;Laoture I = Motion in One Dimension

o 7is]>.'acemen1 D= x

. - Ax ft')h'

. Auerage Ue’ocrfy W= AT bt
“totul_distance

° Avemge 5’7026‘? totol time

Ue/omy and s’;eed NOT inTerchanjeab/e in };hysfcs !

- O
Uy =

AV dVJ

G,E.&ﬁ% dtﬁz dt
d o ;dx, _d's
ay= "3 = & (@) = q7

"= y
Aa:’ij’BA':ﬂéTO%vMAi":f{; V,H)d‘t

dva
a,,=7:|:‘ > dv,=asdt

G = j: a, ) de + C,
t=t, V= vt =G,
Vs b) = Ui +j:“a“')df'
S
a(t)=]:; verdt’+C,
t=1t;, nizak:)=C

T t 1’

Set 1:=0, 4=t vy =Vt 051
_ Vi + Unf
Vy= 2

] v;t'vl)i
Hf_)fz',:I(U;{*an)t=v,sit+:l'agtl= 204

51\9 m"ficom‘l :F:gures

- Physical quantities measured are known only 1o within the limits of the experimentol uncertainty.



Yy 5

Sol. £°= a’+g’

dx d
Differentiate both sides with respect 1o 1: 0=217dt + 2y T 2 et 2yyy= 0

V.

Yy
2 W TTE= ~tonf




ieoture I - Motion in High Dimansions

Choosing PifferentArxes

Vs=v..m59—9tsim9 y
¥= 7, t U,twsﬁ‘:'.gt’sina 3
Lf,=-v.sim9-3ta:sﬁ &8 .

Y= Yo -veTsin -+ 9f:'us(?

Tt needs the Concept of morix fo represent the rofation.

The More Educated Way
“sing vectors To Mnlfy the fbrmufas:

Finite Kotations are Not Vectors
The commutative low of addition is not satisfied By ﬁm'Te rotations.

Not euery?héng with o magniTude and a direction is a vector!

3,= rsin ﬁws(f

3,.: rsinBsin w

Z.=r osP

- The motion of a Parﬁcle (moving in-high-dimentions ) is completely known if its position vector ¥ is known as a function of time.
m AF  dF
+ Instantoneous Veloa‘g: V= al'f: Te =
7 ond 7 ore not in the same direction !

. AV dV
 Acceleration Vector: Bl G =TF

Prq}ecﬁ;'e Mation

Vs=Vocos B, Vj.=%sin9 Y

91 = ZUJ'
3= Wt

Visin28 =

Solve equations simultaneously to obtain %= 3 ?

Um‘form Cir(,u,ar Motion

A +
V= Vi ar f N r
- M -
a="T1" (cen’rri}:eral acceleration) r
dv d U dd A A VA 08
Poof &=t = Wie) = v G = vl = vl = 7

Non - uni'form Cireular Motion
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Leoctuwwe T — Newtons Laws

The magnitude of the resistance force can depend on speed in o complex way.

() For objects falling slowly through o liquid and for very small objects (eg, dust particles moving through air):
R=bv

G For large objects (eg. skydiver moving through air in free fall):

R=c¢

Kinematics Analysis for Fluid Resistance
G) At low speed
Differential equaﬁon;ngmg- bv=ma= mar
Static solution: ve="p

© |"<

Characteristic time constant T="5 =
v = Fa-eF =y (-0
z
alt)=g9e*©
froof m9—bv=mg% > 5_-‘;: dt
Infegrate both side : fdnlg-Bvl=teC 5 y=F ‘j‘Ke_%t)
Substitute vi=0, we obtain K=g
Thus vit)= T u-¢%)
aitl= %Lfl=ge%
Note v(T)= Ve (=) . that is_how we define <.
For o ‘ﬁrsf—order linear differential equation in_kinematics. its standard ﬁ:rm is-giuen Ey: Ay fB=%¥.
Ln this case, the time constantis always equoal +o the reciprocal of the wefﬁaenv of v thot is: =%
(ii) At high speed
Resistance force - R==DpAv*— Drdrag cofficient—p-density-of fluid—A+efoss-sectional -area—of the falling object
Stortic sohetion: w=/12>f_}
?mof mg= %Pgﬂv‘:ma

Subsiitute 0¢=0 we obfan V=1 ook



JZZWWZ IV - Work and Kinetic Energy

Work—Pone by V] Varying Force
¥
W= \I:S.’ F’l d’j

Hooke's Law
The 'foroe law for springs (in the [imiting case of small d{sp.‘acemenfs):
F=-ks 5. 7he displacement of the block from its unstretched Gs=0) position
k: the Torce constant of the spring

Work Done by a Spring
WS =~];-':F$ J’ = f-’fm (_}') d), = 'zlk)’:mi

Consider an object moving under o constant net force :
d=%(v-'+ug)t, a:#'.'
ZW=(ZF)d=mad=m(“5%5) L (i)t = Fmo = 3me?

Thus we define the kinatic energy: K =zmv*

Work -Kineﬂc Energy The(vram

2 W= Kf -Ki=0K
5, 5"
Froof ZW=]; (CFR)ds =L.r ma,ds
de  dv dy dv

a=74dt = ds dt =V EI;;
ki 1
EW=L; mu% d ‘—'fv; mvdv = E’mu;-z'mvlf

w
Avem_ge power : P=1r

n
hull}
o
o+ |ay
1
!
1]

w
Insmnfnneous Fower.- P= ﬂ?

Kineric Evergy ot High GPeeds
Newtonian mechanics valid only for ?arﬁcle motion at small sreeds (veee).
Therefore . the 4nuth situation at high speed should be .
K=me (Jmer 1)



o&oﬁwg \/ = Conservation of Energy

l‘f ,
W, =/,jl,(‘h)dz = 2hnt-xhy
Thus, the elastic potential energy associated with the system is defined by Us=zks’
T[len We=U: ‘Uf =-olds

Wy = (ng)-d = (-mgj)-Uyy-3)§ = mgy:-mgy

Thus, we difme the graviiaﬂonaf Fo'renﬂal energy of a Farﬁcle, which has moss m and is ot a distance Y above the
zero-potentiol - energy surface, is Uj=mgy

Then W9 =Ui-Ug=-2aly
Note  Griven that how we define g, the formu/a is only valid for objects near the surface of the Eorth.

E)(Perimenfa’!y, we 'find T‘wrl', to a good afproxfmaﬁon, bo'rh fs.mx Dmd fk are Fraror'ﬁonal to Tke normal force, o|oﬁn9

on the ob\jeofv

J |
I'r con be seen that f,,m z /a.,lV e :
M . —
static Foction i dynamic friction
f=F |

'
0 Stotic region KineTic region F

Work Done Ey Frictional Force
Wy= fi-d--4d

A force is conservative if the work it does on o particle moving between any two points is independent of the path-taken
by the particle.

We=u; —Uj =-aU

In wntrast, a -foroe is nonconservgtive if the work it does on o Farﬁde moving between any two points is deFendenT
of the Pa‘fh token by the Parﬁcfe.

Based on the deﬁm‘ﬁon, we con find that The elastic force ond Gravitational force are conservative, the frfm'o.al

]Corce 15 honconservative.

Conservation of Mechanical Energy
The total mechanical energy of [ sys'rem remains constant in any isolated sysfem of obJeofs that Interoct onfy 'Hwaugh
conservative furces.

E=K+U

Derivative Of Potential E‘“"W

If the potentiol energy of the system is known, then W=F.05=-aU

-”’IMS, Fr= -g-ii



Equihbrium of 0 Sysfem

In 9enerol, positions a-f stable—equilibrium corresrond to points ‘for which Ut) is a minimum.
du U
dx =0, 45 =g

In contrast, positions of unstable equilibrium oorfesrond to points for which UG) is a moyimum.

d__ du
s =0, "5 70

The }Jo'renﬁal onergy associated with the *forca between two neutral atoms in a molecule

can be modeled by the Lennard - Jones potential energy function

ANV
™

Lennard-Jones Potential

{Potential Energy) )
°

Intermolecular Potential

U= ¢e [(5)°-(5)°]




aé(/fure VI - Consema-fion af Momentum

“The impulse of the force F acting on o particle equals the change in the linear momentum of the porticle caused by

that force I=A]>.
Linear momentum F=m7

- [
IMPMIse I =ft.- th

Conservation of Linear Momentum

Whenever two or more particles is on isoloted system interoct, the total momentum of

the system remains constant.
?’M =‘5‘%;—F: = constont

The only requirement is that the forces must be infernal to the system.

Elastic and Inelastic Collision
Momentum is conserved in any wllision in which external forces are negligible
Kinetic energy may or may not be constant.
- Elastic collision between two objects is one in which total kinefic energy is the same before and after the collision.

- Inelastic collision is one in which total kinetic energy is not the same before and after the collision.

Perfeoflg Inelastic Collisions

When the colliding objects stick together afrer the. collision, the collision is called perfectly inelostic.

~ = . . M+ mi
M Vst MV = (mrm) VG = ="m>m:

ElasiicCollision—in—One- Pimension

MV +ms Ve = M-Vrf +m;|/lj

| 2 [l ! |
T MVt _z-mzvaf =z m:V:} *Imalf;_;t

o - my 2 o2 Mmm,
2 Vi = e T om0 S T Y T m, Yy

E P . . Vii
Elastic Collision in Two Pimension ——e—.—----_é___-
= ¥
mvi=m, V.j cs@ + Malsf os(p g v
- "'1 cos
0= m.v.jsine- MaVaf s;‘nip ____é({{t _________
vvmly

Z’ v = -i—n.‘v,; + :' m;u,} w sfnf\%wj

Note Cle.nera”y, we need one more equation 1o solve.

sfeoia’ Case : Equal mass
I m=m.. then
Vf»’=Ur‘i"'U-‘if . I_/Tu’:T/.r}*V:f

2 U.?:(Vv-r?,f)g-_ﬁu,;{-v,}-rza}vﬁf $sz,v:f=0 2 ﬁ-\“}p:%



5 ;zd".‘ r | -
Consider o system af many Pamcles Fon= 2% " =T /T dm

Thus, in each dimension, we have Sum= M—'f , ym=ﬁ'fy°‘~. Zon=7J 2dm

The Centre of Mass of a Rod ,
Show that the centre of mass of o rod of mass M and length L lies midway between its ends. assuming ;E‘":”'

the rod has a umform moss Ter unit length.
a)da -2‘— —- ?

Hun-_

Note  The centre of mass of any symmeftric ob\]eo'r lies on an axie of symmefry and on any ;:lane of symmetry.

The Centre Of Mass of a /Vonum'form Rod
Suprose a rod is nonunifurm such that its mass per unit Iengfh varies h’near’y with » occording to A=&.

fdm Ada fana= _azi.i

L 3
I z ak”
>rm=ﬁffsd~=mfn 3hds = mjo‘*” b= =3L

The Centre of Mase of a 73(9‘11 Tmmg,’

4,,.:%» ydr o 2y g, :
Sem = ijdm_mf Ax=—gjlyd’l-abf!(a¥)d’s—5a

Similarly, Yen= 3b

Mo‘hon of a Many Parﬂcles SysTem

=wmr;
_I_

g
I
=,

- 7 !
aw=‘%%m' =
Mo = 3m3; = FF

Konig Theorem - Kinetic Energy-in-Centre of Moss Frame
Ei =

s 2 _ 51 a
21- L L:""(U'B,wm,e +VCM)

] 2

= z?"‘ Vreltive + Vem SI;M;VM,M . ?;’M‘VJ

i
! N
= 3 Wi glurie * LMz

= ECM t .SEk relative
Show thatt = Total kinetic energy of the system is made of by two parts - the kinefic energy of motion about The centre of

mass, the kinetic energy with all the moss concentrated ot the centre of [



d&oture VI - The Law o}‘ Gravity

Newton's Law of UniversalGravitation
6:5%41"*

Th& Inverse— Square Law

Ta=__'il,
M
v _ GMm _ 2R a_ 4R
foof "R =R, VST 2T =M

T 4a
Note For a given astronomical object, & - o = cmstant uhich is known as Kepler s Third Law.

Attraction from a therim! Mass

o R r

E-Field of a Chafgea‘ Sﬁhere

KeF]er’s Laws

Al r’anafs move in e”iFﬂ'caf orbits with the Sun at one focaf point.
-The rad:'us vector drawn 'from the Sun to a Plome'f sweefs out equal areas in equaf time Intervals. (The tonservation of
angular momentum)

« The square of the orbital period of any planet is proportional to the cube of the semimajor wsis of the elliptical orbit.

The Density 0]( theEarth
_ 3
etg ‘f—: GRe
o Re
?nmf m5=£%f_ =>Me =3T
Ve = _g‘"fe,

Me 29

(&‘ Ve - GalRe

SaTe”iTe Orbit

. . . amM
Total mechanical energy s conserved: E=zmv -7
Ll o= S o -l

The Minimum SFeed 1o Launch o Satellite

i CMem _ _ GMem | GMe
3 - Re ~ 2Re < VYTV Re

Ch&nﬂinﬁ the Orbit of a Satellite
AE = -Ec= -S4 (-0

ESCaFe Sfeeal ]rrom +he Ear’fh



Loyt GMem __ GMem
2 Pe [

F-.'-»l )

Wllel‘l Moy —*+09, Ve =V R

U;"‘2GM£ (F;‘ -

Rocket ?rarufsa'on
M+ Amdv=Mlveav)+ D lv-ve) = MAv= vedm = Mdv=vedm=-vedM
A AL RV AL. S
Nete Under such circamstance, The momentum of The system is conserved , but the kinetic energy of The system Increases (at the expense

o-[ chemical Po‘.feﬂfu'al energy in the -fuef).

ThrusT of a Rocfre-r
The thrust on the rocl’e‘r is the farce exerted on it ‘Jy ‘Hle ejecfed exhaust gases.

T=md=ed

The thrust increnses as the exhaust s,:eed increases and as the rode of ahanga of mass (called the bum rote) increases.



oZ@Cfa/e VIL - Kotation of a Pigid Objec.f about a Fixed Axis

Angular displaaemenh A0 =05 -0

A . _ Bs-6- a8
verage an_gular velocity: @="t=t: = ot

46 _ dg

Ins‘ranfaneous angufo\r uefoch‘y: w= f‘l'.‘a At = dt

Wy =, AW

Average anqular acceleration: 3= =
ge ang 1

: Ly A0 _ _dw
Insfan'faneous angul'ar‘ acceierafmn:é?faﬁo at T dt

Nete We use the Right-Hand Rule to determine the directions of w and 2, which are a]ong the axis.

Rotational Kinematics
° Wf = w; +xt
B =Givwite Tat*

© Wi = wi+2q (65 -6

Relaﬁonshfp between Linear Vefom'fy and Angular Ven'och‘y

de
V=%=r'_q‘t_ P V=Frw

Re]ﬁﬁonfhiP between Linear Acceleration and Angufar Acceleration

Oc
a:=¥=r'4¥ = At =ar >

wir

I

vi
ar =+

a=dazrar = J@r'+ w*r = fa*rw?

T=FF$MV=FJ, ?‘?x? I F“"‘TZF

Here. d is called the moment arm of F. ]

Torque is defined only when a reference axis is specified. Its sign is determined by the direction of the force,

bein9 positive when counterclockwise and negative when clockwise .

Is I.Sm;r,‘
The moment of inertia is @ measure of the resistance of an object to cﬁaﬂges in iTs rotational motion. I-r onlj Jefends on the

Physicai arrangement of that mass.

Torque and Angulor Acceleration
dF =(dmoc = dc=rdFc=rdmac
Substitute 0c=ar. then dc=(rdm(ar)=(rdm<
Z?=ﬁr’dm)a = afr'dm =13

Rotational Kinetic Energy
Ke=FKi=3 dms = 3 Fmr'e = £ Lu?



Work and Power in_Rotation

-
Work: dW= F-dz =tF.5,_.Im,..Jpg- <dd

[nstantaneous Power: P= %'1!- =z %: Tw

‘M I K otic E . g Tl
mevrem

w

= t 6 =

> § ” l“: T |
- =lwquw

& fw-r I 17 a [
9£w=iﬂ;ftda=.}m‘-1wﬂw'1‘-ﬁw PRt

Moment of dnertia of Common Models

Long thin rod =|= Long thin

|
with rotation axis rod with = ’
~ through center rotation axis |
/!I through end /vl
L L/ I

1 age
fen={g ML f=;—m,2

"~ Solid sphere : |b Thin spherical c I b
o2 shell
Ll 1
s

I =3 M

Hoop or
ovlindrical shell
Joyg = MR?

Salid cylinder
or disk

e -% MR

cS

<S5

Hollow cylinder c |$

Fons =2l MR+ R

Rectangular plate c I’

Tew -é M(a®+ 5

The Farrallel- Axis Theorem

10=Im*m}ia

Froof ~ Iy= Zmn’ =2 m (545

=T Em 22w

NI
43

=1+ kM




,Zz(/twg IX — Vector Cross Froduct;  Coriolis  Force

Atwood's Machine
LTl'Tz)R-‘-IQ ) (T;'TAJR=IQ

mg-T=ma, T-mg=m.a

a=aR
o= (m.-m;)g
Solvinj equations simultaneously gields: m, +m; + 2

Comnected Cylinders
AK+ ol ralk.=0
OK=(Fme+Smuf+ L Iwg)
Y =wgR
ﬁu.smigh, AY,=-m.gh

_ 2("‘1"'"’&"
i . . ve=
Sol‘wng equations simultaneous yael‘ds: 1=/ mam+ &

Fure ?o”in_g Motion

s=0R
Vem = %:i_fk =wk
o= - dR-aR

AK +alf=0
AK=3Mbp +3 Iu*
AlY==-Mgh
van=wR

Solvm‘g equnﬁ'ons sr’mul‘faneousl'y y.-'ef'a’s : Vem =/ 790

Derivative of the Cross Froduct
- - B b d
FUSCEY SRR (A2

IR

T;

My

The Coriolis effecf ic a deflecﬁon of moving objects when the motion is described relative 1o a rotating reference ﬁame

F F'}
el
Twx
R r

TIn the inertia fmme af re.feranoe= LT de
L N\ Lhange.of the
ohu-ngc nf the " 9¢
displacementt c‘rsrjacwa'd due
m‘fKiﬂ the 4o the retation of
rotational frnne the re e fmnc
Acceleration under Colionis Effed
d? _ —_— e d

Chalrral il e PRETE NG

I 4 [ N e PR e o

O A I e ] R R R R R

"Force in +he Rofaﬁng Frame

d? |,

%

-
wxr

AN
3






ieotuze, X - Rolling Motion and Angular Momentum

ZF=3¢
- — dy
ST=PxIF=r*gt
7 dv

d —- = —- — d - - == d
E[yxrj= xg-f-r R rxag-r vx(mi)= rx?g
=

4T

Hence, we define the angular momentum L = FeF and 2T="4

Angul'ar Momentum Rarerﬁes

3
L=mursing
T
Given that ¥ changes with the choice af the coordinate origin, the angular momentum derends on the choice o ——
v F
5 iy
of the coordinate origin as well.
i - - - di; d _dr
For a system of Parhofes. L=Fl. 2T =T @ L~
— — — - (= -
C=27xmi= 2 Fxm(@=r)=2 [mna-mf (7 )]
Axial Angular Momentum
Lonis= =m:Fw = {,-z“';".")l-' =JTw
d’[‘avf&
2 ter="ar = 1a
Twe Connecfed Forticles Rotation
L 2 _ﬂ_ * L, f Mm A rigid rod of mass M and length [ is pivoted without friction
I= [ ME +m, ( 2 ”‘I;(';J =4 ( 3 term) atits center. Two particles of masses :n, and m, are
‘ga connected to its ends. The combination rotates
L = IW = T( 'g'fml 'Hn,_}w in a vertical plane with an angular speed o, oo
(a) Find an expression for the g
2 2z magnitude of the angular ; "/
STt = Tt T = MY T 050 Mg 3000 = 3 (m-m)g bl (b> Pl an exprecion o the ol
2(m-m.) geos @ itude of the angul '
RN ey accderation of the e when £
= I (3 1‘"'”"‘) the rod makes an angle § with )
the horizontal. J
e

Conservartion of Angular-Momen-tum

dC —
When the resultant external torque acting on the system is zero, 2Ty =Ge=0 = T = constant

This property is called +he conservation of angular momentum.

Kepler’s Second Law

?:T—'KF =0 " ~_M,
T==.—=_> M = . F/Hun B \
L rxp=rx rv—mrrlu—wmfanf i 2 F P

I
AR=2[7 dF] = £[7x7de |~z e s
dA L et

Isoloted Systems
For an isolated system:
'Ki"'ui= Kj"’uf

=
—~) o)

—

~
]



,Zeotwre XI - SimPIe Harmonic  Motion

Necessary —conditionsfor-equilibrium
+ The net ‘force acting on an objeof is zero (Translotional equr‘!r‘bmﬁon)

« The net torque about any axis is Zero (Kotortionat equr’libraﬁon)

- An objm is in equilibration: a=0, 8=0

< An of)jec‘r is in stable equii;‘bra‘h’on: 0=0, @=0, v=0, w=0

Torque about Any Point
T5-FTF

ST=S(H-PIFE =27«F -Px¥ R =27 -Fx>F

i 4 o

Note That means if on objeo‘f is in translationa| equil‘ibn‘um and the net torque is zero about one point,

then the net torque must be zero about any other ?oim

An abjeof moves with simrle harmonic motion whenever its acceleration is proportional o its dl's?’acem%‘f from Some
equilibrium position and is oPFosr"telg direof[y‘

ma=-kx»

Quantitative Ana{gsis

Energy of the Harmonic—Osciltator

=dmi= -‘ZL mwAsin® (wt fy’)



Zactu,ze XTI - Applications of Oscillation Motion

Sim]ale Pendulum
d’s

Eﬁ='mgsin3=‘"?t7, s=L8 \
) I
e e 2 |
o\t
=2 9= ey ws(wtrf?), w=/f5_ ! -
"9

T.-.- —ﬁi = 2‘&/3:

Physical Pendulum
If a hamjmg objecf oscillates about a fiased axis that does not pass through its centre of mass
and the object cannot be approximated as o point mass, +he system is called a Physical Pendufum.

—m_gd;r'nﬁ= L 'i_‘ﬁ 2 w=/_m?$:
T=o =2 mga

Note We connot treat the system as a sim?.'e Fendm'umA

Torsiona| Fendulum

'C=—Kﬁ=1'£?;

Pam?ed Oscillator

b: damping coefficfem f

2 F=-ks-bv=mas |
-ka*b%‘m%

>I=Ae-£toos(wt+,ﬂ Cw=lE-E)

Critical Pamfr'ng
FOF cn'ﬁcal' damrinj, w=0= _H-%-= (3&'_): (c) overdamped

(b) critically damped
(a) underdamped

Forced Oscillation
Fot coswt 'h‘bgg:m%

E=A'e-%tws(w't+£)+ Au:os(wﬂg , w'=JE- &

Tnnsmf so'uﬁon 51?9“15 solution

Slow Priue

V=0.0-0 = Fest toswt —ky=0

The driving force is slow enough that the oscillator can follow The force afrer the ‘ /\_/ \ AN

transient motion decays. O

wew. =%




Fast Drive

2
5=0, v=0 = For coswt =m5"‘f

The driw‘ng force is slow enough that the oscillotor cannot fo”ow the force and lags
behind (x out of phase ). Note that the amplifude is smaller thon thot for slow drive.

W’W-':f-'%—

At Rezonance

%0, =0 => meswt—b%w

The athma'e Quickly Grows fo a maximum. Aﬁer “the transient motion deca_gs and the

oscillator setfles into steady state motion, the dfsp;‘acemem

‘force (afisP/acemenT fags the ﬁ)rce).

Forced Oscillation

S‘ready state: w—ﬂooslwtf,o)
A= s *H’H  w=lE

The Equi'r’bn’um

Lennard - Jones Potential :

du 4
Tdy 0@ 5.=2"c

Uts)= e [ 15)°]

Force Near the Eqw'hbrium
Uls)= e [(5*- (1) 6] = e [12%-2(2)¢]
Fuo = -k = B2 [ ] - =G ona Oltr)
Eﬂec‘hue spring-constant k= - w—./—,

Two Harmonic Oscillotors
m-d:‘-'-=—k'y,-k(a.-a;)' M%‘=‘—k‘7£—k(ﬂr¥|)

P
=2 mw'a’.. = fk"f L) B ~ keho . mw’m. = _kﬁm + (F*k) Hro

> (k’*—:m‘ k'*k.-km‘){::) =0

Solution 1~ w=/E2E “fﬁ_' (K=0)

Vibration with the reduced mass
Solution 2+ w= f‘g =0 (k-o)

k'=0= #.=-5.

Here. #.=%. [ronsition

_stress

Elastic modulus = ~sfrain ‘for sufficiently small stresses

Elasticity of Length
“d _f J tensile stress e
Youwg < Nodulys . Y= ensile strain = &

Aae)

= out of ?hn;e with

(s %)

1 ‘ q"r Iﬁ Fﬂ fah A “ i '“l’ﬁ N .-‘kml .""I'u F
ost |, I|H | \ | J |\-|\“ I;nl\ |‘|‘.I‘
., H M‘H;“ J\! “H#J ”H:(\Hgm”
“ .ld'l\,'[l‘ll.}' llu'_‘l n'} HH'!L """kl ‘j"f I '\\LJ;U' ."l‘/.:y'-'qi-. l‘u'lj"\.“
ann A AR AN
, A n A AAND HI \‘ f\
A ;’ul./\_ﬁili!ilﬁ%MH
AATRIATAIAS T[T
’ VYV Y 'U'J I U kU w

=0
" Undamped




Elas‘rl‘affy of ShaPe .
Shear Modulus: S= % =4 - "i%ﬂh?)'

Elosticity inVotume
volume stress EV:

Bulk MOdM,US-‘ B= volume strain = W T AWV

Mode Counﬁn_g
o N-atom linear molecule :
2 Translation modes, 2 Rotation modes, 3N-3 Vibrotion modes
* N-atom nonlinear molecule:

3 Translation modes. > Rotation modes, 3N-1 Vibrotion modes




Zem X]]I - Wave Motion

* Wavelength
o -Pw'iod T

: Fraquency f
. AmPli-rude A

* Longitudinal wave - A wave that couses the particles of the medium to move parallel to the direction of wove motion.

* Tronsverse wave: A wave that couses the paricles of the disturbed medium +o move perfena'jwiar +o the wave motion.

One Pimension Ira veling Waves
Y= f (x-vt) —_—

Here, v is the wave speed

suFerPoston Prinm]ol'e

If 1wo or more traveling waves are moving through o medium, The resultant wave s
function at any point is the algebraic sum of the wove funcﬁons of the individual waves. N =
lmerfereﬂce

The combination of seperate Waves. in the same region of space 1o 'Froduce a resultant
wove is called in‘rerferenc.e.
« Constructive in'rerference: The resultant wave has greater amrlifude

o Pestructive in'rerference= The resultont wave has lower OMPfi‘rude

Reflection
When the pulse reaches the support, & severe change in the medium oceurs. ‘
The wave undergoes refletion. that is. the pulse moves back along the string n the opposite . |
direction. - |
By Newton's +hird law, the support must exert an equal and opposite reaction force on the |

S'fring. This ‘forae, couses the Tul';e to invert upon refn‘eoﬁon-

Free Bouwdarg Condlition
The tension at the free end is maintained. il

Then, the pulse s refleded , but this time it is not inverted. : —A3



Transmission

pulse is reflected ond port goes tronsmission . that is. some of the puke passes through  ~=

When the boundarg is intermediate between 1wo extremes, part of the incident

the boundary-

The —Linear—Wave Equation

Fooof

U _ .U (K
2 =V ant v=a\/_NT

Consider an example in one dimensfon, Then
r

more Lke “fixed B.C."

mare like “free B.C."

Equflibn‘um positions : X.=na
Deviations from the equil‘ibrium © Un=7Tn" Xa

Thﬂﬂ. unﬂ'un=[5m| - (WTI)GJ - [5»' nG ]= L R P
Consider nearesf*"e%bour interactions 0"‘_‘1’ ?9(”-": -%) =%t zLK(vs.ﬂ- Ba-a) e

':‘fo"'zr.K(unﬂ-”n)a"“'

In the harmonic approximation, Unarm =2 K 2 (tn=un)*
. ” L] L0
MU.-."—'__dﬁ‘hmu. = K [tnp =tn] = K[tha=tha-t ] = (KaJﬁL.g - (Ka) B%

fu Unss — Un qu
Note (Ka)f;s_‘a..r-} =0 — o

a2

s+s  (bx—0)

Hence, for wave’eng-fh much Qreater +han o, M(%)y.=(h)[(g_;)wi‘ - (g_:)m—é]=(kﬂ')(g_:‘)&



;geotwre, XIV = Sinusoidal Waves

The SFeed o]( Waves on STrings

Am= /u(ﬂa) LG
2y 2%y _ 3y 2y
(Bm) Gy = plBe) =5 = Tolotdo) G5 |,py = Tel8d 55|, T, (x + 4%)

Tﬂ (s+ds)= Ta('a) =T
__._,_3:9____. 17y

Mo
=v=j;

x x+4x

General Solutions

- A S
The linear wave equation: 2¢ =5y

Wave funcﬁms: y= fbﬂvﬂ . y=j(4-vﬁ

. 2y _ .2
For the linear wave equation: Tﬁ“" EL k. angun'ar wave number
The most important famify o‘f the solutions are: y=Asinkx -wt ryp) w: angular frequency
Here, w=vk y Phase constant B
Various Forms
= Asin(kx -wt) ———— e — - y=Asin ($5)

ymitla-ue) — yzha

w="T v=~ 1 vof ]

= =0

k=3 %4 |

y= Asin [2‘ ‘3\1"1"“)] y=ﬂsin[ %(’}-vt)]

Sinusoidal - Wave —on - Strings
Each segment —oscillotes in the Y direction.
y=Asin tkx-wt)
vy= Tj’f’l.,:‘..‘m.,, =2 o whcoslhr-wt)

dv, i
q_‘j = _E:LL-W‘I'M? = '?:’- =-whsintkx-wt)

Rate o‘f Energy Transfer
MU= T lmey*= s w'y?
dy = 1"}'“‘ [Asiatky-ut) ] ds= {;uu'ﬂ'sin‘( by -wit) dy s
For sfmrle hormonic oscillation, +the 4otal energy E=KtU is constant, ie, dE= EL/N‘A’J:
The rate of energy 'fmnsfer- P= -§§= sphv

The ﬁinci];le of §urerrosiﬁon the vesultont wave

When two or more waves move in the same linear medium, the net displacement of the medium ot any point equals the

algebraic sum of all the dfsf!acemem caused by the individual waves.

Iwre,rfefe,n ce



Same. frequency, wavelength, am};lﬁude, direction. Different phose
Y= Asin tkx-wt) . yz=Aﬁn(k;—wt+V)
Y=ytys =2Acos £ sintky-wt+¥)

o When cos L=z (p=2kr). the waves ore said to be everywhere in Pha;e ond thus inferfere constructively.

k N
o When ws£=0 (p= ~2L1), the resultont wove has zero amrlifude. ewywhsre, as a consequence of destructive m'rerference.

Beating : Tempoml Iw‘rerferemce

Beating is the periodic variation in intensity at a given point due to the superposition of two waves having slightly
differemT frequenoies.

Yy=Awswt=Acos nfit . y=Acwswt=Acs 2fst

Y=Yorya=2A s et cos am(L2B),

The omplitude and therefore the intensity of the resultont sound vary in time . Aresdton =2Acos 2x(El)e
The 1wo ne{ghbouring mayima in the enve!or ﬁmcﬁon are 5e}>emfsd Ly 2x(j=_-£')‘t=it
Beat -frequmg; ﬁ:iﬁ—f,r

Standing Waves
Same 'frequency . wavelength, amplitude . Different divection
Yo = Asin ths-wt) , y= Asin (ks + )
Y=y (2Asin kx) cos wit

Nodes: ks=n1 = 5=%x Antinodes: kx=ard)x = %= ‘Z&tfl'ﬂ



G&Ctuze XV - Sound Waves

We define the intensity I of a wave, or the power per unit area, to be the rate at which the energy being
tronsported by the wave flows through a unit area A perpendiculor 1o the direction of travel of the wave.
I=';=§!qv(c..as...m;}'z g: density v:speed of sound w:ﬁequ@nc_:g Suax: amplitude

Threshold of hearin_g s Lo=1.00x 0™ W-m>
Q=IO£9(II.'J in decibels (dB)

Sreed of Sound in a Solid
u-'—'\/?? Y. ‘ﬁmng’s modulus for the material ¢ the densify of material

) T du g K
Note Another eqwua[em‘ ﬁarm is =V s u=aly

Sreed of Sound in a Fluid
The speed of all mechanical waves follows the 3eneral form: V=J%t%_
Then, v=jd§'g=h<RT

Pappler E ffec:r
v+ Vg f‘

W}len bofh source and observer are in motion , ‘Hme observed frequem;y f’= V- s
Note Toward — increase in observed frequengq

Awoy from — decrease in_obserued frequency

5Phen'caf Waves
_ Fon _ Len

The wave infensity ot a distonce r from the source - 1="73 Yt

The intensity s ‘Fmparﬁona[ to the square of the amrhfude. Hence, yir.t)= 3 sintbr-wt)

Shock Waves
Moch number: 2

ot v ~ ...f;'i‘.‘iu.

sinf="x =% » 2
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.Zacture XVII - Combining Velocities ond Synchronizing Clocks

CombiningVelocities
- Nonrelativistic velocity addition law - w=u+v

urv
» Relativistic velocity addition faw - W= T ia@



h o T
i ime Vilation

A= o'(m,)

I'.engfh Contraction

L=JLO




-—1%znUg—ﬁe%————éoﬁwﬂt—qhnﬁﬁ#maﬁaﬁ

At A
A rrvr

O 1 =J|'z+vw'

Y=y

=2




ZLecture XXI = Relativistic Energy and Momentum

Linear  Momentum

P=Jmu
Newton's second law- F=g§

Relativity Energy
W= 1, Fdn =, g dr=(g-nme>
We define:
> Rest Energy: E.=me*
> Total Energy: E=ymc*

Relativistic Kinetic Energy
K=(y-t)me*

Relativistic  Collision 1
Total energy before collision: E:=2jmc*
Total energy after collision: Ef=2Mc*
Energy conservation gives Ei=Ef>M=ym

Relativistic Collision 1L
Momentum conservation: yumu=2y, My

Energy conservation: Jumc‘+mc‘=21.ﬂlc‘

Relativistic Doppler Effect

) = [C-.:)T
ﬂ"‘foST
f=%- gk A s 4

M @OM




~Zecture XXI —  More Twists on Space and Time

Relotionshipbetween Energy ond - Slowing - Down Factor
L Ll

Ly =

Eﬁi:v"ﬁu
C‘\ZG mc

a‘ue To V&




,éctu,re XXIT - Basic Concepts of  Thermodynamics

The Zeroth Law of Thermodynamics
If +wo systems are —in thermal equilibrium with o third system  Then they must be in thermal equilibrium
with each other-

Temperature is o measure of the tendency of an object to spontaneously give up energy to its surrondings.
When two objects are in thermal contact, the one that fends 1o spontaneously lose energy is at the higher

‘l’em]mmmre.

The Third Low of Thermociynamics
It js impossible for any Procedure 1o lead to the isoterm =0 in a ﬁ'm"fe number of steps .

TemFemmre Sca/es
-Celsius scale - Te=T-273..%

+ Fahrenheit scale: T¢= T+ 32

Linear and Volume Expansion
- Linear expansion - AL = 2L, (aT)
» Volume expansion : 4V =pVe «a7)
p=2a
?rauf L= (Lo+al)?=[Lo Utaun))* = L2 [1+33(07) + o (a)']
V= Voufffm)
> 3,7:6

Low-Density—Crases
” T =1
pV=aRT=mRT=WksT — Boltzmann’s constant s ks = A= 138x107 J ok

Real Giases

lr*%)(v-bn)ﬂ\/kﬁ a: due fo pofential energy, b+ volume of o module
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