KGinéhe E‘he,fg,)[ ond Wor K

For o slagle Poxr’\“io\t the Kinetic Enecy 1s

-

|
T=gzmv?= gmV-V

The “time decivdlive is Jost

bat Stace ”.F-?-’-' m{?:P

a_ 2o, A
a= F-V=Fa
Trfnidesinally iT = "\5 AT

L WorK done by F in
Aisplowement ar



Kinaicinergy and Woe K

Ivﬁearw““nj

Ta - 1a = S F-dr =W(’°‘;ZB>

Nstes The C‘nomae in Kind‘L E"“‘J)’
(mqy) o\ePends LPON "Yhe Po\"(\n
| Followed !



Lonserwitive Forces
I-‘F Force only a -Func—r?ors o'f ?

ond con be written oas
E=-VU(®

then we cq” + "\is force o conservo\'ﬁve

force.

Here O(F) is the
Petertial Energx/ function.

N eMm > __eMm N
RE"T5H8 LS T opp T



Consesvalive Torces cord,

AT=Ty-Tp = [ F-df =w(A7B)

Cag

For @ consecv&’r‘nie'fom we have
= - U

AT =—§ JUCE) - aF

In caﬁes\m coord\oo‘v*es o\r e o\xl +oly3 +d2 K

- A A

F= Rei+t R+ F, K
— N A A DA
V= 'axl'*"ay‘)‘* ZK axl*%d*azk
= (U 9V A \Paf-hm\
F _-,( %—)z 1 + —5—‘7 3 - ("' K degivatives
L0 (20 20.

AT = U(G) - U((A) \/\/(A 73) e

dtrcnﬂwg



_C eh"\'fm\ F‘o fces

Genem\\y o) Cen+rq ‘Fo(‘ce, ‘fa Kes 'H\e

foem 1[1
F(®= 3@t 7/
4" '/Kz
\.i_\lhh ile the magnitude of Q..: -
e force may depend A
on T= x:+7§4z£ the S \“Fom Ceritre’
dicection 1s q\Wo\yS /

Cenlral Force
F= SOt

=

|. cons erved
Angutar Momentom

Sphericall Symmélti
P= F ry- -7%-‘::?

E conserved
Enefgy
Con servov'hve Porce
F=-Tud




Single ParTicle Energetics

. o= Lo
Kinetic Energy: T %mv‘ = oMYV =gmr-r
(KE)

WorK-KE Theotem:
NT=T,-T = {i Fordt = w(r 7 8)

Cag

]
Cag

2

Chae

The change in the Kine'hc,‘ Eznergy as
0 quﬁde moves 'ﬁom POS'I’hOV\ A to pos'l'ﬁih
B 5s the line inteqral of e net foce F

dcting on the pb.r'\‘?ce along a path Cag,
Th’:sﬂ'xs?‘wwk done by F c\(ong)PCAe.
Tn Gwmerml W(AZ7B) £ W(A78)

C'as
WotK can be Ped"'x dependen"’



S'tns\e Pocticle  Energetics conl.

Conservative Yorces:

T€  there . exists o scalar Fonction
U('(“')So_c;‘n that the force at any

sttion [ s only defined
FX) | r\ ‘ up“(}o o congtest
F@) = -Vu@) e o mon

-
then F is a consecvative Tocce.

Foc o conseqvative force the work done as
. Q pqr'ﬁc\e moves feom A o B

is Ino\cpendeﬂ’t O‘F '\'h?r Pm‘Hf\ 'l"mken

between the +wo Po'm“l‘s.




Pcoof of Path —.]:no\epenole,nce

Consider “two dighinct qrbi'l‘rqry |00‘m+5
A od B, ond dfow an- arbrtrary closed
corye passimj +h o0y both Pom‘\‘s.

C' C_:C'Ucz

For an qrhi’?mry “Tosce field E we have

$E.ar = [PEat s [ par = [rar - [ Far
C C; Ca ¢, | Ca

By Stokes Theowm: § F-df = jij(‘v‘x )-43

we can write the line in'tegfa\ 6§ F as a suTace integial
of the curl of F (VxF)

C = 'az C is the bddhdﬂfy
of Z



Proot of Pathh Tinde pehdence coniY.

For a consecvalive force
F=—-JU®
. UxE=-xTU =0

" The cocl of the gmdient of o
scalac Field vonishes”

S §Fdr = {[(F28)d2 = 0
c 4

everywhere
®)
B.s S B.b =
=4 O = |, Fudr- | F.dr
G Ca

As C, od Cp are two distinct ar\.ﬁ‘hary

\oa‘\'\r\s between two arb’ﬁ’mry Po‘\ﬁ}s
we hate the desiced cesott.



Sing‘e. P«f\' i de Ehergdh(é

Potestial Ene oy.

For a consecvarive force : Jhe
force is the gradient of the
PO"\'en'hO\\ enetgy Fonction

Usuq“)( Only

S -—
5 "‘VU// a fonction of
< posttion

- V=0(F

arbitfe
‘L co.\{dfz.\-&

B | :
U(E) = - f Paedi’ + U(R)

We may alse wete .

T there _g‘m_. nany 'For_c_es ar:l‘ins on O
pur’ﬁde ZF“ F’-; st e ﬁg which are all
Conservalive we may weHe

= — m +€n’ﬂ«( enef for
ELZ"VU« Po'\'he S ‘éz’ce
The Tetal Potestial Erergy is U (EIE g— Uel(?>

and, ﬁ:—-?[‘) = g"é



_insle Pacticle EnergdioSc_gg__.

To"‘q\ Enefso)/ (Total Mechanieal Ener?)D

We have shown previoos\)« that 4he
o\'n’FFe(evﬁ iq\ c.\f\rmge in K'mé'\'\c 6.“9(97 when
a pac'\"xc\e moves Fcom T 4o T+ dt s

aT= $at= (mP-V)af = F-af

The change in U(T) is jost dhe total
Atffe tetal

oY) iy
CAVE %ﬁ%dx + 2y dy +%§_de= VU-dr
T we define E=T+U then

dE= (F+yu)-df

1
orl'(:or consecvaliye —Forcesl M

I} o
The energy 1s consecved
E ts a cay\s’frm'[‘ af motion,




S'xgi\-e Paclice Enerydlics conil,

Time Depen&eﬁ'\' Pstesitial Ehefby F= “."70(1";"‘)

We ossumed when deciving the
consecrvalion of energy that the system was
inde\oe-no\ew‘f of time, The chelce d¢f the
or@n of +ime 1s iccelevait and ¥ we Toke

T = T+ C  dhe physics is the some,

1 congtemt
| N Netee UCE, 1)
what # U=UCE )T # OCF, H4c)
Then O\T"" —g' O\?
bt 4U = TU-dF + 2t

> dB= (F4VU)-d7+ 554t
E= 5 #0

Energy of Pq(""c[t iS no"l‘ CO'\S*W\—‘.



Many Pacticle Enemetics

For o 5y§1"em of N po«r'\'io\es Jabeled
ol = 112131 Cor N

Fro‘\'q\ Kinefic Energy
T’: g -,; = %\ émdv:\z

T= T(—\Tl ’VZ"Q;‘ mlvm)
\_,\__/_\/\/
1 > Function 0f3Nc°Mpom’}5

of Velofvi")'. (Ac"‘ouny ‘ Only
L N magnitodes)

Claim: The intecaction ene(gy if a pai€ gt
pacticles o omd g ‘can be weitten os

Uap = QT - §)

This Tllows FTeom tThe Translation invatiance
of the system, ot

o,

L

1

RR—
Gy Qﬁ
Cne———

oP




Mony  PacTicle EnecgeTics conl.

The foree on pm(‘\‘icleok or B
is  just the %rao\ien'\‘ V. or Ve
with (‘esped Jo the pqr"ﬁcle's
coo rdinates (posﬁ'?on) o of ﬁs of Udp

' =_2 %, 21,2 4
. Va= 2% i toyay t 22 K

.E( :"ﬁqU¢p<E“§)
-F; = “%Ue\p (‘ﬁ._'ﬁ).—: ﬁo(udﬂ(?:_ §>

Notiee E = - E by the chown (u[e!

Newlons Fhid law

Tn oddition the this infemal intecaction
enetgy each particle may be sobject o
external conservative forces described by
an externa)l Po‘ten'hm\ VS ()

=7 2.~ Pastidle Pﬁeﬁl‘}q\' U (.a, ‘\i;) = Uo\:: (E "E)
+ 05 (T3
+ U:d.<-€p)



Many Pacticle Energetics cond.

Total Pstential Energy

vt Nl s i
(.) = U| + Ue :U(rl,(\’l,w,rwj
Total - Total Bl W

Tuiteron| Exctecwe l
v

' . - Function of 3N componedls
U= = é_ U () of positton, =

whe(e
int o b~
U = 2 Z- Udp((:x" Q)
A B>d
Sum oves
distine palrs

The force on the o \oo\r"‘ic\e is Jost
i
= -,V

ST



Mamy Pacticle Energe"\‘icé conl,

Total Energy of -the Sys’fem

T=2 LN
dl= d+ rﬂ 2. mekVo\ \&M
dT= < E-di}
A

U= V(& B, T
= Z T, 0-df;
7 dBE= d(T+V) = Z (E+ V),
dE=0O

Total Emfgy E = [ + U constat



Many Pucticle Energ_,e‘\‘ics cond,
Rigid

Bodies

In g_e.\nerq\ ;e have
U g ’?;* Udp (rg\ t‘,}

Figid
where for o ;D L body wade wvp

of dfoms T cepresewt the position of the dtoms,
'Tn ’Fmd, ‘as  the intecatomlc  forces are
| usuml\y cevilrg| we howve |

T o e
U -2'%‘(()43(\‘2“\;1)
| Uh‘* on\y a‘Fonc‘ihon O‘F the l.\.": o~ T‘;\

| Bt , by definition the (‘elé'\‘iye

| sejurcmov\ of
e atoms In o body Is
] COnsTM+ ”8 (el :

Y L is‘ constait B o
rigid ~~ Toody ond:may be
lgno,fed |




Mony Pacticle Energe“‘ics cont,

Tke v}riq\ Thiscem

Reldtes A\iero%e Tetal Kinetic Energ)y
and Ave rfage Total Po'l'en'f't'ql Eve )4

The -theorem states 3 foc V()= CFM'

4his is w"-""

we called
T - !—’-%—L V / U PreViNdY

e Gty 7 Nz T =-3V

Haf‘mOhic —7 n=1 'T"‘ V
Osduo{\"o(‘ |

Note: “n" Is NOT nomber of }oa(’" Icles
N. "w' s the o\e{fsehdcnce
of the forwe law on
distance. "n=-2* g7/ focte



Many Particde Enecgetics conl.
Prosfs  The Vicial Theotem

L = P OL“I ""JN
et G % P« o

Then G T ZT Rt ZReT

W‘Mle "For the second Yerm /\> v""q'

..:. U-F C',qUStu
%. B T 2 B ;
s 57 = 2T 4 ZEE
Lets define ‘»’\_'\'\e Time -overage
6 L ptde e #
a-‘_"'-?"tSoFd“':Q'T_" 2Ek.'rd
Bot ‘ff :‘g[&(x)— GCO)] —~ 0 if &C) bounded

Tren (¢ penochc Cor ws’hnw)



_f‘jom)/ PacTicle Enegggl‘ios Conh,

We Fhos have

T ‘ P~ pom ~
T=-7 2— e #
= — Consetvafive Forces

~New if Ua.p



MoTion in One Dimension

Consider a particle (or more genefally
Some bOO\y] COY\B'f' famned Yo move
forward or backward along a single

direction.
\%J
v
Thih\( seg & =
H—
Steeiif Rod

In generol this codld be any dicection
?1, bit we may as well choose ooe
coofdinoﬁe sysiem so Hhat R=,x.

A
i > X

The shale of Hhis S)/S'Tem dat  some
'Hme T Is Com ple‘l‘e\)( dwarqc'[‘E(‘ i'z.ec)\
by “the S'mgle coordinagle X, which

is the position of the pacticle, and
ths time derivative X,

RS A We cCan
Tn eyuitons: = X)) X ;h:“;
N WLOG



Metion in One Dimension cosl.

3]

In 1D mr

x11 T

"
1}

P
Px
or o‘m‘a‘a\“& subsonp'i‘s.., m¥ = F.bz F

S.NV\PE'FIGS o | m

Tn genernl we have F= F(x x “')
byt lds First  considec conservative forces

of the form F= F(¥)

Tn this case we have

where U-‘T-U(X) is the 1D po"\'ew‘hu‘
energy Tunction,



Motion in One Dimension conl,

As 1D metion in a consecvalive
force Tield is a special case of 3D
motion we Know thal the |

Tetal enersyy " E=T+0

ts a consTanl of moTion, Where he
kinetle enefgy. s Jost

=+mx~ he 1D,

As the Kinellc enefgy 1s a positive

deCinte %qud“!'\"y we Know the motion

is sulbject o the constraint condition
E> U

for -O.ny Po’\'en'\';m\ UCX),

This Knowledge is vegy \OOWQ("FUI.



Mo’\”{on in One Dimension COnT}‘

Exomple:  Point chorge +9  conglhrained to
X-axis in electeic field of charge Q@
fixed of the orlgin.

o

+Q
(o ? > X
Xe©
\ :LQ_
Ne  Know F(K) ¥z X
Q _20
¥ F®)= tth. e G = X
Q
s OO = '-\ua, i~

3
Bre UG \
Qia 2 \{VX
o
et arar S R - o -




_P_’lo‘ﬁon in One Dimension cont,

Examp‘e: Harmenic Oscillator / Mass  on SP”"j

S
B e e i f >
pIET
pary A
We  Know FW= - kX X

7 F(x)= =KX

So Ox) = %K)('L

U '
e ! E= 2kat

‘\-\_‘w.—’."‘r‘--.‘—‘-ﬁ'*v--- g s{“ - - .,

17

\. 46 "' /é(é)’l

4



Mo‘]”;-o.n in One Dimension Conit,

For o gene ol poteatial L (x)

e © & o = 2 Al o > e

T T T

The volve of the energy E  determines the
oll owed range of motion.

The set of Poin’ts X sveh that
E=U(4) =7 %=U"(E)

are. Known as the classical "'urniﬂg) po\vﬂ‘s

of themstion. wb\ﬁ

Nt T¢ B LUK Yy then T<O
=7 No seldtion



Métion in One Dimension cont.

In addttion to QuOW\M:) the determination
of the fange of motion, -the conservalion
ot energy allows 0s to find a cOmPlde
solution of the motion for 1D S)zs'\‘ems.

E= 2mx*+ 0K

choice of sign depeno\s own
dicecton of motion,

| X doc*
= ’HX) - +(Xo = i‘\]% lL"""“"‘r——————'E -U. )

TFf we have T(x) the inverse "ﬁmc’How
I's X(t)

Notice hat two congtants E ond %
describe +the métion,

Since B =gZmve+ U(?fo) we coold
have ecl,w\\y vSed Vo and ¥,




