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In our Lost Lessdn we entowdwed e mettic
323{)&?&; Q@dx) : V= VX, unen ek
veesdtS 1o 4wi® duads, \-focms. Now we will
consideC & aPecific wettic 1. The HMinkowsks wmetric.
Y = Nyl x* @ dxV caries Ciredle indices dancking
(€ x, aj,a-) ond describes a spaetime Se.c«\e.-t-rﬂ"
1 s defined by +we Wapping

B.(., ﬂa‘d‘(;/ 'a.,g ﬂa d‘x,
B'J ﬂa dj/ a?.— ﬂa d%.




L] expiofe e mekriC | by com puting e
wognitudes of a wuple of vectss.

¢ T=23
D |TI1*=FHF) =T
ok T = &
= |717*= 3/ (324)
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We cah See here (U)=a.

|

it U =23
> |u|"-u(u) (yluu
ondh U = —3d¢

= | ul"—-adt (30:)=-4.

'F——T“— dt

We cm\sea newe —d*-(u\ -2.




™ vecht U has a negative sopeced norm
LW an exampe ot o -hwzl\ka vecdior,
As D) 18 & scolef, wWe waow U is a Nimelike
Ueth € 1@ o\l coordincle systems. Lot us now
Compute e mrw\ a% o veckoe (= 0¢*0x.
L2V*= T(0) = 1R = ¢ (9e+0)(de+ da)

= (~dt+dx) (¢ +x)

= —d{ 3¢ —dX9x + dx0¢ *dxOx = 0.
= 7 13 an example of o null vedkoc!  Let’s see

how I-focn AN can e\Q us andesstaod Al vectoas



Heve we desenibe Mow fo addh | ~For +ooyedinag .

~r AN
A - A+ 72

- B-A \y

— 1>
We considel the unt: TIQNE ose two wasys <o

9
wecsect both A ool ; 7_1; = +2 and \\

e unit Haok fulfills both is: i §~i
v q
Not+e +Haod Hnig iz witt A awdl huoms mwmﬂoas

T owd as 3\00’\. 1-fcns  hove &&nseuﬁ
dicection just as peetors do = &——— = -Ix —.




%

dt, v, add puede are depicted vase.
We can also draw —dE~dx, by cannectiog
+hwe a\x‘a:‘ona.ls across He untte n the
ot dicechion. We Con s2 nxd N
Z(1) =0, ey donk trtessect afall{
 We sumwmactize:

|U\* > 0 D spaelive
112 € 0 D +imelike
|2 1*=0 D Ligntewe




Twe coordinode gystems with merce 1), one
[M,O\l'\\\a at UL\QCﬂ'j G = D—"!‘c relathive ‘o ‘“"ml
ane cedaed by a  Lorent? tronsfotmation: .
— - I = 6 ‘-B
A € =35t "¥px Y =y T B
X' = g% - spe 2=z M ll

wware (‘a= U/C , © = 3pead D‘(‘«Uah‘\‘, ond we howe
¥ = ((_(51)"11 chosen unts whare C=\.

(suclf\ & /A \s sgomchimes cafled a hypebae coraien -)
Let us considet +the pechor = Mg , W m
beiny a mass +erm. Whok 1= o4 in e Maging frame?



A
ymoe —yfomdx.
i‘f U<< e, a«:((- 0'762-)"’2 2 | +5U%=.

9 1 Gurx (0 + 1 Ya)de — (Ve ATTa) 0

= c%,c 2 Me2+ LUt P —mUe 9y
— "~
reskmass = 7 Tre non-reativistic
anegy The M—RWN&*‘C momentum'
Kinetic ‘““3‘\!
We Seethat a porticle’ spatial mopetust anses fram 112 motion
twough Hime being (hyperboically) atated into a spatial dimengicn!



Let's do o relaisiie exomple - t

\of U"(; Y, Y= xf
W gu= ma{,_r, = MO, gt
Cl“(= Xmaﬁ"'&c’max-
Q= Sl mde+ Uiz ™ x
» x

x
and q‘*’ one exampes of q-u:m’cm veckors, eacn
3een at cest 1t opn frame, Lot seen ab  rest
N e bwn frame whoSe +ime componest gives
rise ¥o Spohial momearum (P9, 4*) whea senin
a wmouing frome - (Jhat oties physical quoohities mget
behave like 4ais 2




Hootng davdoped an intwition for N vechxs
e as 4P, and g9, tranefom, we will alsd
Look ot how |- forme sucn as A= F\).\al':c."JL
tronstom, and Wow 1o plot Hweir com ponects ,

Suppose we have A'= -¢dt’. what is A, the
I-forw 10 Ave rest fame? (U =dge, y =4).
Au= NiAu D A dx=-yddt +ypedx
= Ando* =-S/3p stz d'dx .

What is +MS coject A 2



A}"=3A\’A\) s tWw dﬂ&‘ 1o AA=(¢,Z) P}
wwse qS i e scalr pstenhial ond A is 4
vector pokeodial | Tuey fulfll e folloning equations

In the relatinstic *(formu\ahm ot clecodynamics e
vedor potential A is powmoed t0 e four- potentia A*
by weting that the gcalas potential ¢ is MM‘S the
Hwe cowponent At R e Pour- potetial.




W Atous'= —¢'de' and
Apdot ==S/3dde+Wzd'dx
oot  additisaally assuming ok ¢/=(,
we ore veondy to plof A n botu coordinate SHstems.
with oA (99) = 84y, we wawe —54d€(2¢) = - Sfz

avnol -S/?,df.L?a ) ==€ D 30c 4roseeseS =S units

olemascoted by —SizdE . Likewise, Uk dy (320) = 4,
+ -

We con re pr sent ' ~Shdt,

T L y
Haese relations witn: —Sladt +4kdx = gt/

X Y




WY do we wont to descR e -(ou.r—qahﬂh?d-
A as o \-towZ (Considec twe equation: =¥
We can ntegrote ©o sides wwer & AD pagifold M

80 -da = ([ 9xa.a
H ) € — R H
We can +Hen G\')P\‘j Stekes’ tweorean: &///*/;/? A
{70 -dz =6 243
H .
We notic that ﬁodf = Aidx?, a I-forml So ve will be

intecested ia evaluakivg inteqmais of-+Ha form ‘(‘@‘ i = ‘rﬂ
fo( some pathh ¥ - 5 -



The Sccond ¢Qy.a:ﬁm Yo consideS s twe equation:
=V¢-2uh.

oo dod gt | Vb= G
Twe dual +o $¢) witv e fat- spoe La-.—.ﬂ_) mettie is s
J = _ Q. 1

1V aa%dx.e (%%o\j + aa%da = % Pdx

By 4 coain que, S is just +e ditbecentia\ d ¢,
which is a |- focm, depiced as Qevel cuwves 5 ¢ |



Finally ( Lat’s Alseuss dve -terol 9{&.
\n wdex notahon, Hisis QAT (wwe 4t =€).

2t
We a\sd wave 64,, whieh s ‘QF_\t Theq, wWe Wave
ot
1 - t 1
E" = —(é_ﬂ~ .__(6_“— = ,aiﬂt_‘atg‘b

(Nofe that in Hat space W ppec and \ower Vadies CACTY no additional meaning.)



. % . .
Tut equakions E¥ = = QiR —0A’ anal 12 = A" = A
are unified in celahvishe electodynomics by +he
#L(om(e\s eqaation :

54\1 = aAA‘V = B‘VA}; \

TNIs is +he elechomagnche fiedd Strength fenger,
+he Faraalag +000, and i+ is a Q- form |

In +he mext Lesson, we will see how +o express F
in terms of basiS a-Formg.



Twe potentiod equatiens (£ =-9¢ -2¢4, =<7 )
hove intwducd us to thaee Aiffecenhal Lorans -

dd= a);¢a('x.‘“/ a |- fom
A= Auolx*, o \-form
F, a - form.

They ace called 30 because ey con e placed

WAL nLatn an wiegral ign and integrated , as

Wwe Saw witha IA ~ How do wR visualize these ?
¥




Just as \-forms suen as dx were oiswaNzed as
Leoe) awsves of %, OQ¢ can be dapced ve same way:

g\

Z,
2 X
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y/N
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A—=Aﬂahc‘“ we will visualize He same wosy, with one
iM portant diffecscena - tihe carves C’Qpid'i«\g a w\\ aot

(\ecn.SSoc\\& choge| We will see Hwig naxt Hoe.



Summody © TWe thiakowsiar mesaie 4| highligats
wow vedsars oad 1-facms (and Wwaic dﬂ.p\cﬁm\s\\
ore bott aaeded to dascrive e ogouetvy of spoazhine -
We ako began +o e how electnmagictism
could be deecribed using ifferentiol focms,
SoMeting we st explored by considasing
He Hwmelinges ot tetials.
END



