PREFACE

This solutions manual was made available when An Introduction to Mechanics was
published but it soon went out of print. Nevertheless, a number of copies have been
circulated privately and over the years some errors have been discovered. We have
corrected all the errors that have come to our attention. A word of caution: These
solutions are often terse, more terse that we would provide today. In the Second Edition
of our book, which is under preparation, we plan to provide solutions in a more
discursive style.

We thank Gilbert Hawkins for preparing the original solutions.

Daniel Kleppner
Robert J. Kolenkow

March, 2010



Chafi:er 1

(a) -;*3 = (2-0-5) ; + (-B-H)J - (1+a.)k - 7¢ -gJ + 7A
(L) -A--ﬁ = (2-5) { ¢ * (-3-:), +(7-a)k = -3¢ - q.J + 5,4
(c) -‘;-6 = (28 + (~3)C1) ¢+ (T7M2) =
- i jk
U\ Ax;- a -3 7 =-|s¢”+3|f+nl
g I 2
- ABcos (A AB L GY=2)+(1)(-3) + (1)(~1)
cos(A B) = *C;%—"-@ B - - —
YY) 2+ ()2 VERYE+ )% ()R
= -0.90¢
1.3

-A‘ :’ Acose-‘= A=
- A

= i!\ -ACOSG-3= Ap
=Ak = Aces-&,’Ay

A= VA +AT +AT = A V=Ergmep=
Hence -{‘1-,33-4.‘/! = )

E L Y o - -B~-A~
JA-B1 = |A+B| hence 3 (‘//
(A-BY: (A-BY = (A+8)-(A+8)
A*~2AB +82 = A *+2A-@+8? AvE

-2A.8 = +a’d8 = A-B=o



&

|

b

)
B - -lin el
C-c'm

0l 0} >
g !

-

> 1
+
>} >}

oy

\./

’7\, w) ®
o ©°

-
e
“B) = A’=B*=o0

B

l\
(2N

e . Y

At+tB+C =opo
=]

0}

>

i =h el e

0= Ax(A+B+c)= AXB+ Axc
Hence IAXB | = IAXcl
AB sin Y = AC an/g

B_ . £
S'\n‘e siny

wl

ete,

= (,3-2)4"4-(&‘-\]4\;

o
M Ny

A . on A
= (IMNces® ; 0-(13(136"16’]

o>

@ Similar ls g - oS PiA‘-s;ﬂ Pf
> X

A A
a:b = (1)) ces ('9"9’)

But & - ‘l\; = (rose')(ces?’) -l-(SlB-G)(-t‘fnf’)

1.8

= 0 (:\r\'-r(dhﬂ ~(1Yhy =
o

I> 3>

-—

A o

‘B‘ (2 R, *(Nn., = 0
® b | 2

Hence n,= - /3 "'l;,sanel h3= 5/3 s

IR 4= Yrrengend = Im,l J(3a)* (%) +0)>

n, = I%g}—' and Hi = 1——1(-‘24"'54 *’3"‘.)



— e G s See e Pume G Gme

VOlume. = (A cos 'C)(BC sfnP>

= N-(8x<)

s

/u€$)

r. ~+ X(\"a-l") = (iI1-x) \'" -+ X rz

=
5

>
n

L1/

A= B+c
B = Acos &

B=(a-a)n
C = Asiné

—
-é‘('élXA)xA




=> VA- + iTA
\TBV (T"T - 4 T, -T, 2. 2—_-—2 2
v Te - 3 a (T = 4 q [T
= = £
3 7;‘;__1-3%
113 z=hev, (+-T) -5 3 (¢-T, )
Z 5 dv O’L-&-V.Ta—i'ﬂta'
But Vo = ‘\/'l';
-]
A Henee h= =1Ta T,
L (T2 +T,)




Dickance wmeved LS center s

related 2o qna'e of relatien
k_’ x= R &

chce .)e= QA= R.é. - R«

r=r+R

A 8

—;:h_—'.h o—

A ra + R
a vA R

R= 24Lsthwi f‘

a\= 2Aw coeswt ‘A

Hence

A

VA=' \/B... .z,(q, coawt ]



Svt s=- t V,T

Qoce QAbrak Y

A
Hence s = 27 T

Qace + abrak

T = ):Q'S (aece+qbra,<) ]Ai

Qe 2 brak

-; .
- . & 4.2 me /e
aarc =1l1xre ’ ™me /Sa' abmk kxlo /s

T i.s \-n.-u.um.nz-eJ LJ Mﬁk:hj abrak a s ,ije as
rossible. T . =38.7 s

LY o

17

« A . A A A
(a V= vyr+ree = 4%tr +are

[ Voo s
v = V(e)2e (2.8 = Vs5=2 w/

.. . . A
(v) >_ (¥-rg) r +(ré+are) &
= —2r R 4+ Q)W) &
a = YD+ ar = Wb/ ™ /s

6



— A
Jd& a= -Rw' v
rl_‘_'!j act)
— e -
“ “) WAL da’ = -12ldo o
A (-3
ac) |
v -~
2 — .92 _ 13 424
a jerk jerk=ax = lal g3 2
—
r

F;\‘ = -Rw" &

Y = Re.- RS!"G’
‘& = RC l—-cese)

= R_é- Recos© &

%
7.( = V-V cos©

.’i = Rsing g=Veing

= X= Vwsm O 3= Vw cos &

t?'
l.R0 _|__9= :<'..__..
C=3r 2T N -t
‘ v
@) poxt sext o
e 3
. ~ .. A
a= (Fr-c&)t+ (vé +2rd) & =
- i_‘é'k" A 5 ot A
a= (7 5""3""‘57\"’ ©



3.L¥
(b) a=3- XCE' . o when tu 3
Hence qrao when ©& = :‘t} ___. = J'E' rad

(c) &= [0-26MT +506]

lacl=la_| becomes l1-26?| = |5¢|

For 9<'J_—_.- _{ -6 = 5o

e™ -5+\l’§ = 6.9 vad = y°

2
For 6> 263~ =50~
" = o= 5.*)’"'“;5. = 2.69 rad = I5H°
1.21 Let Y, LG 'é'l.g ;n;'éiul Vcloec"/_qf

Y= (V’ cos @)t
Y= (v, sine-) £ - tqt®

Let rvock hit slope at £=¢.

Find valve of © which maximizes x(#).

+= x(&,)

f‘(b.) = (V, sine) i‘,

- gt = (lanres) -

Bet yh)= ~tan P xt%)
=> X&) = ﬂz(cos’é#@n? *m&‘.ﬁne)

J \ x

* f \ 3&..)

\q‘\ ()
{

/

:,ix"(t )

V2 coc'e

Mammu:ln_g xX(£) as a 'Fvnc-#mp, of & Jle/aé

tan (¢ ) = tan(Z-7)
e = 774 - %/a

may



R B A A
2= o= (L 2w
@ ¢ (& wi? A 34t 4)
(b) r = Vdt = ( ____” A 43 -A)m
SV ' 5 ¢ o .‘
() - :
€ ] 4 k
U £é , 2e%\2
T"xv = s lo ° =(-§?+T§)L
W,
IS e
4 A
- - t
Y xVv T 750 k m'/s
‘.z,zl T  —d
L) M‘ q
i |
,\Aa 3 -T = Ma-xa. TT +
- = j.( swmece +he len 'L‘ﬂl of M
A T s*l:v-\'nj “53 const. la
M.q = (M:"'Ma) %u M. g
. M3 _M_Ls;k—z—-—-
X = = X = GCmerMa)

M tT*Mo,

9



(3)

10

\sa 7Y X—>
a N
m F
N
-
M
TT -rr
™q Mg



EXS)
Inaredn'en{'s mos+ Iike/_y to fall from "'OP

\mQ—N - m R
N=wmg-mRw?
N=0o a2 criheal rpen/

N
g u’crlﬁa ‘S/R +1‘n

m3

(a) TN
F-f=Mm,a F "
‘F;‘Ma:*M F*‘ 1MI.Q
[ [ >
F= (_M—:‘)'f M, £
Boi F= anN=_ums3g
Nence F= (M—‘:TA?)/“M,‘Q TN
M, 4:l
’ lM\S '
F ""F'=Maa F’ Ma
f'= M, a

F'= (MiMs2) f
But F/S uN s, g =»> F'S (M—';'A-'-:-‘—!)AM.,:

E’ Analysis in Proeb 2.7 E =M = =
g re = .’7‘1‘ F= (?—)2‘1 =2216N

11



EX]

Ngin® = Thg N
2

N cose = mYy, /R

&
tan© = 3R/V} ——;—
R = _!’_Z_i:né- ™q

3
2.10

= = N{ fcuxso* *°°

R
_B- '/g g\ R J?.
R = ( q  _1 ) _ (9.8) (2.64x10")
e (cwx10%) #mr2 |~ €62

2.
T
L. _ —L “r
Tz ~ M+, = louss
L a _ces‘l-S “50(
(T )i = mtim et oS

vy, i’“&

T = ml w? “"1 fow
— —————————— -
le s — X =

12



=)

F ""/u,v'nj
NHence a= % =47 . F

|
|

vV, = LA T, where T i FHhe
Eitne for cloh to be /pu//ec/ovf,

'F=/“mj '~ Jlt.‘e_c‘élc.ﬁ S‘I!ou.n-._

a’= - teg . -
Vo= V- gt
G lase Cevmes Fo Jrest at t’a?-" ;"\::?’
ELt £r | (s =
avels a § Fance Se Ve 1'—', - 'é/ug i‘.
L w2 —_—<
DRy T EseT

For Se < '.-'5' feet

2 ¢x)

T (2)(0.8) (22} T < ¥ second
2.8 T T S _
<t t 3 N
M, M, \_/ /
xT N‘!’ v I\' 4 A
t '3 M’S 2 .
T T I
. A 1:
4
1%

13



/
y+j+1'+ ALa+ A"+ Xa

et = Cons £
[ ] ] =
Hence X, = - "‘a/a,
e ( -Mm
,S,olvfnj v X, — <L Ma .)_ 9
UM+ M,
4
ENTT -
. m T
T = MA)‘A
= s(' | -
T Mg B E . lMcg
Meg =T = Mcx -
S LT =0 ( Mass legcs Pu”'ex) T § ) _r,
C‘V\S éfal':f\*;
Xe= Xp = censt.
)"Cht‘e *e -— x.P

(7‘}5~ XA) + ( XP~XB)= con st

#ehce. )(A+ XB = 2XP=:2X;

SQ‘V|“3 ’

Xp= —e e d = MgMc 9
A [2mamg v BN * MaMCT] S

%= _"_"_6_6".“_"_.3 %, = & (MyrMgdMe g /o

14



=]

r <

!

A

3
-
_‘

2
€0 |
-1 v
2—S [
=)
u;"'_»g—’z
o
v
")
Ao
| I
[ «

X, X, *33 - /CHJ £’1 .f J‘Jr‘cnj = C‘ﬂ.ri.

;5,—;2,*23 = o

T™-fF = M,;E, I;"/uM.J




27l @ N
N = m™Mqces ©-
'vnasme-afs/alva/ulhgmsé //e\.

‘Hence tan & 5/“
tan G'm’ =-/a

(b) fees®&+ Nsin® ~ Tﬂg'—"'o
Ncese -fsine = wma

F= N it slipping lim'd

gﬂ(v&;\j,
cos© -/u.s'nra
q‘m’n— = /uus-e'«» S ind ) J

(c) Nsin€ - ‘Fz oG = WJ’-"'
Nces® +-rs”ln-9' = vyQ
‘F 3/” a?t limd

So'\u‘nj‘
c.es«e--r/as}ne')
a‘mav = (s,&e ;':/-'-“8'& j

2.8 F F

|22 tO! F 4y F

RF+M- Mg = Ma T l T

QF-N - ’ntj =2ma L N r '

S.IV'IHJ ) “s f 1
_hF J

a = M-o-vn-g

16



I‘Z"7l Berc.uso M8 ;S

: M, [—>T T
"motl.ov'-’e&l" a// LoJo'.r I
'
que 'é‘/.e Same ")er.tiﬁh":/ F“"’M;
acceleration @ . 24_2--,- |
v M
-
| = Maq ' ‘ —
MBS—T=O
= M-Ba' T
F-F"‘T=M|Q -E-,:,
~
im inake T Pulley halde
Ehm'm“hj {F’ K 42 exe: 3 forc:. T
e M

FlaT =-M,X, N T -

T= MyX, , Y
F'= M3 X3 . F l
Maﬁ‘“‘T = Mgy X | ‘__11-" e +
Censtramts: M, Lﬁl

X, =Xz X

X, ~Up by = /enj-ﬂ. of string

O N O I B

- MaMz 3

ae
x.—:
b |

CMM+ MM+ 2MM M3 ] e X,

17



&'.3'—" F/ 4 =

F
m X
- ’-.:(7)0. M = —
Fl= [me MR Ja m(£-x) X
7_2 - AL

Selving , F/= (vmEomx & o (1~ e F)F

2=22| Tend Tend

(a) -11;“4"'1'9"’\” \/
Tnd = w

28iné
Tend
= = -—ﬂ—_‘
(b) 7;1‘{413 7;nd coso LEane 2
-> TmidJ’e
|12.23
Ae

Thward Crce = 2T sin =,
¥ ariF = TAs

Tae= (AM)rwst = M _.%_;;—%.wa’

M‘ewq'
Hence T = )

18



==z#] N

. A6 1
Inward Qrce = TsinZzg + (T+AT) s st

o

S at &2 = Tae —
Hence N=TA& .r"
Herisontal forces ar alse in e,u;lil’r;om‘
(T"rAT) cos %'- Teos A_.% -f =0

£ = ar

Assome repe & o verge of x/i,:,o:'o_or.
Then

-f=/-¢N

AT = ccT 4€

L= uT

T, e ]
dr de = Ta =7 «°
Sre LR brsgmae BT

E=5)

GMm*

M M

Rried T = 3L = a7 V%(—%)a m= ETRpP

lbe want r as J'm:l/ as Pes:l"/ng’ benco make r=R

Then 7;,;,,' =% RT/G/‘

19

'(ar)a’Mrw" @ @
w= VEL - VTsE (@) i



[o.ma‘ = 2a2ag4 /e for avai la L/c materals . Then
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(@) k ke
Ax, = F/k,

Ax, = F/k,

Bx, . = ax,+ax, = F ('/k +/k,)

]
Vencc kGFF = F/Ax*. =

t ( Vi, V/k,)
w= Vi

4 1
- V“' (k,+ k)

k,

(b) F

F =k ax

F. = k. ax ! 2

Ftot. E*fi-(ko*ka)dx *

uence k"q‘ = "‘1‘-&& and w‘, = k"::ﬂ-
‘
E.?Z , N
(a) <V

™mg-N = wmv* /R

N canret be nega-A.ve
Hence pO“)le Flhes of€ £

mY® > mg  er v >TRg
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(L) £

While in contact N
N-mgcoso = - mVv3y/ R
with the conditrern N=o0, ™
we must have cos€, = VQ/RQ

There is a wmere :'l-n'vvent’ conditor, based on f=_uN.
£ = mg.ﬁn-& = _um (3«:"9.-\"/;:)
Sine® = ucose® —ev/Rg

L'Ct/‘SI
VUse ceso-sin® = Va ceos (,.a-.-.%)

Ther N
ces (@ + ) - r"f ‘7;!;
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0= w(r —rw?)

é:—" = rw*
d i

This e’uc':'-f.eﬂ ic saticfied ‘_’
r= A ;wt - Bewf
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V(e = ~wA+wWB
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[2.3%]
() °=a6= rw +—‘N"w l
w Y
Hence S %utg= = S a#r Y
‘00 rO
. . r, \* -
which  (ields w = W ( '13') = w (ro-v-l:

b)) -T= m(F -ra?)

"
T= mrwi=mw? %
[ "3

EER T

‘(a) -N-‘-"-:‘?""; v
-£= mlé-:mg% becavse v=lé
£= uN
d v
Hence ?.E"'/"/T
v
dv. o - AL d S T
VOV"'- S‘ AL t = Vo —¢. fg—*
v T
)
0y deo ¥ N/l
dt ~ X (,.,./c_%_-b) == o =e, -n-;L"A(H-
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m%_-Fz- Let
Yo o

- -V, -
L (™ °)— Ly
V= = '

T e
2.37

Ncoso -‘mg:o 2
Nsir® = myw = lhr(a%'r_)

kan o= -;-(31}.)&
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C Ha.f:i:er 3

EXT| £,
X = SYJm = S _% Y’cl’x
M x
AL e E———
S;%XSJ‘X -, — -1
£%n - ez
X = _{3/’ - %-/
t<ca ¥
@ a V‘;_ia-ﬂ
M
Density = (ka)(V3a/2 )t t : ——__t—
= M E a- 24 i X !
3 a*t =
2a
- M a_
y MTS a2 g (a- "") 3‘“’3 =23 = 5 ’ri“
— #*|
]
-R-.l= z‘;'}\m." R, Re “a
ﬁa= iﬁ'l maj Ra
My
R* - 2 t‘.1 JmaJ =
M'rM_,.

BH] <M Felloews the or‘s‘mﬁ"
ﬁrqjechrx . cm GﬂJ bﬁt'b
masses land sim vféqneou:!'

becavse nitial Veloe.n'l-c'\'.r are herigzenta/ . Whern m Inmlaj
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at b, em is at 2L, Thys 2L= ZmG) + m)
Imtm
S""'“q y A= 9L/3 ‘F\rom Tle launch stotion

55|

At lse]?\ft h sPeeJ s V= lJ\L’--;ﬁ—h

Mv = (M+m)v’ m 5(-
vi= MV _ ‘5 ey
= M+m is the new \nrHa.,

Ve\oc'd"j a-H-er \’nehke:( s F.u'.lt&luP_ VT “

)

Pair rise am additional )!e'(J,'!'t

2
VoL (M \a
aq  3aq hﬂ-M) (Vj-.23|-)

]E I\'nme;“al-efj after collisien with “‘”di’“.?a ?\Q"e:'
Velec'o-f'j s reduced from Vo to v, = My, /( Mtm)

M= wnass of lenf,
m = wmass of Scmc")aj

Re-\-ard;nj force F - (0,.¥)(250) +300 = 400 /4s

v= Ve’-qr-l: where a_= F/ (Mt wm)

us""’fs atl £'= Vo,/dr x
Distance of Zravel =S= V,'-L'-";'.,'ar i'qz = V,’ /:m._

S=(_::_V\;;,)a'v: (M+m)/F'" = _k%b;; ( \;;v’*)
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2500 ( 26‘00 ) (

s = 2750 = X2R5¢0 feet

oo

B

While block #1 is in Cen'l'ﬁ-ct’ mebiory of Lloe" o s 3;\'911 LJ
X, w L~ -ﬁ coesw it where w= ) k/ma.

M, X, +mMax
x = 18 ara - _... °o
Cm ™ +mg m.“.m" /( coys ‘O*

Bloelt L loses C‘Oh"’&et w‘.tn K“j, Thee occurs at wt" ‘75.
AfHer this time the €M wmeoves at a constant velocify
Vc,M. VCM canr Le AunJ 'n'ﬁhh );, and 5(,_ at f'_

™, X, 087) +my, X (4) ma wl
Vem : 22 = (m.-c-m,_)

m + g,

3.9

InHal velocity v, = T2gs

Tmpolse = mve = 50 Vaxeexop = I9g kgwm /s

)

Let ™t LC 'L—‘g ameount —_ Vv > V+AV
of sand i box car at dime F F
t. Awm is the amount m(tﬂ (8
. M M
released in time AT, Am
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%= (M+m) +am)( v rav)

pP. = (Mi-m(t\-t-Am) v
L

Pe-P, = ( Mevmed) ) Av = F 4t

= (mem D)5

dv= FJdt
M+wm(E)

Let gm = —af

de-FS

te first order

=2 wmt)= m-<%

= V.F= E"/&(l-‘-%)

M-t—m—-d:
3.10 _
Bl o -
(M+bt)yv-0o=F1i
Ft

V= M+bt

( Me'b“\oJ s
mcommj sand centribules

Ve ' od Leca.use,

ne herizordal memerom) )

30 p.= (M+am ) (veav)

o=p-p = Mav + am(v-u)

M
Weme M5+ :'l* Lv-v)=e

and Mdv = (Uv-v) IM =

Alte rnaflvely,

30
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SV dv _ SMo"'Bt M

U=-v W W lu‘ck X‘lel(lf
M,
v v ubMe
v= '+.%’i- dt = (lo'ki-Mo)Q
312
>Vl
P; = (M-«-AM)(VfAV) am[]
P,= My+ am (v+u) M M+ Am
B v +av
o=l}_-P-= Mav- Aamu A
¢
M,+bt M +Lt
V © o
f v = G > veuk (G
(-] M°
V(looy= & /47 (a‘)o::;:“o‘)) = 083 m/s
ENEY|

Separator between skiers = (8XC1.5)= 7.5 m

Hence there are _;'oso - 23 ,/3 skiers on the 'éow,

ave roje. . Fo rce to /:H ohe S/:ier I.S

(1) 1.8)(sm20®) = 2B N

Teta| 'Qrce 4o 'ln Q.kiefs =( 'gé)( QQS) = 3'30N

Must alse add the force N‘ F
/

heresSQr_c{ te e—‘\anje m°men~lum

of skier FEa (70)(15) _23N o

Total Ferce X 350N Y 70
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[3.74] In each cose the flatear is at s final

velocity as the jomper parts company | he acceleration

af+ter jum per leaves,

(a) F""-""O
Pe= MV, t N (v -v) =o g(v v)
Hence v = (N:.':M )U N'm O O

(L) Asseme 1 have a‘rea/_g J'um?ecf So ﬁ{of S'peec/a-p

Llatcar s \‘f“
—p ‘-\'t

. . v
oo I &%
= [L(N-{-Im+tMTV,_ + m(y-v
P ( i i ) (N-{=D)m+m
j*' (N-‘)M'FM J
m__ * oo cm—
Hence VL= [NM+M+ (N-1)m +# * mem ]IJ
m m
(Y B.t Vor [2on * Nt Nemem Ju
Hence v\, > va
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=E]

@) Mass of )scmgn'\g

for'lz‘ton = MX
4 y X
F.= My Fextu;)= 23 X ¥
W= M(V+Av)
Fevi(drat)= %‘-(tﬂx) |
< —>
irdt Max &t X V+ AV
MA4av= = dt = X
t
r E? ‘ ¥+ AX
dy _d3x . q x M
HQNCQ -d—E-- a.;x; 37 ._Zs X " *
Y t -yt —_23(,!1'6)()

k) xeca=+L, = ., A+B
X (o)= 3 -
X (o)=o0 % __Z_A %’8 = 0

Hence A=B= 4fa

31¢] A= mass fomt length = _71'_"!_23'/4, - "%:‘g

wheve /o'= wass Jens'n-’-] of waler
AP = aP _ = 2v7at | E

A?; transferred 1o I’SJ"‘”'L is at 4s®
as shoewn and has Mcnjnrlulc 'F’:)V:’At . T
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Hence +he -f. rce on LJJrqnt s

AP - 2 R
At Va'Av? = -"r,—n_":-/oo v,

‘gz;rm\sferrul F
“so- ) a PQ T % )
,ra.Pm T

Bl  water speed ab heght h is
V= Uvo"‘-?jh

Assome wakr Lounces eld-..s{'u'clﬁ N
$rem can. Then F = 22 |i l
mayx |

wheie Av= Av, = (dm/dt)o
h

Hence w= 2 -:-‘l%ov and HV.
-

h= v oW
d
21 g (FR),

P=mvV Ol .
’ v

Pe= (M+aM)(V+AV) -
PP = mav + (am)V = Mqat 1 . o
Hence Mg%"‘ %—M{ V=Mgq F=mq ." .< | .>lV+AV

or ML+ kM= My e J'-F;(Mﬁ@g
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c—ld{-: j-kv"

As V increases '_:‘,__‘Z._ Jecreases and tven-l-ua//_.l

becowmes Zero. MHence at dermimal ve(ec'c-fj

q= kv; oR v = 3/,

ren evrwy

319 Force on 1. Square cendimeler = 7\\/;'

=(%—‘%)v = sx/6¢N

=2 Tetal force = C5°°)(5¥15() = 2.5%/6% N

Whey Low\ is \'mav'wj onarc/J _c_/m lXID

= dt 5
and tetal Force = ‘b?)ilo- N

-£

3.20

d d
g Ji’ "‘”dTm =—h"3-ml>v
™ HE o0 Y= —mg-mby

%'YE -+ LV = Y/q."j
-t

v = Y,ub-i A e /b

Cl\oost.. t‘lle c.n:"-en{: A

sockh Fthat v(oe) = 0O

- - /b
Yu-3 (. )

v= e
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Charfer Y

Eﬁ=hqz

i
E{_= mﬂc.m)+45 my> "—\
2
N+ mg = B Ni
™3

f N= mq, mv 3= amgR .

Hence EF= 3'"3R= thz —
% Qv
|

= 3R

] EmEMY |
E; ;,—-W; - IMS Xofx = -J"MgL..(""‘
Bleek cCoemes £e res? w‘oh J-‘-'I-.. -J-(k*MjL)[

2. My

= < k-o- MSL

Lass o": mc.e"anc:ea/ enerjj Ja-MjL—(.z
- _Mgb (.
k"'Mgb (aMV)

LE] <a3 my= (Mem)V

(NWm)V
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(b) E; = L(Mem) V?

E‘, = (M-Hn)j((l—cos ¢) ‘ :(?'{_ )
v:'= _73,( (I-Cosd) V_—__—T )

v=( M:,.,M) —023-( (1-cosg)

]

£, = *"JA n
E; = mq(h-R) z A
+IMV v Lmy? | | m

}lth ce

o= AMV s L2 mqf

B% ce nservabion .f m°"“3“""°'n ‘V’ =\_’v
. “ M
MV = -
™ Ve s )R

5|

-F=wm ('\"‘-(‘éa> ,,——~/
¢ o P

0= C& +2AC & S~ -~

= rw+aArw
ar F

[
2-)— = - a——
(F8)

Hence % - ~ ‘3'__—‘: 2

hn 0= —aknrr ne oR O = T -
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‘ea. 14‘- L
w= Sl’-”-clt"A = wm S (¥-r —'—%)‘ ) dr
Z, r
4 : !
= '&H\V:'(taB"‘;mVrl(‘b.)-i-'nl' w?(a[aﬂ- :44)
2

R 2
Bot _”.L{ﬁ.u.ﬁ -‘,wa- m
al," xa'ﬂ- =

2 L 2 2
Hence W= (Jsvnv:ct,)-t-'i"ml:w:')-(";mvr(b,)+am—< w‘)
W= Kk&(s,) — KECE)

B
=z

m—

N-hnﬁcose- = - I&l% /
Contact s lest when N=O o

™3
From enerqgy Cons.tclera'l.l'ons Y,

mq R= wmqRces&- + =mve
a
lR- = 29 C 1-cos©)

Contact is los t w‘t."l
-qces‘o = —-23(!-:‘::&9-3 = RcosO =

R
Hence X= RCI—:.:O‘)" 5
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7]

Vertica | force on r‘mj”'- T-ANcos® -Mg =0 v epuilibriom,
N -wnmgecose = -mv?/R -

83 conservaton of energy
maﬂ = Emy3+ mq R cos®
‘_“%:z = 2 ""3 (I1-cose)

Hence N = Mal (?cose-a,)

Rw\j starts o rise w‘wn T=o0,.

Imyg (2-3cos© ) cos© = M_? Mg

The mawimom valuve o'p 2WesO® =~ 3CoS?™® occecvrs af

Cos© = Va. Hence the r-ivn will ret rue LRrless
(RRmY/z = m
™= FMm

Angle s 3.\\'6'7 bx 30:&"6' -RCoS© + 5—':—“"—,‘ =0

- Case:r-g...v.#___‘%n_ Y

 r——

e/
| kx*- '5":1; = 2f(x; +¥e)
(7;*7,’:)(7""7;) - "'tkf (7‘:'0-&) C’

A amplitude = X =A = %—f — %
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(b) Block comes to vest when k‘{Fg ‘F or k_r_"-" £/ k

Hence UFR/k = % -f/k
= -k k - or kx,
nTow ("?' ') w £

%9]

- ol
™V, + mV; =23V

Total .'herT] available = ]t a"{h'lV.a* i‘mV: = lam)V

Vi Vv, v
-
Vis L) e & QeSev RS A
gut \_;= .'-‘a'C;:-r—v;) m

Vi= V.V = £ (vAVIeavy,)

Hence we reguire "5,‘(\{,3,.\/:)4-% =-',;:(v.’+v’ -o-.zv.va)
or Qm = -FE(v+V?-2V-V,)

This coendition cannet Le satisfied becauvse Q >o
and the Pijb"; hand side 1s = O :

let Vg=V -V, V,e- v
V;‘""—' VEi+ VY —av iy, cese 20 v
2
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LI

()

(b)

(l) T‘F = T K = A

(2) A‘l: Vl'oa amP""-uJe s A° . Hence, new

Avnph'ue bd A..
(3 E= %k (amphhde)’ = XkAD

Hence E‘m"l'uil =z El:un/

(1) T.r'—‘a-rr"te_:r’”_! = .)!\_"F‘ﬂ."zn T

() my=(Mrm)v' [!*_‘\-IT" o
v'= (Mm)v

= kA; "i(Mm)v'ae(%Tm)nga
= () LEA?

= A‘,‘s \)EE- As

R R

= ('rq-n-M) X kA:L

]

\E((]

Avn hes the pan with sPeeJ
L (am)v® = (Bm)g x

ve Tagx
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It delivers mementum (AM)V = % u23x ax

szrqgo 'rbrce,J\N 'Lo COI'I.‘;.NS

ai
= 29 ..;".;3- X
wecjlrl: o‘p elm’m ory Pqn - _Mﬁ)g
Q l. o C - gM
Re Jnj -ﬁ S‘c’c —eﬂ X 3”54'

= 3Mg (.31.3.}_3) for 0¢t < 1344 My +

== Mj ‘F°" * > JZIQ

Wl Sret(l at 'W\fﬁet = vo = 23

rf At = dovatien of l'mrac‘é N

. Alernate Medhed:
— Lo / Vse Imyr= Fs
F = a"“V.

S
= m - (18u)(150) _ 2
5= E . _&,53#_ S TEs Cuv(i5) 14 /L4
©OoR -ﬁ = 5

l #/’-’71 =2 Safe Zeo JreP
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(23] b _ = Iy,
Fro-el By, 2y
(a) f
v €
oR —-‘;‘ =\ = r=r

Uk = e[:(% “-‘2,( )]:-e
(B wn Ve s= %

a1
d2 u:a(r:'s)r:l GAC) TS = RE€
= ‘.a, r. .- —;-?- _] l"f
“<w = ja ]’ E/mra-
%14
Y= -GMm _ CMwm - -6 Mwm
(a) r r Yaz2+x%
6) Ltwmvi-o R&Mw o Lmy2 - R6Mm
Tasrqa* Vaz
vi= v2+ "'GaM (’"ﬁl—:) = Vs 27:CM
() W= J A Me
k: ﬂ’ = %GMm N
dx2 |4 as A m
— T
b= |RGM/,3 il R




T
. r

@ v= -SF' dx
= B x+ A/x tcenst

(L) Let const =0

) o= 5’%, =B--§§
- 1’47‘75

3
(J) w-m wLete ‘c-- i.xoég‘ = o ’BA/

e JE (B

P
Fi] 5o 4B = Emy*. &) ':")(n,cf/s)».

= avra25 fi-//

P= 21225
550

he—3 "7-5 A""f-we"

el e
T

F = f+wsino £ o
" Y

w

= W 05'-0-:4}1-&)
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E = F-Wain€
= w(o.08 481‘17'9\
5 S

~o 0.05"" 0.035
< ( ) ie

(0.25 *r Sir6 ) v
0.05 ~sSin® i 0.05~6.025

- U5 mr’a

d

l’f.lgl He leaves The 31‘0\)'\4 ot Time TT
F F 2
w=[5-9]T, =- s[E-a]= AT
P= FY,.=F[2
Vo

METHOD ‘
7“- Y, = me h - v, = \1_2’3—1: ={@)3) (3

[.,:3'?"5

= 129 Y4 s, = L.sft
F = YT_;,I_‘E.+M3:_"_‘_§;E+MJ=M%(.%:+D= 480 b
@!80)('39) _ é,, Lr

P -
P 15502_2-.) -
(h+5Se)

METHOD 2 ¢
P = -A_-E. = ("Z_ ™Yo + ""550) = m—-/’
st T —— T

T= 2% - (BU5) _ 02165
VO )3-9
\7}‘\0: (10)(3+15) _ 1 bp
(550)(0.216)
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e mm 1) z
ST e 2)
Se ¥ S < ('t; -,—,‘: srnur!:-j-}_) di= (-m_ C“"«’t‘i'jt
° o
Fo _ m
5 = J(.:‘ (_.‘_..ﬂn- _3}_‘_ )
'Ds.-.,j Vo= JZjl; — -(23(32)C33 = 13, %¢ -f{-/: and
so= |'5 ‘F*, $.|v¢ -r.r w qne’ FO'
w= 996 s
Fo = 742 /L

Fo .

Power- P= Fy= (ffcoswi_)(t ™ s wi -J‘L)
= F:o ( “:; _F.# Sy wf casw~£ ~jt6¢8wi)
= P (f-: st Wt ceswl — mg w—tcosw'b)

wm

= (19.92) (942 smwuwtcasust =/€0 wt Cesw'l:)

. ~
Power is a TMaximum at wt = 077

= 7230 F//s = /3 A.molocwer

™May

‘E.QD | Comsider a ™mass \/
5 —>x
4
N,

.-F- soand Am. .—’V
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T—‘-g mem.en*om °[ f‘g le /£ and /'/e 'éran:fo{eJ
Sand dees net C‘ﬂhjﬂ m At

AR = (am)y = Fat

The rc.ma'inh:? power IS noeded do wake vp Lo e
F" t ; ‘1.- nea / . /OSJ‘e; ®L {4¢ Sa ht/ 'Jh; ‘l'a {/, S/;Je.r
on the belt

LEIN

(a) Ap, = (Am)yv, = Fai

= d dm - dm
F= J8Vv. 8. =730

F= 2ava

e
]
V

°<

F‘boh‘ = )Vsz* )34!

‘b\ Powef‘ d!‘t'Vf?GJ = Et.t VO = -Avogh;‘js Va
E= =X (23}\10‘1 - P.levnél'q/ energy
: = (3. 4
Petenteal Cnergy S° 931 C’m = '(o J )3(/3 = ﬁ N § ).:{Q

E =~ ﬁ)s Vo&“%jﬂji



T‘erg ) neo Jréerepqnej wc'ﬁ'lg “C jrav;{d'ﬁl'ohql
part of JF ( conservative Qrc-a. ne Jl'ss'.Pe-'L(o'u

of mec kanc cel enerj ) M ec‘mnuq' enerj:( u' /e:i-
in the c."tscen“ of one Par"' of “0 refe U-H"'lt
'L‘\C h-e\t -; 'l"n'\r\k .'ﬁ #AO "QP‘ Qs a c‘clr( .-p

links.

. évi

23| v-= v, —qt y ' v,(1-e)
= 3%
*1 Cacl-e T @Vo é
T = aV,C"C) - =2V ("e)af
b ¢ N
= a;" (l-c) [If-(:-e)'-(/-e.)’q.... j

T = ‘3-3!' (i-e [ ‘_(,_f_.) 7:- Yo ( l-c)
EQS V.= Ej-‘; *vm
( M-m)v,= My, + MV by ©m
§ 2 Vo va

L (Mem)Vi= iMVA}"'aM\_{n @ @

s.‘\h.nJ ng ('— %) vo - _,a_ vm

a
(o) V2= M EG-B)v- B v T e mid
= Moy R0 0 e

"

- M
AmV v, + a——-~—‘-' VoV, * ™M Vm-i.

&R v‘: -.Q_vovm-gvg?.:ro
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ay, +
O EVCTD S P

Vence wmarble  rices do /«7,{{ H 7;-'-0»; l_,

| B cellisiom : o
{\ colliciony C%_W

N\vo'= MYV

vi= L v,

E, = LMy %
E'= & Gam)v 2= £(EM)- S am —> v’

A it he cr;Jl'nq/ t”"JJ ;.: J;;;,P;JgJ I.rr A’B to/ilc;on-

AB-c collisiom M :
M M

IMV! = 3M Vv’

" —_ de

" R _

E'= L (3m)y" "’3"($'Mv,"> =M
)‘Ience '5‘5;— ;‘ E; = ";."E" Ls c/f:;,'paw‘co/ ” e :ec.nc/
Ca/’.tS:énJ e/l'v;o'eg/ Aefl—ueen C and 't‘/e "Ll/lc" cars

M
EB25] wv,= my” - my! mo— ()
2 v
‘&-‘T\V,za ‘smv” -‘.:—mv,& Om OM
e
L -
amy'? %(imv.a) v —v’
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Hence Ve = _eé. v/ - ivo
A R =¥
Ve m VT ey
Solv{nj %-.;- 5
m 4
' O—p € —
1‘2«6‘ TnVo"MV" M! vo
!
_Aﬂ_’ = MY, M v
= = X 2 <o
+ —
"5mv:'+-'a- My = -;m-,%_—*-a My’ m‘
. - i
go\vmj , Ve = MV 5 V= = M Y% 'Yé’.'

/
amyv a
= — % Ces &
myv, = Raz RS

27| ™ 0—\;’0 O =zm

)
%—‘%—M‘ = mv’ sine 2m
A-S&‘uw'\mj the collision 4o be !’.[Q.S#c,
K50
Emvd = & Gm)y'® + Lmv"™ )
. . &
So‘v\nj , Vo= vY (sin-o +co$-6')
V= ve( sin“e-w) ™ o\ v

Hence sin'e+i= sin®@ +cas’e + o25imGcase = / +sinDcos®
oR Sin-G = Rces©  tan© =2 = o =X £3°
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22| Um Tm

(q') T\"qns(er 'Lo 'blle O_-> V O
Cf M system: He L¢
Koy 7
m
klv=v )= TVe O’;jv <V—Q
Vo= v, vev = qv

Erergy the C Sj‘km s E = ‘.-La.'(ll-mXV-VC)2+-‘:‘;

.= [ @ *('2(.7)] Lyt =(_ZZ.)J. (om)y*= 72 £

All  +the ehersy in '{—’A-e (- SgS(Qn can be vsed -Qr
the reaction. At "Are.fls‘\afcl,

77 —
= o, 2.2 MeV
E, = J/'l" Mev
1
At

H\rc:“\o/c/,, nevtrons are Preducec/ at rest n tle
C st‘siem Se flaof 'ﬁl‘e_t{ /)ave SPeeOI Ve In -L—At LSJS‘bn,
Their energy w L IS

E, = Ewmv' = _[{_qé_;) (ﬁqu)’-’%)f(/ﬁm) v

= _H_
121 E‘.t.

E = 0,45 MeV
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() 4y =+v -i00v’ tm Tm

O—=v O
v’edom On.—? v

L =
L(4m)vi= L mr2 o, Lliom) v'* + 2.8 (MeV)

s’olvih‘j N w-e 'ﬁﬁJ

£s (Mei’)
v =& vV 24V 5 -
oR Vo= Fv * v 10y — ’?_—-ii‘,‘ (MeV)
22
There are ne real reodks DnJ—:'l II?OVQZ QanS_éL(MEV-)

sR  (560) 5 (un) = 2ucuMey

L(em)Viz £ uMey
(‘L‘\Ie’s‘rolc()
There are two 'gt ward velocies

i+ (é’V)'1 = Jlaoy?E - :21:“_64_{ (M“V)

or (52¢8) 4 (krn) VL R4SUMeV

L(m) Vv £ 467 Mev= E t 0.27Mel
z

Tl‘:e ’é"veo j rouP: a'ﬁ ‘gru.uarvd P\"GjECJ'eJ heo~l-r~c>.s

represent neotrens ffe\iecw «z O° and !80° 1;7
the C Sjskm.
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_ aP ™V, myvy
(a) F = T, = /32~ = —-
At (%) <
(b) ’
E o o— ¥
—s Y gy
In Srame in which  wall s s-lc-horvqrgJ we ’mvc
o—>
(v+v) (v + V)
Hence n L frame v'= ('V'"'V)"'V= V+QV
d VvV & Awv =2V vV
it T A T W | M
-41 = iy _‘.l;b = - ij_‘[ = - _Y_ V‘-.F.E‘ﬂ;ﬂ
dx dt dx V d x °
Henee dV - o
v = —>
n v = —Mnx + Ane z
X 2 2
E _  4F _ ':?hl__, = MV = hj/o- /Z
At = 4 v X )(g .
x._. s} x C{W
P RN PN
4 £
A
A2, -



2 = o
e
AKE = E-E = Tmv - FTmy® F
= 1 mvag? _ 2
.50 —> MW Moy
m Y%
(v’-v°3 vc
lab frame CM frame
(@) m(v-v )= MV, vev
VvV = mvV, /V e ‘¢
y n+M e
e ¢ m+M Ve M
V;C-r- vcl + (Vo_vc\a'._z ch .Vo-Ve) c'bs(ﬂ" 9) ?F /<l-v
L3 v 2 2 ] ° e
VF =(-—9——)(h +M+*3m M ces 67) Y
m+M c @

o= () (et mtn cos ©)'

by K= Ly’

()
WL |
K-F= 45"“‘{:'= amvs (m2+ M*+ 2mM cos &)
(mem)>
KO—K; 1 m*+M* + 2mMcos @ _ 2mMm (1-cos &)

(M+wn )2 (mem)®
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CLQF*CP 5

= — A A A
(@) F=—qu=-§§,;-32§’.J -2 g

A o &
A
= "-'ZAXL“-?«B&I -2CZ k
(L\ -%.‘: -q_‘.:‘ = ~-Ax LA - QA_“ .A_ <A Z ﬁ
xz_._jt-e-z-'i‘- X:'*:!"' z-z..\ X’*J’*E"'
— —
( - - -2U A _4 3 3
-
F = 2Acese f__,_ Asin€ 2
rJ v3
‘5:2 - A
A ¥y A Z
3 : . =
(@ E_""Ar:=-Ar3('§""rJ"'rk)

A A

= Ara' (Xl + 3} * ;£ )
Co‘-‘ E = 0 L:I direct CQICU’G'AQ" er U-S‘;nj é“e
tesold ‘&I..,‘l' all Ct:n.-l-rc/ l;rc,e; are

conservatfive

— A A ~ A
CvrlF;, - ¢ .13 k - (‘-?-Bx-.zBJ) L %0
% &
93‘-31‘0

—,
}kneo F i »eot

b C-n.ﬂ.rvn"-'lve.'
(L) u, = Ar'
4 °, 0
O
ém‘{f? * L/a.(°a°)- Emvt -1, 0,) = ‘g Fb.dr

11
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0

o

( S‘JK-'X{JJ)

]
A -
Bei U (ede):' (] U‘Cp‘,)a T_" (ﬁ) = A

i
x®
= )

11""‘7‘4 so +that
Emyd = Imy? +A ~ Bg'x"'c/x -SSJJ_?

£
= h\V. +~ A - 8/5 + 8/4.
4
Hence V'F = (Vna* 3‘7‘% M _537871-) N
E3) _
() Corl F = (&naé) corl B, = o bocasce +he
<curl oiaere-l--r acts enly er sPa'Hal coocdinafes,

The werk areuvnd the

\\ indicated clesed Pa'l'/i is

C“PVBJ

(b)

Zere over +the

qui bot wnet Zere over

/ the S'h'a.'cs'-.i Part, because
-‘E bas a different

Ynajr}.+uJe at 70° and 1801

) F R
F Lecau:e.

y JOQ& Ne m.rk
F.dr =o, Hence SEJ? arovnd

a clesed PQ'H-; van:shes and
the ferce F 18 censervative .

<l

56



" : ;‘ k
(a) courl —l.:: = A % aax' g‘i = A [(1"1) :]'O
z £ Y
p= - A (3x+ ,C(:h;))
l o _ a2 o
54 A 3y Az
£ = 24 + 3(!)

3% = -Ay AT = -Ay
Hence 3=O and H=—A(sx+:{z)

L 2| ALCxzxg)i+-]
XjE XJE XJ:?.
#* ©
. « % A
() ol P = (5 Ax’sﬂ"e%;- S«Axsﬂ"'c ) ¢
+ (a-eA“x’“jscqz -3-¢A¥zgse *) LA
A
+ (ISAz’ﬂ“' e¥% - IsAX*y* e " )j
- 0

w 2 X U= -Axaﬂsq,%z-l--;zj.,%

ay - s
3%~ 3A7("‘J e

3 &§ xXZ

= -AX«i e

c
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(d) cmrl.f-; - (-( Ax cos C-(s} Sin (ﬁi)

—-ﬁA’Xﬂ Cos (e(j\ Sin (5;) ) éA N

#* o

5.5

-4
(d\ Us Cxe = const.

The lines of constant petential are
T\\ien Lj xX= K EH where K= cowst,

.

N7

B dF= dxi o+ dy |
Aleng « line U=censt. dU=o0= Ceﬂc/x-c’;;%_lq
Mence dy= 9’% and
df = dx ([ +]/x ) along « hne Usconst
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(c) V_‘ Cf-ab-xa-'yl‘]
— -
v

U.dr = cdx [e-‘l-cf‘j =0

.6
By Stokes theerewn § Aedr = S (IxA) -d5" , where
dS is an element of the sorface Lounded L-'l the

cloesed centour

If NxA =0

§ A-dv =o

Hence A s ma*'\ema-l-(ca/{g a»alojou.r to a conservothve
force. S ince any conservative Fforce cam be

u,‘-'..ﬁen as the 3rene/ien'£ of Some Poien'l';c/>
A= Ty¢

571
dU GM.m -~k Re\2
1 --L - = -~

Fé- r de ?- [5-“'”0 ("r") (660&9.9-"-9)]
F

The feorce JiquPeors ﬁ r

at ©=0° and ©=%0° o

%/ SMem| = (seis*) (T = Leaxio™
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58
d
wx = SO FxJT =0

‘l"°
d 2>
W, = S Fydy = A(ad?) (Tdy = 2Ad
zaJ °
Wy = Sd Fodx = =Ad3 44 I
4=
; =1 |”
= - Fody = o
Wy ), Fyey L, .
xX=0 b o
Hence W_‘:"t= Ad?
CEN I .
xF = -
EE = (#Ax-2Ay) k
Af-‘lAY‘O

= §F. dr = { &F. ds = A §(ex-2g)dydn
= Ad g wxds - aAd gdg - IAdT-AdZ = AdT
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Chap'l':e.r 6

- - ol
— - -2,
r.=r+r’ R v
i R !
P. = mr, = mrs =p.
F-l m" d r" ¢
—l:'= 2\:.'7,‘*.'=z(i-7-§)x§f
Jd U ) 4
= StxP -R S T . = _
—El:‘x'l RXEJ- = L siwe Z P =o
(b)
T= SrxF
At
F=F'
T'= ZVv'xF’= Z (T -RIXF
J J . 'J-. J
' = ZF:xfj' - sz;z‘ = T smee ZF =o

The tetal qnju'cr Mmementum rewmains ceo nstan?,

Irhal ar\gulqr wmomentom = (M. + Nss a?w, (o)

A A
Anjulou- mementomy at Fime % s Jiven ‘.’-?

(My+M . =22) atw, *+ (Mg+iz) L"‘cus

N o te {;l..-t wA= wA(O becau:e i’le sand exerfs neo

h’-?u. or drum A as l.t /eﬂ ves.
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MHence

(MA+MS) a."wAtos = (MA* Ms-')t) a"wAlos + (MB* a) L’wa

= wy = Ata? w, o)
(Mafmb) b*

€3

. [y .
The vertiele camp-n«eni of unjolar hremendtom L 5

constant and egual te iits initia/ veluve ©.

(@) Ahjvhr moemenfuom of "'-?
abevt PllVOt = mlv-22RwWIaR

Ahjolar Momen‘l'vm o'p ':\n.g' P;"*j
- _IP"& = ~ (L +MR)w = -2m R3¢
Hence

mv-2Rw)2R = 2MmR2 e

w = ™MV
(Mm+2n)R
=0
(b) Le..:
Hence
L = L- L ® o anJ W= |
Rl'nj Boue
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6.4 The ceniral .}L,_.—-————' /"R
3Yav'u ‘bq‘t;o ~a l -ro vee w-er‘l;s z_ E5R M

ne éo-—c've’) hence L= const, v,
©
L= (thosin-e')SR_=va

G M™m
33 conservatiom oL energy E = i‘me - 58
= & Mwm
= my -
= R

Hence v= Sv,sn o
2. QGM\ - &M
vV, V3~

e/ sSnoe = -E"\),

6.5 N.+Na= MS Cos &
£+f, = Mq sne

To rwue O.Leu'ﬁ CM :
o= N'/Za_Na. ’(-‘I. + ‘;'Zl-‘-é[l
= (N,"'Alg) L, + (Masin-e-)f,

S.'v“"j X N, = ﬁMg (c°sé-'§; Slhe-)

N:‘ = i" MS (Ce.s-e' + % S'.ﬂ‘e)
For the j.,',,,-n rommerical valuves 2
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N; +N,= Mg

£ +f,= Mv?/ R

Take torques abevt CM:
o= Nok-N, L -(F+£)L =

= (NN % - M":‘L

Solv(nj) N. - i_ [

inside

. .
Nou*-sulc 2 [: Mi +

E don """{A"““}-—m dx = (iiﬁ )xl'x 4

Yea V;

'8\3_”@ Para//&/ axrs ﬁearem} x—» &M

(4%2/3) o) _a el
8T = ) ga v ady = (52 dm -

I2 V3l/2 | D e
T (2 Eﬁ‘i)]"‘”'x — Vs
B - T A h
— EML !h""xm—‘i

|2

i‘-& I Censider the SP,\erc. 0

to be a stack 'F Jl'SA:.
dr = 5dm (R2-2z2)

dm = ’\T (R?* 12)"’* “(I-é-§>(Rz Q)J;

64



X
Le.9] N, &

N, +N, = Mg léﬂﬁ éi'&%]
| M

N, (L+x) =N, (J-x) l 5 %
Hence N, = _A_:‘:g('_/_v;_) — A —— LA

X
Na.= ”_"53_ (l-l-/)

L

-F .F = - - —=_K
Horizontal Ferce = T,-7T, "/(N, N,_)
M
Mx = - 213,

J23
SHM Xmm X, coswt where w = 4

Gl T=(5+£)R
= /“(Nl‘*'va.) R

(MN+w) T2 = f7F ~f7E = Mg

N, (14u)+ Na(i—a) =1z Mq

_I_J_L- - Na""ﬁ,‘.-fa
= =

M3
N ( 1= e Y= M (1 -1-/u) & ( for horizontal eclm!.)
| 1+
Solv;nj y N,= \}z A—Aé- (T;/%)

) -
N =T RE(A

a = ]+

T A
Hence L = HMj (_——-:_:) R

1+
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-~ ..4.‘2-
Us Zo o2 > F
dw _ FR
dt T,
ER
) = (::. )t
FR
e = ch/ia é‘(—‘f){-a’
At t=¢£, , = /‘hij L Aas !een ﬂhwauna/,
L [ ERR 2
L= re = Z(5F)4
£ = ]’QLIO
o F‘Ra'
w = w at £ = i;
- ERr - RLF
@, z, to = ""I'-:'
2
2LFE RAXE%X /0 = koo
Henee I, = 5 = (0.5)% i

N beel.vn wl// net re faﬁc -

-r
A, A=
A !
T
M;g 1",
Reguire M, 3 £, T + .r'
M _'T' = AA& @
?ﬁ = M M . |
T'-M3g = M3z 1 3
l J M;A'LB- Ma,ﬂ

66



7-(gv,c" kAe conc(u'él;n ‘teemes

] ] Ma*Ms

(a) Ferce " cen-l-ra[’ Aence qnju/ar- TMementuimnm s

conserved. Mevmmentem and Cnerj_lf o T/ C/‘qnjg

becavse of QPPh'ca’ ‘Qrce. : g "Fc/’(__ # O
L=wmv,r= my R VT a # o
= VoY
¢ R

(L) ;anulqr hﬂcmeh‘,-um fs not eo,’-..gervecl ACCQWG 'CPGQ l.:‘

Mot cen{:ral. Memf N"'UM‘ ./“e e/q hjg: Jl.ncﬁ

S? dt * o bo 2 QhQrJJ s conserved Jeta.u.r-e.

== -t v
STw{r ~ (T v st = o
T
Hence Ly =% m ia.
=Y
F £ £
f =1 =
6T B v
£ Mg
@ T=Mi= <
T Mg=z _ =
b =T <« o = — =3 = = 2
(b) T T T mer 2 7
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6015 or-_-__- €T —

Take torques absvd pived
—Mngt.n'e" - I'-é'

s (ugf)e %o

w= 1Rt =5 MR (L mp* M.2)

= M(R%L2)
o= g

Ra,,,/-t
— = 35 = 2T 4‘37“‘
€.16 w = “Jz\-‘%— (Se.a proLlem “.15')

Uz ing the parallel aais "'AeeremJ IT= 4% MR M

T = =% = Rz/a -&/"
= ﬂ____.j - ,
- 4T o L ! 2L +/
g4

'Hence 2,82-‘ -852:'"/%
= FR_; The pivetd peink is i Fhe L.ag, of sk
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-
-T;ke brq".s G.L.v‘b r.nlot. I/a

T=rTeo '(/:'

T= ‘%’!-F,'(*m_gésiné .

TS _k(£)e - kL' rmyg Lo

= (kL bkt Lye =,

- N kle
£ 2 £ F=2z=

»

me
-

= 15k
o V‘m- =

g
P 4

Ce———

(Y1 'g

T=TIe&

-mgq -éo -mqloe=Té

£+ et
x
D eM) L3 M2
r= FwmlLi+ LMR+ML? T= =TT d ~ R
(2vm) 92

If Jdisk is en a free Leqv-'mg it does nel contribole 4o
the retatianal metioy., MNence

x’= Emlimer T'= RWV(%"*M)I*
(R+m)g<
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Ehergg Me‘ﬁ,’oJ: E = ('rngé -I-Mgl)("'COi‘ 9)
cTLE Ml (smpA M) ] S

Snce  F e coms?. , # = o

ae

=> 0 = (hngé +M3():lh.9. + (:;L ml:ﬁ-i‘Mqu-Mlz}e'
as above. xf iéd is -fr-ng e éervn

'i. ( J:-.' MRIS _9’.-2 :Aou/J e £ JG ;nclule/ 1;7 E‘

&l?i

(a) T=z '9’
-C.e. = (*Mai)é

(L) ”‘“—' Temen? o-ﬂ ineréee 's i‘MR2+MR2’=§‘MRq
C
Hence w': V—a"—?—_M—é" - E;'— w

1r [ J
At ¢ = /qu ®=~o, & = wE
: . 2
I'n—, mleqv/g-/r ‘Q'Are co//l.l';er, . L s I'e = 'aLM R‘O‘%
Aflerward L=I'6'= 'g." MRQCUIG," cwhere @’

)
is the wnew “W\p':-‘-ucle. Becauvse L ic mnservec/)

+ 2 = = 2 / l
I MR w-&o = MR f'f-wﬁ"’ '% -6-I= &
° 3 .

70



,i:= ";‘3 -‘-'M"g‘é-”' Y&
2 Py N ]
h Y
Mg-F =Mag= M= 4 V= ".-f*é-

E(60°) = Mg £ cos (s0°)= A—’—'%—{

F(90°)= £ 1 ()= LM 26>

Hence ";'Mja.é-q'- _A"_g.._’.l

5211 fR=(TMrI=<
f= SMR< = ¥ Ma

‘:or r.ll\‘nj w-"’uub :/J‘Pf}nj.

N = Mgca:é
Mg sing -F = Ma = Mgsine = EMa

Bui Ff/uﬂ = e Mg cos®-
—5-: Ma s./usM Cese-
J%Mg sine < /Mj(‘o.r-@- = fan & - 5 e
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(@) O =iV ~rwd)
¥ -rw*=o0

wt ~w#
=T Ae +8e

wi
Wence rf B8=0, r=r e where ¥, =rco)
(b) N=mao.=‘1m(a.i~w) N
wt
= 2wmw (r we )
2 wt

= Qwv™m W roc

(c) P= Fyv= Tw= (Nr)w

Fwt
= 2mw" ra' e

KE = £ wmvi= Lm(F+ (rw)’)
wt
= Tm(rds W, rrwte )
- mrozw‘czwt
KF
Te = ammwdt = p
¥ T
[EE : ;f_
¢23f 'S -
) Xty = *(;"' R &- a
-x-.ro. - . T -T- lPM
J " |
+ ‘ <+
Mag- o
(b) 4-T = Mma mg Mg

Mgq-T =MA
TR= 4 MR3%«¢

3 a=(§,’:’,,,"3.)3 A= (;’;m) x = (37n1-M R
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‘-2“" g.'é‘l Jrum.! All‘“ "'""'O'ﬁ“’l
the Soawme omjle and ere'\Qﬂ:.

have the sawme O.v\golqr acceleration.

(The torq_us about Lhe centers ape :'Jen'héal)
X = ,{o + ARG

}:A:-’(’-R‘(

Drewn A: Mg-T = MA
TR = 4 MR

Drewn B8: TR=2 %5 MR
M3= 5/4'- MA

A= Zg9

S'l\';“‘j »

<14\

E-F = Mj‘-, = Mgls.m&

Z 2 2
Henee A= ToeMv 75 Vo
Mgs;’ne q sin®
¢26¢| .=
E; Mj‘w
Aflev ‘Fu”;'nj a ’we;s‘ui LJ syeeJ sV
E= ftmvi+r £T6%
= A 2 I —
E Lmvie § mvd o= -é,_-(M+—%,_)v"
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_ amqh L
Hence v = [ _—LM* %a- ]a.

FO\' -3 un;gfm -SP]\.GI’G ' —E‘a - ‘g_-. M

Fer a uniferwm CJ“'!JCV'

J

TmEEM> M
Hence the sPeeJ of He srl-erc s q/u.aass 3rea+er ‘
than the Speecl of Ehe ejl:‘nclcr a? a J;Vf'v A‘"‘""ﬁ

and the Srvlpere reaches tHe ‘a%m 'nr:i'.

-FR‘FL =(‘k MR-‘)"(.
_’
= L MRA T
(lverause A""R.L 'CQr Yo”n.'o R
< withost slogine) 3 F
W oy ‘FP'ﬂ'
Hence = F F (+ %) £
Buvi ‘pﬁ N = M
P v
Thes -5‘(11-3‘% S./-cM_? Mg
F = 3}41’43
max ,(“%”‘ AN

\‘.:l? ( Fis considered 2o be jwe'q)

Fcose - F= MA (net wmeeded)
r Sl'n'e“'Al‘Mj

There s ne 'EenJeuc:‘ to rotate

wher ‘l;orc'uc_ = O

Hewnce Fb = 'FR
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Also, 'F"/ad/ - (Mj"F'Sl'ﬁe) becavse Yo Yo 'S

not rofo.-yan: .

By consevvation of

Q\"\QY‘? ‘9 R

MTL

A

-

2

L N\VP [i—r 2 (:'E)lj

2 M%Jﬂ

(14 %(—Eﬂ
‘fMg-L
(e

it

{ 2

Hence
f\l\\v"F2 =

75

Hence FL = (M3~Fs.‘n-e-) R -
oR SR € = 'MMJR - Fb
~FR
(a) TL= (EMRYe=4MR 4
M
% = 32 bﬂ. l
)+ R= \/ A
Mg
(L) F= Bp . 2MY
nt - )4
e
_2mVy
Tk V.[.



—_——
6.30

f=-MA f g 2
fR =TI, ~

Ball rolls withovt SIO.PP.Ihg when ve RS

%
viey=v, - § -}% dt

t
6= L Z

v Jecreueg and 'é inerecwe: nn*:’l v= R‘é

+ Y + t
. F R
Ré = § T - %Mﬁagm = v=yv-n S.m

Hence La." rells without ‘l;FF;”ﬂ wl-en

ot ¢
Swlpae=v-n Sta

mS fut= %y,

When ro";nx LleHS v=yV,- %’Vg = %’V’ . Afler H;s
i:n’me.’ f=0 and r.ll.’.-._? without

sl ifp:' ng ce mlinves,

Sl'mrhr .S'.Iuﬁc'o-n .

vse conmservatiory of qnsuhr
Mementurn abeuvt contact Poini.

L; = My, R s Le= MVR+ I 0
\'4

w= xw
I,= Z2mr*
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Li=bky = My,R=MvR + & MVR
v= L,

Anjolar mementumy (s censerved abeu?d P.;nl- F |°m'>oe£.
I°w°= Ibw: *'MVR

For pure l'o“l‘ﬂJ » U); = -%_ ,a-% w
(-}
|
!
Tow, = I‘w‘r +MR"w+- Y~ v

¥
To= HMRY Q
e

TMRIW, = SMR%w, v MRy,

. Y
w=w-—I S&H— ) \

wo= -_{- SF«H: f
Hence wA= w, ('JB_';)(I?B;) wB

£ continves Ffo act yntil the sorfaces of contact
attain the same Ilinear velecity: Rew

A'F = rw
wA;F”..w - (%3)(_{_2_) A'Fn\

a e o M
Wh, £,,= wo/(l*%‘i - ez = «

8 fin’
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() Ahju(ar Temmentuom alahj the vertical c/irec-flor;

1S consevved .

L= L%
- 2
- [—To _

w—f: .:L‘o+mR4) “

(b) E, = "a.'I',c.a:”-t- Thj"l

= LWt « kmyd
Lo *
Hence V‘F - V—; ((-oo'i-(-u{a) +Q,3’~, VF

Vn wp V- (Fme)” J*“j”

|é34) .

Ew yth (1-cese) + +m v+ % I ¢

Bo": VvV = R_-é-

L¢ Re- \_

2

Hence E= ng(l-cos-e)"‘a.""Rn .1,+ "‘W:L ba ©

= anR(l-—coS-éb + MR:' 3

o= %‘5’ - (MSRsin-Q-).éf- '.51')1'1 R 6

Hence & + O =0

TmR?
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&+ ‘ﬁ'%—e-=o

Hence w = J%’ -%'

6.3€)

As Hcek rocks Lof"Hmeo'L
S‘l'PP'\hJ, 't meacvres of £
odistance R©.

Bleck s S"'lee .I'F ll-he G‘F

Mg fall Within RO of
(:ew(-et-J So a¢ te Produce Q

rves 'l:cu'-mj ﬁor‘e,v e.

Unsiable £ = tanso >Re
Fer small &  tand =
)kncg bleck s onstable I"P L>2R

Vv,

\é:3¢] / b
Afder re(eq:e.’ the CM wneves O‘

™ “.,5

at a S‘-quj veloc':-lj

F.l - MV, o) + \-nhvh(e) =(
W\a_-i-ynb

My
v
“"a“‘"”b) o
The sss4em rotates and translates. Becavse X(e)so

ahsula\' velee:'l-j s C°\'\'ec'l-/:x j\ven Lj

Vo e. /"\‘V
w = 4 R R ’_'___,_.J\:,: °

Alterwate wmethed: transfer Lo 'frn.me wm whieh CM
is at rest. Sg:l:em vetates abevE: cCm. I'mmec/:b'/e{y
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after release v-R

’ (-]
L &
m‘z? ) mL

- = (Ma__\v
voR' marmy, °

Ao = (\r_:':-\-_ﬂ)'{

/l,‘(__mﬁ.- )/

\'n“-t-mb

é:’._‘“—b— v

m"\'mh o

mbv’

(W) e 2
m._-t-m‘, /a. V4

Te CmJ T, do net wse m, as an :amJ;n, becauvse i# s

d.crelera+'|n3. Go £t SM frawme,

T = me V:‘ Me //a
Aa |
\'/
a

™
vV = 5 ) vo

= (m ) v (S
T Ma m oty motmy

= ( Mo V‘a'

5_31‘ (a) '“Vonv-v.F O-V’ T 0 [

LTwmvi=EmV+ T My 24T, 00 ® ‘ % oy
2L -

A\ovt 4 L mv01=“mv;l+row l }L::

=H v= %(Vo*";) w=wmlv+v) L /T, -
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1
where I,= Tz M (2£)> = 4 M2

(we -‘:thJ
Y &Fwm
(1 'TAm')Y;a* (TV-)V; - (- %?’-)%‘ = o
which jo'ele vV, = ('-. &Anal v
"F‘ | - "-::: 0
(L) Momcn'l-u'n-. nheed boi Le
conserved because che.r act
at +<he P:v.‘ﬁ.
"%‘.M\{,“‘=‘é‘m\ff"‘--‘;1‘rw" v, ©

Take ahjuldr ™mementum

abeut +£he pPived:

my (2€) = = (2e) T w

X =i (Ql)’M
3
)"ehte O = am/ (:V°1.VF) P= %M !q‘
P

D PR € - IA PRI (R - A

- V= ("3""'/M>

f 1+ 3m/m ) Yo
IZ__.B«S’[ Lm w§§ .
wm \'/ o V.
™
mV, = Q.YHV"\'HV'F
Emvi= -;mvfz + L (am)vi+e T, 03 To=am(&)?
= L2
=

'rc;‘&-e a\ngulqr Y’namen"-bm abeu't cm
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mv, (%‘) S50 = -Yn\{‘('%{) S ll-5‘°+:l;co

Ytence V°= QV"VF
L
V= Vi savie - w?

vV, = -V‘F-f-f;‘-‘u

: = /2 V
Selvimg, o= HE Ze

¢.39
(@) The Log plank S:’:'I-em — A
Lrans lates and rotates abovt M

ks mew CM,

mv°=- (M-!-W)V Y'no_’ i xI \"/
v = Yy\vo Vo
m+M

pbi‘t"';g“ o-p new CM is at

M(‘ﬁ' =%) = mx
¢ = ML /2
M+

Take ahsular mementovorn abovt new CM

myx= [mx2+T + M l‘-f:-x)zj w
| . >4

L'i qua"t‘ Qs t‘eorcm—.

£ 2 2

™MLY Mla’ M4y

= .l -3
ia ML+ H(mem) M+
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Y MVex .. MM —/;_- v,
ence w = ML=2 (M-l-ll-'yn) 2
2 (M —Nl‘_é (M+tm)

( €V,
M+t ) — 7

w =

() The peint at rest has speed =V due 2o

Ye tﬁ‘ﬁl‘oh .

V et
V=Yw mv ) Y
= Y _ ™+M I 4 (M*‘l-m
w
ey T ) ),
. - = -
Y*ﬁx = (%— 3 m g')/( - _%,’( :rom Bcﬁ
M+v

6.ko

(a)y The \me'h'on 'S:er X>/( is 3l§len b_&

x= £Z+5b cos/Q-l: w here p = J_E/_'r:
X = ~-Bbsin(pt)
Speod of oM at ’(=1 15 —,SL

N\em-en-l-um and ebers:‘ oﬁ w‘»eo/ are h°'£ “h&erch

in celliston with the track. Take an\,ular mementum
abev t pe'm‘l: orn Erack, Tcrque of ‘P""j is Sero
at x-,( i'urque e te collision £rec Soesn+ onder
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LL= MRV:MRﬁL
LF= MR3w + MVR

= 2mMR3w

Hence w = -aé-é— lf'mmedl'w‘e/_t{ after colliscor.
V= Rw = .%. becawse V=Rw eon gear ‘l-r'a.cL:,

EF = “k’ Mva' . JiMRawa =MR2‘°g____ Mé:bz = kq'LQ

SP"‘.“J I1s Comprmed 2o a /ehg‘ff/v L

Lk (£-L) = ¢k >
b )
L-L= '%__L'— , L-/" = [romwa//. +
7 -

(L) There is no collisien in the eviward Irip and

enerqy is comserved . :Slfeed at x=.40 is 3|'ven LJ
Xk (£-0L)*= Tkl= T MV + T(MRY) WA
= MvV*
Ve bk = -,‘;/81:
l R
W= R = aRéL,
Fer 7’14 w remams constant. Motion of w‘ee/
is 3'|von l:_! x = Asinﬁiﬁ-ecnlgt
¥ "/SA cas/gf —IQB Sfrlﬁ‘t
X( o) w)

Sia=%pb => gro, A= -4

3
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X = "”i anﬁt
x = -ﬁa—"’- coes B

Whee! "{op: al ﬂt' ‘E x(pg-. -E:_J P -é-
MHence whee/ geers ovd £ x = A.—.
(c)

. L B4 .
w'\ul 0': J‘fl.nnu.v_! w:tp‘ w = aBR as % lf-/. '£?c¢‘£’

and 12 has cfeeJ ‘é—é .

L, 2 MRv- MR
= MRBL _ MRAL _
=2, =2

o

Nencé" LF = 3IMm R?w'.:-a

w’'=o,

VE=Rw=0 and whe.! cermes 2o .rec#

[

Only nermal Hferces ack ad dhe Nw
surfaces . (We Frichion ) The

posidion of #he €M and the N
q-na.,lm- Pas'o-l-;q-. are ju'ren L‘g Mg

a tfnsle CoarJl.na'Ie‘ -5

Locatiorn of CM s 3“'*'1 L‘g
X = Lc‘o.r-e'
4 = L sin®6

85



The herisenéal -arcc s 33ver¢ L_«,

”w= M¥% = ML(-cos® B2 -sine &)

Contact ic lost when N, =0 or 3= cdand o

)
Ehergg is conserved so we cam find &~ frowm the
energy €quatiory . A Simple way o ge? & 3 Zo
diffecentiate the energy epvation,

E= Myy,= TM (s‘i+ga) - = I.-é-a-t-mgg
= & m12*e% + £ (%) MLaéQ'i'Mchiné

- 3M|.'-éq'-.- M3Ls:'rr~9- (&))

D/ fferen lu.a'l-n'n_? ,
o= % M2 G 6 + Mgq Lecoceo @
e=-% Leose (3)

S’..suu.,i..‘.,_f (3 ‘inbe (1) qields

et = % %Sl'ne

S bstiboting this imto (2) we Lired
M33°= ﬁMgL Sin© +Ms§.:}p—,.@-
= %Mjl- SinG

Hence Y= Lsin®d = Fy,

The board leaves #he well whenr He '£o,> ‘u- "'I'.PP'-'J
V2 of +he wea gy de o re.
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Chmf'):er /7

€l

}
rl

Ig=

MR*

51

© =arctan £

|

By qu"el ax:s theerem‘ I;'I,'\-MR" -i-MR"'
L* MR (G +33R) = MR*.&‘?*%T:)

=]

The spin angular momentum IS
Ls =T, Wwg . Assuming that the
axle is close te herizontal,

lﬁ"i’l = N Lg along the § axis,
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The l‘-‘-‘ar?uc— doe Eo een.c.l': JP"'W\] IS 2—!9'7-.

The total !‘Jor?uc is ‘l-,(@'TJ hence

WLOT = Jlg

-9 - -n.LS
T

The linear e'bua'rwns oF moTion are
T‘Cosf - m‘a = O

Toinp = M:’__: MO x

75!’10’«2 —"4/@7"@3}3 = }(mé =

a2,
it = QL =0T o
wiTh Cosp ™~ ond sin[;’ ~ B we have
2
= (f‘.zf_)lx
P Tow,

S

~ M0 x
p ’-—wf?:-"-

Bt :xr,(’foa%/a f\»}«fL,; !
Let @0:—(’*’3)’?

T, ws
Mz ,
Tlen g = B. + I)ga/f?
P
or /3 = ;- ,,80
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l - r( ; J

The oaxle exerts a 'l-rorc'u-e T, e n 'L’I-e m’u“réohc.

w

and a vertieal Jewann/ -gree p, The n'w':l/Cf-onc, exerts
oFPo.:H-e force and 2o rque er the axle. The coup /fy:j
at the verktical colomm must alce exert a ow nward

grcg F en the axle,

TAt. axle /(s In Ver'i-t.eal e,ue'/l"r;us-nl and 'per
1'0'&0.*(9“&[ G’u;l;brcym RE -.-7:' :ﬁn

The epvations of vmotion for the milletene are

N=F+wW
7: =.‘f'_Q_=-‘5mL‘?st_

2
Solv;nj, F= '7:/R = Lt mbuwsn
For conlact at The Y'"w, ous\: = QR
Ther F = éM\“l‘”’s {2
R

= imbnt —» N=M3+F=m(g+%gﬂ’~)

k23] Torgue
Q)

v fer |
flywhee
! o) ]

' Lt ¢ 2
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I the absence Ff Lthe f/:rwkeel_’ the covwmterclockwise
{,—,,.?.,g Jue to the norvial forces a# the wheels
musd oppese the clockwice Zorque die o the
radial (tvansverse) frickion -parce.._' f=pmv¥/r . w,'é;‘
+he -F/kaecl/ +he nerval forces exert ne terque;

so the -F/jwlnel muvst exert a clockwise 'éarqve.

= L#¥, where £ s the ofistance From +he vead to
the center O-F mass . The covh"'ercloekwlsg, -éar?uf_

LE meet b J'vst‘ sotficient 2o make the

.F/:{w].g.l Freces: at ﬂc rate H-e car IS 'l-or'n'wj,

rf the f(fwln!e/ e rmovnied with i bs anJu[ar
e mgp-.-u o) :lye wqis , as S"uw ﬁ/
the terque it exerts on the cor s._)l'n
Lu'l// 'ﬁ! HJ i'o Lq /-nce 'L’Ae f’rqve @ T’
dve #o the read . If the car s voad
. — >V
turne teo the rijl,t- ms'leac/ of

the lef4, as }//vs-ﬁrq-l-ec/) tHe torques
do the Flywheel wit/

dve *e +4 e roead and dve

Lo*l\ c.‘\n hJ‘ J;recél.o-]’.

(L) 2 v The Zerque Joe *o f[e reeu/
is T=Lf=mMmv*RL
r
L ‘We requive

T=1L,3 Using L= V/R |
Mv3rlL = LsJL = 2 R w ¥

oR w= VML /mRr*
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Cou‘q "'s melera-‘-iv:g’ So we must vse CM «ag ev:tJin for
i:on,ue eguvatio .

N*™ normal force = Mg

f = Friction force = MVQ/R

L = Spin qnlecn- momentum = Ty, = é&'M'}% = XMby
N = qnybleu— JPQCJ weth w‘a;el; coim retates alout

) the ver'&ieq! ax o == V/R

Sl.l-scasa = vafe of c‘qn\re of cmjular e mentem
Cfﬂ ‘ul"tﬂonhl rlﬂh")

Te r?u..-e efua'él'en
Nbsimg ~Fbeos ¥ = SZ,L: ces &
Mghsfﬂ g - Mév—'?'b<.°3¢ = -é L mby C“¢

<
Hence tan @ = %

DY = ou_At
(a)

AV =(iw,aimlg)b‘z]’
(T w o) bt
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Th = Tcosk Rco3p = Mjkchoslg
Th = %5{‘ > M]Rasp = Tw?sinp

"‘MPNP:M:‘- .._2-.

Tow? Qw?*

The §yroscope. approgimalies, a./'”:ou]lp hot 3057’70’6‘{ here,
J i ,
V\vés The Same vesv /T,

(L) T"\e raJc’aI -»Crce is T sin=< So

Jd
2

?

where v s the radius of l'(i' fai" of e cM
Using Teos< =Mg, e find

Tsin=x = Mrw

r= "g'ié'anﬁc .

1.8 P, 5—‘; Dur‘mj the “cw_‘ the forces
i — . ‘ i olsive 'Qrcc-
¥ ac-l:mj are the v p
b \ F, I F and the feictional force
LI 'F  We assume F >> £ and
'F Lg r\eslec'l: F.
T‘-,e fcarq\.re abovt CM & T= FL'
v

vy
(Q) Tke s‘,-gn anyu‘ar mernendvrn s L:.—.'- IH(.Q =1; b

w\nere I-H is +"D€. /Mo\-men+ a‘ﬁ ;ner'él.‘ abov'ﬁ’ ‘é‘g_
hevigontal axis - MbY

FL=1, 2= me¥ 2F

A - I
%‘E“ F /v - P = v gFJ*’ My
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(L) The Nro.scopc qfrrcwi'mo tiom asser £s qu f/e
S?il‘l anu,q‘— momen“'um ;-f /4"\7‘ @MPO"CJ ‘0
ami o-H.er Com?onc'n-{:r oﬁ ﬂnjvlqr ™ae 'mcn#um .

T,l-e 'mem-ent‘ oﬁ ‘rc'er"él; aLou{‘ f‘e Vtrél‘e
anes "~ IV = Mba/:!, and -H-e vertie

CéMr,neni ..p anulqr- MOM!H"UW is .I.' 5; .
, d P
" >>TI =
e Ye, "re L: v Jt
F
e AR
= F<< 2v/}b
— N=V/R

The 'Ler-(}ue abeut <M s
t°= QLUINS P -2flfcoes ¥

For Ver’bt.e.a, e?u;rllor'cum, N =W ahd f‘e Lor:cl-ehia/

acceleratien s jwen B_a’

£= MVvYR
I,= 2€m [ qsin? - VYR cos9°)
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Tlle thula\" hnomeb"'om o-p &LQ '6'»0 co‘me[s ;.f
Le= 2w = ImLPv/L€ = I3mly

T\-u-c. rate e‘( c'umgc ff I'°".l=°h£=l/ anjular- homen’l-om as ﬁ{c
l:"ce

i:u s ;8

dbe = 9Ly con® = K (3mdy) cos

2
= - 2€M (qsuﬁ P - l’; cesﬁ’) = qml‘vﬁ'CmS‘?p

Qe ® - YF cospm T LT s o
tan P = "ﬁ;'(/"'—)

_7_:_/_0_, (q\ I'F 'H:e SP.IN ah?u,q'- memen’l-um

t |s qullel +te H-ae mrf‘: a»jﬂlar
velecc-ﬁ, &e. N then T does net
C—kange direckiorr as the earth
retates, and the gyre wl

rewain statiena ry.

The Spin oaxis 18 i’Aen at 'ﬁ"e /Q-/-:'{uJe ansle ) wa:él,

r&fe:* -Lg bllt Ioca' ‘leftaoh*Q/ ;r-, i'A-g N"s Jl.r2¢"(g.'~'
( line N".S)
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Let +he gyre spin axis be ot
anxle P with re.speei y -7 -S-ie_. T,'oe
rate of ckqwje. of sp.’n om\?ulqr

Mmomentom in the direchon A

s 13 sin P S).eg Ls P.Sle

ZIn QJchch.on’ £ I_L is the rmement of inerte
ﬂlehj the an's G-'L, the ahjuhr’ mMementom in
divection A dve 0 a e‘oqnje. in % is -r_,_f.’ .

—r,!-ere S ne ﬁerque O.lonj i’/;e Q‘L G-'A;J') So
E(LA) + Lo P=o

TA& s 'L“Ae e,uc'l:u.an 7Cl- Sl;nrle Aol‘mon':c h-n'ét'on.
T‘qg esc.cllatl'orl r!'equehcx 4':

g SL
= ‘0 s e
‘*gSe. I

wde
'i Towg N
For Ls= Lo “s , Wese ™ =,

e

Feor a 'L'l)in Jb:ck, I..L = 'J-‘i:re

RTIT rq.c//c/q_q — -5 c//
= — : r K
SLe™  geuvrots/day 13& x0T

3
. (LA
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Hence w = \/2X4.:9y103x7.28x15'5 = ©77 rad/s

ese

The Feriocl of escillatien s T = 3%7‘} £. s

]

(a) Ix:' mly*+z)= Tm X=
Ix‘i = -MZ_‘I =0 \1 - o
= - = - 4 -
T, ™xZ vy eie. Z= 3
2
9 o -6 m
Ir= wm o 13 o Y
- o x
(b) ~< x= 2ll~cos ~)
'1 =20 sin=

I
W

Z

To girs‘t order 1n = X =

y = A=
Zz =3
Tl —Heo —€
I/ ' m| - u 13 -6 )
-6 -6 H+Hx

CémPew-.m‘g lbc.'l" ‘qu't (a) we see féaf fée rncmeniygf
hertia wu-j onlj I,! jerms of acq' . The Produc+s vary /n'near&
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' Ya

N
v

©
a N‘. W
The Qrc. elt.a.arqm ;s i 'é‘/:e Q.Cce[erq-hr:r J'gs/em. W'
is the ‘Fiﬁ,ﬁt“}'f»j ‘CVCG'. W" —M-A‘. The &'Quo about

El\c f;\l.'k P. :y“k .IS

‘L‘a_- - -g sne- w' + l_."‘_' cos & W

@3 FO!' Q?\a‘ll;br'cums rd.-o
Cos & M3 = Sim€e& MA

2 tand = /A

(L\ TO Qv\alsic mo'&o"r Q-LOU.L egdafubrc‘um’ l.n"-roc{ucg a
Coovrdimate ‘Sff‘km with the Z .axis alonj the board in
eqé;llbr;u ™. The ecffective qra vitational field i

3’=\,3_’:F.

Fer smell JESPchemcn't‘ forqwe is

T= -‘;.'MS’Y

Hence I, f’= %Mj'?”

97



L2
eng T=tam+m(5)" =
Q

"j‘MLz?' ‘_",'_Mj'f’d

P-zqP/L =o

* Y4
The wmetion s L&Pt"be“o: P=9% e

where Y = @cj‘

L

|82 — A z
= W -
qj:D .
> 2
W

Cons'uler f‘\e meotion o{‘ 'f"to ":rocL Lor e a..f‘gc-‘cm

'Chted ‘Lo ‘Hac 'bt'uc.k . Thc doel- QPPQQT': ftl.pﬁ” " 'Cl’om res‘t'
n a 3(‘&\!1'&&"';0"&, Qelc/ 3’=A.

«) 33 conservatiern of energy, the kinete energy of
the doer affer rotation 'U\reojl-; anye P=T/g

‘s

TLet=w

Us'mj Ia.’ ".ngM w" we J\ave. (b) F=MR9.’2
TMwr Pt = MAw/a =M% ()
= V3A/ur F=2MmA
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For the pendvlom to peink cemtinvally teward the
earth  its angular acceleration ~’ must be egual and
oPFosH-e 2o the angular acceleration of 1ts point of
soppert with respect to the cender of the earth, <= %'

In ‘H're a.ccelera'(-ih_g 333*':’“4 the pendulom Starts to cw'm_g
in an effective field 3'= gai-a“- from an initkal cmgular
J‘iplacemen'ﬁ ?; = arctan 3&. If Zhe effective /enjtﬁ of

the e]u'uw:./enf sfmple Pcw/ulum is £ and ks mass e,
then +Hhe terque IS
T/= rng’,(sin 2  and
/

o’ = 'L"/.J:‘° = ma'«(sfnz /‘rnl:‘ z 4
= g’sfnZ//

<’
Bt s'sfn?’, =a  so l y
<'= a/tl

In order for the Pendulum to PJm'L 2o the center of Hc em-'ll’
we Ttequire «'== or %,"% . Thes =R,

Peried = T = 2 1”-3‘- - 20T I/-F-sz-g' = &8 minvtes.
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Ni, NQ are f“\e hermel ‘Fcrces eorn f{m wlacels’ 1€ and

F-‘L are the n‘c'e‘l-t.o nq/ [;rce.r, and Ma e 'ﬁefiﬁ;&u‘
force.

() T'ak{-nj to rque abovt the back wheels at He,oo'u-.é
of contact with the roqg/’ we[ave.

AMq+PN, - 4M3='o

Na_="".:M3--‘;Ma
For N_-._=0, q=23- eu fi /:eca'

(\’) If a= -j (w'a'b‘g J'lre.c‘éu;n as :‘owh ) fl)en

Since AI,-'-/VQ= Ms N A/, = §oo /‘J‘,

=] S | A w

© - f
Accelerating trame
L L l "

S
Lab S'gs-km 7_;.—. NL = MaL
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Irn the qecelem{:}v:j sg.s{em_‘ gqroscope Sees an
effective T-uv;bai.una/ lield -~ and Precesses vnder

the borgue

IT, | = |dC/d¢ | = Lé=T,wé
dﬁ = Mal - _.:‘.'M J
JE I, we I, Wy ;%

In-l-egra-‘-u'nj ‘c"ﬁm restJ we obtaim

- T,Wse
v “nz ©
L?_._C_‘ aQ 'rorQu. eguation about CM ;
N . ANcos 7 = (F L ) vierisental
(LS )H’r'taon’l'n, = LS cas P
w¥ N=W

Hence £Wces P= L Cos PR

ow

@) pPrecessien rate s = L\g

() x££ He elevater s acce/eraéi,zy dbeon at rate 29, ther
Teffective = 733 =3 (re i is 0p) | Then

w . |
&,’ - L T:’P reverses 'ts J;)’“ea,’hm c A
Ls r}(éCé$SICﬁ

101



ﬂFe‘c S
ad /da -5
Ag=R. L2 heve Jla= 0 rOC/0%% = 796x/0 tad
17 Te e @ TEC T Beuvio* Shay 2 /s

A28 -3

— — -_

+
V‘_.t MAxr

wnertial

In \'e'h'b'mj Ssska veloc'c"-x

‘\nshh“'qneou:!_lr ,ies alonj .\:\

'_an v - « A
Nohce rol ryY
el - A - A
Alse Qxv =re = &6r€
Therefore 7 L, = ORE a r&4
mertial
\2_9_] The Coriolis force s Ky}
- —
Feer™ "M XV v

() Fcor = QAMR vsm A

2T rad/day  _ 4.26xs5° radfs
9.6'-7/045/4:/03
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v= Go\m;/l-, = 88 f1/sec
smA= sin 606° = o0.2¢¢

Fcar’ QNJ?.VSH"L?. - Q&V-S'lh___).

-5
F = Ax7.26%x0 r[s X??-C'L/s xo.e¢€ x (Wwoo \c:ooo)“,s
3 'P:‘-/sq'

= 27¢ \bs.

() R xV & directed along the unit vector o
cast, The coriols force on the train  is ofirected
4(.»3 -é‘_’ e toward the west . The reaction
force om  the tracks s directed oppes}-k/_? — e Lracks
are - Pusl-.ec/ east as 'éAe. £rc:’n, s pu:',eJ west -

a

w é
v

1.

T“wt QPPar:n'L accc‘em“-t'en o-ﬁ

qravity is §=G,0 , where &

is the acceleratiore of the

local rc.(erence -rrcnne. .
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Usinj the law of ces ines,

q°= 92 + a*- 2ag,ces 2

a= 5?2 Re Cos A

a 2= 3:. *(SZ-ch)zCes.z) - 202 Re. 30 c°s‘2>

Let x= 2% Re/q,

72 4
31: 3 (szt"‘z) -2xcos?2) = 9o (- (-2x~>t')¢:osz;\3'2'

L S,

X
T\ie Ve_v'!_e c v‘:’ J 'ePe nc‘eni 'ﬁc '1-‘.: 'él’ous

‘Covce IS F = ‘RMS'IX-\?
fict

TLQ aPquen'L' c‘mnye "~ 3Nvu,:l Is
the nermal compenent of ’éet /*n

(d\ EQ:'L : F‘Z,XVA Fo.n-r‘-s \-qdl;:// eu't

————

- f‘_'si = 2AS2V peomts radic(/_«, "

SQPP“"”'L is decrea..reJ,

A3 - 'ffi‘é' -2aJLv
| mq ]

-5
7.2¢x%x/0 ~ rad/s

&
u
|
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V= 6o m';les/,l,,. = 294 £4£/s

_eg_ -  —2&x7.2¢ %06 % rad/s x294 £L/s
B2F¢ /s

= —/33x0 >

(b) Wes+ : s:'gn is reverreJ_ ‘A'j' = +/33 )(/o.-3
) Sou'l-’"v: FZ. and \7‘ are qua”el . No °A°"5c " 9
(d) Nerth: Ajain , AS =0
<

In the re'bo'ﬁnj Ssskm &
there is a radiaf ‘Qrce ovtward.

. 12\ L
et ™ Mr2 L
| o3 Rent

The ":brq\.ve eguation about ’Hse Pwd{ r=_Lsine
Pon'h'b a is

WLsino-E  lcoso0 = M6
Ml:é-.p Me .[:'mﬂ‘ -M'(Q'SI‘H'G' -JZ-Q =o

where we have used r = €siné

For small qns‘es sin-6- ;"9) and

o + (%_f)eso whech is the eguation for SHM
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The solutionn is

& =6 cos (wk+B)

where w= -V;':__a'.'

5y )
Note thot if N2> % the wmotrenn is mno lonJer harmenic.

The pandvlom £lies evt and oscillates abevt seme
cqu;'i‘br;um anjle . ( The sitvation is reminiscen? of
the conical fcmlvluma ewample 2.8.)
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C'ha‘:i:er 7

HE
i =

-e-.-/aci-“w*é“) + Ucr)

‘—’-E--g,—/u(av'*f-'-'- efke?) + -:.—I‘.f- P =o

Q

o o0 « R __JU °
/u(rr+rr-e-)~ r r

_‘aJ_';_Lf.-—-Ftr)
/uci‘-'-r-é-a)"'c"‘) ( &~ 7.7<)
A= _wuré

= ularié +1r78) =0
/c(r-fé-p-;af\.é-)-a (th 7.7L>

7=l
— a3 A
.Fcr)': -AY r
wer)y = & At

3
A= hdgnes, A=71073emY/s m= S0y
€ £
/0 N
@ dor=Ir + Jisorz rTTrR
. 3: ————Ml
(%) o Yegr Minimum at WT rs
€ = 4 ¥ = 5x/03
/»_ ‘;h'ln = *o °
NS/ r
ra =
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(c) per,) = ucar,)

¥
Jo__
15 b= & =

IF":(%= Q/a,A y Y=o and radia/ metion is ke 'L‘IKI*

of a Ffree qui’:’cele \"=\‘°-\-V'£

]

/u. r
Y/
dg- ()

2 Lt dt\ Jr
(Fo - (2% (% - () () 4
For g‘ec ha.c/zb.l motier d.f = -\’7 = cons? .

oeem ()% (% -2)
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<
uef-F‘=U+;/-4—;a’
=-A .8 o.X

rm e 3 %

For a :‘aLle c'lrcular orL;*’
POLen'Na/ mvust ‘qve a

minimem o T,

]‘eﬂ"e ””"‘.) >0

ey s TnedA L e nu (ag). ss ,,
\..0111'3. r“' C

= n+e 1 <€ 3 whieh requives nd

\e———

1.5

ld) For MO*;.ﬁ n a C;reu/gr

E - ﬁ'kr“-o- —gqu'

ork,2 the energy is

-
For eguilibriowm, B = kr = ga 1k, ik sk

For E= 2 3 and k= 3/V/m 'r'\en Y‘:\‘E/k_ =2 wm
_ 2
v 5D 2w
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(%) The blow clwmses fl-.o '£e'£al 9ner33 L..i ne?

the c\njolqr mementom or the

The nital

energy s

effecfive pe bential.

E = Hkri+t wmvl = kri= 27T
[ ]

-n\c c\nql ehe\’ss ;S‘

E = £, + &Awi® = 12+ T xax/? =35

tb"h'\gj /

u 1\ points

U E.
\ id

7/
- 2
’,,\’\\f AL/32mr

() ,l'-"'

1 L ke?

< Eo ( cirevlar orhit)

ufﬁ= i’kr‘*qmra ,/=' mvir Cindeal)

,("' myv,Y,
= N Q Py
V= T kr¥*t+t= my Tt 2=

“r re

At iurh'wﬁ P.""ta ch-Fl
Tketvdmvr 2 = £
r.-
g
Lx3rP+ txaxex T3 =13

Frre -9}5';—. =3

Y- 2E r?+/6=o0

rx= %[ 3L = W%‘)’-u(le‘f]= Lt LCeest Vgl

Y= /62w and

S
-

Ya
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e(F s Kr » _}“r%

For ewrevlar meotien E= Yy (T,)
/ < 3 et

Y, = 4

eff Kr ar3

u (e.)=o0
eff Y LY
Ke¥ = ‘L; => ro=(;<£ ) 7
° /‘ro /t c
5, L% oL =_‘_'.(.__..’(QK)J/7
‘o

E = U Cr)= FKr, xR -

: . J a7
F\'Q?U_'Ehcx "[ °SGI’/G'L{°|-| iS Ww= -r’

Pz
3.2°
U”- I+Kr3+ 8
/“r 2 r /-?.
vier )y = 4K ® +/_=3‘_f? But Kr'= Z57a, <o
¥ s
u¥v ) = 742 = 7_’_‘: (_&&)VT = 1K /7.¢( 7
(r,) = /(‘;u- P = /ejz'

w = ( 1k _g 7 ) =
/“

D)

The ‘increase in tetul eneryy 1S AE=(K+U){-"ma/ -(K.*‘{))m"lf'nl

The fu'ben'h'n/ energy 1s Genstant Jur?n_, the *p\rn'n_?)
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assum.\n‘s that the 'Ctr;n_? occurs 99{0‘_/3 . (This is +roe
for the ch-uaIJ bot nei ‘f‘c emc'ﬁve‘ Peﬁcn-lc.a/.)

i pR—.

Vsing Vo= V. +aV

- -y 2 <
AE= K, —K; = ZwmV. rav) --‘.-:mv‘.'7'= MT’;% + 3 maAv

AE i a waximvm when AV s rqra//e/ o v; and

wl\en V‘- s « Ymaximuvrn. The .S'[:eee/ s 7!8&’/6:‘{
at Fcriiee. /
/
|-~~~
I \
®
{u’rinj rc'mt—"{. \\O ,/‘
~ — o - -
Vo
. . . *
‘Zfl The u-u-l-iel energy 1.8
Y 2
E=U(Re)* =mr "'3'—.:, v
m Re R
= -G 4 2 e
Re +-?mva

At the 'l:oP of the *raJ'ec'/er_y> r=o0 and
E=-GMwm + + L2

IMmre 2
E=-CMwm L + £ my2sin= (£2)

Eciuq-lfmj the hn’#vk/ and [/:ma/ enerj}e:‘ we Aave.

-GMwy + - 4 e L a A _E_e_)"‘-
R LA GMm+Et +Lmv2 sim( -

v,2 Re _ KRe 2 Rev?* - a Re \ %
-1 e K D = L v £ Te¥ o (52)
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—Lx2 = ~x+ & sini¢

X*—23%x + SN2 =o

x= %X L2t Vk-tksiire ]

(x>0 - PO.SI“H;Q foot)
X= | + J=-sinfe¢ = [+ cossC

Mtncc r= Re (I-f-cos -c)

The ferlod of a saldlite Jepeml.: anlj on tis
W\n’ie\? axis A. Frow Ef'ﬂ. 730,

[}
A= [ mem)e 1%
T= 7€years = 76x 3.16x/0" =

— J0
Mem = M = QA xso »‘_7

A=

?
R4 X760 S

I

2 Jo - )
L ax 3_'_&9.7 X220 x €&€7x00 " /s =54%/0m
= xso0

F\'om E:"n 7.25
= X ACI-€7)

v,= =4x6”) x [U-(0.9¢7)2]

Uss."j [~e*= (l-e)('*s)é’ RLC/ €) "(:r eé‘-’,

r‘--;:(-zxf-‘fx/o"x.oss) = 18xs0” m

(a ) PQP.C "l el v = ro =

T — 174
I+re -g:—a*&j"lb ™
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Yo Y

. o {2
arhe‘teh'_' -¢e =~ .,e33 = 5§XI° m

& From Em. 217 L7 1uGMm
w here /a is the reduced mass =

Comed
At Peri'\ef;on /(= mvT¥
J ™min
e
Wmyvrr® = m 6M
™min
C R
™M
= 1l
S'"c‘ rh;n 2 l",
~1 4 Y.
v= [H5GM\"a _ ( %%X6.67x/0 X2x/0° i ‘
T‘. /.8‘){10” .5-,9 X/Ob,/g

L a cwcu'qr erl{.']: Dnder ar G#rQC““ve *@rce,
c/ra' R we LQVG

[Eis)
F =

T YR oR Emyvis£S o1y

) The Zeotal Qherax s
E= K+u = 30+ =4y= -k =

]
st
sb

K=-E

1 locatien of cirevlar orLo.t’ U=
u
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49 Work Jone L.'-‘ -Crie-l-(on ;8 aw = ""-‘ZTI'P'F - AF

AE = (dl“\Ar %
g . -camef v e f
AY = ‘5/ dr 1 S c
N ‘-3.

) In citeviar orbit R E=-K

AK= -4 = + awrf
n  the satellite :reoc’{nj ”f ./

Fvei chiem Tesults

| 7.1 Keplers thied law stades T = UM+m) ¢
A3
M= I—‘f'—?'-'»c

L] ‘
- [ F—3 r + P -
A major axis . T . 1861+1838 = 3,699%/0 m

T= 19 wmin= 7/4%70% secends
G = cérxro™"

> M= 73 )(Ioaa lj

7.]2,’ .Th sqhgrals E’-='_‘{'th v

Fer a ecircular orbit , 3

- o e - GMm
e T = Re ™ 7F
e




where W= mg= we'tjhi at earth’s suvrface,

(a) E = -aR.w (%‘;)’ -4 Re W

-l
EB= 3 R.W

¢ =
AE =~ (-?*'.‘,.‘)Rew-‘-' ‘;‘F?.w-ﬁxékwo,,.xswa x 98

= 35X/ e Tevl/es

(b)Y  The transfer orbiz s an e//f/::e with pcr}yee at

A and apegee at B. The S'eh'lima"or axie s
A= LEn -

The energy is

E’= - GMwy _ -
A

[ 1
i e B

The wetial :Peoc/ at A s a'wen L_«,
J;'.YhV.a, KA-. - EAg * *R,mj’

VO=W:fR°-g

The fine/ s':eeJ at A is 31\}01-7 L_l,
KA'-t-l.IA -
Swmy> = ~EmgR+ BUE = (L-F)wgRe

2 Re
v/ = Y33 I)R,g
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NHewnce

AvA- (J?’;*F/:) '&JReg = .log® xv,?xwamls - &50 m/s

At E._ the £inal cPeaJ 8

v = % VR4 = % Ryg

The inihal speed <% B is

) mMG& . -
£mve 5oy = -FmiRer RE = (¥ ;,")the-;;m?Re'

VBI- {T/; JReg

Hence

AVB - (:‘F';) “l?eg i (0-5-0.408) x'l.?wo? = 730 hv/s.

117



C \ut‘: +evr 10

/0.1

t,= 1, ¢T
<sintwi)> = F S* sin‘wt d2
7-’"?*3 sin®x = & (1-cos 2x)
. T ) t+T
<sinfcwt)d = ar St'[l-Co.s?wi)Ji '.i'-'i- (f*;"&, Slh-?lui) ‘
t,

For T= ¢ , Sin2w(t+T) = sin (2wt rar) = simawt
[

- - - :
sttty = LT *a*i‘;(smawtnsmﬁwt.*a’ﬂ)] - X

++T t,+r
{sin whteogwi D = #S simw E coswt o2 =;‘,'-,-S shwt J(s:bwt)
z,
t+T %
= o3 % s:’n"w-l.l = 9
t

(

i=2] Q= 'tyo' , w = 2Mrod/eycle x acycles/see = 4T rad/s

4 rad/s -
Y= —5 0.2 S

be Ywm = O.06%2 kg s

w = T¥m

k= mwd= 0.3 X(H-V):L= &7.5 N/ ™

/0,3
Fe\- a c/amfecl esc.c//a'lbr'
X=x, c—%* sinw,t

Zero cross'mgs occur a# w,i- =0, Wy T, -.. NI

118



Maxima ocecuvr whey %=O

d L ¢,
aF= Y [weswi- Tsmwt ] e

- 3
Zeros i~ S’é oceur w hen -
cosw‘;b

St

- e

aw,
P cos I ein
Lez x=cw £ and let = IT-x
Then cesw, t = sing? = @ < \
Shw,t = cosP & | P

and coswo .t ~ P = £ - L
sthw,t W, 2Q

o]

T/we Ynofon G‘P -% émPeJ ")armonic OSCI.”Q{'OV is 3!\19'1 l)_y
X=x,e st sinwt

Ru.'bi. a‘F *Luo mQ)ﬂ"hQ is Fe: .;; =

Fer w -l:a= Lo;l:. +T sin Loe'l:a = Sy wo-t-.' and

R= e-.'g—&t-ta) = C‘E(%?‘ - & %o = e%_-
§=_b.R= & or <o

O3 % ~—f
P VR PSS £ SO

\a=ym= .oas"xskj = 0,/ kg/s = o0,/ Ns/m
k= w}/h-z = (w qu/SQe.)als A’I = /P27 N/mm
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5]
£y

E7oq+c'en of wnotion is X +¥%x +w'x =0

For r=aw, | §+-?w,)'c\;+w:x=o

~& -
Take x = (A+gs) e 2t o (Atge)c@F
%= —w.(A*—BﬂEw‘t y B oSE

. - -w.t
X = w? (A+Bt)ew°t-28w°e °

s 0 2 - [ a )_ a2

X +2w, % tw, x = LW, (A+81) - ?Bw ~2w2(A+8t )+2Bw,

+w?(Av8Y) Je Wt = o

In'ital co ndittens are
X ¢ es' = )
Xce) = T/m

P
Using X= (A+8t)e * we have

Xted=o = Aw=>o

XteY= T/ => B= T/ '
- Xy /‘:.\
Nence x= -7:5":; te * } -~ 5

w"u’c/p Is W;mum at £+= -T_I'

1/0.6] (a)

xo ol itk aduR ~_* —————
X = ola'splacemen'l: of pan from I m - -t- X:{
eguilibriom pesthion of spring - T
' ™m
™ = mass o": pan
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M= mass of block

kx,‘-'- mgq
kx, = (m+M) q
k(x-x Y= kh= Mg

k = &h&= ’_‘l_’.‘._f_'f==7?0”/m
S.

A The eguation of mekion for @ cr;h;.-q/_/g dém,:eg/

oscillater 'ISJ rrem Neote /0.1

-£s
x= (A+Bt)e * where V=2w,

Newo meq:ur'cnj x '[rem +Le plna/ res-/-fn_g quce.,

Y(;3= A=A
£+

+ Be two
Hence ¥, = -£ prg=-4hb .

™

Xtey= v = - E(avgs)e

Movmerical valuves:

Y= AW, = 2 ;——,&,m = av‘f‘;‘f = /& s"'

A=l'l= ©./ v

For Vo, vee censervation o[ me mento w‘ep, L/ou‘
‘-n'a'l-s. (M‘&L m\erﬂ v\a"t conserved bere.)

MV = (mmrM)V,
J-:IMV"?- Mg H where H= c/t‘sfqnce. block -[;//S
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M __ M /0
Vo™ Mem V= e 2qH = rz'}zxz?x-!.—; =3.6wm/s

Since wmodkion is dewm . Vo™ —.6wm /s

B>V, +E¥Yh=-26+ X xoI1x186= ~L7m/s

Hevce x= [o.l-1,L74+7] C.:-?* meders

[0.7] Frown Egn. 10.28, the wmetion of an

oscillator under Jr;v’nng force F=f; cogswit s
w
x= Aces(wid-f) where P = avctan (wT'Ja.)
°

TAG Velec'uf'g I:S
v= = Awsin (wt+ P)

For the vcloc':-l-y to be in fl;a:e widh é‘e o/ru'va'n_ci 'l:rcc)

we require ~sin (it + P) = coswi
S (wt+ Pl smwt cos P + coswit sin? , Se tan P
sih P= -1 : | sinf
P=-% |

1

tan = == I ”
|

This occurs when w=w, e af the reconance
*ﬁ'eqwneg of the An:/ampeo/ oserllator . This vecolt s
hoekE Comple4e/g expe.c-l-e.JJ for the amPlHoJe of the -oriver
oscillator 15 maximom for w .r/}]/n‘{? Jess than @

0o
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ez

let +the endulv
he pemdulom w /é—'l.e‘ /4
have speed V, as £ slaris do °'7§- L /
sw"nj vp and sf“‘l vV, ars s / /
retvorng, /’/\ J
\ ')
-7 v:"@ \_ O;

The loge in e'htrsg ;S .

L
AE = T M (vo"-v")

The melion takes hat £ a cge/c (w7 rad. ) By

J-e-r;,.,,'-l.:,.,.,, Q= -Fru{-;.". Jehorag [as2 Per re':/u't'n.

-Hence. A F -
T OTE s T amy

i a J
;M(V:'-V') ) i—MVo&

v )lv,+v) = Z g2

Since v, is .clese 2o Vo, we have

Ave y-v & ETE’V,

The re?uu;el impolse is
T < Mav = 5,% Mv

If the wmetion is Jt've'n L_‘f & =9 Sinewd > w=])-%.-:.
V,= L& = w-e;]_-'gl--e‘; and

@ T = TS
=q N L
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(b)Y The C'teunje n veloe'rf_.’ for a Jive-n i"hpul.re s

Aave= I/M . MHowever

,-'Hw m(qnse n ercergy 's

<L
AE= M (vrav) ~5MvV = mvav + £ nav?

The peint in the csc/«e w hare the .lmpvltc ocecurs
can vary dve +e Mmechanceal ;mperfeei,',y-,_g sock as
Plc ‘n the mechanisyr or wear, Te Mmimimize
changes in the energy irqncperree/J the impulee

Shovld occor when Vv s eonu‘qn'fJ ta at £he

be #ovn of He Swing .

Preo;::

The energq epvation &

‘i’MV‘w 3L(I-co:6-) - Amyte ';‘;'3’-6:" = cons?,

vMdy «+ qLede =o

dv L e
'&"-'0'—=357|-v

%_-ro when © =0 _

&7
The enerqy Jt'“th‘m/ LJ a cﬁmch ascc’//a"or s He

enerax converted %o heat L_g the VIScpu$ reéqut;v
-f-rc.e. Lv.

Take the motionn 2« be 1\99" L_y x = A cos (wir )
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T"!e VelOCi"‘g is *Le"
Ve - Aw sin (wt+P)

The power cliwipw’-&/ & P= vxby
P= bv2 = bA2wR on2 fwir )

The average power Jisstpaiec/ = p = < bA W®

Hence the a.verejc enevg Jl&'se'paleJ c/orn'nj L radlidre e
AE= T x time = P/ew = L wbA2

r:e\- a Ic'jh-l-lg qupec/ oSci//a{orJ w?= ‘%-z 'A'
The average energy of the esci flator is

]
3

E £ LAY k
Nence —= = A =—L=f%;p’°—;,’%=e.

‘ii’_’_?,l The power teo the clock from Lhe o/escenc/,;zg
wei3h£ er.uals the power Jiscipalet/ [J frickron . TH
the wei,hi descends distance: L in  tiime T, Zhen

P= mMgl/T

The eoerzg lest per radar /s
AE= P /e

The average sfored _hergy is E = X wmre + -:mgj =
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The kineto and Foienﬁ'q/ enerjaes are eyuc/ , on
+he ‘cweruﬁe-’ and F = '.-5(”'3‘(-9;"" where -, s the

anau'ar QmPl:"uJ&.

<

— i _!.ea
Q= & = T o = Emgled

P Mg L ©T
Raa3 1
Q= ¥ ML BT

w‘—\'mve_ t/lc. humor;ca, VGIUCS

s o
= [T l‘q.J/S

1¢
]

864 Y/O“ Sec

2
Hence Q= = X o7 x x (0.2)* % a7 xp g xr0®

Q= €&

The energy te drive the clock one Cﬁj s
E= M3L= O.akj x 79 )\‘)/.S'a X2 m = 4J'OU/¢'4' .
T'/:ere-ére He C/ecé oo v y rom 0"{9 'y ‘.ur.r sry

)

a 1 jou/e ‘e#er_y.
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76,1/ (=)

The force on mase L s
= k- kty-n)y-bex 5)
The 2’00""(011

.-f meic'.n. xS

MX, =—kx - ktx—x) -b(x-x,)

rgl-m;lcr(y,'nr mass <2,
M;a.g —kx, - kCx,-x) -6(’;4-’;1)

(b AS':.o“racl-:;;JJ we oblain

M CE -3 )= - klx-x,) -2k (x-x) - 24 (x-x,)

AJJ;,._Y N we Oualn

M (X +% ) == klxry)

let Yo = X, + x,

M'}a:_k.fa. ©)

(c) The metion represenl«/ ‘J q, s a/amp-eo/ and

vanishes . Y2 represents free metion
wheech condinves undfm;w-u;:lgea(

eventvally

‘To euqluqk i"‘e }n}-;(/.q/ condf’/l;ns" we ”090/ ‘o

exrress X, and Y r 4er7n.r o-f _!{‘ ang/ 3_;,
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1 y Ta
Hence
Vo = J-[.'i,""j:.)
0= ({4,

loe l«ave g" (o) = f{.-'l(°>=. v,

Frem Fy-r; @ we firnd JI_

Yo = As}nwt'( + B coswt w here

s";“,, QaCed=0 g=o and V,= Acw

v, Ve .-
Wece o= wSinwd  %=xT k= Jhsin of
%2 F Q)\/:J sin C,u-t 'FYOM fA\“]z = = }liz_ ) O/ = \JT/M

/°'l:?.l (q)
o-p a '.rre‘ o/cmpe/ OSe}//a'/er X

Egvation
')'(+Y)'(+w°qx=° )
For a £forcced damped escillader

(=)

X +¥% +co:'x = £ coswt

Let X, be a selokom #o €13 and x a selolion

te () .
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rslu l‘""l."'w‘,‘l:nj wm () and defin l.h_: 7(,_._= Xa"' >(‘

[ . [ . .e N 2
X, -+ ch+w:xc= Xat¥ X, * 032X, * xb wV X tw Xy
= f.?;cas wt + 0

™m

Hence Xe alse satisLies E,h ) .

(b) We have )(:'Ac«as(w-h»?) where A and ¥ are énﬂz
by Fgw. /025

-Vt ~- Yt
X,= Be CSw i + C e S w £

- ()2
‘u‘a-zq_,a-'l. (a)

wl'l‘.l’"-

We requ‘lre. Xce) = *(fo):—c
X':(‘)"'b = Acos P+RB=0
Xcev=o =D _ Awgiv P - Br4cw = o

Fe

&) A+t reconance A= Y w0, Y

(wg w’) = archbarn o = L

X
z = F Wf Y
ACM - o O pmm— W

ns»”nu*
D 4'\/‘\01:(01;
kS f‘-\
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C"IaP,:e.r ’l

"‘I

Frovyn the ano/xs}s °n p. "—50_, i"c s‘?fé .”7 -r;injes 5

L v*
N=3-7—-2—_.,_- oR v= ¢ \/.’:‘532-

If /4/ s an uPPc" /l;'n‘ci,

v= e V&3
-7

Using N=.0/, A= 59x0 m, =V

-9 -5
Vs ¢ 5.2 xs0 = /L &Xrs0 = 4
L xe c 4 855> m/s

The sPeeJ of the earth in erbit areund the son o

) 4
AN%XLEX70 m /year
8,/6 X107 s/:,ear

¢

= 3 6x/0

v = ™ /s

Michelson and Morleas’ vpper limd  was smaller thare
the S‘Peed of +he ear th arcund 'b‘e Son L:I a
factor of 2ox/0* / £ext0o>® = &3

/7 \ -3 vV
te ComP‘C"e 'é‘\e rounJ "-I‘;P / * ¥

s \
4l°,,3 the arm Para.((e[ to __l _’___%_ — +_§
V, assoming that +he V!.'/&;Z‘_l( o ,/, > .

a-F Ilf’nl: 5 dJc/cJ vecfor../{? to -é‘a vc/oc;"_g é’/reu]/l 'élc

L/_I_'_Q_'J The %time For "ﬁ ‘-‘t I A
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ef/yer: 'IB g'wen. Lﬂ

L4 b o 2l _ 24 _ ~ 24, y*
T, = c+v c-v c2.y2 € - vz = ‘c_"’(l"'(_z
cz

lee 'ét'me. to Cémplek 'I'Ae ‘Al"l.P « Ionj l'lc arrm

Ferpehd;culqr be V s

2
T, = ar = 2 ]'_'—(’a’-;-(v'r)]

IS the qPFora"vs s rotated 706, He arms are rever..\‘eo/.
The chqnje in de/a_q Is

o= (ron)-(7-%) = 7-7 -(7;-7,)
i azuw:L:)( 2] 2 & [0 ) (5 53]
st = _(Lnts

Ca

The C""hje S";lf'£ s 'l'l,ere'érg
N= |varl = £ JaT| = 4;’/3)_!_2.

c%-
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ill.sl SuPPAsc bLa‘f— Lo'l:"« arms

->» VvV
have the sawe rest /enyi": ’»(;) B
and ‘b'l‘\a"’« n the cxperimgnf {
A
the /engJ-/:s are,a and ’/B'

The +imes #e traverse +he +eoo
TA‘V' ?_{/_‘. (1+ -V—:—

arm€ms are

Tg = JJ(’**VZ)

The difference w  the times

s

T =Ty - -%-fa—«z) L 2L (4-24,)

If we take /{ (- ;‘E—: ) and /(8 = /ﬁ R
AT = -ac,_) : [—(o(/‘i%; --4-’4 j
AT = © + order (—%—)"

Sg e orJ-er' (_z)& i"ere s no: 'pr'l'nje SA‘ra[f

Since ()2 = 16®  #he next derms (¥)F~05'¢

weve tee Small to be Jedecded 53 the Michelsen
Mor(ex ther'tmen‘k.

y -
[74]  The bimme of Flsht 4o l
make ‘L",'it reuvu( 'éf'.tp “bPS'I"rCQm” /[
£ A 8
18 T = =
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The +ime +o ge c/owns-l-reum s

T = __’.!—-
Pown c+v

@ I¥f the appqrc"\u‘ is ro‘lxl"ecl’ the :ljba/ -from
A e B il shews a el»anfe I eriva/ £ime

%\.Vﬁft LJ
T -T _i-_’_{.g é(,* (_K)z )

vp Powor ~ ©-V ct+ty
£ (1- ¥ «(¥\2,. )

2%( ) ovrder (_g_.)'?

I

(L) V = S..,?Pose. the 3rcu-nc/ stoation

A’A / sends a "ljhdl to f“ne
o Ko S S

satellibe at bime Ty i
Pot’c-l-c;h I, and at time
1;: \ tuelve l»eur.r /q-ler; ;0'1

pes wbore IT.

The eIaPsec/ dime om the around s 7;:-72}_—,;

The £¢jnab arrive at dhe catellle ot

/ £
L= T rev

£
'5;’= E*crv

il

N

The c/qpsec/ dime en ‘lAe .:-ale//'é s T'B /- /
£L v
< o

OR |

£ v
< ¢ = T - 2

L — R sl -
1 7_ A

8 Iz~ 'z
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The secend S(jhd[ arvives ear(j Lg 'ﬁle amoun't

— L v
A+ = 27 <

I the smallest dedectable 4ime o/e/:_q s J"TJ e

the vpper /l'm.z‘ﬁ to the Ve[oci'& s
c? ST
v = atl

Asso m.'"_? flra.i ﬁ « ’;m}'leg/ A_«, f‘e :#aé,//{y --[ Z-ZI(C
clec ks s / /:q,—f i /o"", and ha t th e e/af:@o/
time betueern +the J‘iy nalk i /12

Aour-r = 4 32 x/o#s')
bhen

-
§T = ‘+.3)t/0#//o’“= Wzxs0 S and

= X.?2x70 T w e

with €= 5.¢ ﬁg-ﬁﬁ = 7 Aavc_

v < (3xr0®)2 x wsxre’®

= 067 m/s
2Ax .9 xco’

(J-n order to achieve t#his Prec'cslbn_, it s necessary

to assome that the disteance te the .s'Facecro-f'f

has net c‘uangec/ "’PP"QC'ME/‘_Y~ This requires that

the +ime oe/ay doe o clanje e 'é4¢.:pa.cecraf-/.'9

radial/ Fes'c-l-c iw be /ess Lhan ST = «x/5 © g 5
that Fes.c-/té-n be krowm to =« Preg,f.n'or, - oF
§L = cdr= o.7 m . Such rrec}s}o'ﬁ

the

or

/s Pessfé/e by
vse é'p continveovs Depp/er- *l'a-cél.n_g ﬁecém{we_r.)
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-.”'51

L

The +ime 2o e areund iAc /:/ v - \J\
inter ferevmeder cou n?bef' C loc kW’f"Sﬁ | :
. L
IS ' l
|
T= 5_’_‘_ +« 2L > 4
1 C+ C.

wl-)ere C+ -ls ﬁ‘ne VCIO.CI"'J o-p /1]‘1‘ ;17 'é‘e Jrec-llo'lr

,-c water F/ou). I-f e /:7é,f /s carried ¢/c»g_? wn‘-o(
bhe u..scu'-er’ ther

c
C_‘_z .’T't‘-v

Tl-.e,#-ame ic: Je C/océ tur..re I.:

2€ 2L - < -

AT = T —-T = 2€ _ 2.€ _ 2.2n nv _/,-nv
= e G GO0
- WLy
AT T ———=

YHence the fo-n'ajc shifd s

< =

135



C\'taiﬂ:er 12

B

- X -+ -
= (1=-v3/c2) = (1-.3¢) * = (e4) T =,25

X'= Y(x-vt)
/= Y(t- X£)

%'—‘o.s

=

n

@) xX=Hvm t=0Os
X'= 125Xy =5 wm

t'= 125 ___.?_‘a":)li“) = -/ x/o_ps

(bd X= &m t=1s

s

¥y 2 -2.25 xr0fm

X‘= 125 (k-.¢x3Xx10

t'= 1Las (- #x6

m l285s

€ x=t5xetm i=/s
x'= Lasx (Legx1o¥-Loxs0®) =0

/= Lasx() - 28xcefx. ¢ ) = 125 (/-.36) = o0.80s
S x/0¥

4
@) x=1o'm t+=2s
x‘= 1a8( 6 ’—:zx/.&x/o‘r') = szae'm

/= )Jas(a- .{.2_'_"-_2’_)-.—0

XY

X= Y(x'+vi’)
Exto¥= Y (e¢xr0®+ ‘4 X x axlo‘f')
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L
I+ 2%=0O-X)*=
| + 4,—.‘.’-4—1{.!%: ,-—2—:;
S8 v 4%=
c &

&a!

The clock meves to the

137

mirror
r'cxh'l: at velecity V) and the
ﬁalw'f travels the pat"v Shewmn. —>V
. 2 Tir+/LE\R
Time of travel =T = T +( """') ;‘& gn!
< t ++T
c?r2= u (L2 + (EEY?)
2 2_ = 2
T2 ( c3y?2) TR m@_
T = XL - 351__ l
veizv= T=va /o L
Hence
To . — =L % yr
T e, e e ¥ ?
IEX7)]
(@) Consider the pulse sentovt in S{ ﬂ'
After | Seeend‘ the coerdinates are
X ‘= € cos €, €
'1'-"'- c siné€, x’



In S, +he ceoordinates are 4

X= Y(x'+vit') = )Y (ceos &, +v) ot
Y=g’ , ° 5
b= Pit'+ 25) =y (1+ % cesg;)

X _ Y GCose,,-o-v) —_ cosO,+ X
CosE&= ct ~

¥ (c+vcase,) 1+ XcosE,
() a|¥ e=16"
a
ok —_—
x’ a’
al

In S,‘ half of radiakon is ewmcHed in the reaion te the rig’v'l
O'F 3’:;7«':, /'e. //MIM b:’v .6¢'5= x % . Su;ce C°$6-°=-' o,
we have, frem part (@),

Cos© = O+V/iC _ X or V=CcCos ¥
7+ © ¢

Fer '94-'." cos© T |-kor= |-£ (10-3).:

)“QWCG v= ¢ (I-Sx/o--,)

i\a.sl

4 -
In S V. v,
v,= Vo = 6.99¢ - —
In S 'J mev}nj with B, - DB
v/ = V!Q-V.:_ - Qva
- l.*. VQCVQ, ‘...%E x
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Let vy= cli-x%x) T'Aen

/_  Recli=x) 2c{I-x) c(/-x)
14 Ci~x) 2-x+Y¥2 I =X+ ¥3/a,

cCi=x) [ 1+ (x~¥%) + (x=x¥a)? 7

clU-xY [ 1+x~x¥, +x2+P(x%) ]

"

€ (1-x2+ %% )
= c( /—){"‘/.z)

For ¥=0,0/

2 _ -5
i = sx0

V! = € (1-5x0") = 0.92995 ¢

ErIN s

S
; >V
Speed of vod in S’ g
- bV v
V | - NV — .
C%

Frem» +the JC.SCUSSl'on of the Lorentz contrackion we Aave

L=, V1-V7E = L Y (B )T

= Jelimg
(= Ly -
—
e oy VcRauv + OVt —u® £ 24y —vR

2= s, Y (c2-p2)(c?-v32)

c-uv
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12.77
(@) V'=V 1—:—-—73

Y= 3¥0° =,5%
< = x/70%

Sa= ¢/ we have

S nce

N
‘= A qfltvy 7V - = N(Itvre) =10/
A 'I/.'___._w: = A Vitavie

Hence
-7
V-r = AE = .0/2= €6x70 '™

A= g83.7%10 LA,

) 23,7 2€2
R ¢

¥ = k] SR, £ T R
aa RXANE.SEX/IO

ve 6.858x/6 ‘xsxrf = 2.06x0" Wm/s

V=E=wWR=wwbd/R

w = 3%’- = ‘hlzx/o’ = -2.75:(/;‘
LYo

T =3F = 2,9x0° s = 25 daygs

w

YV @&

- v -
12.8| lv’ l] » U
AN V.V.Y

Let -Cre'.uehci in IaL .S‘jS't‘fm Le ): i An obse\-ver- on 'ﬁ(g mirrepr

Sees ligkﬁ arrive at freguency ,:-‘: Y,

140
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|—V/C .



The direction of chhﬁ s reversed.

Observer in [fab
hew JS€es

Yy’ ]’ H—V/c_::"
o I—-vy/e

it at Qefuencg y =

- I*V/e
Hence v ‘i(rﬁ?B-

The quqrent Sovrce s located behind mirrer and 7
h,,v',,,J toward mirror with velocity V(rela-l-u've ) m’-rr.p)

V -
chserver

X AV [N X

Source apparent Sovrce

The velecthy of the apparent savrce <5 seer ‘1 He observer
is, by the velocity allition frmula,
V= Wy

2
l*—!—ca’

Wence +the Jﬁpplcr shift of e apparen'i Seuvrce i 3l'ven ly

V'=‘P i""V/c
o

l-V/¢c
'+ 2vic L
"= I+v2/c2 — i A
v Ve vie = P \[Hu t2g
- —————— a
I It+v3/c* I*“‘é‘; "3—5‘-'
+Vv/
po= 5 (7'77;5) < alove.
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[12.9]

| B. ll @
Let L
i‘,'—" time spent ouvtside 5lasr

1,™ time spent ras:inj 'H\roujhjlqcs

Te 'Cl.ﬂJ +he time -rer 'H\e passage of /:7/‘{ %rov‘: \7/0.“"
censider two events n .$3S‘km mov'mj w ith \7’0““

(a) /1:7“!* enters at t:;""a )rai'o
(L) /lj/rﬁ feaves o tA'- th)- xL""D

In lab sss-lem-l Izj‘-ﬁ enters at i‘a_" Xo,=o0 and leaves a?
¢ X
tc’tg-’ yléL‘*xL c-)’}’(“én*-";%—)’k%(mf)

The distance /cjlot travels while f)a.s‘.r.mj t"roujl-p 3/"33

n lab sss-lem 1$

k= Vixevt)=rioenEd) -¥p(r1vn¥)

Sie the distance +traveled in fiee space s L~X ;
t°= (L"XL)/C.

T (%) /e +#, = E-PR(1en¥)ep B (n+¥)

=+ Yy (n-t+ X (-r)) = "é"'%m (n-nN(- %)
T= e BOed VT
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]lz.lo"

Let the farmer shot the

cloor the ‘mstant +the Polc s inside .
Tke end Po.uvl-s o-‘: ‘b‘f Po/c are * e

BJL

JQSC\-':BeJ bx two erhfS,

(X8=-°5 t8= O)

Frem 'l:’ne lll:SCUSSl.Oh oﬁ /creh'/ﬂ Cenirea'/-;on we J‘ave

X~ %o = L=/

Sinece \)-"a 'JI—V'/C' = VI-3/y =% 5 it follows flm‘i &‘Xg"é/z,
and the pote Ci4s in the barn.

Naw /eeé ai fée same cvents ’4°m a Coordn;a(c 5‘\7.:16”;
h—.o\'}}{nj with #e pele :

Xg = Y(xg=Vig)=o } and {x",= COX v )= ¥ X, = YL=1,
£/ = y(bs-v%)-o t= P(tA-v_c’i%) =_¥_¥/__%
In the ronners s'ss-lem the #twe ends of the Po/e o/
net lte inside a# the same instant; Frem his point
of view event A occeurs before the farwmer shuds Lhe
deor. lez us ©xamme Zhe s.hvatiorn more c/ore{y.
Frem the tonners pe 1t of view, at the instant <he
door s closed 'L‘B- '1:8' =o ; the runner observes #£4at he

'(Yenf end e‘F A(.r rele s at XA’"ZO N tA"o, Seo f"aé

"t s r"’j"’““_f '&‘l(chJlr the larm wall. How does this
event, call & C, Jook +o the -ﬁ:rmer_? To L\;nJ coordinales are
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X=X (X +viy') = ¥h=2.4,
t= Y+ L x)~26%

Since t. >0, the farmer observes thet event C eccurs afler
the deor 8 shvt. S the farmer and '}—'Ae fole vaou ller

are both \-;3}.-}; the bet can't be settled ontil -!:Aed agree
on whose eoerdinate .Q«,wicm is Zo be uvsed

Ei 83 the Veloc'l'_[-_v, quH—u;n ‘E‘mUha

0/ +v

u 4 _—x_——u—/—-
x ]+ Vo
Ca

Taknﬁjﬁ (/axferen#a&’ we ebtain (c/ropp'chj ..mb.str{ri;s)

du’ Ulyy

dv = IvXu (X u)ac" du’

e alse have
di = V(J£'+v ) = Ydt’ (1+ a)

Div'ud{rﬂ,

dy _ du’ u'r¥7e2

dt — gz’ Y[/-c--"u’ (l+~“-u' "]

In rvest frame 5 -311- and v'=o
v 1 2 a’

Hence a = a % (l-%) = 7‘5‘
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ENEY Using the resubs of Lhe las problem | with

.a'a'qa ) anJ deng-‘-’qh_? '£’ve livm‘an-hneous veloc;{? O‘F

the shijp n the initial vest systern by v, we have

v \3/2
é‘% = Qq, (‘" ca

Ve dJ +
S .F('_‘:v_a).g/_z - So QOJ* = a.‘l:
° Cca

d
Us;rg 'H\e resolt S(,_’;g)sla = V-IT;_‘C w-e eln‘a'nn

Ce/e —e
Ti=v/cs Toveea =t

ve &E

¥

2
N2 = (a,2) (1- {';) - Gt

(1+(32)2)

b2.3]

The time for the trip s
T= -'zx-e-'= X443 x—s- = &3 qears

av= T (Vi = 1) = T (Vo 1) % 55 2 tomenths

12,14
lax’)* = r: (ax-va+)™
(ay)* = ay™

(az)2= az ™

@)= p3( ar- 5 ax)*
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ASY = - Aga'- ag®- y"' L AX"--‘ZWA* +vat-c2at?

-t:ev/udt - -{—: ax2 j

ast= - ayr-az?2-y*® L ¢1x’-(»-{:.: ) -4zt (c2~y2) ]

4s* = - Ay2-4zF? - axr-c?aiR
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Chqpfer 13

13.1] V

On a systern moving with the o

pProten the 3qhx_g is mevir:?» at preten

speed V and has thickness D= —3—5'_ qabxy

The time %o *traverse the ?alax:‘ is
T--_—_ Dv_= Do [a¥) D

T

= A - E
E ymoC— ovr Y - m"ca.

- -27 -~
m,CcT= [€7x70 x (Sxm‘?)'z//.«x/o 7 = le-xm’?ev = 240 MeV
= 'ols - lo0
Y o.94x /103 /0

. 4
D= /0% /:jéi gears = /65x zxr0 X 3:(/0‘S> = ox/0°°

20
Ixr0 2 = &
T = IO“XSXIO? - 3X10"S & minufes

13.2

!
K= r-dmoer= (7. “1) myc*

= (l-l- t%-&-%(ﬁ)l-j-... "'l) Mocz

b "4 1 < !'z'
K= MV ..-A—mov-‘l(.?: ca

_L
( we have vsed (1+#x)" 2 = Jo Ly (-£)(-%) :—;24-)
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K 2
@ Fo mor, Efvor ans Heoiss
(b)
K(elee-l-ren\ = 0.9x 0.5/ MeV = 0.450 MeV
K (rre-l-un) = 09X930 MeV = 40 MeV
[s.3]
K= (m-m)e* = mec®cy-—-1)
F' =m VY
[ vdy
dK = m,c*d (ma." ') = [(I— v )3/& s
= mv Yar.lv
- - - !
dg' = m¥Yd¥ +wm,V J (V:v—‘/_c-‘)
= mPdV « mV ¢FHdV) Y3/
3
Vidp = m¥vdv tm vacvw)-f-.-.: = mydv (¥Y+ L3 ys’)
= myvdv ¥V ( 1+ C:T"rg_r)

Ca

= wmyvdv Y( ) = r'n,vJv Y3=' JK

':.lf.
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[_l_S___.l{-l 4 4 v’
o—~>» w0 © «o°
v V -Try
X x’
e 2RV
v |+ v3/c2
E‘’= m c."y
1+ V¥R
y = | dl-—\/ 2/{, v /2 = g'l-z
(H‘V’/c,") 1+ 3% ca
= 1rv¥er / ! +VYc2
y |-va/e2 l'lehCG EF'= mcca(T-—:..VT/cg-‘)
I8, 8
Initiall Y Fin u"!
@y W (W) V
p=wmvy P, ‘=mv
E = méy+Mc" E=M/c2 [

E?ua.'l'-.lnj > h'\'V'y- M'Vr'
mc2Y+ M= M2

Divid: —_—
\vi m3 y mca})i-MCa' c YYn'l'M
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v o o— V
™, Mo ™
K= ¥m°cz
E; = mc*em _ct = mycA(V+1) e met
F-F— = m:V r

P£= m°1f Y

K= X”}cg' = (Y-Nmyc* » x ==

V: X+
o= 1- = —
| %; (x+1)2

y=2
\)x"-r.'zx

Yoe il = Ieawd o
c Cxi) X+1 R

™, c -Jx‘-t-:l.x =m’
( x+1) Cxen=m Ve

Ei=§- = -m,,czuc-z) = m.'cﬁn

D;V.id;ﬂ_j ? Xt -]’
o o X242 %

t —
- T = = = Py
VX2 Xt b=y 22 x

§
V= re et
Nior® X+2 Ge+a)a
Vrl = ﬁ-___:"__.;; = c i%
VR34

Frewm P =FPf T= T5& /
my = M, € VX3ax fvm = el Dadax = o Va Uiz
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v, v/
\‘3.7 { v o Vb
o—>» o O—>» «o©

Lab cMm

The CM Sframes woves be the rght with speal
V. The spoeds of the particles ave

/ v—-V
Va = ~v
cCA
v/i= -V
. / /
Fer -Zete womentum it cM frame Vo= =V,
-V
=V
‘- ca
)
V-V =V~ —=x
2 +ct=o

= v= S 1)) (1*1)7—_;)

To determwmne the cervect \v-“-{:’ toke the mit y—o
v= _C.._ ("t(l"aca.\)

2
_c__(-li-

S
ol o

The neja-Hve rect jwe.: V- )'-’-'-_% as rquirgl

Y
Hence V= -g-‘ ( 1= W/:&)
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139 Intial Final

F, F: =,

Censervation of Momentom N o F¢ E:'F
Ee/c - F‘ - "& Cos & @)
Efc = R sine b)

C°nservq:|-t.on of E"‘"ﬂfil
EO'- E;: = E+Ef Cc)

S?wur%nj (03 and (l}) and ad(/ug 3&6%
Ez '?E°F¢ +P‘ Q-E -& @)

‘—"‘

(‘;
F"em (C)
(Eb-l-Ei -g)*= E_Fl (e)

ls\;\ce C?Pa-’ Ea'—(moca')a' N (J) and Ce) J.we
B -28eppt B (o Yoot = BOR g o BT ARG, 2L AEE )"
RECE+E) =3F, (ptF;)

GP;"‘F E C?‘/Fl +|

E= B =z I+ EolE.
Vs: Y= btain E= g, 2L
sing Pi= Mpv -O'ZE , we o i = 1+ Eug.

e
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oy
\J
)3b)
)
b
o)
!
-
n

— = = A= - L'\C.
S ) p = = D7 ?bﬁ
ba - —bF _ “( ”Et?) = = + o
D € “E £
[ 4 Ev £,
>~ 14 ( Ei) — ”{4 F
(vc. 'H) V/C.H
-2 F h xmﬂl& -3
Ve = guo s, Eeo e Lo 2MZERT o zyx0
3, Do Mol o.9nxie ’®
- -3 -~
B> ~éxn>3+3‘l‘<'° = QQXIDB
” /. 0606
-3) - /D»’2
Az (o Hix o ?)(2gx107) = 20X ™
2 0,020 A

2
{12.9] ooy = (solar comsTat) T Re /o

1
= X /0PWhrxmrx (64 X105
‘ 3XIO§IM/5

&
— g.oxl% N

F‘i"”‘“’ = GMspMe _(g7x10 KA ) 6.0 xw =)

-
e (1.5 x10")>
22

13 —
= 35xm0 N Toextv B

4 _. 3

.,_S"XIO H/w\ ™M = (og-qr .
e &M LY
_—_,————é——z'/

—

, - |
‘FSVI = (J-"/XH?% Y Riarbz 'F;érk\/
¢ 721

FC Cr Ms -

.2 x10™ w
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j"s"of Assome that #he /7“ & reflected From e

s'p'-cere Se ‘fla z

-6
F= =2 Ffower = 20 = 7y, N
c 83X/

At eyuilibnbm; F= mq

& T Yo 6
9.9

-4
™M = 6¢ x/o"'?,{_?- S eXto 1

m= %'ﬁ-rsf ’ f- C/Cnt'c'fr = ?,7J/¢m"

!
Y3 3 '(.Pwo-4 V3 -5 /3

#—‘rr[: 41X 2.7
=%>“ = 3.?x1¢>_3c'm =
'l3.ll" “ANNNN-> O ) ©-
Ea ’m,c:‘ ) P .
) F
f‘: ¢ cosP+ EFcos© = E, (a)
pe € S P =FEsian® (b)
E,,-l-mc‘c;a = E+E Ce)
@ (b) j'we cot P= _Eo. -cot o ¢ )
! Feim®

2
and (ﬁ:c)a = (E;-E'to-f@') + EQSI}IQ& (eJ'

(C) S’tves .
(E,-E+ moc?) " :—f- = (% c)* ¢ (myc?) ()
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Inser-l-ing (e inte (£) Hd'elcls;

gé—.?E;',E +f'+QCE,-E) |')1l,<:""-t—(\rr;/,{i'-)2 = E/“’--?E‘-',Ec:ose 1-7'4‘

-+~ C aca:)a.
EE (i-cose) = (E,~E) m_c?

Eo (1-ces®) = (FE} -1) m,c®

&, | =
z = ;n—b':? Ci-cos®) + | ()

Inser-l—'u-._? (gd infe  (J) sl'e/a(s'

1-cos© . _|

Beo -
cot P= mc2  Sine sine ~°to
|- cos& _ =3
Sihe _tenX

-J——SIHO' ~-oote = tar '%_

Cot P = ?f:ca'bun% + fa.n% = ﬁn% (If-_-!_—?f‘ca)
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Char'ker 14

4/

£= MMc ¢ ¥, 0,0 i)
A= £ (ceso, sin® ,0, i)
P. = £

< (ceco, -sine 0, ;)

@) P =P +P, (Y Pmc = 2 &
’ - y-34
PM,V = 2L ceso r nin:;&

P X = REL 0
< Myc 2

Frevw (a)

Cos & = P{'E",‘, = %30.74-

&= 42°
)~ (£2£)* = 546
== o074

Y| VY+p—>p+T,
Pt*Pa.-ff_:E_t

PEt Pa 2P pa = (PavPy )’

In Jab frame £ = f_‘?’(’laﬂw.i) and af_s_'__,’M 61‘292;}

<
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/A: =2 O- (MPC):“--QMPEY
Fralvate rhs, in c of m 'frame
(Pa+Pe)* = = (Mg M Y e*

2 2
So (Mpc‘)a +2 Mp * 5 = (MPC’)2+(M,,: ca) *-?MPc:M,Qc

<
2 My C 135 )
A r’&';;) = 3smer [+ 5505
= [Hi MeV

43| p+e —> e + (e + e*)
(rfe)® = (Bvpe<pe)”
(rrR) e [ E(e00) rmeloogi) 17
“ (2)- (2 rmdts mam g - ()
evaluvate rhs in cvfm frame :
(Pa*Pu~p )2 = - (3mee)?

MHence 2 me Es "'(”’ec)z = 7("”ec)2
D L= 41neci=4#xe 5/ MeVv= 04 MeV
(-]

144, H-

v

= P, +Pa

- - . &,
= Mc(O‘OJo,;) _EL-(F‘ © o "—c.—)

[ V9 )
]
-
I
o}
‘—0
0
A
\ g



Me= (F,+5,) /c

P*= p ¢ Pl ¢+ 2P, Pa

-4 &)* = '(m,c)’—:(n::cy -2 (p2+
Use r'z_._. E a_(.m )2 E
(mc)? = (my)r+ mac)2+ 2(8)%- 2(m)? 2Bl (MC,E)

429

= ~(m, )2+ (m,c)t + 2 z;- M c?

E = (M"-t-"rnz-m,_)c

' - = -v..nJJ LJ lh"ere’n)j::r ;u‘:anh;I
E_= (M‘ m,"-t-m") R
M
lﬂ'—g'l N o L >
M, M. Mg M,

Pr*P2™ &*ﬂ-

P = M‘Y(VJGJ oJc'c) P,a' = '(M-,c)a'
Pa = M0 0,0, ic) VI
At thresheld (Fs *+ Py )i— '(M3+M,, g i

’ ) iy
QL
Preps + 2pp = (PatPu)
-(M.c)"-(Mac)’--aM,szc-z g_[MB_‘_M“)z =B

Ma+M, = M +M, * Q/cl
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M2+ M2 +amMy ¥ = (M#rMar Q/2)2

M2+MT +AM M, + (M +Ma) "'cq"S. “"('3

MMy CH=1) = UMrmy) D (&)™

2 M, +My <
K.: M,(Y-l)c - —-NTa_ Q * zMaca, Q

%¢]
The ita [ G»or

_Pg"' M,(b.,o,oJ ie)

moementum g

The final four Ynementuvim IS
5-‘= YM;_ (v,0,0,ic)

@) 33 censervation of \'homen"‘um‘ the exAavs? carries

away total memermtum ?’;“"‘YM.FV

The e.nerj:’c-f: the exhaust is giver by

E°= Pec

Hence
e = YM;Vv (-Lo,0, )

ey

(b) Conservatiem of four

P,= Pt P

Sl

mementurn 3ie1(:

M, (O,odo_,ic)‘-"-(%O;O,‘:ryM,a(C +V)] )
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Herce
M, c = YM{: (c+v)

Mo o ¥ =!_CStv

Mf' C'v I=v3/c2

(c+v)? c+v
a- - —— TED ————

X2t ¢

V= =

|I‘I:71

For meottien qlang bhe x axis, the foonr ve/ac':-é( /5

_‘:'_..= V(uJoa(.c)

The 'ﬁ:ur qcce/era'l-;en '3 s'wen b_g

a=ié. y syadz}’f_'u_‘o_'oaicj

= ¥*Lae,0,01+ Y L'u 0,0 éic ] where ng%-

Us;nj gg"dt (/"u/")a' SJ}Q c

&= V*Lali+rwu/c?), °, o i(‘)’i‘;-u/c ]

P
Merwm of a = (&)Q = Y‘paa(l"-g';" *;L



PR—

E‘ The phase of the wave is ﬁt'ven Bx f“""(%"'yt}

In terms of a 'ceur vectsr k.= -?.11"( ‘/34 o, O.“i p/C)
the phase camn be writen

as P= _l_:‘_r. w here
X is the

J;SPIQCCMQH* vector ( ¥ o, 0, icf)

@ Since Pis a lerentz Invariant Cs:«lar) & g”cws
that Pi=(aw)? ( x*/~»2 -p"i") is ar wwvartant . Hence
(?/-171')"' =§2(x"- )’V’i"') has the same valve n all

frames. For l[j’rﬁ‘ x2=c?® in all frames.

I ene
frame, F Ay =c (#/7amr)* = & .

N 2 fllows 'ﬁln't'
Xiz_ ¢ ),D'J zili - ila ( ci. ),2 P,Q) =0 oand )’P":G
v all ‘F"GMes, as required Lor a I‘Jl,i wave. This

confirmsg ‘t‘c‘t _& is a Jfour vecter

(L) we can .nmmech’a-le{y find the transformadion
‘are?er-h'e.r of ks

compoermendg, Frem 5"911. I 4 we
have

awe g = Y (27 Ve - ; £ AT)
vi= y(v-¥X)
)Jsfnj P =Cc/a we o btam P"'}’(V—%)

€) For a wave meving along the q G‘N.J,

k= awlo '/a,0,iP/c) ZIn he ¥y 'z’ system, the
four th Compenen‘t is W‘o%:_ga.,r"y% - Pl-yy
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