
I . Special theory of relativity:
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• Newton's equations a r e invar iant u n d e r Ga l i l e i
transformations.
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A b e t a s have a look wha t happens w i t h Maxwell's
equations

e .g . : w a v e equation o f electric f i e l d i n v a c u u m
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( i ) Maxwell-equations n o t G a l i l e i invariant!
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„ * r e n r e n . r . u a
a ) there e x i s t s a special coordinate f r a m e

l o o k d i l l e ren t
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I

b ) Ga l i l e i transformation i s n o t t h e correct
transformation between inert ial f rames

experiments o f Michelson,Morley 6881,1887)
F i z e a u (1851)

⇒ • v a c u u m l ! ) Speed o f light i s independent
o f i n e r t i a l f r a m e

• concept o f " e t h e r " i s not reasonable

postulates o f S R T (Einstein, Poincare)

I ) laws o f nature h a ve identical f o r m
i n a l l inert ial f r ame s

E ) v a c u u m speed Of light i s independent
Oftheinerhalfra

But t h e n t h e Galilei-transformation cannot be

generally correct !

I n t h e l imit o f sma l l relative velocities the Ga l i l e i
t r a f o m u s t b e correct,h o w e v e r .

⇒ s e a r c h fo r correct transformation
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time-evolution of Wave-front i n t i m e d t ( E )

ddt-ldrR-ddf-fdxi-dytdz.co
2 n d postulate: a l s o ein 2T'

ddt"-(dxlltdjkdzty-o-
dexo-ctxzxxz-yxzz-
assumev-vex.ve × '

dp i?-DX"? =dxi-dxzdx.de?dx3'=dx3-
otrausformaliasislinear--

• i n v e r s e transformation:

"

→

- ü

↳ Lo re n t z transformation

xot-jlxo-f.si/X2L-Trato-
KHynl=y(j-psxo)X3'=X3
(27-2) ß=E j=

! !
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Xo = g.(×"+ ß×") ×"= ×?
L-Trafo(" " XIgyxipxo.gg " v e r s e

f o r H a t : ß x " = E x → o ß X ! E c t → a t

Xd = ×
°

× " = × ? a t
⇒ Gal i l e i

L-Trafo m i x e s spatial a n d t ime coordinates,.ie
i t i s useful t o i n t ro duce a 4 - d i m e n s i o n a l

s p a c e :

I.24-vectovsandkinkowsk.gs/
A)4-vectorsandmehic-tens

(274) 1×9×1,×?X3 ) = l e t , x . j z )
vector i n 4 -d imens iona l space

4751 ± = xoeio-XZT.tt?eI-X3Es=xMeI
*

Einstein convention: s u m o v e rpairwise
indices from O t s

* notation with uppera n d lower

"

E u

w i l l become c l e a r l a te r



s c a l a r product

(276) I I = × " y" = ?

t h i s t u r n s ou t t o be n o t a gooddefinition a s
w e wou l d expect t h a t a Lorentz-trafo s h o u l d
not change t h e length o f a vec to r

I . I T = X I I I

Wi t h 476) i t w o u l dd u t h i s however

± = ( a t , × , 0,0)

± ' = ( ge t -yß × , g .×-gßet, 0,0)

II I I I = E t x t
I I I ' l l =gift-psxf.gr?Cx-pctI-
=IEfit4EE--2utx-
x2tv2t2-2vtx]?
=/ H I N

"

qzzgbdtux.y-2-g.mx/uXv=g,nrXMX#
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where met r i c

(278) G i f t e n s o r

infinitesimal length o f vec to r

( 2 ) D E = EinDX "

where ö j ö =g% )

d z . D E = ds? = ( d )-HH

$

+4×31? )

= dat?_ ( d i tdg?dzt)

Th i s w a s invariant a n d e r Lorentz trafo!

4 - vec to rs w i t h (2801+1290) ⇒ Minkowski space

D u e t o t h e m i n u s signs i n g a r t h e s c a l a r
product O f a vec to r w i t h i t s e l f i s n o longer
positiv, w h i c h s o u n d s a b i t strange o n first
glance b u t i s very useful .

A length (difference between t w o points i n
t h e 4 -d i m . space)
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I s ' = I I . I f = 0 light-like distance

(2811 I s ? > 0 t ime- l i ke distance
sszauspacetih
edist

CBlcovariantandcontravariantcoordinates-

orthogonal bas is vectors

(282J E i . e ) = G j

Here w e h a ve s e e n t h a t d o e s not ho ld i i . e . t h e
b a s i s ve c t o r s behave n o t a s "usual orthogonal"
vectors.

• what happens i f w e c o n s i d e r a . skewed
coordinate System

1

b u t e-× . E y#0
⇐ÄI€

!

€¥

⇐ * + a s : * ,

introduce n e w b a s i s

!

,
E t 12841

- g z -
E x E ' = 0 12851



m o r e general
(286) E i n e t i nd
s o w e c a n represent a v a t a r e i n t w o different
wags

9- = die" a ; - c ova r i a n t
12871 component Ofa

9 - = die; ai-contravariant
component O f f

• Howto rda te t h e t w o representations?

4881 Ei=E9ijE

!

proof:Ei

!

j-Iefieejfesj-G.IN/
ibewize-
C289Ei=fEgegiI=gijD
s c a l a r product of t w o vectors 9 , 4
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g . b- =ajei-beee-9.be?
Ig#=ajbJ=aiej-
beEe=aIbe

!!"

= a i b j
(290) Erkzajbsnaib
Gllorentztratoaspsendor
otahren)g =

!$

=

c a s h 9

494 J ß = I q = seinen9

No t e t h a t coseiq-siueiq-e.IE.-

!!

=

1

i .e . x d = coshqxo-siub.cl × '

+ '= -sinhqxotcosb.cl × "
493)

f o r ü HEY

,
a n , ,
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D )
+ 0 = 1 +1=0

Xd>cushy ×">snihcf.IE#E:i::.
X0=O × ' - 1

yd=-sinhcfxkcoshg-
fm-disauspau-
lihcdistactjx.li:

!!!!!

× :

t z > t , tz'> t i

X i x × ! <× ;
↳ * , t i e f !

× , > X s Xd> X i

t ime o rd e r conserved spatial o r d e r conservedS p a h i timeorder
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famedias

Past
Kg
µ ,

CDIGeomehico.IE?f!...teus-
Def:-ageomeh'c0 e a r n . . .

i s ca l l ed

t e n s o r i f i t transforms u n d e r a coordinate

transformation a s t h e coord ina tes

coordinate trafo: [ → Z '

D X Ö' = A ) d i e
KayTIIYI.i.n-AI.AE/
tI...AieA4AIiTeiInfDef:i t i s c a l l e d pseudo-tensor i f

$

T-j-g.H://tIAF.AE?AniTeiiF-
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Any physical l a w tha t c a n be formulated a s
a relat ion o f Loren tztensors o ft h es a m e
k i n d w i l l h a ve t h e s a m e f o r m i n a l l
i n e r t i a l f rames i .e . w i l l fulfil l t h e 2 n d
postalateots

I.3lorentzinuavianceotEdgna
mite.twshow t h a t Maxwells E dynamics c a n b e formulated
a s relations between Lorentz tensors i n Minkowskispace

M W E i n v a c u u m (Gauß units)

E . E - 4 n s 5×5-E#E- ¥ ö(2961
D-§ > 0 D I E + E#⑤ = 0

Continuity equation o fcharge

(2971 ¥ 9 + F . F - 0

d m . potentials

$ $ !

Ä EI-I I I-50
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Lorentzgangel
ied Effekt I A E O
⇒ (s.ge?z)F---Ei

(300)

(s-Effekt = - 4 n s
f rom G o d w e s e e that w e c a n i n t roduced

4 - potential Athlete( 3 ) AM

!

(0,-Ä)

a n d a

4 - cunentdeusitgjM-lcs.FI
902)

jµ=ksi

!

4 - coordinate a n d 4 - gradient

XM-nkt.FI

Filet,-E)
9--0%4=487,5)^=¥=E¥

!

" "
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wave-operator

904 BEGOEdtifu-II.FI
w i t h t h e s e w e c a n formulatet h e E dynamics
i n L- i n v a r i a n t fo rm

L o r e n t z gaugeJMApi-fnAEEEAI-E.AT/
305)waveeqs.DAM=4¥

!

(306)

continuityeq.ch/Yin=fnjM=ffz-Fj=f
③ 7)

electrodynamicsistorentzinvaria-
theformulation i n terms o f potentials i s technically the
most easy w a y t o s h o w t h e L-invariance o f Edgar.
I t h a s t h e disadvantaget h a t o n e h a s t ochoose a
specific gauge, t h e Lorenkgange.

One c a n f ind a gauge-invariant formulation
i n t e rm s of e lec t r i c a n d magnetic fields

ET 5 → 6 objects!?
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fieldstrengthltensor

(308) FMEOHR.JP/ff
i s antisymmetric⇒ 6 independent components

%

0 - E x -Ey - E z

F ! E x 0 - B z By(E
y

B z 0
Ix)

E z -By B x

inhomogeneous M W E

(309) &FM=4

!!

dua l field t e n s o r

e . ) f ü r ! ! : "+ cyclic

homogeneous MWE

( 3 ) &¥P
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I.lt/2elatioisticMechaui-
• Newton mechanics F , I for F -MIE, E

! !

• relativistic mechanics

F → × " = ( a t , F )

problem: IM = ( c , F ) ne t Lorentzvector

"

p rope r t i m e

Gut d t → dt-dtf-f.at#p
s ince

d s ? d a t ? tar t? = E d F G -¥ ) = ö d e ?

⇒ d z Lorentz invariant!

4 - mom e n t a n

⑨ 3) pt-mudI-mojd-IM-jlmoc.no#I)--

k ine t i c energy i n non-relativistic mechanics E -¥!
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relativistic energy a n d m a s s

GutE-mckmog.cn?
=I#FyHHm=IfEJ-
i.e.pM=(E where F I N D E
③6) I t

No te t h a t here''m" a n d # "Mo" appears!

Pol-FF =p"pµ = moe ?

E E pic? = c ) ' + m i d

O r

$

7) E=F

!!

e n e r gy

o f
a free
re l a t i v i s t i c
par t i c le
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