2#,=#25$&5($&xemf "4&2&81)&,$##&4"1&@(+,(&2&7"5$35+"0$5$1&+*&62#23,$8&@($3&
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21.6	  DC	  CIRCUITS	  CONTAINING	  RESISTORS	  AND	  CAPACITORS	  

H=/" I($&5+0+3%&8$J+,$&+3&23&2=5"0"6+#$V*&+35$10+55$35&@+7$1&*)*5$0&+*&62*$8&"3&23&RC&
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22.4	  MAGNETIC	  FIELD	  STRENGTH:	  FORCE	  ON	  A	  MOVING	  CHARGE	  IN	  A	  
MAGNETIC	  FIELD	  

!/ " N(25&+*&5($&8+1$,5+"3&"4&5($&02%3$5+,&4"1,$&"3&2&7"*+5+J$&,(21%$&5(25&0"J$*&2*&*("@3&
+3&$2,(&"4&5($&*+<&,2*$*&*("@3&+3&R+%=1$&EE-S:A&

)*>:,;*+ " @.-",5-"1;C5,"53+9"1:>-S!",*".*>X-",5;."61*P>-G/"c*:1"1;C5,",5:GP";.";+",5-"9;1-4,;*+"*2"
X->*4;,<B"<*:1"2;+C-1."6*;+,";+",5-"9;1-4,;*+"*2"G3C+-,;4"2;->9B"3+9",5-+"<*:1"63>G"
6*;+,.";+",5-"9;1-4,;*+"*2"G3C+-,;4"2*14-/"

g3h"c*:1"1;C5,",5:GP".5*:>9"P-"234;+C"9*T+B"<*:1"2;+C-1."*:,"*2",5-"63C-B"3+9",5-+"
,5-"63>G"*2"<*:1"53+9"6*;+,.",*",5-">-2,"g[-.,h/"

gPh"c*:1"1;C5,",5:GP".5*:>9"6*;+,":6B"<*:1"2;+C-1.".5*:>9"6*;+,",*",5-"1;C5,B"3+9",5-+"
,5-"63>G"*2"<*:1"53+9"6*;+,.";+,*",5-"63C-/"

g4h"c*:1"1;C5,",5:GP".5*:>9"6*;+,",*",5-"1;C5,B"<*:1"2;+C-1.".5*:>9"6*;+,";+,*",5-"63C-B"
3+9",5-+",5-"63>G"*2"<*:1"53+9"6*;+,.":6"g&*1,5h/"

g9h"'5-"X->*4;,<"3+9",5-"G3C+-,;4"2;->9"31-"3+,;S6313>>->B".*",5-1-";."+*"2*14-/"

g-h"c*:1"1;C5,",5:GP".5*:>9"6*;+,";+,*",5-"63C-B"<*:1"2;+C-1.".5*:>9"6*;+,":6B"3+9"
,5-+",5-"63>G"*2"<*:1"53+9"6*;+,.",*",5-"1;C5,"g(3.,h/"

g2h"c*:1"1;C5,",5:GP".5*:>9"6*;+,"*:,"*2",5-"63C-B"<*:1"2;+C-1.".5*:>9"6*;+,",*",5-"
>-2,B"3+9",5-+",5-"63>G"*2"<*:1"53+9"6*;+,."9*T+"g)*:,5h/"

O/" N(25&+*&5($&02<+0=0&4"1,$&"3&23&2#=0+3=0&1"8&@+5(&2&µC-100.0 &,(21%$&5(25&)"=&
72**&6$5@$$3&5($&7"#$*&"4&2&9-S:;I&7$1023$35&02%3$5&25&2&*7$$8&"4&S-::&0P*A&Q3&
@(25&8+1$,5+"3&+*&5($&4"1,$A&

)*>:,;*+ " (_3G;+;+C",5-"-M:3,;*+ " ,sin!qvBF = "T-".--",53,",5-"G3_;G:G"2*14-"*44:1."T5-+"

1sin =! B".*",53,7" N 107.50T) (1.50m/s) (5.00C) 10(0.100 76
max

!! "="== qvBF "

"

"
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22.5	  FORCE	  ON	  A	  MOVING	  CHARGE	  IN	  A	  MAGNETIC	  FIELD:	  EXAMPLES	  
AND	  APPLICATIONS	  

!=/ " /&71"5"3&0"J$*&25& m/s1050.7 7! &7$17$38+,=#21&5"&2&02%3$5+,&4+$#8-&I($&4+$#8&,2=*$*&
5($&71"5"3&5"&512J$#&+3&2&,+1,=#21&725(&"4&128+=*&:-F::&0-&N(25&+*&5($&4+$#8&*51$3%5(A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+ " ,

qB
mv

r = "T-"43+".*>X-"2*1",5-"G3C+-,;4"2;->9".,1-+C,5"+-4-..31<"

,*"G*X-",5-"61*,*+";+"3"4;14>-"*2"139;:."Z/NZZ"G7"

T 0.979
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$#$,51"3&+3&K<$1,+*$&EE-9EA&B6G&N(25&@"=#8&5($&128+=*&"4&5($&725(&6$&+4&5($&71"5"3&(28&
5($&*20$&*7$$8&2*&5($&$#$,51"3A&B,G&N(25&@"=#8&5($&128+=*&6$&+4&5($&71"5"3&(28&5($&
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22.6	  THE	  HALL	  EFFECT	  

#K/" /&3"30$,(23+,2#&@25$1&0$5$1&,"=#8&=5+#+>$&5($&?2##&$44$,5&6)&277#)+3%&2&02%3$5+,&4+$#8&
2,1"**&2&0$52#&7+7$&238&0$2*=1+3%&5($&?2##&J"#52%$&71"8=,$8-&N(25&+*&5($&2J$12%$&
4#=+8&J$#",+5)&+3&2&D-::;,0 ;8+20$5$1&7+7$.&+4&2&:-S::;I&4+$#8&2,1"**&+5&,1$25$*&2&Z:-:;0e&
?2##&J"#52%$A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+ " ,BlvE = "T-"43+"9-,-1G;+-",5-"3X-13C-"X->*4;,<"*2",5-"2>:;9/"&*,-"
,53,",5-"T;9,5";."34,:3>><",5-"9;3G-,-1";+",5;."43.-7"
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#U/" L("@&5(25&5($&?2##&J"#52%$&2,1"**&@+1$*&028$&"4&5($&*20$&025$1+2#.&,211)+3%&+8$35+,2#&
,=11$35*.&238&*=6\$,5$8&5"&5($&*20$&02%3$5+,&4+$#8&+*&+3J$1*$#)&71"7"15+"32#&5"&5($+1&
8+20$5$1*-&B?+35U&!"3*+8$1&("@&81+45&J$#",+5)&8$7$38*&"3&@+1$&8+20$5$1-G&
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)*>:,;*+ " @.;+C",5-"-M:3,;*+ " ,BlvE = "T5-1-",5-"T;9,5";.",T;4-",5-"139;:.B" rI 2= B"3+9":.;+C"
,5-"-M:3,;*+ " dnqAvI = B"T-"43+"C-,"3+"-_61-..;*+"2*1",5-"91;2,"X->*4;,<7"

2d nq!q
I

nqA
I

v == "B".*".:P.,;,:,;+C";+,*" ,BlvE = "C;X-.7"

.
11

r
2I

2
2 drnq !q
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n q ! q

rBE !!=""= "

)*B",5-"]3>>"X*>,3C-";.";+X-1.-><"61*6*1,;*+3>",*",5-"9;3G-,-1"*2",5-"T;1-/"

22.7	  MAGNETIC	  FORCE	  ON	  A	  CURRENT-‐CARRYING	  CONDUCTOR	  

=H/" N(25&4"1,$&+*&$<$15$8&"3&5($&@25$1&+3&23&X?^&81+J$&=5+#+>+3%&2&ES-:;,0 ;8+20$5$1&5=6$.&
+4&9::;/&,=11$35&+*&72**$8&2,1"**&5($&5=6$&5(25&+*&7$17$38+,=#21&5"&2&E-::;I&02%3$5+,&
4+$#8A&BI($&1$#25+J$#)&*02##&*+>$&"4&5(+*&4"1,$&+38+,25$*&5($&3$$8&4"1&J$1)&#21%$&,=11$35*&
238&02%3$5+,&4+$#8*&5"&02M$&712,5+,2#&X?^&81+J$*-G&

)*>:,;*+ " @.;+C" !IlBF sin= B"T5-1-"l ";.",5-"9;3G-,-1"*2",5-",:P-B"T-"43+"2;+9",5-"2*14-"*+",5-"
T3,-17" N 50.0(1)T) (2.00m) (0.250A) (100sin === !IlBF "

22.8	  TORQUE	  ON	  A	  CURRENT	  LOOP:	  MOTORS	  AND	  METERS	  

E#/" B2G&N(25&+*&5($&02<+0=0&5"1C=$&"3&2&9S:;5=13&*C=21$&#""7&"4&@+1$&9F-:&,0&"3&2&*+8$&
5(25&,211+$*&2&S:-:;/&,=11$35&+3&2&9-Z:;I&4+$#8A&B6G&N(25&+*&5($&5"1C=$&@($3&! &+*&

?9.10 ¡ &

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+ " !" sinmax NIAB= "T-".--",53,",5-"G3_;G:G",*1M:-"*44:1."

T5-+" 1sin =! B".*",5-"G3_;G:G",*1M:-";.7"

mN 389(1)T) (1.60m) (0.180A) (50.0(150)sin 2
max !=== "# NIAB "

gPh"&*TB":.-" !" sinmax NIAB= B"3+9".-," ¡= 0.20! B". *",53,",5-",*1M:-";.7"

mN 73.510.9sin T) (1.60m) (0.180A) (50.0(150)sin 2 !=¡== "# NIAB "
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EN/" B2G&/&E::;5=13&,+1,=#21&#""7&"4&128+=*&S:-:&,0&+*&J$15+,2#.&@+5(&+5*&2<+*&"3&23&$2*5;@$*5&
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22.11	  MORE	  APPLICATIONS	  OF	  MAGNETISM	  
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25.1	  THE	  RAY	  ASPECT	  OF	  LIGHT	  
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25.5	  DISPERSION:	  THE	  RAINBOW	  AND	  PRISMS	  
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L5$7&Z7"&*"13<",134;+C";."+--9-9/"

L5$7&O7"@.;+C",5-"-M:3,;*+ " ,
o

i

d
d

m != "T-"\+*T",53,"

. m 180.0)m 120.0)(50.1(oi !=!=!= mdd "' 5-+B":.;+C",5-"-M:3,;*+ " , 
111

o fdd i

=+ "T-"

43+"9-,-1G;+-",5-"2*43>">-+C,57" m 360.0
m 120.0

1
m 0.180

111
11

oi

=!
"

#
$
%

& +
'

=!!
"

#
$$
%

&
+=

''

dd
f "

L5$7&F7");+4-",5-"2*43>">-+C,5";."C1-3,-1",53+",5-"*PQ-4,"9;.,3+4-B"T-"31-"9-3>;+C"T;,5"
43.-"#/"D*1"43.-"#B"T-".5*:>9"53X-"3"X;1,:3>";G3C-B"3"+-C3,;X-";G3C-"9;.,3+4-"3+9"3"
6*.;,;X-"gC1-3,-1",53+"*+-h"G3C+;2;43,;*+/"%:1"3+.T-1";."4*+.;.,-+,"T;,5",5-.-"
-_6-4,-9"61*6-1,;-.B".*";,";."1-3.*+3P>-/"

"

" "
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26.1	  PHYSICS	  OF	  THE	  EYE	  

#/" !2#,=#25$&5($&7"@$1&"4&5($&$)$&@($3&J+$@+3%&23&"6\$,5&D-::&0&2@2)-&

)*>:,;*+ " @.;+C",5-">-+.S,* S1-,;+3"9;.,3+4-"*2"#/ZZ"4G"3+9",5-"-M:3,;*+
io

1
  

1
  

dd
P += "T-"43+"

9-,-1G;+-",5-"6*T-1"3,"3+"*PQ-4,"9;.,3+4-"*2"=/ZZ"G7""

D 3.50  
m 0200.0

1
  

m 00.3
1

  
1

  
1

  
io

+=+=+=
dd

P "

26.2	  VISION	  CORRECTION	  

!Z/" N(25&@2*&5($&71$J+"=*&421&7"+35&"4&2&725+$35&@("&(28&#2*$1&J+*+"3&,"11$,5+"3&5(25&
1$8=,$8&5($&7"@$1&"4&($1&$)$&6)&O-::&^.&71"8=,+3%&3"102#&8+*5235&J+*+"3&4"1&($1A&

)*>:,;*+ " );+4-"+*1G3>"9;.,3+,"X;.;*+"53."3"6*T-1"*2"KZ/Z"I"g(_3G6>-"#H/#h"3+9",5-">3.-1"X;.;*+"
4*11-4,;*+"1-9:4-9",5-"6*T-1"*2"5-1"-<-"P<"O/ZZ"IB".5-"*1;C;+3>><"539"3"6*T-1"*2"KO/Z"
I/" [ -"43+"9-,-1G;+-"5-1"*1;C;+3>"231"6*;+,":.;+C""

m 1430 
m 02000

1
  D 057  

1
      

1
  

1
  

11

i
o

io

.
.

.
d

Pd
dd

P =!
"

#
$
%

& '=!!
"

#
$$
%

&
'=(+=

''

""

%1;C;+3>><B"T;,5*:,"4*11-4,;X-">-+.-.B".5-"4*:>9"*+><".--";G3C-."!E/="4G"g*1"4>*.-1h",*"
5-1"-<-/"

!E/" /&)"=3%&@"023&@+5(&3"102#&8+*5235&J+*+"3&(2*&2&9:-:d&26+#+5)&5"&2,,"00"825$&B5(25&
+*.&+3,1$2*$G&5($&7"@$1&"4&($1&$)$*-&N(25&+*&5($&,#"*$*5&"6\$,5&*($&,23&*$$&,#$21#)A&

)*>:,;*+ " D1*G"(_3G6>-"#H/#B",5-"+*1G3>"6*T-1"2*1"9;.,3+,"X;.;*+";."KZ/Z"I/"D*1",5;."T*G3+B"
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.;+4-".5-"53."3"!Z/Zo"3P;>;,<",*"344*GG*93,-B"5-1"G3_;G:G"6*T-1";.

D 0.55)D 0.50)(10.1(max ==P /"'5:.":.;+C" ,5-"-M:3,;*+"
io

1
  

1
  

dd
P += B"T-"43+"

9-,-1G;+-",5-"+-31-.,"*PQ-4,".5-"43+".--"4>-31><".;+4-"T-"\+*T",5-";G3C-"9;.,3+4-"
G:.,"P-",5-">-+.S,* S1-,;+3"9;.,3+4-"*2"#/ZZ4G7"

cm 0.20  m 200.0 
m 0200.0

1
  D 0.55  

1
      

1
  

1
  

11

i
o

io

==!
"

#
$
%

& '=!!
"

#
$$
%

&
'=(+=

''

d
Pd

dd
P "

26.5	  TELESCOPES	  

=O/" /& !5.7 &6+3",=#21&71"8=,$*&23&23%=#21&02%3+4+,25+"3&"4&50.7! .&2,5+3%&#+M$&2&
5$#$*,"7$-&BX+11"1*&21$&=*$8&5"&02M$&5($&+02%$&=71+%(5-G&Q4&5($&6+3",=#21*&(2J$&
"6\$,5+J$&#$3*$*&@+5(&2&OS-:&,0&4",2#&#$3%5(.&@(25&+*&5($&4",2#&#$3%5(&"4&5($&$)$7+$,$&
#$3*$*A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+ "
e

o

f
f

M != B"T-"43+"9-,-1G;+-",5-"2*43>">-+C,5"*2",5-"-<-6;-4-"

.;+4-"T-"\+*T",5-"G3C+;2;43,;*+"3+9",5-"2*43>">-+C,5"*2",5-"*PQ-4,;X-7"

cm 0.10
50.7
cm 0.75o

e +=
!

!=!=
M

f
f "

26.6	  ABERRATIONS	  

=U/" 0(/%1")/%2+3#(.%-/&&B2G&^=1+3%&#2*$1&J+*+"3&,"11$,5+"3.&2&61+$4&6=1*5&"4&9TD&30&
=#512J+"#$5&#+%(5&+*&71"\$,5$8&"35"&5($&,"13$2&"4&5($&725+$35-&Q5&02M$*&2&*7"5&9-::&00&+3&
8+20$5$1&238&8$7"*+5*&:-S::&0g&"4&$3$1%)-&!2#,=#25$&5($&8$75(&"4&5($&#2)$1&26#25$8.&
2**=0+3%&5($&,"13$2#&5+**=$&(2*&5($&*20$&71"7$15+$*&2*&@25$1&238&+*&+3+5+2##)&25&

C0.34 ¡ -&I($&5+**=$V*&5$07$125=1$&+*&+3,1$2*$8&5"&C100¡ &238&$J27"125$8&@+5("=5&
4=15($1&5$07$125=1$&+3,1$2*$-&B6G&^"$*&)"=1&23*@$1&+07#)&5(25&5($&*(27$&"4&5($&
,"13$2&,23&6$&4+3$#)&,"351"##$8A"

)*>:,;*+ " g3h"[ -"43+"C-,"3+"-_61-..;*+"2*1",5-"5-3,",13+.2-1";+",-1G."*2",5-"G3.."*2",;..:-"
3P>3,-97" )( vv LTcmmLTmcQ +!=+!= B"T5-1-",5-"5-3,"43634;,<";."C;X-+";+"
'3P>-"!E/!B" CJ/kg 4186 ¡!=c B"3+9",5-">3,-+,"5-3,"*2"X36*1;b3,;*+";."C;X-+";+"'3P>-"

!E/#B" J/kg 102256 3
v !=L /")*>X;+C"2*1",5-"G3.."C;X-.7"
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kg 10  975.1 
J/kg 10  256.2  )C 0.34  C 100)(CJ/kg 4186(

)J 10  00.5(
 

  
  

10
6

4

v

!
!

"=
"+¡!¡¡#

"
=

+$
=

LTc
Q

m

"

&*TB".;+4-",5-"4*1+-3>",;..:-"53.",5-".3G-"61*6-1,;-."3."T3,-1B";,."9-+.;,<";."
3kg/m 1000 "/");+4-"T-"\+*T",5-"9;3G-,-1"*2",5-".6*,B"T-"43+"9-,-1G;+-",5-"

,5;4\+-.."*2",5-">3<-1"3P>3,-97"
tr

m
V
m

2!
" == B".*",53,7"

m 251.0  m 10  515.2 
)kg/m 1000()m 10  00.5(

kg 10  975.1
    7

324

10

2
µµ

!"!
=#=

#
#

== $
$

$

r
m

t "

gPh"c-. B",5;.",5;4\+-..",53,",5-".536-"*2",5-"4*1+-3"43+"P-"X-1<"2;+-><"4*+,1*>>-9B"
61*9:4;+C"+*1G3>"9;.,3+,"X;.;*+";+"G*1-",53+"UZo"*2"63,;-+,./+

"

" "
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27.1	  THE	  WAVE	  ASPECT	  OF	  LIGHT:	  INTERFERENCE	  

!/ " L("@&5(25&@($3&#+%(5&72**$*&41"0&2+1&5"&@25$1.&+5*&@2J$#$3%5(&8$,1$2*$*&5"&:-OS:&
5+0$*&+5*&"1+%+32#&J2#=$-&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+"

nn

!
! = B"T-"43+"43>4:>3,-",5-"T3X->-+C,5"*2">;C5,";+"T3,-1/"'5-"

;+9-_"*2"1-2134,;*+"2*1"T3,-1";."C;X-+";+"'3P>-"#K/!B".*",53," !
!!

!  750.0
333.1

===
nn /"

' 5-"T3X->-+C,5"*2">;C5,";+"T3,-1";."Z/OKZ",;G-.",5-"T3X->-+C,5";+"3;1/"

27.3	  YOUNG’S	  DOUBLE	  SLIT	  EXPERIMENT	  

O/" !2#,=#25$&5($&23%#$&4"1&5($&5(+18;"18$1&02<+0=0&"4&SF:;30&@2J$#$3%5(&)$##"@&#+%(5&
42##+3%&"3&8"=6#$&*#+5*&*$72125$8&6)&:-9::&00-&

)*>:,;*+ " @.;+C",5-"-M:3,;*+" ..1,2,3,....,0for  sin  == mmd !" T-"43+"43>4:>3,-",5-"3+C>-"2*1"
3=m B"C;X-+",5-"T3X->-+C,5"3+9"",5-".>;,".-6313,;*+7"

( )( )
¡=!

"

#
$
%

&

'
'

=(
)

*
+
,

-=
.

997.0 
m 10  1.00

m 10  80.53
sin  sin  4-

7
1-1-

d
m/

0 "

!=/ " N(25&+*&5($&(+%($*5;"18$1&02<+0=0&4"1&[::;30&#+%(5&42##+3%&"3&8"=6#$&*#+5*&*$72125$8&
6)& µm 0.25 A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+ " !" md =sin  B"T-"+*,;4-",53,",5-"5;C5-.,"*19-1"*44:1."T5-+"

1sin =! B".*",5-"5;C5-.,"*19-1";.7" 5.62
m 104.00
m 1050.2

7-

5

=
!
!

==
"

#
d

m "

);+4-"0 "G:.,"P-"3+";+,-C-1B",5-"5;C5-.,"*19-1";.",5-+"0 &k"H#/"
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!U/" a*+3%&5($&1$*=#5&"4&5($&71"6#$0&26"J$.&,2#,=#25$&5($&8+*523,$&6$5@$$3&41+3%$*&4"1&ZDD;
30&#+%(5&42##+3%&"3&8"=6#$&*#+5*&*$72125$8&6)&:-:F::&00.&#",25$8&D-::&0&41"0&2&*,1$$3&
2*&+3&R+%=1$&EO-SZ-&

)*>:,;*+ " D1*G"(_-14;.-"#K/!NB"T-"53X-"3+"-_61-..;*+"2*1",5-"9;.,3+4-"P-,T--+",5-"21;+C-."B".*"

,53,7"
( )( )

cm 37.2  m 10  37.2 
m 10  8.00

m 10  33.6m 00.3
    2

5-

7

=!=
!

!
==" #

#

d
x

y
$

"

27.4	  MULTIPLE	  SLIT	  DIFFRACTION	  

#K/" !2#,=#25$&5($&@2J$#$3%5(&"4&#+%(5&5(25&(2*&+5*&*$,"38;"18$1&02<+0=0&25&¡0.45 &@($3&
42##+3%&"3&2&8+4412,5+"3&%125+3%&5(25&(2*&S:::&#+3$*&7$1&,$35+0$5$1-&

)*>:,;*+ " '5-".-4*+9"*19-1"G3_;G:G";."4*+.,1:4,;X-";+,-12-1-+4-B".*"2*1"9;22134,;*+"C13,;+C."T-"
:.- ",5-"-M:3,;*+" 1,2,3,...,0mfor  sin  == !" md T5-1-",5-".-4*+9"*19-1"G3_;G:G"
53." 2=m /"&-_,B"T-"+--9",*"9-,-1G;+-",5-".>;,".-6313,;*+"P<":.;+C",5-"234,",53,",5-1-"

31-"KZZZ">;+-."6-1"4-+,;G-,-17" m 10  00.2 
cm 100

m 1
  

slits/cm 5000
1

  6!"="=d "

)*B".;+4-" ¡= 0.45! B"T-"43+"9-,-1G;+-",5-"T3X->-+C,5"*2",5-">;C5,7"

( )( )
nm 707  m 10  07.7 

2
0.45 sinm 10  00.2

  
sin

  3
6

=!=
¡!

== "
"

m
d #

$ "

=E/" L("@&5(25&2&8+4412,5+"3&%125+3%&,233"5&71"8=,$&2&*$,"38;"18$1&02<+0=0&4"1&2&%+J$3&
@2J$#$3%5(&"4&#+%(5&=3#$**&5($&4+1*5;"18$1&02<+0=0&+*&25&23&23%#$&#$**&5(23&¡0.30 -&

)*>:,;*+ " '5-">31C-.,"6*..;P>-".-4*+9"*19-1"*44:1."T5-+" 1sin 2 =! /"@.;+C",5-"-M:3,;*+""

,sin !" md m = T-".--",53,",5-"X3>:-"2*1",5-".>;,".-6313,;*+"3+9"T3X->-+C,5"31-",5-"

.3G-"2*1",5-"2;1.,"3+9".-4*+9"*19-1"G3_;G:G.B".*",53,7"

!" =1sin  d "3+9" !" 2sin  2 =d B".*",53,7"
2
1

sin
sin

2

1 =
!
! "

&*TB".;+4-"T-"\+*T",5- "G3_;G:G"X3>:-"2*1" 2sin! B"T-"43+".*>X-"2*1",5-"G3_;G:G"

X3>:-"2*1"1! 7"
1

21 sin
2
1

sin
!

"
#

$
%
&

'= (( .*",53," ¡=!
"

#
$
%

&=
'

0.30  
2
1

sin
1

max1,( "
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=O/" B2G&L("@&5(25&2&D:.:::;#+3$;7$1;,$35+0$5$1&%125+3%&@+##&3"5&71"8=,$&2&02<+0=0&4"1&
J+*+6#$&#+%(5-&B6G&N(25&+*&5($&#"3%$*5&@2J$#$3%5(&4"1&@(+,(&+5&8"$*&71"8=,$&2&4+1*5;"18$1&
02<+0=0A&B,G&N(25&+*&5($&%1$25$*5&3=06$1&"4&#+3$*&7$1&,$35+0$5$1&2&8+4412,5+"3&
%125+3%&,23&(2J$&238&71"8=,$&2&,"07#$5$&*$,"38;"18$1&*7$,51=0&4"1&J+*+6#$&#+%(5A&

)*>:,;*+ " g3h"D;1.,"T-"+--9",*"43>4:>3,-",5-".>;,".-6313,;*+7"

nm. 3.333  m 10  333.3 
cm 100

m 1
  

lines/cm 30,000
line 1

  
line 1

  7 =!=!== "

N
d "

&-_,B":.;+C",5-"-M:3,;*+" !" md =sin B"T-".--",53,",5-">*+C-.,"T3X->-+C,5"T;>>"P-"
2*1" 1m and 1sin ==! B".*";+",53,"43.-B" nm 3.333== !d B"T5;45";."+*,"X;.;P>-/"

gPh"D1*G"631,"g3hB"T-"\+*T",53,",5-">*+C-.,"T3X->-+C,5";."-M:3>",*",5-".>;,".-6313,;*+B"
*1"==="+G/"

g4h"'*"C-,",5-">31C-.,"+:GP-1"*2">;+-."6-1"4G"3+9".,;>>"61*9:4-"3"4*G6>-,-".6-4,1:GB"
T-"T3+,",5-".G3>>-.,".>;,".-6313,;*+",53,"3>>*T.",5-">*+C-.,"T3X->-+C,5"*2"X;.;P>-"
>;C5,",*"61*9:4-"3".-4*+9"*19-1"G3_;G:GB".*" nm 760max =! "g.--" (_3G6>-"#O/=h/"
D*1",5-1-",*"P-"3".-4*+9"*19-1".6-4,1:GB" ,1sin  and 2 == !m ".* "

( ) m 1052.1nm 76022 6
max

!"=== #d ""

&*T B":.;+C",5-",-45+;M:-";+".,-6"g3hB"*+><";+"1-X-1.-7"

lines/cm 10  58.6 
cm 100

m 1
  

m 10  52.1
line 1

  
line 1

  3
6-

!=!
!

==
d

N "

E!/" 4("%)&#()5*%+6%&7*/&&B2G&N(25&J+*+6#$&@2J$#$3%5(&(2*&+5*&4"=15(;"18$1&02<+0=0&25&
23&23%#$&"4&¡0.25 &@($3&71"\$,5$8&"3&2&ES.:::;#+3$;7$1;,$35+0$5$1&8+4412,5+"3&%125+3%A&
B6G&N(25&+*&=31$2*"326#$&26"=5&5(+*&1$*=#5A&B,G&N(+,(&2**=075+"3*&21$&=31$2*"326#$&
"1&+3,"3*+*5$35A&

)*>:,;*+ " g3h"D*1"9;22134,;*+"C13,;+C.B"T-":.- ",5-"-M:3,;*+ " ,...4,3,2,1,0for  ,sin == mmd !"
T5-1-",5-"2*:1,5"*19-1"G3_;G:G"53. " 4=m /"[-"2;1.,"+--9",*"9-,-1G;+-",5-".>;,"
.-6313,;*+"P<":.;+C",5-"234,",53,",5-1-"31-"#KBZZZ">;+-."6-1"4-+,;G-,-1 7"

m 10  00.4 
cm 100

m 1
  

 /cmlines 000,25
1

  7!"="=d "

)*B".;+4-" ¡= 0.25! B"T-"43+"9-,-1G;+-",5-"T3X->-+C,5"*2",5-">;C5,7"
( )( )

nm 3.42  m 10  226.4 
4

0.25 sinm 10  00.4
  

sin
  8

7

=!=
¡!

== "
"

m
d #

$ "
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gPh"'5;."T3X->-+C,5";."+* ,";+",5-"X;.;P>-".6-4,1:G/"

g4h"'5-"+:GP-1"*2".>;,.";+",5;."9;22134,;*+"C13,;+C";.",**">31C-/"(,45;+C";+";+,-C13,-9"
4;14:;,."43+"P-"9*+-",*"3"1-.*>:,;*+"*2"KZ"+GB".*".>;,".-6313,;*+."*2"EZZ"+G"31-"3,"
,5-">;G;,"*2"T53,"T-"43+"9*",*93</"'5;.">;+-".634;+C";.",**".G3>>",*"61*9:4-"
9;22134,;*+"*2">;C5,/"

27.5	  SINGLE	  SLIT	  DIFFRACTION	  

EN/" !2#,=#25$&5($&@2J$#$3%5(&"4&#+%(5&5(25&71"8=,$*&+5*&4+1*5&0+3+0=0&25&23&23%#$&"4&¡9.36 &
@($3&42##+3%&"3&2&*+3%#$&*#+5&"4&@+85(&µm 00.1 -&

)*>:,;*+ " @.;+C",5-"-M:3,;*+" !" mD =sin B"T5-1-"D ";.",5-".>;,"T;9,5B"T-"43+"9-,-1G;+-",5-"
T3X->-+C,5"2*1",5-"2;1.,"G;+;G:GB"

( )( )
nm 600  m 10  004.6 

1
9.36 sinm 10  00.1

  
 sin 

  7
6

=!=
¡!

== "
"

m
D #

$ "

KE/" /&8"=6#$&*#+5&71"8=,$*&2&8+4412,5+"3&7255$13&5(25&+*&2&,"06+325+"3&"4&*+3%#$&238&8"=6#$&
*#+5&+35$14$1$3,$-&R+38&5($&125+"&"4&5($&@+85(&"4&5($&*#+5*&5"&5($&*$72125+"3&6$5@$$3&
5($0.&+4&5($&4+1*5&0+3+0=0&"4&5($&*+3%#$&*#+5&7255$13&42##*&"3&5($&4+45(&02<+0=0&"4&5($&
8"=6#$&*#+5&7255$13-&BI(+*&@+##&%1$25#)&1$8=,$&5($&+35$3*+5)&"4&5($&4+45(&02<+0=0-G&

)*>:,;*+ " '5-"61*P>-G";."3.\;+C":.",*"2;+9",5-"13,;*"*2"D ",*" d /"D*1",5-".;+C>-".>;,B":.;+C",5-"
-M:3,;*+" !" nD =sin B"T-"53X-" 1=n /"D*1",5-"9*:P>-".>;,":. ;+C",5-"-M:3,;*+"

!" md =sin "gP-43:.-"T-"53X-"3"G3_;G:GhB"T-"53X-" 5=m /"I;X;9;+C",5-".;+C>-".>;,"
- M:3,;*+"P<"9*:P>-".>;,"-M:3,;*+B"T5-1-",5-"3+C>-"3+9"T3X->-+C,5"31-",5-".3G-"

C;X-.7" 200.0
5
1

=!==
d
D

m
n

d
D

"

)*B",5-".>;,".-6313,;*+";."2;X-",;G-.",5-".>;,"T;9,5/"

KK/" 0(/%1")/%2+3#(.%-/&&/&@25$1&61$2M&25&5($&$35123,$&5"&2&(216"1&,"3*+*5*&"4&2&1",M&
6211+$1&@+5(&2&S:-:;0 ;@+8$&"7$3+3%-&b,$23&@2J$*&"4&E:-:;0&@2J$#$3%5(&2771"2,(&5($&
"7$3+3%&*512+%(5&"3-&/5&@(25&23%#$&5"&5($&+3,+8$35&8+1$,5+"3&21$&5($&6"25*&+3*+8$&5($&
(216"1&0"*5&71"5$,5$8&2%2+3*5&@2J$&2,5+"3A&
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)*>:,;*+ " [-"31-">**\;+C"2*1",5-"2;1.,"G;+;G:G"2*1".;+C>-".>;,"9;22134,;*+"P-43:.-",5-"KZ/Z"G"
T;9-"*6-+;+C"34,."3."3".;+C>-".>;,/"@.;+C",5-"-M:3,;*+ " !" mD =sin B"T5-1-" 1=m B"T-"
43+"9-,-1G;+-",5-"3+C>-"2*1"2;1.,"G;+;G:G7"

( )( )
¡=¡=!"

#
$%

&='
(

)
*
+

,= -- 6.23  58.23 
m 0.50
m 0.201

sin  sin  11

D
m.

/ "

);+4-",5-"G3;+"6-3\"2*1".;+C>-".>;,"9;22134,;*+";.",5-"G3;+"61*P>-GB"3"P*3,";+",5-"
531P*1"3,"3+"3+C>-"C1-3,-1",53+",5;."2;1.,"9;22134,;*+"G;+;G:G"T;>>"2-->".G3>>-1"T3X-./"
A,",5-".-4*+9"G;+;G:GB",5-"P*3,"T;>>"+*,"P-"322-4,-9"P<",5-"T3X-."3,"3>>7"

( )( )
¡=¡=!"

#
$%

&='
(

)
*
+

,= -- 1.53  13.53 
m 0.50

m 0.202
sin  sin  11

D
m.

/ "

27.6	  LIMITS	  OF	  RESOLUTION:	  THE	  RAYLEIGH	  CRITERION	  

H#/" I($&#+0+5&5"&5($&$)$V*&2,=+5)&+*&2,5=2##)&1$#25$8&5"&8+4412,5+"3&6)&5($&7=7+#-&B2G&N(25&+*&
5($&23%#$&6$5@$$3&5@"&\=*5;1$*"#J26#$&7"+35*&"4&#+%(5&4"1&2&D-::;00 ;8+20$5$1&7=7+#.&
2**=0+3%&23&2J$12%$&@2J$#$3%5(&"4&SS:&30A&B6G&I2M$&)"=1&1$*=#5&5"&6$&5($&712,5+,2#&
#+0+5&4"1&5($&$)$-&N(25&+*&5($&%1$25$*5&7"**+6#$&8+*523,$&2&,21&,23&6$&41"0&)"=&+4&)"=&
,23&1$*"#J$&+5*&5@"&($28#+%(5*.&%+J$3&5($)&21$&9-D:&0&27215A&B,G&N(25&+*&5($&8+*523,$&
6$5@$$3&5@"&\=*5;1$*"#J26#$&7"+35*&($#8&25&23&210V*&#$3%5(&B:-F::&0G&41"0&)"=1&$)$A&
B8G&?"@&8"$*&)"=1&23*@$1&5"&B,G&,"0721$&5"&8$52+#*&)"=&3"102##)&"6*$1J$&+3&$J$1)82)&
,+1,=0*523,$*A&

)*>:,;*+ " g3h"@.;+C"Y3<>-;C5V."$1;,-1;*+B"T-"43+"9-,-1G;+-",5-"3+C>-"g;+"139;3+.h",53,";."Q:.,"

1-.*>X3P>-"7" ( ) rad 10  24.2 rad10237.2
m 10  00.3
m 10  550

22.1   22.1  44
3-

9
!!

!

"="=##
$

%
&&
'

(

"
"

==
D
)

* "

gPh"'5-"9;.,3+4-" s"P-,T--+",T*"*PQ-4,.B"3"9;.,3+4-"r "3T3<B".-6313,-9"P<"3+"3+C>-"! "

;." !rs = B".*" km 81.5 m 10  811.5  
rad 10  237.2

m 30.1
    3

4-
=!=

!
==

"
s

r "

g4h"@.;+C",5-".3G-"-M:3,;*+"3.";+"631,"gPh7"

( )( ) mm 179.0  m 10  789.1 rad 10  237.2m 800.0    44 =!=!== ""#rs "

g9h"]*>9;+C"3"1:>-1"3,"31GV.">-+C,5B"<*:"43+"-3.;><".--",5-"G;>>;G-,-1"9;X;.;*+.a".*"<*:"
43+"1-.*>X-"9-,3;>."!/Z"GG"3631,/"'5-1-2*1-B"<*:"61*P3P><"43+"1-.*>X-"9-,3;>."Z/#"
GG"3631,"3,"31GV.">-+C,5/"
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27.7	  THIN	  FILM	  INTERFERENCE	  	  

O=/" R+38&5($&0+3+0=0&5(+,M3$**&"4&2&*"27&6=66#$&5(25&277$21*&1$8&@($3&+##=0+325$8&6)&
@(+5$&#+%(5&7$17$38+,=#21&5"&+5*&*=142,$-&I2M$&5($&@2J$#$3%5(&5"&6$&ZF:&30.&238&
2**=0$&5($&*20$&+38$<&"4&1$412,5+"3&2*&@25$1-&

)*>:,;*+ " '5-"G;+;G:G",5;4\+-.."T;>>"*44:1"T5-+",5-1-";."*+-"653.-"453+C-B".*"2*1">;C5,"

;+4;9-+,"6-16-+9;4:>31><B"4*+.,1:4,;X-";+,-12-1-+4-"2;1.,"*44:1."T5-+"
n

t n

22
2

!!
== /"

)*B":.;+C",5-";+9-_"*2"1-2134,;*+"2*1"T3,-1"21*G"'3P>-"#K/!7"

( )( )
nm 128 m 10  278.1  

33.14
m 10  80.6

  
4

  7
7

=!=
!

== "
"

n
t

#
"

OU/" R+%=1$&EO-D[&*("@*&5@"&%#2**&*#+8$*&+##=0+325$8&6)&7=1$;@2J$#$3%5(&#+%(5&+3,+8$35&
7$17$38+,=#21#)-&I($&5"7&*#+8$&5"=,($*&5($&6"55"0&*#+8$&25&"3$&$38&238&1$*5*&"3&2&
:-9:: ;00 ;8+20$5$1&(2+1&25&5($&"5($1&$38.&4"10+3%&2&@$8%$&"4&2+1-&B2G&?"@&421&27215&
21$&5($&821M&6238*.&+4&5($&*#+8$*&21$&O-S:&,0&#"3%&238&SFT;30&#+%(5&+*&=*$8A&B6G&Q*&5($1$&
23)&8+44$1$3,$&+4&5($&*#+8$*&21$&028$&41"0&,1"@3&"1&4#+35&%#2**A&K<7#2+3-&

)*>:,;*+ "
g3h"

"

'T*"39Q34-+,"931\"P3+9."T;>>"53X-",5;4\+-.."9;22-1;+C"P<"*+-"T3X->-+C,5B";/-/B"

length slide
diameter hair 

 tan and ,12 =!= "# dd "*1" .076394.0
m 075.0

m 1000.1
 tan

4
1- ¡=!!

"

#
$$
%

& '
=

(

) /"

)*B".;+4-" !" =#= 12tan ddx B"T-".--",53,"

( )
mm 442.0m 10418.4

076394.0tan
m 1089.5

tan
4

7

=!=
¡

!
== "

"

#
$

x "

gPh"'5-"G3,-1;3>"G3\-:6"*2",5-".>;9-.";.";11->-X3+,"P-43:.-";,";.",5-"63,5"9;22-1-+4-";+"
,5-"3;1"P-,T--+",5-".>;9-.",53,"C;X-."1;.-",*";+,-12-1-+4-/"

	   "
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27.8	  POLARIZATION	  

NH/" Q4&)"=&(2J$&,"07#$5$#)&7"#21+>$8&#+%(5&"4&+35$3*+5)&2m/ W150 .&@(25&@+##&+5*&+35$3*+5)&
6$&245$1&72**+3%&5(1"=%(&2&7"#21+>+3%&4+#5$1&@+5(&+5*&2<+*&25&23&¡0.89 &23%#$&5"&5($&#+%(5V*&
7"#21+>25+"3&8+1$,5+"3A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+" ! cos   2
0II = B"T-"43+"43>4:>3,-",5-";+,-+.;,<7"

( ) ( ) 222222
0 m Wm 7.45 mW 10  57.4 0.89cosm W150   cos   =!=¡== "#II "

U#/" N(25&+*&W1$@*5$1V*&23%#$&4"1&#+%(5&512J$#+3%&+3&@25$1&5(25&+*&1$4#$,5$8&41"0&,1"@3&
%#2**A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+ "
1

2
b   tan

n
n

=! B"T5-1-" 2n ";."2*1"41*T+"C>3.."3+9"1n ";."2*1"T3,-1"g.--"

'3P>-"#K/!hB"`1-T.,-1V."3+C>-";." ¡=¡=!
"

#
$
%

&=!!
"

#
$$
%

&
= '' 8.4875.48

333.1
52.1

tantan 1

1

21
b n

n
( "

A," ¡8.48 "g`1-T.,- 1V."3+C>-h",5-"1-2>-4,-9">;C5,";."4*G6>-,-><"6*>31;b-9/"

"

" "
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$]A0'(Y"#N7")0($8AW"Y(WA'8J8'c!

28.2	  SIMULTANEITY	  AND	  TIME	  DILATION	  

!/ " B2G&N(25&+*&! &+4& cv 250.0= A&B6G&Q4& cv 500.0= A&

)*>:,;*+ " g3h"@.;+C",5-"9-2;+;,;*+"*2"! B"T5-1-" cv 250.0= 7"

0328.1
)250.0(

11
2/1

2

22/1

2

2

=!
"

#
$
%

&
'=((

)

*
++
,

-
'=

''

c
c

c
v

. "

gPh"AC3;+":.;+C",5-"9-2;+;,;*+"*2"! B"+*T"T5-1-" cv 500.0= 7"

15.11547.1
)500.0(

1
2/1

2

2

==!
"

#
$
%

&
'=

'

c
c

(
"

&*,-",53," ! ";.":+;,>-..B"3+9",5-"1-.:>,."31-"1-6*1,-9",*",51--"9;C;,.",*".5*T",5-"
9;22-1-+4-"21*G"!";+"-345"43.-/"

H/" /&3$=51"3&#+J$*&T::&*&@($3&25&1$*5&1$#25+J$&5"&23&"6*$1J$1-&?"@&42*5&+*&5($&3$=51"3&
0"J+3%&1$#25+J$&5"&23&"6*$1J$1&@("&0$2*=1$*&+5*&#+4$&*723&5"&6$&E:ZS&*A&

)*>:,;*+ "
@.;+C" 0tt !=! " B"T5-1-"

2/1

2

2

1
!

""
#

$
%%
&

'
!=

c
v

( B"T-".--",53,7 "

.12944.2
s 900
s 2065

2/1

2

2

0

!

""
#

$
%%
&

'
!===

(
(

=
c
v

t
t

) "

)M:31;+C",5-"-M:3,;*+"C;X-."
22

21

2

22
2

vc
c

c
vc

!
=""

#

$
%%
&

' !
=

!

( "

$1*..SG:>,;6><;+C"C;X-."
2

2
22

!
c

vc =" B"3+9".*>X;+C"2*1".6--9"2;+3>><"C;X-.7"
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cccc
c

cv 900.090003.0
)2944.2(

1
1

1
1

2/1

2

2/1

22

2
2 ==!

"

#
$
%

&
'=((

)

*
++
,

-
'='=

..
"

!!/ " 4("%)&#()5*%+ 6%&7*/&&B2G&R+38&5($&J2#=$&"4&! &4"1&5($&4"##"@+3%&*+5=25+"3-& /3&K215(;
6"=38& "6*$1J$1& 0$2*=1$*& ED-T& (& 5"& (2J$& 72**$8& @(+#$& *+%32#*& 41"0& 2& (+%(;J$#",+5)&
*72,$& 71"6$& +38+,25$& 5(25&h 0.24 (2J$& 72**$8& "3& 6"218-& B6G& N(25& +*& =31$2*"326#$&
26"=5&5(+*&1$*=#5A&B,G&N(+,(&2**=075+"3*&21$&=31$2*"326#$&"1&+3,"3*+*5$35A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" ,0tt !=! " T-"43+".*>X-"2*1"! 7""

996.09958.0
h 24.0
h 23.9

0

===
!
!

=
t
t

" "

gPh"! "43++*,"P-">-..",53+"!/"

g4h"'5-"-31,5P*:+9"*P.-1X-1"G:.,"G-3.:1-"3">*+C-1",;G-";+",5-"*P.-1X-1p."1-.,"213G-"
,53+",5-".5;6"P*:+9"*P.-1X-1/"'5-"3..:G6,;*+",53,",;G-";.">*+C-1";+",5-"G*X;+C"
.5;6";.":+1-3.*+3P>-/"

28.3	  LENGTH	  CONTRACTION	  

!E/" B2G&?"@&421&8"$*&5($&0="3&+3&K<207#$&EF-9&512J$#&2,,"18+3%&5"&5($&K215(;6"=38&
"6*$1J$1A&B6G&?"@&421&8"$*&+5&512J$#&2*&J+$@$8&6)&23&"6*$1J$1&0"J+3%&@+5(&+5A&W2*$&
)"=1&,2#,=#25+"3&"3&+5*&J$#",+5)&1$#25+J$&5"&5($&K215(&238&5($&5+0$&+5&#+J$*&B71"7$1&5+0$G-&
B,G&e$1+4)&5(25&5($*$&5@"&8+*523,$*&21$&1$#25$8&5(1"=%(&#$3%5(&,"3512,5+"3&3.20=! -&

)*>:,;*+ " @.;+C",5-"X3>:-."C;X-+";+"(_3G6>-"#N/!7"

g3h
"

km 1.39m 101.386s) 1087.4)(m/s 10998.2)(950.0(

s) 1087.4)(950.0(
368

6
0

=!=!!=

!="=
#

#

c

ctvL
"

gPh" km 0.433m 104.329)s 1052.1)(m/s 10998.2)(950.0( 268
0 =!=!!="= #ctvL "

g4h" km 0.433m 104.33
3.20

m 101.386 2
3

0 =!=
!

==
!

L
L

"

"
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28.4	  RELATIVISTIC	  ADDITION	  OF	  VELOCITIES	  

##/" Q4&2&*72,$*(+7&+*&2771"2,(+3%&5($&K215(&25&c100.0 &238&2&0$**2%$&,27*=#$&+*&*$35&
5"@218&+5&25&c100.0 &1$#25+J$&5"&5($&K215(.&@(25&+*&5($&*7$$8&"4&5($&,27*=#$&1$#25+J$&5"&
5($&*(+7A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+ "

)/(1 2cuv
uv

u
!+

!+
= B"T-"43+"399",5-"1->3,;X;.,;4"X->*4;,;-.7"

[ ] c
ccc

cc
cuv

uv
u 198.0

/)100.0)(100.0(1
100.0100.0

)/(1 22
=

+
+

=
!+

!+
= "

#N/" N($3&2&0+**+#$&+*&*("5&41"0&"3$&*72,$*(+7&5"@218*&23"5($1.&+5&#$2J$*&5($&4+1*5&25&
c950.0 &238&2771"2,($*&5($&"5($1&25& c750.0 -&N(25&+*&5($&1$#25+J$&J$#",+5)&"4&5($&5@"&

*(+7*A&

)*>:,;*+ " [-"31-"C;X-+7" cu 750.0= "3+9" cu 950.0=! /"[-"T3+,",*"2;+9"vB".,31,;+C"T;,5",5-"

-M:3,;*+"
)/(1 2cuv

uv
u

!+

!+
= /"D;1.,"G:>,;6><"P*,5".;9-."P<",5-"9-+*G;+3,*17"

uv
c
uu

vu !+=
!

+
2

"B",5-+".*>X;+C"2*1"v"C;X-.7"

[ ] c
ccc
cc

cuu
uu

v 696.0
1/)950.0)(750.0(

750.0950.0
1)/( 22

!=
!

!
=

!"
!"

=
"

'5-"X->*4;,<"v ";.",5-".6--9"G-3 .:1-9"P<",5-".-4*+9".634-.5;6B".*",5-"G;+:.".;C+"
;+9;43,-.",5-".5;6."31-"G*X;+C"3631,"21*G"-345"*,5-1"gv";.";+",5-"*66*.;,-"9;1-4,;*+"3."
u h/"

=E/" B2G&/##&6=5&5($&,#"*$*5&%2#2<+$*&21$&1$,$8+3%&41"0&"=1&"@3&X+#M)&N2)&`2#2<)-&Q4&2&%2#2<)&
ly 100.12 9! &2@2)&+*&1$,$8+3%&41"0&=*&25&c900.0 .&25&@(25&J$#",+5)&1$#25+J$&5"&=*&0=*5&@$&

*$38&23&$<7#"125"1)&71"6$&5"&2771"2,(&5($&"5($1&%2#2<)&25&c990.0 .&2*&0$2*=1$8&41"0&
5(25&%2#2<)A&B6G&?"@&#"3%&@+##&+5&52M$&5($&71"6$&5"&1$2,(&5($&"5($1&%2#2<)&2*&0$2*=1$8&
41"0&5($&K215(A&c"=&02)&2**=0$&5(25&5($&J$#",+5)&"4&5($&"5($1&%2#2<)&1$02+3*&,"3*5235-&
B,G&?"@&#"3%&@+##&+5&5($3&52M$&4"1&2&128+"&*+%32#&5"&6$&6$20$8&62,MA&B/##&"4&5(+*&+*&7"**+6#$&+3&
71+3,+7#$.&6=5&3"5&712,5+,2#-G&

)*>:,;*+ " &*,-" ,53,"3>>"3+.T-1.",*",5;."61*P>-G"31-"1-6*1,-9",*"K".;C+;2;43+,"2;C:1-.B",*"
9;.,;+C:;.5",5-"1-.:>,./"
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g3h"[-"31-"C;X-+" cv 900.0!= "3+9" cu 990.0= /"),31,;+C"T;,5",5-"-M:3,;*+ "

)/(1 2cuv
uv

u
!+

!+
= B"T-"+*T"T3+,",*".*>X-"2*1"u! /"D;1.,"G:>,;6><"P*,5".;9-."P<",5-"

9-+*G;+3,*17" uv
c
uv

uu !+=!+ 2
a",5-+".*>X;+C"2*1",5-"61*P-V.".6--9"C;X-.7"

c
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cuv
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u 99947.0
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)/(1 22
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=
!

!
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gPh"[5-+",5-"61*P-"1-345-.",5-"*, 5-1"C3>3_<B";,"T;>>"53X-",13X->-9"3"9;.,3+4-"g3.".--+"
*+"(31,5h"*2"  0 vtxd += P-43:.-",5-"C3>3_<";."G*X;+C"3T3<"21*G":./"A.".--+"21*G"

( 31,5B" cu 9995.0=! B".*" .0

u
vtx

u
d

t
!

+
=

!
= ""

&*TB" vtxtu +=! 0 "3+9" y 101.2064
ly 1
y) (1

0.9000.99947
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9
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"
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=
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=
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ccvu
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g4h"'5-"139;*".;C+3>",13X->."3,",5-".6--9"*2">;C5,B".*",5-"1-,:1+",;G-"t! ";."C;X-+"P<"
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c
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c
d

t
+

==! "3..:G;+ C",5-".;C+3>";.",13+.G;,,-9"3.".**+"3.",5-"61*P-"1-345-."

,5-"*,5-1"C3>3_</"@.;+C",5-"+:GP-1.B"T-"43+"9-,-1G;+-",5-",;G-7"
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28.5	  RELATIVISTIC	  MOMENTUM	  

=U/" N(25&+*&5($&J$#",+5)&"4&23&$#$,51"3&5(25&(2*&2&0"0$35=0&"4&m/skg 1004.3 21 !" # A&_"5$&
5(25&)"=&0=*5&,2#,=#25$&5($&J$#",+5)&5"&25&#$2*5&4"=1&8+%+5*&5"&*$$&5($&8+44$1$3,$&41"0&c-&

)*>:,;*+ "
`-C;++;+C"T;,5",5-"-M:3,;*+ "

( )[ ] 2
1
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!
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2

1 u
p
m

c
u

=! "

'5-+B".*>X;+C"2*1"2u C;X-." ( ) ( ) ( )222
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D;+3>><B",3\;+C",5-".M:31-"1**,"C;X-."
( )222 / cpm

p
u

+
= /"

' 3\;+C",5-"X3>:-."2*1",5-"G3.."*2",5-"->-4,1*+"3+9",5-".6--9"*2">;C5,",*"2;X-".;C+;2;43+,"
2;C:1-."C;X-.7"

( ) ( ) ( )[ ]
m/s 102.988

kg 102.9979/m/skg 103.34kg 109.1094
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28.6	  RELATIVISTIC	  ENERGY	  

EN/" B2G&a*+3%&8252&41"0&I26#$&O-9.&,2#,=#25$&5($&02**&,"3J$15$8&5"&$3$1%)&6)&5($&4+**+"3&"4&
9-::&M%&"4&=123+=0-&B6G&N(25&+*&5($&125+"&"4&02**&8$*51")$8&5"&5($&"1+%+32#&02**.&

mm/! A&

)*>:,;*+ " g3h"D1*G"'3P>-"O/!B",5-"-+-1C<"1->-3.-9"21*G",5-"+:4>-31"2;..;*+"*2"!/ZZ"\C"*2":13+;:G"
;." J 108.0 13!=" E /")*B" 2

released0 mcEE !==! B"T-"C-,"

( )
( )

g .890kg 108.89
m/s 103.00

J 100.8 4
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2
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!
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"
="# $

c
E

m "

gPh"'*"43>4:>3,-",5-"13,;*B".;G6><"9;X;9-"P<",5-"*1;C;+3>"G3..7"

( )
( )

 10.98 108.89
kg 1.00

kg 108.89 44
2

4
!!

!

"="=
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=
#
m
m

"

K#/" /&! ;0$*"3&+*&2&7215+,#$&5(25&8$,2)*&+35"&2&0="3&238&2&02**#$**&7215+,#$-&I($&! ;
0$*"3&(2*&2&1$*5&02**&$3$1%)&"4&9DT-Z&X$e.&238&5($&0="3&(2*&2&1$*5&02**&$3$1%)&"4&
9:S-O&X$e-&L=77"*$&5($&! ;0$*"3&+*&25&1$*5&238&2##&"4&5($&0+**+3%&02**&%"$*&+35"&5($&
0="3V*&M+3$5+,&$3$1%)-&?"@&42*5&@+##&5($&0="3&0"J$A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+" 2
relKE mc!= B"T-"43+"9-,-1G;+-",5-"\;+-,;4"-+-1C<"*2",5-"G:*+"

P<"9-,-1G;+;+C",5-"G;..;+C"G3..7" 222
rel )1()(KE cmcmmmc µµ! " #=#=$= "

) *>X;+C"2*1"! "T;>>"C;X-":."3"T3<"*2"43>4:>3,;+C",5-".6--9"*2",5-"G:*+/"D1*G",5-"
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=
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"
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1
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2
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1
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KN/" R+38&5($&M+3$5+,&$3$1%)&+3&X$e&"4&2&3$=51"3&@+5(&2&0$2*=1$8&#+4$&*723&"4&E:ZS&*.&%+J$3&
+5*&1$*5&$3$1%)&+*&TDT-Z&X$e.&238&1$*5&#+4$&*723&+*&T::*-&

)*>:,;*+ " D1*G"(_-14;.-"#N/HB"T-"\+*T",53,"! k"#/#UEEB".*"T-"43+"9-,-1G;+-",5-"\;+-,;4"-+-1C<"

*2",5-"+-:,1*+7" ( )( ) .MeV 1216MeV 939.612944.2)1(KE 2
rel =!=!= mc" "

HE/" B2G&!2#,=#25$&5($&$3$1%)&1$#$2*$8&6)&5($&8$*51=,5+"3&"4&9-::&M%&"4&02**-&B6G&?"@&
023)&M+#"%120*&,"=#8&6$&#+45$8&5"&2&9:-:&M0&($+%(5&6)&5(+*&20"=35&"4&$3$1%)A&

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" 2mcE = B"T-"43+"43>4:>3,-",5-"1-.,"G3.."-+-1C<"*2"3"!/ZZ"\C"
G3../"'5;."1-.,"G3.."-+-1C<";.",5-"-+-1C<"1->-3.-9"P<",5-"9-.,1:4,;*+"*2",53,"
3G*:+,"*2"G3..7

( )( ) J 108.99J 108.988m/s 102.998kg 1.00 161682
released !=!=!== mcE ""

gPh"@.;+C",5-"-M:3,;*+" mgh=PE B"T-"43+"9-,-1G;+-"5*T"G:45"G3.."43+"P-"13;.-9",*"

3"5-;C5,"*2"!Z/Z"\G7" ( )( ) kg 109.17
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29.1	  QUANTIZATION	  OF	  ENERGY	  

!/ " /&Y+W1&0"#$,=#$&"*,+##25$*&@+5(&2&41$C=$3,)&"4&Hz 107.1 13! -&B2G&N(25&+*&5($&8+44$1$3,$&
+3&$3$1%)&+3&$e&6$5@$$3&2##"@$8&"*,+##25"1&*525$*A&B6G&N(25&+*&5($&2771"<+025$&J2#=$&
"4&n&4"1&2&*525$&(2J+3%&23&$3$1%)&"4&9-:&$eA&

)*>:,;*+ " g3h" ( )( ) J 10127.1s 107.1sJ 1063.6 2011334 !!! "="#"==$ hfE "

.*",53," ( ) eV 100.7eV 1004.7
J 1060.1

eV 1
J 10127.1 22
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20 !!
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gPh"@.;+C",5-"-M:3,;*+" E = nhf B"T-"43+".*>X-"2*1"n7"
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1
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29.2	  THE	  PHOTOELECTRIC	  EFFECT	  

O/" !2#,=#25$&5($&6+38+3%&$3$1%)&+3&$e&"4&$#$,51"3*&+3&2#=0+3=0.&+4&5($&#"3%$*5;@2J$#$3%5(&
7("5"3&5(25&,23&$\$,5&5($0&+*&D:[&30-&

)*>:,;*+ " '5-">*+C-.,"T3X->-+C,5"4*11-.6*+9.",*",5-".5*1,-.,"21-M:-+4<B"*1",5-".G3>>-.,"
-+-1C</"' 5-1-2*1-B",5-".G3>>-.,"-+-1C<";."T5-+",5-"\;+-,;4"-+-1C<";."b-1*/"D1*G",5-"
-M:3,;*+" 0BEKE =!= hf B"T-"43+"43>4:>3,-",5-"P;+9;+C"-+-1C<"gT1;,;+C",5-"
21-M:-+4<";+",-1G."*2",5-"T3X->-+C,5h7"

( )( )
( )

eV 09.4
J 101.60
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19
19

7
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'
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!=/ " R+38&5($&@2J$#$3%5(&"4&7("5"3*&5(25&$\$,5&:-9::;$e&$#$,51"3*&41"0&7"52**+=0.&%+J$3&
5(25&5($&6+38+3%&$3$1%)&+*&E-E[&$e-&/1$&5($*$&7("5"3*&J+*+6#$A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+. " BEKE != hf "3+9" fc != "T-".--",53," KEBE +==

!
hc

hf ".*"

,53,"T-"43+"43>4:>3,-",5-"T3X->-+C,5"*2",5-"65*,*+.";+",-1G."*2"-+-1C;-.7""

( )( )

.nm 531m 105.313

J 101.60
eV 1.000

eV 0.100eV 2.24
m/s 103.00sJ 106.63

KEBE
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834
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!
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)hc
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"

c-. B",5-.-"65*,*+."31-"X;.;P>-/"

!U/" 4("%)&#()5*%+6%&7*/&&B2G&N(25&+*&5($&6+38+3%&$3$1%)&"4&$#$,51"3*&5"&2&025$1+2#&41"0&
@(+,(&[-::;$e&$#$,51"3*&21$&$\$,5$8&6)&[::;30&KX&128+25+"3A&B6G&N(25&+*&
=31$2*"326#$&26"=5&5(+*&1$*=#5A&B,G&N(+,(&2**=075+"3*&21$&=31$2*"326#$&"1&
+3,"3*+*5$35A&

)*>:,;*+ " g3h"[ -"T3+,",*":.-",5-"-M:3,;*+" BEKE != hf ",*"9-,-1G;+-",5-"P;+9;+C"-+-1C<B".*"
T-"2;1.,"+--9",*"9-,-1G;+-"3+"-_61-..;*+"*2"hf /"@.;+C" hfE = B"T-"\+*T7"

( )( )

( ) ( ) eV 100.3
J 10602.1

eV 1
J 10966.4

m 1000.4
m/s 10998.2sJ 10626.6
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834
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3+9".;+4-" BEKE != hf 7" eV 90.0eV 00.4eV 100.3KEBE !=!=!= hf "

gPh"' 5-"P;+9;+C"-+-1C<";.",**">31C-"2*1",5-"C;X-+"65*,*+"-+-1C</"

g4h"' 5-"->-4,1*+p."\;+-,;4"-+-1C<";.",**">31C-"2*1",5-"C;X-+"65*,*+"-+-1C<a";,"43++*,"P-"
C1-3,-1",53+",5-"65*,*+"-+-1C</"

29.3	  PHOTON	  ENERGIES	  AND	  THE	  ELECTROMAGNETIC	  SPECTRUM	  

#!/ " B2G&R+38&5($&$3$1%)&+3&\"=#$*&238&$e&"4&7("5"3*&+3&128+"&@2J$*&41"0&23&RX&*525+"3&5(25&
(2*&2&T:-:;X?>&61"28,2*5&41$C=$3,)-&B6G&N(25&8"$*&5(+*&+07#)&26"=5&5($&3=06$1&"4&
7("5"3*&7$1&*$,"38&5(25&5($&128+"&*525+"3&0=*5&61"28,2*5A&
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8+"*19-1",*"53X-"3"P1*3943.,"6*T-1"*2B".3<"KZ/Z"\[B";,"T*:>9",3\-"
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#E/" ^"&5($&=3+5&,"3J$1*+"3*&3$,$**21)&5"&*("@&5(25& nmeV 1240 !=hc .&2*&*525$8&+3&5($&
5$<5-&

)*>:,;*+ " @.;+C",5-"4*+X-1.;*+"2*1"Q*:>-.",*"->-4,1*+"X*>,."3+9"G-,-1.",*"+3+*G-,-1."C;X-.7"
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m 1
nm 10
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*$,"38&21$&71"8=,$8A&B6G&Q4&5($&128+"&@2J$*&21$&61"28,2*5&=3+4"10#)&+3&2##&8+1$,5+"3*.&
4+38&5($&3=06$1&"4&7("5"3*&7$1&*$,"38&7$1&*C=21$&0$5$1&25&2&8+*523,$&"4&9::&M0-&
/**=0$&3"&1$4#$,5+"3&41"0&5($&%1"=38&"1&26*"175+"3&6)&5($&2+1-&

)*>:,;*+ " g3h"[ -"43+"2;1.,"43>4:>3,-",5-"-+-1C<"*2"-345"65*,*+7"

( )( ) J 104.31s 106.50Js 106.63 281534 !!! "=""== hfE! "

'5-+":.;+C",5-"234,",53,",5-"P1*3943.,;+C"6*T-1";."KZ/Z"\[B"T-"43+"43>4:>3,-",5-"
+:GP-1"*2"65*,*+."6-1".-4*+97"
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9;1-4,;*+.B".*",5-"31-3";.",5-".:1234-"31-3"*2"3".65-1-"C;X;+C7"
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29.4	  PHOTON	  MOMENTUM	  

EZ/" B2G&N(25&+*&5($&@2J$#$3%5(&"4&2&7("5"3&5(25&(2*&2&0"0$35=0&"4&m/skg1000.5 29 !" # A&
B6G&R+38&+5*&$3$1%)&+3&$e-&

)*>:,;*+ "
g3h"@.;+C",5- "-M:3,;*+"

!
h

p = B"T-"43+".*>X-"2*1",5-"T3X->-+C,5"*2",5-"65*,*+7"

m 13.3m 101.326
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J.s 106.63 5
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!mup = .&238&*("@&5(25&+3&5($&#+0+5&5(25&02**&2771"2,($*&>$1".&)"=&4+38&cpE =/ -&
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E
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29.6	  THE	  WAVE	  NATURE	  OF	  MATTER	  
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nm 396m 103.956

m/s 1.00kg 101.675
sJ 106.63 7

27

34

=!=
!

"!
=== #

#

#

mv
h

p
h

! "

gPh"@.;+C",5- "-M:3,;*+" 2

2
1

KE mv= "T-"43+"43>4:>3,-",5-"\;+-,;4"-+-1C<"*2",5-"

+-:,1*+7"
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29.7	  PROBABILITY:	  THE	  HEISENBERG	  UNCERTAINTY	  PRINCIPLE	  
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29.8	  THE	  PARTICLE-‐WAVE	  DUALITY	  REVIEWED	  
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30.1	  DISCOVERY	  OF	  THE	  ATOM	  
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30.3	  BOHR’S	  THEORY	  OF	  THE	  HYDROGEN	  ATOM	  
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30.4	  X	  RAYS:	  ATOMIC	  ORIGINS	  AND	  APPLICATIONS	  
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30.5	  APPLICATIONS	  OF	  ATOMIC	  EXCITATIONS	  AND	  DE-‐EXCITATIONS	  
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30.8	  QUANTUM	  NUMBERS	  AND	  RULES	  
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30.9	  THE	  PAULI	  EXCLUSION	  PRINCIPLE	  
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5"@218&=*&2*&42*5&2*&S:-:&M0P*.&@(+#$&5(25&"3&5($&"5($1&*+8$&0"J$*&2@2)&2*&42*5&2*&
S:-:&M0P*-&I(+*&0$23*&5(25&5($&KX&128+25+"3&@$&1$,$+J$&@+##&6$&^"77#$1&*(+45$8&"J$1&2&
123%$&"4& km/s0.50± -&N(25&123%$&"4&@2J$#$3%5(*&@+##&@$&"6*$1J$&4"1&5($&T9-E:;30&

#+3$&+3&5($&Y)023&*$1+$*&"4&()81"%$3A&BL=,(&#+3$&61"28$3+3%&+*&"6*$1J$8&238&2,5=2##)&
71"J+8$*&7215&"4&5($&$J+8$3,$&4"1&127+8&1"525+"3-G&

)*>:,;*+ " [-"T;>>":.-" ,5-"I*66>-1".5;2,"-M:3,;*+",*"9-,-1G;+-",5-"*P.-1X-9"T3X->-+C,5."2*1"
,5-"I*66>-1".5;2,-9"5<91*C-+">;+-/"D;1.,B"2*1",5-"5<91*C-+"G*X;+C"3T3<"21*G":.B"T-"
:.-" km/s, 0.50+=u .*",53,7"

( ) ( )
( ) nm  22.91

m/s  10m/s/2.998 1000.51
m/s  10m/s/2.998 1000.51

nm 20.91 84

84

obs =
!!"
!!+

=#
"

'5-+B"2*1",5-"5<91*C-+"G*X;+C",*T319.":.B"T-":.-" km/s, 0.50!=u ".*",53,7"

( ) ( )
( ) nm  18.91

m/s  10m/s/2.998 1000.51
m/s  10m/s/2.998 1000.51

nm 20.91 84

84

obs =
!!+
!!"

=#
"

' 5-"13+C-"*2"T3X->-+C,5.";."21*G" .nm  91.22  tonm  18.91 "
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"

$]A0'(Y"=!7"YAI8%A$'8J8'c"A&I"
&@$W(AY"0]c)8$)!

31.2	  RADIATION	  DETECTION	  AND	  DETECTORS	  

!/ " I($&$3$1%)&"4&D:-:&eV &+*&1$C=+1$8&5"&+"3+>$&2&0"#$,=#$&"4&5($&%2*&+3*+8$&2&`$+%$1&5=6$.&
5($1$6)&71"8=,+3%&23&+"3&72+1-&L=77"*$&2&7215+,#$&"4&+"3+>+3%&128+25+"3&8$7"*+5*&:-S::&
X$e&"4&$3$1%)&+3&5(+*&`$+%$1&5=6$-&N(25&02<+0=0&3=06$1&"4&+"3&72+1*&,23&+5&,1$25$A&

)*>:,;*+"" '*"43>4:>3,-",5-"+:GP-1"*2"63;1."41-3,-9B".;G6><"9;X;9-",5-",*,3>"-+-1C<"P<"-+-1C<"

+--9-9"6-1"63;17"
( )( )

pairs 101.67
eV/pair 30.0

eV/MeV 101.00MeV 0.500
 pairs# 4

6

!=
!

= /"'5;.";."

,5-"G3_;G:G"+:GP-1"*2";*+"63;1."P-43:.-";,"3..:G-."3>>",5-"-+-1C<"C*-.",*"41-3,;+C"
;*+"63;1."3+9",53,",5-1-"31-"+*"-+-1C<">*..-./""

31.3	  SUBSTRUCTURE	  OF	  THE	  NUCLEUS	  

U/" B2G&!2#,=#25$&5($&128+=*&"4&Ni58 .&"3$&"4&5($&0"*5&5+%(5#)&6"=38&*526#$&3=,#$+-&B6G&N(25&

+*&5($&125+"&"4&5($&128+=*&"4&Ni58 &5"&5(25&"4&Ha258 .&"3$&"4&5($&#21%$*5&3=,#$+&$J$1&028$A&
_"5$&5(25&5($&128+=*&"4&5($&#21%$*5&3=,#$=*&+*&*5+##&0=,(&*02##$1&5(23&5($&*+>$&"4&23&
25"0-"

)*>:,;*+ " g3h"@.;+C",5-"-M:3,;*+" 3
1

0Arr = T-"43+"3661*_;G3,-",5-"139;:."*2"Ni58 7

( )( ) fm 4.6m 106.458m 102.1 153
1153

1

Ni0Ni =!=!== ""Arr "

gPh"AC3;+":.;+C",5;."-M:3,;*+"",5;.",;G-"T-"43+"3661*_;G3,-",5-"139;:."*2"Ha258 7"

( )( ) .fm 7.6m 106.7258m 102.1 153
115

Ha =!=!= ""r "



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"=!"

##Z"

"

D;+3>><B",3\;+C",5-"13,;*"*2"Ni ",*" Ha"C;X-.7" 1  to61.0
m 10639.7
m 10645.4

r
r

15

15

Ha

Ni =
!
!

= "

"

&

!K/" N(25&+*&5($&125+"&"4&5($&J$#",+5)&"4&2&S-::;X $e&! &12)&5"&5(25&"4&23&! &7215+,#$&@+5(&5($&

*20$&M+3$5+,&$3$1%)A&I(+*&*("=#8&,"34+10&5(25&! *&512J$#&0=,(&42*5$1&5(23&! *&$J$3&

@($3&1$#25+J+5)&+*&52M$3&+35"&,"3*+8$125+"3-&BL$$&2#*"&K<$1,+*$&D9-99-G&

)*>:,;*+ " [-"\+*T",53,",5-"\;+-,;4"-+-1C<"2*1"3"1->3,;X;.,;4"631,;4>-";."C;X-+"P<",5-"-M:3,;*+"

2
rel )1(KE mc!= " B"3+9",53,".;+4-"

21

2

2

1
!

""
#

$
%%
&

'
!=

c
v

( B"T-"43+"C-,"3+"-_61-..;*+"2*1",5-"

.6--9 !!
"

#
$$
%

&
'= 22

2 1
1

(c
v

B"*1"
2

1
1

!
"= cv

"

D*1",5-"! "631,;4>-7" )MeV 511.0)(1(MeV 00.5KE !== " B".*",53," 785.9)1( =!" "*1"

785.10=! /"'5:.B",5-"X->*4;,<"2*1",5-"! "631,;4>-";.7"

sm 10985.2
)785.10(

1
1)sm 10998.2(

1
1 8

2
8

2
!="!="=

#$ cv "

D*1",5-"! "631,;4>-7" 2
2

uMeV 5.931
)u 0026.4)(1(MeV 00.5KE c

c
!
"

#
$
%

&'== ( .*",53,"

00134.1=! /"'5:.B",5-"X->*4;,<"2*1",5-"! "631,;4>-";.7"

sm 10551.1
)00134.1(

1
1)sm 10998.2( 7

2
8 !="!=#v /"D;+3>><B",5-"13,;*"*2",5-"

X->*4;,;-.";."C;X-+"P<7" 1  to3.19
sm 1055.1
sm 10985.2

7

8

=
!
!

=
"

#

v

v
/"

8+"*,5-1"T*19.B"T5-+",5-! "3+9! "631,;4>-."53X-",5-".3G-"\;+-,;4"-+-1C<"B",5-"! "

631,;4>-";."3661*_;G3,-><"!U",;G-."23.,-1",53+",5-"! "631,;4>-/"

31.4	  NUCLEAR	  DECAY	  AND	  CONSERVATION	  LAWS	  
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##! "

"

##/" K#$,51"3&,275=1$&6)&In106 -&

)*>:,;*+ " Y-2-11;+C",*",5-"->-4,1*+"436,:1-"-M:3,;*+B" eN
A

ZN
A
Z vYeX +!+ +"

"
11 B"T-"+--9",*"

43>4:>3,-",5-"X3>:-."*2"Z "3+9"N /"D1*G",5-"6-1;*9;4",3P>-"T-"\+*T",53,";+9;:G"53."
49=Z "3+9",5-"->-G-+,"T;,5" 48=Z ";."439G;:G/"@.;+C",5-"-M:3,;*+" ZNA += "T-"

\+*T",53," 5749106 === -A-ZN "2*1";+9;:G"3+9" 58=N "2*1"439G;:G/"0:,,;+C",5;."3>>"

,*C-,5-1"C;X-. eve +!+ "
58

106
4857

106
49 CdIn "

#N/" ! 8$,2)&71"8=,+3%&Pb208 -&I($&721$35&3=,#+8$&+*&+3&5($&8$,2)&*$1+$*&71"8=,$8&6)&Th232 .&
5($&"3#)&325=12##)&",,=11+3%&+*"5"7$&"4&5("1+=0-&

)*>:,;*+ " );+4-"T-"\+*T",53,"  Pb208 ";.",5-"61*9:4,"*2"3+"! "9-43<B" 2
4
22

4
2 He+! "

"
" N

A
ZN

A
Z YX ",->>."

:.",53," 2084 =!A B"3+9".;+4-" 822 =!Z "21*G",5-"6-1;*9;4",3P>-B"T-",5-+"\+*T",53,"
126.822082 =!=!N ")*"2*1",5-"631-+,"+:4>-:."T-"53X-" 84212 == , Z A 3+9"

 N 128= /"'5-1-2*1-"21*G",5-"6-1;*9;4",3P>-",5-"631-+,"+:4>-:.";."Po212 "3+9",5-"

9-43<";." 2
4
2126

208
82128

212
84 HePbPo +! ""

=E/" /&121$&8$,2)&0"8$&(2*&6$$3&"6*$1J$8&+3&@(+,(&Ra222 &$0+5*&2&C14 &3=,#$=*-&B2G&I($&

8$,2)&$C=25+"3&+*&

! 

222Ra" A X +14 C-&Q8$35+4)&5($&3=,#+8$&XA -&B6G&R+38&5($&$3$1%)&

$0+55$8&+3&5($&8$,2)-&I($&02**&"4&Ra222 &+*&EEE-:9SDSD&=-&

)*>:,;*+ " g3h""'5-"9-43<";." 8
14
6134

222
88 CXRa +! N

A
Z B".*"T-"\+*T",53,7"

82688 208;14222 =!==!= ZA "3+9"  126,82208 =!=!= ZAN ".*"21*G",5-"

6-1;*9;4",3P>-",5-"->-G-+,";.">-39"3+9"" 126
208
82PbX= "
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###"

"

gPh

"

( ) ( ) ( )

( ) MeV 05.33
u
MeV/ 5.931

u 105485.3

u105485.3u 003241.14u 976627.207u 015353.222

CPbRa

2
2

22

2

8
14
6126

208
82134

222
88

=!!
"

#
$$
%

&
'=(=

'=))=

))=(

)

)

c
c

mcE

mmmm

"

EZ/" B2G&N1+5$&5($&,"07#$5$&+! &8$,2)&$C=25+"3&4"1&C11 -&B6G&!2#,=#25$&5($&$3$1%)&1$#$2*$8&+3&

5($&8$,2)-&I($&02**$*&"4&C11 &238& B11 &21$&99-:99[DD&238&99-::TD:S&=.&
1$*7$,5+J$#)-"

)*>:,;*+ " g3h"@.;+C" eN
A

ZN
A
Z vYX ++! +

+" #11 "3+9",5-"6-1;*9;4",3P>-"T-"43+"C-,",5-"4*G6>-,-"

9-43<"-M:3,;*+7" ev++! +"6
11
55

11
6 BC "

gPh"'*"43>4:>3,-",5-"-+-1C<"-G;,,-9"T-"2;1.,"+--9",*"43>4:>3,-",5-"453+C-";+"G3../"'5-"
453+C-";+"G3..";.",5-"G3.."*2",5-"631-+,"G;+:.",5-"G3.."*2",5-"93:C5,-1"3+9",5-"
6*.;,1*+";,"41-3,-9/"'5-"G3.."C;X-+"2*1",5-"631-+,"3+9",5-"93:C5,-1B"5*T-X-1B"31-"
C;X-+"2*1",5-"+-:,13>"3,*G./")*",5-"431P*+"53."*+-"399;,;*+3>"->-4,1*+",53+",5-"
P*1*+"3+9"T-"G:.,".:P,134,"3+"399;,;*+3>"G3.."*2",5-"->-4,1*+",*"C-,",5-"4*11-4,"
453+C-";+"G3../"

( ) ( )[ ]
( )[ ] u 10031.1u 00054858.02u 009305.11u 011433.11

2BC
3

1111

!"=+!=

+!=# emmmm

"( ) MeV 9602.0
u
MeV/ 5.931

u 10031.1 2
2

32 =!!
"

#
$$
%

&
'=(= ) c

c
mcE "

31.5	  HALF-‐LIFE	  AND	  ACTIVITY	  

EH/" B2G&!2#,=#25$&5($&2,5+J+5)&R&+3&,=1+$*&"4&9-::&%&"4&Ra226 -&B6G&^+*,=**&@()&)"=1&23*@$1&+*&
3"5&$<2,5#)&9-::&!+.&%+J$3&5(25&5($&,=1+$&@2*&"1+%+32##)&*=77"*$8&5"&6$&$<2,5#)&5($&
2,5+J+5)&"4&2&%120&"4&128+=0-&
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##="

"

)*>:,;*+ " g3h"D;1.,"T-"G:.,"9-,-1G;+-",5-"+:GP-1"*2"3,*G."2*1"139;:G/"[-":.-",5-"G*>31"G3.."

*2"##H"CiG*>",*"C-,7" ( ) atoms 106646.2
mol

atoms 10022.6
g 226

mol
g 1.00 21

23

!=
!

""
#

$
%%
&

'
=N "

'5-+":.;+C",5-"-M:3,;*+"

2
1

6930
t

N.
R = B"T5-1-"T-"\+*T",5-"53>2">;2-"*2"Ra226 ";.

y 106.1 3! B"

"

( )( )

Ci 988.0
Bq 1070.3

Ci

Bq 1066.3
s 10156.3

y 1
y 106.1

 106646.20.693

16

10
73

21

=!!
"

#
$$
%

&
'

'=!
"

#
$
%

&
'

'
'

'
=R

"

gPh"'5-"53>2">;2-"*2"Ra226 ";."G*1-"344:13,-><"\+*T+",53+";,"T3."T5-+",5-"$;":+;,"T3."
-.,3P>;.5-9/"

K#/" V50 &(2*&"3$&"4&5($&#"3%$*5&M3"@3&128+"2,5+J$&(2#4;#+J$*-&Q3&2&8+44+,=#5&$<7$1+0$35.&2&

1$*$21,($1&4"=38&5(25&5($&2,5+J+5)&"4&9-::&M%&"4&V50 &+*&9-OS&WC-&N(25&+*&5($&(2#4;#+4$&+3&
)$21*A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+"

2
1

693.0
t

N
R= B"T-"43+"T1;,-",5-"34,;X;,<";+",-1G."*2",5-"53>2S>;2-B"

,5-"G*>31"G3..B"M B"3+9",5-"G3.."*2",5-".3G6>-B"m7"

[ ]
2

1

23

2
1

/)molatoms 1002.6()693.0(6930
t

mM
t

N.
R

!
==

"

D1*G",5-"6-1;*9;4",3P>-B" g/mol 94.50=M B".*"

y 1048.1
s 10156.3

y 1
s 10681.4

)Bq 75.1)(molg94.50(
)g 1000)(molatoms 1002.6)(693.0(

17
7

24

23

2
1

!="
#

$
%
&

'
!

!=

!
=t

"
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##E"

"

KN/" I($& !" &7215+,#$*&$0+55$8&+3&5($&8$,2)&"4&H3 &B51+5+=0G&+35$12,5&@+5(&0255$1&5"&,1$25$&

#+%(5&+3&2&%#"@;+3;5($;821M&$<+5&*+%3-&/5&5($&5+0$&"4&023=42,5=1$.&*=,(&2&*+%3&,"352+3*&

9S-:&!+&"4&H3 -&B2G&N(25&+*&5($&02**&"4&5($&51+5+=0A&B6G&N(25&+*&+5*&2,5+J+5)&S-::&)&245$1&
023=42,5=1$A&

)*>:,;*+ "
@.;+C",5-"-M:3,;*+"

2
1

693.0
t

N
R= B"T-"43+"T1;,-",5-"34,;X;,<";+",-1G."*2",5-"53>2S>;2-B"

,5-"3,*G;4"G3..B"M 3+9"",5-"G3.."*2",5-".3G6>-"m7""

g3h"
( )( )

2
1

2
1

693.0693.0
t

Mm
t

N
R == /"'5-"3,*G;4"G3.."*2",1;,;:G"g21*G"A66-+9;_"Ah";."

atomkg 100082.5
u 1

kg 106605.1
u 016050.3 27

27
!

!

"=##
$

%
&&
'

( "
=M B"3+9",5-"53>2S>;2-";."

!#/=="<"g21*G"A66-+9;_" h̀B".*"T-"43+"9-,-1G;+-",5-"*1;C;+3>"G3.."*2",1;,;:G7"

693.0
21 MRt

m= *1"

mg  56.1kg  1056.1

y
s 10156.3

Ci
Bq 1070.3

693.0
)kg 100082.5)(y 33.12)(Ci 0.15(

6

71027

=!=

""
#

$
%%
&

' !
""
#

$
%%
&

' !!
=

(

( M
m

"

gPh" Ci 3.11
y 33.12

)y 00.5(693.0
exp)Ci 0.15(

693.0
exp

2
1

00 =!!
"

#
$$
%

&
'=

!!
!

"

#

$$
$

%

&
'='= t

t
RteRR (
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31.6	  BINDING	  ENERGY	  

O!/" Bi209 &+*&5($&($2J+$*5&*526#$&3=,#+8$.&238&+5*&A/BE &+*&#"@&,"0721$8&@+5(&0$8+=0;

02**&3=,#+8$*-&!2#,=#25$&A/BE .&5($&6+38+3%&$3$1%)&7$1&3=,#$"3.&4"1&Bi209 &238&
,"0721$&+5&@+5(&5($&2771"<+025$&J2#=$&"652+3$8&41"0&5($&%127(&+3&R+%=1$&D9-EO-&

)*>:,;*+ " I;X;9;+C" ( ) ( ){ } 21 ]H[BE cXmNmZm A
n !+= P<"A"C;X-.",5-"P;+9;+C"-+-1C<"6-1"
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##K"

"

+:4>-*+7" ( ) ( )[ ]
A

cmNmZm
A

n
2

126
209
83

1 BiHBE !+
= /""

[-"\+*T",53," 83=Z "g21*G",5-"6-1;*9;4",3P>-hB" 126=!= ZAN "3+9",5-"G3.."*2",5-"

Bi209 "+:4>;9-";."#ZN/UZN=OE":"g21*G"A66-+9;_"Ah".*",53,7"

"

[ ]

nucleonMeV  848.7

u
MeV 5.931

209
u 980374.208)u 008665.1(126)u 007825.1(83BE 2

2

=

!!
"

#
$$
%

&'+
= c

c
A "

'5;."P;+9;+C"-+-1C<"6-1"+:4>-*+";."3661*_;G3,-><",5-"X3>:-"C;X-+";+",5-"C1365/"

OH/" 4("%)&#()5*%+6%&7*/&&/&7215+,#$&7()*+,+*5&8+*,"J$1*&2&3$=512#&7215+,#$&@+5(&2&02**&"4&
E-:EODD&=&5(25&($&2**=0$*&+*&5@"&3$=51"3*&6"=38&5"%$5($1-&B2G&R+38&5($&6+38+3%&
$3$1%)-&B6G&N(25&+*&=31$2*"326#$&26"=5&5(+*&1$*=#5A&B,G&N(25&2**=075+"3*&21$&
=31$2*"326#$&"1&+3,"3*+*5$35A&

)*>:,;*+ "
g3h

"

[ ] [ ]

MeV  315.9

u
MeV 5.931

u  02733.2)u 008665.1(2)particle(2BE 2
2

2

!=

""
#

$
%%
&

'
!=!= c

c
cmmn

"

gPh"'5-"P;+9;+C"-+-1C<"43++*,"P-"+-C3,;X-a",5-"+:4>-*+."T*:>9"+*,".,3<",*C-,5-1/"

g4h"'5-"631,;4>-"43++*,"P-"G39-"21*G",T*"+-:,1*+./"

31.7	  TUNNELING	  

ON/" 0(/%1")/%2+3#(.%-/&&/&E-::;I&02%3$5+,&4+$#8&+*&277#+$8&7$17$38+,=#21&5"&5($&725(&"4&
,(21%$8&7215+,#$*&+3&2&6=66#$&,(206$1-&N(25&+*&5($&128+=*&"4&,=1J25=1$&"4&5($&725(&"4&
2&9:&X$e&71"5"3&+3&5(+*&4+$#8A&_$%#$,5&23)&*#"@+3%&2#"3%&+5*&725(-&

)*>:,;*+ " @.;+C",5-"-M:3,;*+"
qB
mv

r = B"T-"43+"9-,-1G;+-",5-"139;:."*2"3"G*X;+C"4531C-";+"3"

G3C+-,;4"2;->9/"D;1.,B"T-"+--9",*"9-,-1G;+-",5-"X->*4;,<"*2",5-"61*,*+/");+4-",5-"
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-+-1C<"*2",5-"61*,*+"g!Z/Z"L-Jh";.".:P.,3+,;3>><">-..",53+",5-"1-.,"G3.."-+-1C<"*2",5-"

61*,*+"gU=N"L-JhB"T-"\+*T",5-"X->*4;,<";."+*+S1->3,;X;.,;4"3+9",53," 2

2
1

mvE = /"

'5-1-2*1-B"

"

cm  8.22m 228.0
)T 00.2)(C 10602.1(

)sm 10377.4)(kg 106726.1(

,So).sm 10998.2)(1460.0(
cMeV 27.938

MeV 0.1022

19

727

7

21

2

21

=
!

!!
==

!=""
#

$
%%
&

' (
="

#

$
%
&

'=

)

)

qB
mv

r

m
E

v
"

"

" "
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32.1	  MEDICAL	  IMAGING	  AND	  DIAGNOSTICS	  

!/ " / &3$=51"3&%$3$125"1&=*$*&23&! &*"=1,$.&*=,( &2*&128+=0.&5"&6"06218&6$1)##+=0.&
+38=,+3%&5($&1$2,5+"3& n+!+ CBe He 1294 -&L=,( &3$=51"3&*"=1,$*&21$&,2##$8&H2W$&
*"=1,$*.&"1&'=W$&*"=1,$*&+4&5($)&=*$&7#=5"3+=0&5"&%$5&5($&! *-&!2#,=#25$&5($&$3$1%)&
"=57=5&"4&5($&1$2,5+"3&+3&X $e-,&

)*>:,;*+ " @.;+C"
2mcE != B"T-"43+"9-,-1G;+-",5-"-+-1C<"*:,6:,"*2",5-"1-34,;*+"P<"43>4:>3,;+C"

,5-"453+C-";+"G3.."*2",5-"4*+.,;,:-+,.";+",5-"1-34,;*+B"T5-1-",5-"G3..-."31-"2*:+9"
-;,5-1";+"A66-+9;_"A"*1"'3P>-"=!/#7"

( )
MeV 701.5)MeV 5.931)(008665.1000000.12 9.02182 002603.4(

2
fi

=!!+=

!= cmmE
"

H/" I($&2,5+J+5+$*&"4&I131 &238& I123 &=*$8&+3&5()1"+8&*,23*&21$&%+J$3&+3&I2 6#$&DE-9&5"&6$&S:&
238& µCi70 .&1$*7$,5+J$#)-&R+38&238&,"0721$&5($&02**$*&"4&I131 &238& I123 &+3&*=,(&*,23*.&
%+J$3&5($+1&1$*7$,5+J$&(2#4;#+J$*&21$&F-:[&8&238&9D-E&(-&I($&02**$*&21$&*"&*02##&5(25&
5($&128+"+"8+3$&+*&=*=2##)&0+<$8&@+5(&*526#$&+"8+3$&2*&2&,211+$1&5"&$3*=1$&3"102#&
,($0+*51)&238&8+*51+6=5+"3&+3&5($&6"8)-&

)*>:,;*+ " `-C;++;+C"T;,5",5-"-M:3,;*+ " ( )( )
21

A

21

693.0693.0
t

NMm
t

N
R == "T-"43+".*>X-"2*1",5-"

G3.."*2",5-";*9;+-";.*,*6-.B"T5-1-",5-"3,*G;4"G3..-."3+9",5-"53>2">;X-."31-"C;X-+";+"
,5-"366-+9;4-.7"
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( )
( )

( )
( )

g 106.3

1002.6)693.0(
hs0360)h 2.13)(g/mol  91.122)(Bq/Ci 1070.3)(Ci 100.7(

693.0

g 100.4

1002.6)693.0(
ds08640)d 40g/mol)(8.0 91.130Bq/Ci)( 1070.3Ci)( 100.5(

693.0

11

23

105

A

2/1
123

10

23

105

A

2/1
131

!

!

!

!

"=

"
""

==

"=

"
""

==

N
RMt

m

N
RMt

m

"

32.2	  BIOLOGICAL	  EFFECTS	  OF	  IONIZING	  RADIATION	  

!Z/" ?"@&023)&`)&"4&$<7"*=1$&+*&3$$8$8&5"&%+J$&2&,23,$1"=*&5=0"1&2&8"*$&"4&[:&LJ&+4&+5&+*&
$<7"*$8&5"&! &2,5+J+5)A&

)*>:,;*+ " @.;+C",5-"-M:3,;*+ " RBEGySv != "3+9"'3P>-"=#/#B"T-"\+*T",53," 20RBE = "2*1"

T5*>-"P*9<"-_6*.:1-B".*"" Gy 2
20
Sv 40

RBE
Sv

Gy === "

32.3	  THERAPEUTIC	  USES	  OF	  IONIZING	  RADIATION	  

#!/ " Y21%$&20"=35*&"4&Zn65 &21$&71"8=,$8&+3&,"77$1&$<7"*$8&5"&2,,$#$125"1&6$20*-&N(+#$&
02,(+3+3%&,"3520+325$8&,"77$1.&2&7()*+,+*5&+3%$*5*&Znof  µCi 50.0 65 -&K2,(&Zn65 &
8$,2)&$0+5*&23&2J$12%$&! ;12)&$3$1%)&"4&:-SS:&X$e.&[:-:d&"4&@(+,(&+*&26*"16$8&+3&
5($&*,+$35+*5V*&OS-:;M%&6"8)-&N(25&8"*$&+3&0LJ&+*&,2=*$8&6)&5(+*&+3&"3$&82)A&

)*>:,;*+ " D;1.,B"T-"+--9",*"9-,-1G;+-",5-"+:GP-1"*2"9-43<."6-1"93<7""

9-43<.i93< ( )( )( )  /d10598.1s/d 1064.8Bq/Ci 1070.3Ci 1000.5 114105 !=!!!= " "

&-_,B"T-"43+"43>4:>3,-",5-"-+-1C<"P-43:.-"-345"9-43<"-G;,."3+"3X-13C-"*2"Z/KKZ"L-J"
*2"-+-1C<7"

( )

J/d 10633.5

MeV
J 10602.1

decay
MeV 550.0

400.0
d

decays 10598.1
/

3

1311

!

!

"=

##
$

%
&&
'

( "
##
$

%
&&
'

(
##
$

%
&&
'

( "
=dayE

"

'5-+B"9;X;9;+C"P<",5-"G3.."*2",;..:-"C;X-.",5-"9*.-7""
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I*.-";+"139i9" rad/d 1051.7
J/kg 0.0100

rad 1
kg 0.75

J/d 10633.5 3
3

!
!

"=##
$

%
&&
'

( "
= "

D;+3>><B"21*G"'3P>-"=#/#B"T-".--",53,",5-"Y`(";."!"2*1"! "139;3,;*+B".*7

( ) ( )

mSv/d1051.7

rem0.1
mSv

rem/d 1051.71rad/d 1051.7RBEradrem/d

4

33

!

!!

"=

"=""="=
"

'5;."9*.-";."3661*_;G3,-><" mrem/y 2700 B"T5;45";.">31C-1",53+"P34\C1*:+9"139;3,;*+"
.*:14-.B"P:,".G3>>-1",53+"9*.-."C;X-+"2*1"43+4-1",1-3,G-+,./"

32.5	  FUSION	  

=Z/" I($&$3$1%)&71"8=,$8&6)&5($&4=*+"3&"4&2&9-::;M%&0+<5=1$&"4&8$=5$1+=0&238&51+5+=0&@2*&
4"=38&+3&K<207#$&!2#,=#25+3%&K3$1%)&238&'"@$1&41"0&R=*+"3-&/771"<+025$#)&("@&
023)&M+#"%120*&@"=#8&6$&1$C=+1$8&5"&*=77#)&5($&233=2#&$3$1%)&=*$&+3&5($&a3+5$8&
L525$*A&

)*>:,;*+ " D1*G"'3P>-"O/HB"T-"\+*T J 1005.1 20!=E "3+9"21*G"(_3G6>-"=#/#B"T-"\+*T",53,"3"
!/ZZ"\C"G;_,:1-"*2"9-:,-1;:G"3+9",1;,;:G"1->-3.-." J 1037.3 14! "*2"-+-1C<B".*7""

( ) kg 1012.3
J 1037.3

kg 00.1
J 1005.1 5

14
20 !="

#

$
%
&

'
!

!=M "

=K/" I($&7"@$1&"=57=5&"4&5($&L=3&+*&W104 26! -&B2G&Q4&T:d&"4&5(+*&+*&*=77#+$8&6)&5($&71"5"3;
71"5"3&,),#$.&("@&023)&71"5"3*&21$&,"3*=0$8&7$1&*$,"38A&B6G&?"@&023)&3$=51+3"*&
7$1&*$,"38&*("=#8&5($1$&6$&7$1&*C=21$&0$5$1&25&5($&K215(&41"0&5(+*&71",$**A&I(+*&(=%$&
3=06$1&+*&+38+,25+J$&"4&("@&121$#)&2&3$=51+3"&+35$12,5*.&*+3,$&#21%$&8$5$,5"1*&"6*$1J$&
J$1)&4$@&7$1&82)-"

)*>:,;*+ " g3h"D*:1"61*,*+."31-"+--9-9"2*1"-345"4<4>-",*"*44:1/"'5-"-+-1C<"1->-3.-9"P<"3"61*,*+S
61*,*+"4<4>-";." MeV 7.26 B".*",53,"

( )( )

protons/s 103

J 101.602
MeV 1

MeV 7.26
protons 4

J/s 10490.0protons/s #

38

13
26

!=

"
#

$
%
&

'
!

"
#

$
%
&

'!= ( "

gPh"D*1"-345"4<4>-B",T*"+-:,1;+*." 31-"41-3,-9"3+9"2*:1"61*,*+."31-"9-.,1*<-9/"'*"
9-,-1G;+-",5-"+:GP-1"*2"+-:,1;+*."3,"( 31,5B"T-"+--9",*"9-,-1G;+-",5-"+:GP-1"
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*2"+-:,1;+*.">-3X;+C",5-"):+"3+9"9;X;9-",53,"P<",5-".:1234-"31-3"*2"3".65-1-"T;,5"
139;:."21*G",5-"):+",*"(31,57"

( )( )
( )

smneutrinos/ 106
m 1050.14

protons/s1037.3protons42
4

#
area

# 214
211

38

2 !"=
"

"
==

##
ev

R
"

32.6	  FISSION	  

EK/" B2G&!2#,=#25$&5($&$3$1%)&1$#$2*$8&+3&5($&3$=51"3;+38=,$8&4+**+"3&1$2,5+"3&
nn 4BaSrPu 14096239 ++!+ B"%+J$3& u921750.95)Sr(96 =m &238&

u910581.139)Ba(140 =m -&B6G&!"34+10&5(25&5($&5"52#&3=06$1&"4&3=,#$"3*&238&5"52#&
,(21%$&21$&,"3*$1J$8&+3&5(+*&1$2,5+"3-"

)*>:,;*+ " g3h"'*"43>4:>3,-",5-"-+-1C<"1->-3.-9B"T-":.-" 2cmE != ",*"43>4:>3,-",5-"9;22-1-+4-";+"
-+-1C<"P-2*1-"3+9"32,-1",5-"1-34,;*+7"

( ) ( ) ( )( )
( ) ( ) ( )( )

( )( )[ ]( )
MeV 6.180

MeV 5.931008665.13910581.139921750.95052157.239

3BaSrPu

4BaSrPu
214096239

214096239

=

!!!=

!!!=

!!!+=

cmmmm

cmmmmmE

n

nn

"

gPh"[1;,;+C",5-"-M:3,;*+";+"2:>>"2*1G"C;X-." 1
1
084

96
38145

239
941

1
0 4SrPu nn +!+ ".*"T-"43+"

9-,-1G;+-",5-",*,3>"+:GP-1"*2"+:4>-*+."P-2*1-"3+9"32,-1",5-"1-34,;*+"3+9",5-"
,*,3>"4531C-"P-2*1-"3+9"32,-1",5-"1-34,;*+7""

 fi

fi

)0(4385694940

;4140962402391

ZZ

AA

=++==+=

=++==+=
/"

'5-1-2*1-B"P*,5",5-",*,3>"+:GP-1"*2"+:4>-*+. "3+9",5-",*,3>"4531C-"31-"4*+.-1X-9/&

32.7	  NUCLEAR	  WEAPONS	  

K!/" R+38&5($&02**&,"3J$15$8&+35"&$3$1%)&6)&2&9E-:;MI&6"06-&

)*>:,;*+ " @.;+C"
2mcE = B"T-"43+"43>4:>3,-",5-"G3.."4*+X-1,-9";+,*"-+-1C<"2*1"3"!#/Z"\'"P*GP7"

( )( )
( )

g 0.56kg 1060.5
m/s 1000.3

J/kT 102.4kT 0.12 4
28

12

2 =!=
!

!
== "

c
E

m "
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KO/" /**=0$&"3$;4"=15(&"4&5($&)+$#8&"4&2&5)7+,2#&DE:;MI&*5125$%+,&6"06&,"0$*&41"0&4+**+"3&
1$2,5+"3*&2J$12%+3%&E::&X$e&238&5($&1$02+38$1&41"0&4=*+"3&1$2,5+"3*&2J$12%+3%&E:&
X $e-&B2G&!2#,=#25$&5($&3=06$1&"4&4+**+"3*&238&5($&2771"<+025$&02**&"4&=123+=0&238&
7#=5"3+=0&4+**+"3$8.&52M+3%&5($&2J$12%$&25"0+,&02**&5"&6$&EDF-&B6G&R+38&5($&3=06$1&"4&
4=*+"3*&238&,2#,=#25$&5($&2771"<+025$&02**&"4&4=*+"3&4=$#.&2**=0+3%&23&2J$12%$&5"52#&
25"0+,&02**&"4&5($&5@"&3=,#$+&+3&$2,(&1$2,5+"3&5"&6$&S-&B,G&!"3*+8$1+3%&5($&02**$*&
4"=38.&8"$*&+5&*$$0&1$2*"326#$&5(25&*"0$&0+**+#$*&,"=#8&,211)&9:&@21($28*A&^+*,=**.&
3"5+3%&5(25&5($&3=,#$21&4=$#&+*&"3#)&2&7215&"4&5($&02**&"4&2&@21($28-"

)*>:,;* +" g3h"R;X-+",53,"2*1"2;..;*+"1-34,;*+.B",5-"-+-1C<"61*9:4-9";."#ZZ"L -J"6-1"2;..;*+B"T-"43+"
4*+X-1,",5-" 41 "*2"=#Z"\'"<;->9";+,*",5-"+:GP-1"*2"2;..;*+.7"

( )( )
( )( ) fissions 101.1

J/MeV 1060.1nMeV/fissio 200
)J/kT 102.4(kT 32041

fissions of # 25
13

12

!=
!

!
= "

"

'5-+B" ( ) ( ) kg 4.3g 1035.4g/mol 238
nuclei 106.022

mol 1
nuclei 101.1 3

23
25 =!="

#

$
%
&

'
!

!=m "

gPh");G;>31><B"C;X-+",53,"2*1"2:.;*+"1-34,;*+.B",5-"-+-1C<"61*9:4-9";."#Z"L-J"6-1"2:.;*+B"
T-"4*+X-1,",5-" 43 "*2"=#Z"\'"<;->9";+,*",5-"+:GP-1"*2"2:.;*+.7"

( )( )
( )( ) fusions 102.3

J/MeV 1060.1nMeV/fissio 200
)J/kT 102.4(kT 32043

fusions of # 26
13

12

!=
!

!
= "

"

'5-+7"

( ) ( ) kg 2.7g 1066.2fuel/mol LiD g 5
nuclei 106.022

mol 1
fusions 102.3 3

23
26 =!="

#

$
%
&

'
!

!=m "

g4h"'5-"+:4>-31"2:->",*,3>."*+><"H"\CB".*";,";."M:;,-"1-3.*+3P>-",53,".*G-"G;..;>-."4311<"
!Z"*X-15-39./"'5-"G3.."*2",5-"2:->"T*:>9"*+><"P-"HZ"\C"3+9",5-1-2*1-",5-"G3.."*2"
,5-"!Z"T315-39.B"T-;C5;+C"3P*:, "!Z",;G-.",5-"+:4>-31"2:->B"T*:>9"P-"*+><"!KZZ"
>P./"82",5-"2:->"2*1",5-"G;..;>-."T-;C5."K",;G-.",5-",*,3>"T-;C5,"*2",5-"T315-39.B",5-"
G;..;>-"T*:>9"T-;C5"3P*:,"UZZZ">P."*1"E/K",*+./"'5;.";."+*,"3+":+1-3.*+3P>-"T-;C5,"
2*1"3"G;..;>-/"

"

" "
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33.2	  THE	  FOUR	  BASIC	  FORCES	  

E/" B2G&R+38&5($&125+"&"4&5($&*51$3%5(*&"4&5($&@$2M&238&$#$,51"02%3$5+,&4"1,$*&=38$1&
"18+321)&,+1,=0*523,$*-&B6G&N(25&8"$*&5(25&125+"&6$,"0$&=38$1&,+1,=0*523,$*&+3&
@(+,(&5($&4"1,$*&21$&=3+4+$8A&

)*>:,;*+ " g3h"D1*G	  '3P>-"==/!B"T-"\+*T",53,",5-"13,;*"*2",5-"T-3\"2*14-",*",5-"->-4,1*G3C+-,;4"

2*14-";." 11
2

13

10
10
10

neticElectromag
Weak !

!

!

== /"8+"*,5-1"T*19.B",5-"T-3\"2*14-";."!!"

*19-1."*2"G3C+;,:9-"T-3\-1",53+",5-"->-4,1*G3C+-,;4"2*14-/"

gPh"[ 5-+",5-"2*14-."31-":+;2;-9B",5-";9-3";.",53,",5-"2*:1"2*14-."31-"Q:.,"9;22-1-+,"
G3+;2-.,3,;*+."*2",5-".3G-"2*14-B".*":+9-1"4;14:G.,3+4-.";+"T5;45",5-"2*14-."31-"
:+;2;-9B",5-"13,;*"P-4*G-."!",*"! /"g)--")-4,;*+"==/H/h"

33.3	  ACCELERATORS	  CREATE	  MATTER	  FROM	  ENERGY	  

O/" L=77"*$&2&!W &,1$25$8&+3&2&6=66#$&,(206$1&#+J$*&4"1&s1000.5 25!" -&N(25&8+*523,$&

8"$*&+5&0"J$&+3&5(+*&5+0$&+4&+5&+*&512J$#+3%&25&:-T::,A&L+3,$&5(+*&8+*523,$&+*&5""&*("15&5"&

02M$&2&512,M.&5($&71$*$3,$&"4&5($&!W &0=*5&6$&+34$11$8&41"0&+5*&8$,2)&71"8=,5*-&_"5$&

5(25&5($&5+0$&+*&#"3%$1&5(23&5($&%+J$3&!W &#+4$5+0$.&@(+,(&,23&6$&8=$&5"&5($&*525+*5+,2#&
325=1$&"4&8$,2)&"1&5+0$&8+#25+"3-"

)*>:,;*+ " @.;+C",5-"9-2;+;,;*+"*2"X->*4;,<B"T-"43+"9-,-1G;+-",5-"9;.,3+4-",13X->-9"P<",5-"!W ";+"
3"P:PP>-"453GP-17"

( )( )( ) fm 0.135m 1035.1s 1000.5m/s 1000.3900.0 16258 =!=!!== ""vtd &
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33.4	  PARTICLES,	  PATTERNS,	  AND	  CONSERVATION	  LAWS	  

!=/ " I($& 0! &+*&+5*&"@3&235+7215+,#$&238&8$,2)*&+3&5($&4"##"@+3%&0233$1U&!!" +#0 -&N(25&

+*&5($&$3$1%)&"4&$2,(&! &12)&+4&5($&0! &+*&25&1$*5&@($3&+5&8$,2)*A"

)*>:,;*+ " 82",5-" 0! ";."3,"1-.,"T5-+";,"9-43<.B";,. ",*,3>"-+-1C<";."Q:.," 2mcE = /");+4-";,.";+;,;3>"
G*G-+,:G";."b-1*B"-345"! "13<"T;>>"53X-"-M:3>"P:,"*66*.;,-"G*G-+,:G"";/-/

.or  ,0 that so ,0
2121 yyyyfi pppppp !==+== "

) ;+4-"3"! "13<";."3"65*,*+7" .cpE !! = "

'5-1-2*1-B".;+4-",5-"G*G-+,3"31-"-M:3>";+"G3C+;,:9-",5-"-+-1C;-."*2",5-"! "13<."31-"
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33.6	  GUTS:	  THE	  UNIFICATION	  OF	  FORCES	  
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34.1	  COSMOLOGY	  AND	  PARTICLE	  PHYSICS	  

!/ " R+38&5($&2771"<+025$&02**&"4&5($&#=0+3"=*&0255$1&+3&5($&X+#M)&N2)&%2#2<).&%+J$3&+5&

(2*&2771"<+025$#)&1110 &*521*&"4&2J$12%$&02**&9-S&5+0$*&5(25&"4&"=1&L=3-"

)*>:,;*+ " '5-"3661*_;G3,-"G3.."*2",5-">:G;+*:."G3,,-1";+",5-"L;>\<"[3<"C3>3_<"43+"P-"2*:+9"
P<"G:>,;6><;+C",5-"+:GP-1"*2".,31.",;G-."!/K",;G-.",5-"G3.."*2"*:1"):+7"

( )( ) ( )( )( ) kg 103kg 1099.15.1105.110 413011
S

11 !=!== mM "

O/" B2G&N(25&+*&5($&2771"<+025$&J$#",+5)&1$#25+J$&5"&=*&"4&2&%2#2<)&3$21&5($&$8%$&"4&5($&
M3"@3&=3+J$1*$.&*"0$&9:&`#)&2@2)A&B6G&N(25&412,5+"3&"4&5($&*7$$8&"4&#+%(5&+*&5(+*A&
_"5$&5(25&@$&(2J$&"6*$1J$8&%2#2<+$*&0"J+3%&2@2)&41"0&=*&25&%1$25$1&5(23&c9.0 -&

)*>:,;*+ " g3h"@.;+C" dHv 0= "3+9",5-"]:PP>-"4*+.,3+,B"T-"43+"43>4:>3,-",5-"3661*_;G3,-"

X->*4;,<"*2",5-"+-31"-9C-"*2",5-"\+*T+":+;X-1.-7"

( )( )   km/s 1002Mly 1010Mlykm/s 20 53
0 !=!"== .dHv "

gPh"'*"43>4:>3,-",5-"2134,;*+"*2",5-".6--9"*2">;C5,B"9;X;9-",5;."X->*4;,<"P<",5-".6--9"*2"

>;C5,7"
( )( )

cv
.c

v
67.0 that so ,67.0

m/s 10003
m/km 10km/s 100.2

8

35

==
!

!
= "

!!/ " /381"0$82&%2#2<)&+*&5($&,#"*$*5&#21%$&%2#2<)&238&+*&J+*+6#$&5"&5($&32M$8&$)$-&K*5+025$&

+5*&61+%(53$**&1$#25+J$&5"&5($&L=3.&2**=0+3%&+5&(2*&#=0+3"*+5)&1210 &5+0$*&5(25&"4&5($&L=3&
238&#+$*&E&X#)&2@2)-&



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"=E"

#=U"

"

)*>:,;*+ " '5-"1->3,;X-"P1;C5,+-.."*2"3".,31";."C*;+C",*"P-"61*6*1,;*+3>",*",5-"13,;*"*2".:1234-"
31-3.",;G-.",5-">:G;+*.;,<B".*7"

( ) ( )
2

Andromeda

Sun12
2
Andromeda

2

10
4

4
luminosityBrightness Relative !!

"

#
$$
%

&
==

R
r

!R
!r

/""

D1*G"A66-+9;_"$B"T-"\+*T",5-"3X-13C-"9;.,3+4-",*",5-".:+";." m 10496.1 11! B"3+9"T-"
31-",*>9",5-"3X-13C-"9;.,3+4-",*"A+91*G-93B".*7"

( )( )
( )( )[ ]

11
2156

21112

106
m/ly 10469ly 102

m 10496110
Brightness Relative !"=

""

"
=

.

.
/""

&*,-7",5;.";."3+"*X-1-.,;G3,-".;+4-".*G-"*2",5-">;C5,"21*G"A+91*G-93";."P>*4\-9"P<";,."
*T+"C3."3+9"9:.,"4>*:9./"

!K/" B2G&N(25&?=66#$&,"3*5235&,"11$*7"38*&5"&23&2771"<+025$&2%$&"4&5($&=3+J$1*$&"4&1010 &
)A&I"&%$5&23&2771"<+025$&J2#=$.&2**=0$&5($&$<723*+"3&125$&+*&,"3*5235&238&,2#,=#25$&
5($&*7$$8&25&@(+,(&5@"&%2#2<+$*&0=*5&0"J$&27215&5"&6$&*$72125$8&6)&9&X#)&B71$*$35&

2J$12%$&%2#2,5+,&*$72125+"3G&+3&2&5+0$&"4&1010 &)-&B6G&L+0+#21#).&@(25&?=66#$&,"3*5235&

,"11$*7"38*&5"&2&=3+J$1*$&2771"<+025$#)&10102! ;)&"#8A&

)*>:,;*+ " g3h");+4-",5-"]:PP>-"4*+.,3+,"53.":+;,."*2" Mlyskm ! B"T-"43+"43>4:>3,-";,."X3>:-"P<"

4*+.;9-1;+C",5-"3C-"*2",5-":+;X-1.-"3+9",5-"3X-13C-"C3>34,;4".-6313,;*+/"82",5-"

:+;X-1.-";." 1010 "<-31."*>9B",5-+";,"T;>>",3\-"1010 "<-31."2*1",5-"C3>3_;-.",*",13X->"!"
L></"&*TB",*"9-,-1G;+-",5-"X3>:-"2*1",5-"]:PP>-"4*+.,3+,B"T-"Q:.,"+--9",*"
9-,-1G;+-",5-"3X-13C-"X->*4;,<"*2",5-"C3>3_;-."21*G",5-"-M:3,;*+" tvd != 7"

""
Mlykm/s30 

Mly 1
km/s 30

 Thus,

 km/s. 30
s103.156

y 1
ly 1

km 10469
y10
ly 101

y10
Mly 1

 that  so ,

0

 7

12

 10

6

 10

!==

=
"

"
"

"
"

===

H

.
v

t
d

v

"

gPh"&*TB",5-",;G-";." 10102! <-31.B".*",5-"X->*4;,<"P-4*G-.7"



$*>>-C-"05<.;4." ),:9-+,")*>:,;*+."L3+:3> " $536,-1"=E"

#EZ"

"

 km/s. 15
s101563

y 1
ly 1

km 1046.9
y102

ly 101
y102

Mly 1
 7

12

10

6

10 =
!

!
!

!
!
!

=
!

=    .
v

"
'5:.B",5-"]:PP>-"4*+.,3+,"T*:>9"P-"3661*_;G3,-><" Mlykm/s15

Mly 1
km/s 15

0 !==H "

!H/" L("@&5(25&5($&J$#",+5)&"4&2&*521&"16+5+3%&+5*&%2#2<)&+3&2&,+1,=#21&"16+5&+*&+3J$1*$#)&
71"7"15+"32#&5"&5($&*C=21$&1""5&"4&+5*&"16+52#&128+=*.&2**=0+3%&5($&02**&"4&5($&*521*&
+3*+8$&+5*&"16+5&2,5*&#+M$&2&*+3%#$&02**&25&5($&,$35$1&"4&5($&%2#2<)-&c"=&02)&=*$&23&
$C=25+"3&41"0&2&71$J+"=*&,(275$1&5"&*=77"15&)"=1&,"3,#=*+"3.&6=5&)"=&0=*5&\=*5+4)&+5*&
=*$&238&8$4+3$&2##&5$10*&=*$8-&

)*>:,;*+ " A".,31"*1P;,;+C";,."C3>3_<";+"3"4;14:>31"*1P;,"2-->.",5-"C13X;,3,;*+3>"2*14-"34,;+C",*T319"
,5-"4-+,-1B"T5;45";.",5-"4-+,1;6-,3>"2*14-"g\--6;+C",5-".,31"*1P;,;+C";+"3"4;14>-h/")*B"

21*G"
2r

mM
GF = B"T-"C-,"3+"-_61-..;*+"2*1",5-"C13X;,3,;*+3>"2*14-"34,;+C"*+",5-".,31B"

3+9"21*G"
r
v

mF
2

c = B"T-"C-,"3+"-_61-..;*+"2*1",5-"4-+,1;6-,3>"2*14-"\--6;+C",5-".,31"

*1P;,;+C";+"3"4;14>-/")-,,;+C",5-",T*"2*14-."-M:3>"C;X-.7"
2

2

r
GMm

r
mv

F == B"T5-1-"m";."

,5-"G3.."*2",5-".,31B"M &;.",5-"G3.."*2",5-"C3>3_<"g3..:G-9",*"P-"4*+4-+,13,-9"3,",5-"
4-+,-1"*2",5-"1*,3,;*+hB"G ";.",5-"C13X;,3,;*+3>"4*+.,3+,B"v";.",5-"X->*4;,<"*2",5-".,31B"

3+9"r &;.",5-"*1P;,3>"139;:./")*>X;+C",5-"-M:3,;*+"2*1",5-"X->*4;,<"C;X-.7"
r

GM
v = .*"

,53,",5-"X->*4;,<"*2"3".,31"*1P;,;+C";,."C3>3_<";+"3"4;14:>31"*1P;,";.";+9--9";+X-1.-><"
61*6*1,;*+3>",*",5-".M:31-"1**,"*2";,."*1P;,3>"139;:./"

"

"

"


