


























































































Lecture 1 Intro ID motion

SyHab

Physics perspective that the world around us is
understandable fromorigins of universe to

how our brains work

Laws of physics
mathematical relations between

physical quantities

Dimensions Units EI

Length
meter m

second Cs
time
mass Kilogram kg
temperature Kelvin K

i

Conversion of unity multiply by one cleverly

Ex what is 25 mines in

25miles 1hour 1609.34meters

11 cords T.ie
11.2 MJ

Scientific notation I write numbers as a lo Kahlo

ex I century 100years 365agates 2436005942
3153600000 seconds

3.15 109 seconds

so I nano century is 3 seconds



Introtokinemati
over the next severalchaptosif

Newtonian Mechanics

w
K s

kinematics Dynamics

positions
forces

velocities Torques
accelerations

Describemotions Laws ofMotor
w out considering

causes

I D notion
se a

coordinate system arbitrary referencepoint to and
units

pointparticle

I b z g
T Xen

3 2

G Describe motion of abstract particle by writing itsposition
as a function of time XCt

turningaround

11 emotionless

X T.IS lightlytipsy

moving left

x is arbitrary this could be left right or upldown or



2 How to talk about how Fast the particle is roving

t t

Average velocity between t and tu

Vxavg
ct

zIf Dst displacement
time interval

displacement L distance travelled
distance 0 but

AX can be positive Xz X o

Zero Xz X D

negative X y X 0

average speedy Varg
d

average vet

what if we measure two positions at closer time intervals

Instantaneous velocity

V Ct atif
t

date thedonut

Xp Vitt is tangent curve
i xan

From calculus there are simple cases

Xlt constant Vx o

Ct at Vx d
at Cat

art

etc



I m
Simple case Ux const

a o IX X tV t1
x

tt

exampley I'm walking in a straight line at Vx 10 Is
ie every second I move 5 meters after 10 Seconds

I'm 100m away yep apparently my walking speed is
Olympic level

math X X tv t

I Xi t 53 105

Xi t50M

Example vp 29VA
t O X X

c
15 m

when do A and B meet
is

o t

XA Xa 1Vat Ott c
t

Xp Xp tVBt l5n 1 t C27

Xatt _Xp t t 15 2

tt 5 Seconds

tact't 5 m
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 Lecture 2 ID motion continued

Lasyttime XA and Yt dat Xa

Acceleration change in V Ct as a function of time

iii
e

t first

average acceleration Away _It units of 52
For instance i

I VCtD 103

tio E los

day I 7

q
VCH Io's va 0 s

xti o tjios

vet long
day 13

Lt O

x
ti log 4 0

Aang I

i.e Accel can increase decrease speed etc

Instantaneous acceleration

THE II dat III 9



s
Theyk n

area is change in position in that time interval

DX VHdt

Kinematic structure
deaf

i F I int

special case
but importantcommon consteleraton

1 How does u change

du
DI

a

SIdat at
a at

vets Va
act t

re write V V tat

2 How does X change

dat V Vitat

X Xituittazt



3 Rearranging kinematic expression

Example what if time isn't specified

t VIIIJ
and X X Vitt Eat Substitute

if vitzalt X

Relevant application of a _constant scenario free fall near
earth's surface

g
acceldue tograu 29.83

Two options for coordinate system

ja 2 9.83 Y ta2 983

I tH

v v gt
V Vingt

Ex A student throws lab equipment upward over the side of

building w upward velocity Vo

Vo



in Time to reach max height
v o Vo gt taxheight kg

Ii Height at maximum several ways to solve g
f o vi 2g y y

yna htVI
2g

Iii When does it hit the ground

2 0 htwot gtf
E Hoyt 2gI o

t Ig E'tI
Thich

sign do we pick
what does this

mean



Lecture} i Vectors and multidimensional motion

= trajectory
↓

Vectors : Let's start in 2D
%

'Ml,×
In 2D

,
can use (Ig ) , or

polarcoordinates
€

|%f ← counter-clockwise from

→%

r = fÉy CO) (3607

tan 0 = Y/✗ ; 0 ≤ ⊖ ≤ 21T

S://yexa.pl#: pirate treasure : walk North 200
paces

then
,

on a heading of 179°
,
walk 312

paces

From this picture , we see we could have
Found the treasure by following Ñ :

sore physio
'

[ = A- FB

goat"
are All of these are vectors : quantities with
scold ' ↳ both a direction + • magnitudesoiueutii, - -

by .

: " Ñ sometimes called
" Resultant

"

,
draw tip - to - tail



vectorarit-net.cc
• sons are commutative :Ñ=AtÑ=BtA

-

and associative i Ñ:(A-+B) to = A-+ (Btc)

• A- + f-F) =0 7¥ = 0

t vector of same magnitude as Ñ
,
but

opposite orientation

•

m A- = {
vector of Matilde lntt in direction of A- ifn >o

' ' ' I c I 1 in opposite direction offs IFMLO

- Subtracting vectors → add negative vectors

e.g . B- 3.515 = ③ + C-3.57)

a-

¥7B "Ei
¥Ñ



vectorconponerts.fiit
F- Ax ! + Agi ,
↑ and ↑ are

uritued-oisi.in/--liT--1A=lAl=TAiT-Ay.jtan0---AFtxin3D-
: ↑ A-= A. ↑ +Agi +Azti

%:÷÷
Vector addition is component- wise :
if A- = A-

✗
↑ + Agi and B=B×↑ +Bgi

Ñ=AtÑ=A×↑tAyj^ 1- By ? + Byj
assoc. t cannot . = (A×tB×)↑ + (Agt By)j^

= Rx ↑ t Ry ↑

IRT -

- LAxl-B.it#-ytByT

ex : A- = 2 ? - ↑
,

B= 5? +↑
"

t.EE#R--
7- ↑



motio.ir#

↑i
⇔

Flt) = ✗ A) ↑ + yet)j
Flt)tsr = (✗G) tax) ? + Cycf) try)j^

Jay = %t = (%) ? + (¥+7T

take limit At -10 : J -_ % = ¥ ↑ + ¥+9
(graphically : tangent vector to trajectory)

similarly :
a- = ᵈd¥ = ᵈd+

. . .
each component irdep . !
-

For instance
,

take constant a- = ax ↑ tayj

=

+
↑ + ᵈ¥t ↑

i.e, 5 ᵈ¥t=a× ⇒ Vx = Vxitaxt
1%7 =

ay Vy : vy.it ayt

likewise
, position i

✗ = X
;
+ Vx;t+a±É

Y = Yi + Nyit + % t
"

or
,
in vector rotation

J -_ Etat
F = Fi +It + ¥+2 / in az

dimension ?



Application : tomato projectile

÷;¥÷÷÷÷÷
.

Vx;↑
y

'

,

I
1

£ '

, ×' if

✗ = R

ie
,

, vi. ✗ = Vi cos ⊖
; Vy; = Ui Sin ⊖

; assure 0202¥

4=0
, y;= h

a- =
-

g ;^

Handle each coordinate separately :

horizontal motion : 9=0 ⇒ Vx = const
;

✗ Ctl = @icoso)f

Vertical motion : Vyltl = Visino - get
yltl = Cuisine)t

- 91-2
=

Ii time to reach highest point Gust like last class !)

Vy :O = 4- Sin -0 -gta

⇒ ta = Viˢg
By symmetry, time to reach B is tB=2tA

(2) velocity at B ?

Jp
,

__ §. -gtpj = Vicoso ↑ tvisinoj -2 "ˢgÉ-g ↑
= Vi cos b- ↑ - v;sin0-↑

%
' ' '

'
•

"

(}/giuen4R,v t. choose ⊖ ? Left as

exercise !



 

Lecture 4 3D notion continued

Lastt vector kinematics f Natty A j
J data a DIdt

Circulation
Suppose Tct _r CosCwtlitsincwt j whatdoes this looklike

Notice trust f cos'uttsin'at T particle is always same

distance from the origin

t
How long to go in a circle

w T 2T radians

a e

angular
period W zit

tspeed

freq

Velocity

TCH dat Idf rcoscwtitrs.cat j

ra sincuttitracoscut j

Speed

If I rw constant speed

ZITI distance aroundcircle

T
period



acceleration

I _ddyI ddt2
ratffoscatlitsinca.tn

air

ri E

to to 0
t o t I t Ia T 3I

here I points to center of circular

trajectory Centripetal acceleration a

l

a air
centerseeking

We have acceleration to and constant speedy

velocity vector here director is

changing

planetary motion car going around
a curve

charged
Particle in afield



Suppose a particle moves on a curved path

a

j
t

total accel I data
T T

changes
charges

8 direction J magnitude

relative motion

go.kz J
up Io

TO 0

bz P b

y
reference ftp.o F.otfp

diff dI tdta turi Ve

III dI tdf
if VI6 is constant

Ipo_Ipt



dWorkedexample i

How far up ramp does projectile land

projectile 7 7 tvitt azt
ottfyocosoitvos.no Zz Ij

ramp dcosolitdsinolj
equate x positions

when v tcoso dc.gg t d
Vo cosG

where equate g positions

v t sine SEE dsing

veggie qq.iss dsin4

V cosolsine zdcos'd
too

Vocososing

d vocosdsino Vocoso.si

2vocosogco5o
2

D
2Vo Sinceol

gco54



 

Lectures
Newton's Laws Parti

Announce HWY encourage earlystart PhysMentor Help

1stLaw The Law of inertia An objectwhich doesnot experience

a net total force moves at constant velocity

8 0 counts

object at rest tends to stay at rest an
object in

motion tends to stay in motion

Different from our everyday experience

friction revolutionary concept

This law applies to inertia non accelerating

frames To a good approximation some non inertial frames

obey it e.g Earth

d

The net Force or vector sum of forces EF
or an object causes an acceleration proportional to that net

Force

faT
or f ima

Constant of proportionality is called masse i fundamentally

mass represent resistance of a body to charges

in its acceleration

Types of common forces contact elastic tensions

i fundamental forces gravity electromagnetic weak strong

all everyday forces come from

these



3rdLaw Autio React

F f
ab ba
w w
t S

Forceexertedon Force exerted on

b by a a by b

Eg pushing chalk on board standing on ground

step off skateboard jump on Earth

freebodydia If we know all forces on an object we

know I and hence all kinematics

Often helps to draw free body diagrams isolating

all forces of each object

E.g i 3 gravitational objects

9
2

2

r I 32

f
tf IMI

f
23 Iztfzz ME

B 3 F 5ME

Examplet
FBI

mass atrest fFn mgj

f Eg myj



Kamp pushing 2 blocks horizontally

717
block I block2

person
f f Nii In Nzi

En Ii7.9 f FI
fp

off
trig t t

Faing Fairy

Analysis all g force are balanced so ay o For all objects

Blockt Ef Fp F Max e

Blocky Efx Fi ma D blocks
moving together

sane and

Ip Manda

ax Itn Fu Ms Ttm

Example 3 2 block with ideal massless unbreakable rope

a

Analysis again net forces only in direction

Fr

is ij o
Fs



g fg

Blo T Max

Dlock 2 F T Mzax

f M tMDa a I
M tMz

Tension T Mia m E
M tmz

examplett a pulleysystem justat rest

Forces on block

T my ax
o F ng

TT
I Forces on pulley

1 tf MW ZF T ax o

t.es F NE

example 5 inclined plane

i lFgx

Fg Fg tfgy Fg mySint

F
g y mycos

0

perpendicular to plane EFy In mycoso ag o Ifl mycoso
along plane EF Fg mgsino limits

ai gsino IE.IE 5agV



9/13/22

Newt.oislaws.IT
[Announcements]
Lasttime : No force ⇒ const velocity (Law ofInert.)

Fab =
-FI [ reciprocity of Forces)

É- ?

•m :{ E. = moi
%:

Example : Angled Force on block
,

Frictionless surface :

F-
↑
:

%;⇔
EÉ=ma : EFy=o ⇒ IF

, / = my +1ft sin ⊖

Efx =Max ⇒ IFI cos ⊖ = Max

so : a,,=F%ˢ
Vxlt) = Vi,;tF t

✗ A) = ✗it V;*t+ÉFcÉ
=

Friction :
opposing relative notion of surfaces in contact

we kind of Staticfriction: suppose you push on an object at rest
,

know how but it doesn't move
. . . by Newton 's 2ⁿᵈ Law

,
these

Frito works
, must be an opposing Force

,
so that Eet -0

but researchers

↑
:

still working
or details !



(sliding friction)
Rules For static Friction : " acts parallel to

surface

(2) magnitude depends on the two surfaces

(3) Can only support a maximum amount of opposing force
!

Fs ≤ Ms 1%1
← Normal Force

coef
,

of static Friction

KiFiioni Again
,

a Force that
opposes

relative notion of

surfaces
,
so direction of ¥

,
is opposite to motion

.

lFkl=MkÉnl
↑

= coef. of kinetic Friction
,
Mr < µ,

Exampte: Inclined plane w/ Friction

✗ ←
4-

4)
Angle at which block is on verge of slipping ?

Balance Forces : Mgsino = Fs,=MÉH=Msmgcos⊖
⇒ tano = Ms

so : if 0 ≤ ⊖ ≤ tails
,

static Friction holds the

block
.

② IF the block is sliding down
,

what is its and ?

EF
,

= Max ⇒ Mysia ⊖
-

My, mgcosct = Max

⇒ ax -

_ g(Sino -Mi, cos ⊖)



Hardexamptei ropes and Friction

• Friction messes
up our

"

ideal
ropes have T the

same everywhere
"

approximation !,
"

even if massless

• [This is how a light person can belay a heavy person
white rock climbing , e.g .

]

Need to carefully consider how both T and E charges
as a pope is in contact w/ a surface

.

estimation of 5 turns ?

* of £00 turns ?

50000 turns ?

For baby to
"'" ÷É¥ÉÉa*hold Spall

"°" ↓ Fg, m -2.16kg
shuttle?

Heavier → /
with some Ms

aide

→ FT
z-oo.ir

"

-

Fist F
infinitesimally
to a section of rope

"



Hard example, cont .
FBD for section of rope :

↑"
→ Is

Its 't

rope not moving ⇒ Fret =°
How big can this

↑
be ? Ms /Fnl

In × -direction

EF×=0=Tcog☐¥ - (Ttst)cosⁿÉ+"
=
-AT cos ☐ÉtMÑnl

In
g- direction : Efy -0=1%1 - Tsin# - (TtAT)sinˢ%

⇒ 1%1 =2Tsinˢ¥ - ATsinˢÉ

Back to ✗ - direction :

D=
-

AT cos# +µ, 2T sin #
-Might sin #

Let's now assume both AO and AT are small !

Sindy ≈ SON

cos ˢ% ≈ I
] Taylor series

50 :O ≈ -

AT + Ms -2T¥-MssTˢ!> very small

⇒ F- =Msso-



Cont ,
That's true in every

little section of
rope ! Integrating :

É =)
""

Ms do

start

⇒ LT
,

- Int
,

= Ms /Qnp-0-st.si)

⇒⇔
,

= miso
"

⇒ Tri
,

=

exp LMAO)

in the context of our example :

Toad = Thad EMA
-0

if Ms ≈ 0.4 and T.ae = 1210kg) -

y

and Thold = ( 1kg)g

We need so ≈ 36 radians

≈ 5.7 complete turns
.. .

[hope that rope + basis strong ! ]



Easierexan.pl#: on a Flat road
,

what is

Max speed around a turn ?

top view side vier

↑%

¥%
centripetal accel For constant speed ? ac=ÑR=¥r

Friction in
,
#1€ MGM,

⇒ Agm, --H¥i

⇒ Vmax =

[ Real life : banked roads have a component of
Normal Force that provides some of the

needed centripetal accel . . .

How much ? Which is more important?]



 

Lecture
INext Hwposted on webassign j
practice problems posted on webassign

is i iii i

More examples guided
problem solving

Formulas algebra happen too fast

More practice problems

Better handwriting I'm se sorry

positive class
energy thanks

today centripetal forces friction motion

On a flat road what is the max speed

you can turn in a circle of radius R

the Side view

f 7 4
a

tr
g



Circular motion Fct r coswtf sin at j
salt r w Fct

so tact WR

Newton's 2nd Law I

What provides the force Friction

Max static friction

IEM Fnl Msmg
So intact.nu R Msmg

mu Mmy I MsRg

VmaxMtg
Real life banked roads

side view
top view

E0
two forces

Can point
towards JX

center of
f

fturn s

g



Notifiers friction drag etc

Suppose I kick something so that it starts moving

with velocity To how does it slow down

Case 1 friction
Fu
T o

fr a v

t
Fy

Newton's law IFI ng Fk Many

So Max Many a May a constant

Tut To tat f
THI To tuft that

distance traveled

tstop Voz Yung

r ro Vo.figttzCur.g lhig
2

tin I
is there another Iinematiceqn it_uit2a x xo



Casely Dray proportional to speed viscous draj

Ea JJ i

Newton's law a In
dd In J differential equation

Jct To e
En't

check dat Jo e
It 2nF

t

f To govt Idt

LVoge
th

t

Effi e
in

w

j approach to final position
magnitude

of distance eventually
traveled

Casey dry proportional to lspeedt inertial drag

in textbook



ExafHiy up physically

2 blocks 2 angles no friction

102 IX

mass 2 mass l

tuff't E
r

t

ngs.noMgLosOz mycoses

mysinor

In direction of each block's plane

mysino T M A

T mysing Mz92 a Az

The elevator

Fw MCaytg you feel
the floor

pushing on you



y y

a o i Fn my
tappears heavy

a Lo Fu ng appears light

a of Fn 0 appears weightless

Roller coaster Vt

minimum velocity at top to keep moving in circle

There must be a centrip Force land

tfg Fa Effy

mi Fntfg Fr ni ng
Fulzo In g Zo

using

min speed



Lecture : Energy of a system

[L◦gisti↳?]-
Suppose we push a block on a Frictionless
-

surface
,

constant F
,
over some distance

ti

§
tf

E☒-
F- = F ?

f- constant ⇒ a = % is constant
,

⇒ vi. = vi.+29*7=4-72%4

rearrange
: ± MUI - { MV? = F- DX

Let's use this example to motivate some definitions :

kinetic Energy : k=m¥
(charge in KE : AK = t.mu:- Emu:)
Work done by F- on system : weao.ai-fextern.it/-

Units : Newtons . meters

Inoa⇔tt¥
displacement I} :

F- = Fx ? + Fyj ; SE - dxitnyj



K -_ mv%=Z(Vitry)

AK
-

_ Iii - Kii = :(vii. + vi.+ ) - Elvin;-)
= Evie -3¥:) +1%4%-3%2:)
-

Fx DX Fy dy

→
s.EE?..iEi..--*i:::::..-..............

a.k.a. the suppose , in Cartesian coordinates
,

"

dot product
"

A- = [Ax
, Ay , Az) (ie

,

A-=A×↑+Ayj+AzÑ)
§ = ( Bx

, By, Bz)

t.B-A.ph/-AyBytAzBz---B.A#← definition
of scalar product

Note : A- • I = Ait AjtAÉ =/ A-12
* ⇒

Note : let 7=(11%4*1%4)

Ñ=(Ñlcos¢p
,
IBIsinks
¥ %

A-D= A×B×tAg. By = 11%181(costa costs + sink. Sir %)
= IATIÑI . cos ftp. -01A)

⇒ t.B-IA-t.IB-1.co#← geometric
interpretation of
dot product



Calculus version of work done along a path :

↑"÷:r*l•%
÷
.

Add up contribution From Force along whole path :

each infinitesimal work : dw = F.di

AK
-

_ Edi = [Fxdx + [Fydy
going constantE-IA-a-pte.es#spiaseFcx)=-kx

←

tÉ÷☐ 1k¥

What work does the spring do as block moves From

one position to another ?

Ws = Fcxldx = tkxdx -

_ [ KEI;=k¥-k×
-

does not depend on path !
Think about positive/negative work For
✗ a

!U paths

How does HE of block charge ?



[
sk) -_ 1T¥ :

"

elastic potential
energy

'

f.a) =
-

ᵈ¥ =

-

tix

= Wg a

"

conservative
" force i

fidpof
pa⇒ MIZ_ n¥=k% - KEK

⇒ m¥+k1¥ = MHz +1T¥ ] specific equation for

this system

⇒ Kst V2 = K
,
TU

, ] Conservation of energy for

system governed by conservative

forces

here : we see ⁿÉt¥z = some constant

(determined by initial
conditions or

-_
problem set-up

Exanpte: A spring is stretched by Xo Fron its equilibrium position
and released from rest (4--0) . What is its speed
when block is at position ✗ ?

Conservation of
◦

mechanical energy
:

m¥tk×I=mÉ+k¥

⇒ mIz= Eui- ×
'

)

⇒ v=EÉ



Another conservative Force : gravity !

Ugly)
-

_ mgyfgrauitatio.at potential energy
")

Fg =
-

ᵈ¥y= -my

✓
"

again, indep. of pathI
2 _

⇒ conservative

way :[Éjdr =

-mgf,dy=mg(y, -yd

Again : kztvz-k.tv,
w
"

mechanical energy
"

: son of a system's

total HE Call moving parts)

and total PE (all sources of potential
energy)

Mechanical energy is conserved [constant
,
unless

non - conservative Forces act
on it .



Lecture 9 : Energy, part2

[ Logistics : • practice exam on canvas]
[ - Last HW pre - exam ]
=

Recap of last class :

"

Work - energy Theorem
"

:

AKE =W = { (EF) -di

"

conservative forces
" :(" independent of path
(2) Can be derived From a potential

energy

Fcx) =
'%✗ ← (version we'll use

,

not -

☐E)

So : if work is done by a conservative force
,

DKE : kik, = Fetch =
-

¥d¥dx
= Ucx

,
) - V4)
→

"

i
"

and
"

L
"

label arbitrary configuration of

system

Conservator of mechanical energy
! Enea = Kit UCE) -71,1-041

i.e. : Enea =
"¥ + V41 is conserved ii.e.

doesn't change over time
.

F-

Watermelon/pendulum demo .



But : Work -energy theorem holds even if forces

Ne non - conservative i

¥ putz

*:÷⇔.@EE
q. ¥:*:

w :S!&⇒Ñ : SHE
↑# Forces along specific path
integral along specific path

In general : answer depends on path From

E×_:ᵗsup%?⇔éik.
F-↳g) = ✗y ? + x%j^

and it pushes an object Fron A- = (0,0) to
D= (1,1) along one of three paths

Ya
D :( 0,179, %B=( '

' 1) How much work

is done by this
Force ?

•

t.ie,o• Ix
C:(1,07

→



W = SF - d }
; F-G) = ✗y ? + ×3y%

n⇒↑? Pati Waas = Wto + WCB

= ÉF×l✗,y=o)dx + ↳

fycx-yyjdy-fjjdy-KJ.pt/BPath2-iwApB--WAD1-
WDB

A

=

sjfylx-oiddgt-IEH.y-Ddx-f.IM/--l-zJPath3-ialoyy--x'

path ?

W =) EH,y)dx + Fylx,g) dy .

.
How to make

progress ?

Along path, y=✗? and

dy=¥×d✗=2✗dx
⇒ w=§F×G,y=x4dx+Fy(yy=x%2✗dx

= § (x.it (✗3.x")2✗)dx = fix 't2Ñdx
-1¥ +2¥ ]!
= 4- + } = % T



Conservative Force example : gravity :

↓%=
-

mgj ; Ugly)=mgy .

Erecta = K
,

+ Ugly)=k, + ugly.)

ha
.

.

-

_
~

* " "
\

\

%
,

,

+
.

height? 7*+3%+014,1=11+0+00>D
⇒ nigh, - nigh, = HE

⇒ Him)=ᵗÉy

.
f. %?

@:+mgh = Emiko

really difference⇒ i=2gT←N¥
. heights !

What about norad Force ? ?

AKE S€gtÉ ) - d }
,

and % 'd} -0 every.to



springs
: fmÉ
Fsk)= -Kx , Usa) integrate a

derivative
"

is why we get
path irdeps

Ws : Fsk)dx=
-fdÉxdx = Usk, ) - Usk)
✗
,

Notice: Forces control motion
,

and we always
see difference of potential energies . -

⇒ adding a constant to your
definition of

PE doesn't change anything .in a

physical description of your problem

How far will a sprig hay ?

y :O
v. →

↓

After
spring stops bouncing : SHE-_ Kik,

= Wgtws
'

-

'z=mg(yf - +⇐Kyi -

t.KZ?)0--mgyftEkyT-mg.2-k--YF



feature 10 : Energy ! (part 3)

Reviewof energy concepts so Far :

(1) An object of mais m and velocity 8 has
kinetic

energy µE= g.v2 [i=wi=VÑ)

(2) Work energy theorem :

W =AKE = Hf - Ki ,
where W is total work done by Forces :

W = [( E. + It -- + E.) •d} =W,
+ wit - - - Wn

i

(3) Conservative Forces : those For which work done by force

does not depend on trajectory forty on initial

and Fuat configurations)
For conservative forces

,
there is an associated

potential energy

e✗ : gravitational force

-g
Éy= - mgj =

-dᵈ_y(Ugly)) ↑
,

-

where Ugly)=mgy

Ex 2 !

spring (elastic) Force

tmEÉ ⇒ =
-kx ? =

- fxcusap.tl
,

where Us CX) = { ✗✗2



(4) For conservative forces :

Erect (defined as Erect = HETU ) is conserved
.

%-.s.asrÉ÷
then released :

Emech = KETU is always the same

Erect; = 0 + KHz , Enoch,/ater
= É^u2tK

⇒ m¥=¥Hi-✗7

In words : as KET
,

Us ↓ lie
,
block is closer to ✗ :o)

at KEW
, Us ↑ (i. e.

,

block is closer to ± %)

Here : system starts at nax Us
,
then loses Us andgains

KE until Vmax at ✗ =o
,

then loses KE until

✗ =
-

✗
◦
,
where Us is ~ "

again , .
.

""

.
.



N-on.com.ve effects : Friction !

¥a-
°

•

Etz
Enoch

,

;=MV ; Erects,f=0

Work -
energy theorem : W -

- AKE

⇒ '

Wgtwntwf = IKE
,

and Wg=Ww=0 !

So : Wf
-

-AKE :O - zu?

i.e
.
: Wf -_ AKE GO !

Consistent with the definition of

W = F-AF
,

and for friction

-ints opposite to de, always .

Suppose you
have a block sliding in a halfpipe :

vi.
◦
•

← Sequence of u=o
positions .

5-
*

%
Wfriction

-

- Ened, 20
,

/
cycle

50 Emea
, ,
> Erect,z > - -

. .
_ .

Enea
,

, : tnghj Erect,f=◦ , so

wfrict.in
,
total

= A Erect :O - ugh



Spring with friction ? I ?

Well
,
IKE =

W = Wstwf

⇒ "% - KE, =IÉqw,-
% Ex ⇒

⇒ (¥+444) -4%+41×1)=w
in general, depends on path

,
and

Wt <0
.

Physical Fact : loss of meat . energy is compensated
by an increase in

"

internal
"

energy .

In this

case
,

the object heats
up , and

AEnedtAE.ie#--0
=
-

Wf

i. e. : total energy is conserved
.

In this case
,

we know the path taken
.

IF we want to know
k→i

,

,

to tmÉÉ ?
V2 =D

Esty) - (KE.tv,) = WF

⇒ lot 'ÉAi) - lot EAT) =
- Filthy - ldistanie) =

-

Meng +Ad

⇒ EAT+ thing A. + LEA,
_

tilting A.) ⇒,

solve For Az via quadratic
equation .



Finalconcepti Power : work delivered by a force per t.me

We know in a small bit of trajectory that

dw = F- DF (Ward Energy have units of J)

P=%t= F.% = F. J
SI units : F- = W [await)

1W = IIs -

- I %¥

Examples : Free fall : J↓Ñ§ ; Pg=ÉjJ=mgv

lifting an elevator at constant J ?

4. ¥
EÉG -

_

may
= O

'

Fg :Mtotdg ⇒ T-mt.mg -0

Prop? TV = Mati -

g. u















Lecturel2:Lhewmonentumpwt1- 10/12/22

[ exam return + comments]
-

Demo : medicine ball on a skateboard; forces aren't

easily calculable
,
but is there another approach

we can take ? ?

&

5¢.
Consider

>

2 isolated particles (no external forces)

% i É•%
m
, Ivy

Newtoisiidlaw :&
,

=

- &
.
⇒ &,+E=0

Cadd 2ⁿᵈ law in) ⇒ m,ᵈd¥+mzdd¥=0

(it masses don't change) ⇒ [MÑ,tmÑ, ] -0

⇒MÑ,+mzI=corstaH
DikwitiÉ.

m
, ᵈ= Fz

,

+ %
,

n,%+Ñ=Éᵗ%
+

m.dd-tvi-FT.tt?dd--iLmiii-mivrtm,uJ--0 ⇒ MÑ,+mÑrtmÑ
,
= 0

G:Forid system, %mÑi
is conseiued



Define hinewmo-etumip-r.MU [it's • vector : Px
, Py,pz]

For each individual particle : Etna = nᵈd¥ = ᵈd¥

For the whole system :

EF-ext-ddT-EB.to?t.--J--d-dtP?ot.iavect-eqoafios'

.
if
, e.g, Efext, ✗ =3 then Ptotai

,
×

isconstat.Andyzeskatebowdexanpk-iinit.at
( skateboard removes Fiction For thrower)

¥•" Ftth = MÑ, +M.IT MÑ, =D

-

justaffettrow [ball still in Flight)
Ñtotal = constant = 0

É÷ ⇒ MÑtmÑ
,
-0

⇒Ñ,=-Évb← only care
about t-direa.vn

ing -director there
go
,
e.g,
ball accel

ero%d0etogi-aieext.IE#aFterI-h
•¥

external frictional Forces break

total
= MYPI conservator ; now Ñ



impulse : IF a particle is subject to Forces :

EE -_%÷ ⇒ spi-pf-E.se?lEF)dt-
% define this as É

,
the impulse

Haug_,!gij" '" '"parted to particle is

area under curve

E- ¥k⇒dt=(¥SKEdt)st
,

h⇔÷
and É tells

you
how much 8 charges

For instance : say a car crashes in adoration of st-0.IS
,

initially going
at 17% (-38^+4) ¥-475K

/☐n= 1500¥
F- '

- Spi =pIÑ; :O - (1500*-173)? = 25500 Ey}) ?

⇒ (ÉF)ay= =/I. 7.105N) ↑ was avg. Force on car



l-Dcolt.si# : 2 limiting cases

Elastizcollisiors : both pi and HE are conserved

suppose we know initial velocities + masses
. . .

what are find u 's ?

⇒ Pi -- Pf and kEi=kEF

So MV
,;tM< V2
;

= MY,f+MjVzf G)
E. % them

. "¥=Ém ,
vii. + Emits G)

⇒ m.lv,÷v⇒=mIv¥vÉ)
⇒ Milo,; - v.r-kq.tv#--MIvw--Vz.i)lUzi-tVs;) (7)

From G) i Milk; - Vir)=M< (¥-4 ;) (4)

divide (3) by (4) : Vi
,
;tV¥=Vzf+Vyi (5)

Combine (1) and (5) to Solve For Final u's

(algebra happens)

⇒ vi.+ = (1%5)%+147%74;
and

vair -1m:# 'it (^k?# Uni

(limiting cases : if a. =mz ? if M
,

⇒Ma ?)



pofecflyinelastic.co/lisio-i particles still together
and move w/ common velocity after collision

leg .

:

.
. . )

well
, § is st.lt conserved!

MÑ
, :

1- Miki = (M,+mDJf

⇒%=MÑi;¥
is HE conserved

,
here ?

kEr-=±H+ÑtÑ-=É¥[mivitmiÉ. +mist.:&]
KE
;
= ÉMÑ

;
+ ÷MzÑ
; .

HEIKE:-. """É+ñ_.¥¥÷,

= ÉÉiñ)

and Viti- iii. =Vi+Ñ - with cone
is positive

⇒ HER #Ei



















 

Le 5 Rotational Motor part 2

Hw 9 posted

dat Ndt
Review Away

4 sat

at Lr

KE IIE I Emir depends or axis or
rotation

f u

Ice O 92 Etat Ia

mi ET III think Ed sink
T t
rotateCcw rotates Cw

Simplependulin 9

Ing

Tg mglsino I ni

mgls.io MIL

gs if o small Sino za

L
or

a gsino



8
2 mass pendulum

m
CA

Tz
J

MzMtot.lM.tMz

Tg m.grSino migraine gMtotal miht.IT sino

gMt Em Sino

External torque due to gravity can be calculated by

lthjnekiyf.fn.tt torveduetoapoirtnasslocatcda

et ag YtoH

Moment of Inertia for continuous object

pri

I bin Eirism Sid f
axis of rotationd

Solid disk

I MII
a

r dn Tdx 2 1 Sphere

I Fijian ax I YI
mi
Tu



Fl E

pudlelaxistheoo.cn
Theorem Io Ian MD

proof so
commie system

For O

I Mir Ein Emi Btf Dii

Miri t Mid 7217mi B

Ian TMF LI o

exampley Rod pivoting around end

knit
42

I Iast M E M ME Miz as computed differa

last t.me



Rolling without sipping

pure
rotation

pure translator

www su

I Rw ow

KE here is just like rotating around the ground contact point p

KE tzIpw IanTMB w

Ionw't tmrw andRw Van s

KE I E Ion w't IME

Why

EINE
n

no slip 7 conservative

AKE ing
vanIn.tn v ngh it Icymi
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Lecture 16 : Rotations (part 3) and static Equilibrium
-

[Logistical Notes :

-

Torqoesardveotoprduts

Suppose, as an example, F and F are in the ✗y plane :

E

- F points to P
,
and F- acts on a mass

^t=T✗F at p

¥ is

F-
I ¥:*. '

Torque 7 a vector quantity :

Magnitude is 1%1=1%71 Sino

Direction is

given by
"

right hand rule
"

Vectorprdot :
"

E. AEB

÷;÷¥
4-E- B-✗ A-

Algebras : A-x-D =(AyBEAzBy)↑+(AzBiA×Bz)j+lA×BjAyB✗)ñ

i in
= / A-✗ Ay Az )

By By Bz



Angdwr¥entum_
"

suppose a particle, mass r, has momentum 8

Define A#t relative to

✗

£ %p- origin as

" Ya
[ = Tip oe.it ? auf are in types

↳ rpsinoz]
IF there are Forces :

F.* = ᵈdTp- ÉNewton's second Lai)

⇒ I.
+

-

_ F×&e+=F×ᵈ¥t =# Exp)-(¥t)xp-
= tmpxp -0

⇒ I.+ = It G-✗ F) = Gti

*
"

Just like Forces cause changes in linear momentum
,

torques cause changes in angular momentum
"

* Important i both % and I are calculated relative

%a%¥÷÷:
[
total

= I + I +It .

. _
= { E

a .DE#t=dT-tIti-n



Angular momentum of rotating object : zine
as
Ñ

E

again
% = Mi Viti Sin Z = Mir,?w 2-

I = &E = ⇐miri)wÉ
⇒ I=Iw⊖

Angular momentum is conserved when Etat -0 !

Et --o - I ⇒ I cost
,
i.e
,

E- %

Classing : Figure skating spin
Ws Ww2

¥ → ¥¥
I
,

Iz
,
I
,

> Is
(think about where mass is)

Ignore Friction ⇒no ext
. torques, so

I. Ñ
,

= IzÑ,

⇒ a. =¥→w,
iwd

⇒

↳ = nor

4- =lIdisk+nÑ)w

⇒ w=÷÷nñ



staficEqilibi.in/
Static Eq .

"

means

(1) EÉ = 0
"

translational Equilibrium
"

②)EE=O"rotat:oHequilibsivf
gigE :

"

see - saw

'

'

i
*
→a

i. ↓
& -MIE "

EgiMgÉ E-_ -12£

It in stat:<
eq .

: 27=0

⇒ N - In ,t2tM)g=0
⇒ Ñ= hittin)gÉ

and {I = 0
⇒ E. +7<+1%+5/7--0

"

✗ ✗ E- td.IT/tm.gYz-+ldix)xl-nzgz)--0-d,n,gy+dzmzgj--o
⇒ mid ,

-

-Mzdz or %
,

-

_ %
,

exercise : the board isn't moving, so it isn't rotatory
about any axis

. _
show ET about person I

is also zero ?



Antwerp"

A ladder i against a Frictionless wall
. -

how much on it

tea ?

[
• B E-
t
no friction, here

}

ñ
v 7-0 ↑ Hingis ,¢=E-0

Hq •→→§
,

Ms
,
here

EF -0 ⇒ EFy=o ⇒ N
,
-_

my
{ f-

×
-0 ⇒ Ff

-

- Nz

how big can Ff be ?
'

ftp.x-MSN-Msny

ET about A- ?

ET=0

Nslsino - ^8É[=o
= COS -0

⇒ fussy)lsin⊖ - nglzcos 0=0

⇒ tan -0 -_ Em
,

tells us the

angle we need
.

!
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Phys 151 Éierssl Gravitation

[Logistics : - th .} week
' next week

-

•AI objects with moss attract each other .

Newton : The
same gravitational Force causes that attraction

,

From apples falling to Earth to the Earth
"

fading
"

towards the Sun!

Fyi Mik Fcr)
Object falling near Earth 's surface :

Fg :&ME FCR,) = Pa ,
a = MEFCRE)

Earth Falling towards son :

Fg=µEMsF(f⇒) = Eat ; AE
- MEF Cries)

What is this function of distance ?

⇐ E-%
.

F.EE, ,"

•⇒E
just exp Newton ~ 1687
" """

firs, go.am
.*|É=-°??-rinverse G = 6.674 . to"N%gi

square
of

diet of 6 ? Cavendish
,

1798



↳ [
•
^

Free.fadneareartt-t.rs.

f-gl = °^F Calculate as if all mass of earth is

concentrated at Earth's center !
= GRME

- (RÑ

so
"

g
"

= ,%⇒ ≈ GTF; if hare
≈ 9.8%5

Aside : From this
,

estimate

-7ÉÉ = # ERE = 5.5.16 Kgb >

Newtoiscaro.ardoihitijot.io#

neglecting air resistance
,

orbiting is just R

constantly falling towards an object at =)
the same rate that the surface Falls away

!

Mac
: GT↑jp = m %.tt)

⇒ v =h
.

Near surface ,V=T¥E≈ 7.8¥
-

Kepaw, i. From extensive observation of planets and stars in

night sky Crosley by Tycho Brahe
,

late 1500 's)
Kepler developed a model that reproduced data 61609-1619)

IˢᵗL Planets move in ellipses, or/ Sun at focus

Ellipse : ¥ T.tk = const

b[
÷ circle is special

←
"
semi .major axis

" case of F
,
=F
,



Zoltan : A vector From son to planet sweeps out

equal areas in equal time intervals :
M =massof
planet

"

↓

⇐ H'µ;;; ;
"" = 'T """"%._ Angular momentum :[ = r-xc.mg)

= M list)

torque Fromgravity : É=T✗} = 0,
so I is constant

so : DA :{ Fidel = { F✗Tldt

ᵈ = In Rx (MT) ) = ¥ = constant

Note ! only requirement for this result was 4) isolated system ,④ central Force

3"L :
" tha

"

simple version : suppose orbit is a circle

÷É¥"
Mpa : Fg = G^m = Mp (%)

orbital speed ✓ = "¥

⇒ GMpm = Mp . f.4ñ
⇒ T

'
= { . 4¥

,

For ellipses
, eventually get sane result For semi-major axis

-

F- a2t"¥-s

Grau.RO/-ent:dEnergg-wehaueFgG)---GM7-
and know Fir) :

-%
.

. .
what is Ug ?

DU : Uf - U ; =
-

Egads = [ Fdr] -6mm,

= GM,2[É.
. . .

define I :X
,
Ui -0
,

⇒ ya = -6m¥ c-

IF



how does this relate to our earlier expression
?

Ugl Reth)
-

_ -87%+1%1
≈ -6T¥ G- the ) = -6M¥ 46M¥ "

% :

uglre.tt/-UyCRE)--m(GMrEE)h-t-ig=9.8r-si !
Energy of a bound orbit / escape velocities

For a circular orbit :

E-- KEtug = Emit C-6¥)
and ^ (E) = 6%1 From ac

⇒ E--51¥) -6¥ = -6M¥
( { is negative because Ugcr≥*)=0)

Escapeuelocity :

.↑J
Use energy balance ◦

Inv: _ GIR = Hui - G,÷°
M ⑦

⇒ vesc.pe
-

_¥

For earth : vesc.pe = 11 km/s













































Lectoscitions
HW on this chapter

Office hours this week just exams

Oscillations Very general phenomenon when systems
are perturbed

about some stable equilibrium state

unstable eqStable es
Ivan

x

I
l

e

Harmonicoscillator i consider a spring mass system

tmn E
r.ws

Newton FH ma

Kx _mdd define w Fkn units I

dd z W X a differential equation describing

simple harmonic motion

what kinds of Functions solve this sin and cos


Text Box
2



Geno
sdxtcijjc.c.scthsincatIfcosCwgtt0g

amplitude angular phase
X

freq
A

ArA
T

A Amplitude block oscillates between A

phase shift origin of t

T period of oscillation

1
2 LIFE

f freq of oscillations j f unitsof Hz

FE
kinematics

Ct A cosCwttd
Ct wA sin Wttg j Vma WA fkn A
act W'Acos wtf w X q W'A

Energy Springs are conservative Vfx

So E Imf IKI
tzmfwAsiicwttotfttzkffcoscuttotfjw.IE

zkF sin'tcost

tA constant



Simple pendulum
g
v l fo u
m

Ingi
T mylsino Is

mgls.no I dd I me

date Sino and for small 0 Sino 20

h o

mathematically sane as above

E Ee T 2tF
g

Hanging blobpadulum

IIda
d is dist from pivot to a

dt2

d
f motto sine x VII o if Q is small

w VII T 2T
myd

Dampedoscillations put a simple heroic oscillator in eg a viscous

environment

mdat Kx bdat b duping coef

dd t.ba twox o caa b 2 wo fIn natural
recovery



guess a possible form For the solution

X G eat

aftratwo eat o a E FEE

Casely I no real roots overdamped oscillation

xx

t

Casey Ztwo imaginary roots

xcti A eKHcosftaE.to
t

Leep envelope

t


Text Box
2
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Lure 21: Waves part 1 (ch10)

Cretefissigergis of proogate energy
propagating matter.

Istring

->

re
motion of string

wave of water
->wove

*gy
compressionthings

was-Fore
-

Transverse wave; motion of medium is perpendicular to
-

direction of propagation

longitudinal wave: motion of medium is parallel to-

direction of propagation

In this class, there will always be a medium ... stay treed for
EM waves in the spring!



yex,t)
sty-

will focus on somatte oscillations....

Consider a small bit of string segment under feson:

(similar to frictiontension example T
* Y

--Top
T

Smallamplitude =>EA and Op

f. are small of sintatantit

force in -
direction:

EFy= T(sintp-sinfr)
= T [tantp-tan8A]

: T[48-(8A]
Newton'ssecond law:

Amay = Ety; let SMiMaxonisina
=MsxEep: T (18-1***A)
=>Isetle

twie limit

sxo.=W

"The wave equation!" where his speed of

propagation.



ststo the wave equation

one solution:g(,t = A sin( (x-wt)

Fre-·

- A ↳
*

X: "Wavelength": y2x+it=y(x,+

T: "period": y(x,t+1) = y2x,H

=T = 1 = v= I = if,
f the "fregrency"

Common to write the solution as

y cxH: A sin( (x-rt):A sinGiCE - #1)
=A sin (xx-wH

"Wavenumber"
I:Ent, "nyllw frequency"

the right.

->fi.to"it""tiri."sortrian
analysis:

P: rozzevegespeed
- Inwit



Itof sound

I: f= the for a sound expanding in up
- Gozee.we

sound intensity is measured in dB

B = 10 log (E); Fot10he refreshol
if F=10; P:0

if I:1m; p:10lg(T) =120 "decibels"

couch)
Defect: Change in observed frog. Are to

relative motion of source and observer.

ormoving

goNo (P))In
N

observer sees waves moving at = W+o,so

*= = =Evo v = (Ery
so f'xf if Vo is

towards the source

8"
observer measures a different wave from the source is mitting

*= x-54=x-1
*Estil: saf: fail t

so; f'xf when source

moves towards observer.



1/28/20

-

22: Wave motion part

[Exan
comments

·course evals -> complete on canvas]
Doppler i F=()

we talked about how that teaches is about car

sounds

Supposes.Erovieasis
Econ

paston But with code,and

waves timing #)reflected waves: distince

to wall
&

reflectt Doppler shift show fast

b is moving
and ↑

worgi Ax
By thinking about a segment of string

*
oxT
T.

we derived the wave equation":
↓a : ... v=linear mass density

And we noticed that

y(x,t): A sin (KxINt+d) were possibleto

k= π;N: E: 2πF
v is set by star, in and of related as v=if



-
day: Build from there to a plucked string.

soosition: Suppose y,(x,t) = A, sin (K,x +w,t+4,
and yr(X, t) = Ac sin(Qcx+Wc+ +Od

"Are each solutives to the wore equation.
We can make

other valid solution by forming any linear combination:

y(x,t) =G,y,(x,+) + [yz(X,t)
CC, and 2 are my constants)

"So,whentwowaves propagate, the resulting wave is here

ComConstructive - Destructive waves on

slinty..."peaitpeat: bigger peat ... peaxtioug:j

Suppose y.
: A sin(kx-wt) and yo:Asin(kx+w+*wavewaves of same is,of but traveling in opposite directions

trig identity:sira + sinb: 2cos() sin(**)

=

y:y, +yr =LA cos(w+) sin(x)

This is a "standing wave," which has a stationary outline

do &odes "anti-odes"; kx.**:B5... =X=-S X

-"s&·nodesap = 0.4,2T,<N,... E
X
=
12
2

1
=

0,7,2,.-



I one way
How can we form a standing wave? Clamp string at one end

and send waves in: each wave will ect off ofthe

clamped and and travel with same it, F but in opposite

directionClampboth ends and
a ware initially producedonthe

"Whatdetox-

with both ends clamped?
-

x= 22=4 "Fredamental"
2L

Yc :L: E "second harmonic

4 = 2
I

third harmonic

etc.
in = =,n =1,2,3--

= N7

FernEnFELFYENEErininferent Fas
added? Say, y." Asie(ix) cos (with

Canother trig =y = 2Asin(x) cos ("Asicssetthe
identity) -

Slowly varying amplitude average
& For combined wove

when or, wr

example: 5:438H, E=442 Hz one nears Farg: 440t
going through intensity maximalminina at best: THE

stringcan have a specific collection of standing waves...

Cary amount of A. Fr. Ts,...)..what happens when we

pluck a string? *plucked string doesn't look like
any

Harmonic at all.



#rtheorems: Any periodic fraction can be

approximated by turns in its "Fourier series"

suppose · frection has period T, so y(t+T)=yCt·
Let A = VT,Fnf
Ther

yCt =E0 (A. SinkTEt+Brcos(2πft)
So: arbitrary waveforms (in time, of in space) can be

built
up by combining the "right amount" of alla

the different harmonics.

: -xy).........."
y(x) = A.sin(nNx), A =0 if his ever

H
An = Err - 1-ra if 1 is old

and y(x,t= E.A.cos(unt SinCMX) is the

"triangular standing were

"

6
see animations

↳This is why different instruments sound different:

can play same Frndamental Freg, but it's the

specific mix of harmonics that movies an

instrument sound like an instrument,



Phys 151 Lecture 23: Thermodynamics, part1:

-selections from CR18 + 19]

[ Connects on =xam 2: overall performance and curve

· structure of final: many concept questions, a four problems
open per notes

(no phonecold/computer

#

FrdrictrnortEEEEEEEEEEE
Message: Newtonian mechans

... very satisfying! I have
·

particles" and forces, and I can understand how

things more around. But... we often want to understand

the world at
a

very
different "Level of description."

e.g. Every morning I look at the pot of water for my
coffee, and I want to know not from the unor

~ olecules will move around- who could possibly care shout

tbe position of NA molecules! - but "is the

water hot yet? How much heat do I need to add to

get it to boil? Will the steam burn me? Why,

in factare some molecules water is steam? Whyis

answering? physics is theHow to ever

theworld is understandable so givingperspective ↓

up is it an option ... but neither is writing Newton's

equations of motion for 18 particles,



#rodynamicsis a potential answer... it developed orin

industrial ager what is heat, how can we

design engines that do work-and evolved into a brand of

physics that explains everything from that to phases of

matter to what happens when
you compresso file on your computer.

Just like we derived nothing in the earlier part
othe class from (a) Kinematics and (b) Newton's

& laws
I

we'll look atbrim and 15the

lawThemodynamis, and build from there

The basic observable properties of aToegilibrium"
of stuff (pressure or volume of agas, lengthblob

of a wire, the strength of a magnet) doesn't
change over some period of observation.

#ation: if we put two objects of differt

temperatures togetho, they will eventually
reach the same final temperature.

#

otTherodynamics:"FormalEgriliboveatransitrea
Cthe And Bare in TE u end other

F
Consequence: we can label different kinds of T.E. by-

a grantity we'll call "temperature".
temperature determines it

energy
will flow between

objects placed in contact,



How to measure T? Use thermometer,

Atherometer: Measure P us T at constant

value
...

ceeddismis.......
-273,15T(Y)
we
enticethat all these croves extrapolate to the

same T @ 200 pressure
Kelvin scale: starts at zero, and

define another universal T as
the triple point

of ice-water-stea (0.01 or 0:4.500mt)
↑=OF - T: -

273.15"2

↑= 273.15 I
->

T = 0°C

↑ : 373.154 -T=1008

*
deal Cas: limit of a very dilute gas, in which the
-

interactions between molecules don'tmatter (because

they are so rare)

Behavior:

*

conster"
of

notea
"

T
-T

I
=

PUNNYT
1.38.10*I T measured d

Molecules Helvie
(Boltzmann's cost
-



#
Law of theodynamics: "Heat is a form of energy"=

rious! (Caloric floid, etc) and "if you consider a

satonary object, the change in final objects internal energy
iequal to the heat added to the object annus the work

done or *objectbyits environation

Toole's experient pigJogi
set up an insolated container full of water in which a

flling mass could turn paddles... Joole observed that
the water temperature increased!

"Mgh"-> heat. Or, and

a =

McbT
=mG(TrT)

X

Massof
↑

specific heat"
of water, Cr=4,186 Rewin

&T0 => Heat to system
&Co => heat ofof system

pourm.By wilt (basically water) &T4C into

r = 493g water 2596°C

*Exoi M,c.(Ty- 4 + Mc(Ty - 95) =0
=>(r,tMc) TE = M, T, tMITh

To = RT= 95.0,T



Whatfindof
"work" could we be taking about in e

Consider a gas in a piston"

Ea
dW =

-

Fdy =- PAdy =- PdV
↑

workdmeagas
force through a displacement

VFior)

= w =
- SviyPCUdU

See text for work cycles:

t
Area enclosed by work cycles: work done by gas



 

Lecture 24 Thermodynamics past 2

course evals thanks

We observe lots of processes that go one way

Heat Flows From hot to cold

a sliding ob.cat experiences
frictionandwill slowdown and heatup

a gas expands to fill a container

Notice All ofthese going in reverse are consistent w firstLaw
and

energy conservation so why don't we seethem

I't be a consequence of the second law

Heatenginey A machine that takes heat from a source transfers gone

of that energy to a reservoir and in the process does

work leg describe a stem engine

Tschematic
J Q
E w

T

energy
conservation Q QztW

efficiency e wat Qio L Ea

o El

carrot engine
e t Tze

Carnot's theorem No engines
betterthanCarnot's



A Refrigerator is an engine running in reverse

TH
fait

w Or
Ta
To

I Law No perfect engines ELI

Claugiogy No perfectrefrigerator

Subtle Consequence Just like Ot Law implied a new variable that

Characterizes an equilibrium system the Id law
implies that the entropy S is another variable describing

thermodynamic systems

For a reversible process if a smallamount of heat dQ is

transferred to a system at temperature T the change in entropy

is
ds dQ_

T f
It

example

Ic
isolate and let heat flow

ss Eet Ql'T t
Sb natural

processes in which heat flows IS 0

Entry version of 2ndlaw Sumo.se always goes up



Joule's free expansion experiment

Pi V T Ps K Tz T

T 7 because and w o just remove apartition
so Eia is the same

PadS d Pd
NkBI Mind't

integrateTalong isotherm

ss NKB.by VI
let's interpret this as

ss kphyflE.TT
and thinkabout Un the average volume of a molecule the of

possible position States of a gas molecule is 2 so

of ways of putting N molecules in a container is

r CET
then as knhg.fi J kohyfiuuiIf knhgtE

Kphyd tighyrState Katyn

Boltzmann's formula correcting the microscopic world and

the macroscopic world

Boltzmann Grue eddington quote entropy demo


