Elektrodynamik

Vorlesungsfolien, Kapitel 9

ETH Ziirich, 2024 FS

PRrROF. N. BEISERT

(©) 20142024 Niklas Beisert.

Dieses Dokument ist urheberrechtlich geschiitzt. Dieses Werk
ist lizensiert unter der Creative Commons Lizenz
,Namensnennung — Nicht kommerziell — Weitergabe unter
gleichen Bedingungen 4.0 International“ (CC BY-NC-SA 4.0).

[0Sl

Die Lizenz kann eingesehen werden unter:
https://creativecommons.org/licenses/by-nc-sa/4.0/.

Die aktuelle Version dieses Werks befindet sich unter:
http://people.phys.ethz.ch/~nbeisert/lectures/.


https://creativecommons.org/licenses/by-nc-sa/4.0/
http://people.phys.ethz.ch/~nbeisert/lectures/

q. SQOCZQ(\L Relohu Febstleone

C( . | :Po\'v\Cc..\'e_C* T(w QQo(Mﬁanu

6 a Ul bes = Ccavn sfo neefoa_

N = /
L=x-vt  Hd-t

A AN A
E = E-(»uYB E '“'K

b2, -5 =S

|

-~/ - -\ /
c = E R = B v~k 0= e

09/0:01:58 — 09/0:54:18

7 =\ ~)
J=J VP

MCx &w\\-‘f( ¢, of u(c,L{‘ fuvecieud oule, Lo e Teews oo Jaeae
Keliech bej“’é\&eb\«'w ‘ZQ\\-—-)QS\J ~>51\. =y Wellec X SWEN

Ny = 0

' s
7\“218{—

-

'(01‘3* as\FPoteia\ee ~\D Z\\ 3 S(ELZ 9.(43 — :a)/a ) = O

ol Petet o (2. aR = O

9-2

=)
¢‘o&_§o DE~ ©

(0:52:20)



-s’*

he—cte X = X ~ ‘-/'(x)«»cp()d
Fieecefoi i al 6C, (U _ < ) %9+ - 2’3 (\]\“}?‘Y) LP,: Q

gc(wc« e e das Wd(ug(zickwv\

L&\A— Le EWM/ZZ\} Squ.\zwca._ dss D6l U\6:O sy .

3
( (—?—7 <§<c§z—' ’\Zv, (%)7 4 (xt =0

Uergledctm & ledlode - G

ES
— D\
—, x —
?7 <bx‘) \f/( )
\aQKQCLrCA isk wueuweant olsr Rote Womu ag Rous weq

q)/(y') s ) b x'=Rx ey AL(/':Q e Ay = o

Ay'=o e o fiveksrt

9-3



D € So(3) 1 RotlakoswelRy i WD arsgprecclad duca

-y =\

'L\J‘Q_,bd—om&_ Q(:Q\ ‘ ex\alt dcy flic-lc_(?fo dw Wb = - '1

S50 =/ .T-u, 4TS~ -\

G Y SRR E AT e R

= R ~ orflogo~cle Me tyrged 12e 0R) by So®)

(rwc.{:oru.x\\ou VoL Ab(&%‘gc-pev:}o/u—] ? = R?
/ ..\(’L —p - T

n

Wel el <L.VJ —Q;CWQQ e Calle YD (k O 7

\:L.)(( Felbor ,/cl' w O AN O\f ZQO = C{

2 1
(26) - (27) woew) = 2 0" (5] f Ba=e

(B |

V\ ’Ldiaj C’ '(-4 I €t r@\) hecl . Dicsorel vty => Me (.. b

9-4



LO(.AAJ('L-:\,rM < Por\ cxbav\ o

. ;2 )
)@@uo)\}c» Qese O = =3 ‘/) —~ \

(M\IC'»A!\"W“’ o O \)L\;c"m‘x\, Wl
g} M
T o A A=
NN = = ] Telte T
/\ Youn RereNor (& D oy Wcoe poim (x‘( xq\ x-”\ ~ % \:24;\,@.&330

RS woArLUL F e Lwa"’seyi\e-ob\ (4< D Bleocle were Vo >

9-5



ﬁT 2_/ (03N N LL ‘—goOg k

N= (\—(s C_-:,,., &(U =
K_\!C'/ \A'& /l_,V s
< (\<Y)
—® Yz ~ / - )
-/ =) NS _ X
X = ’('\6"]"* *(=y) (V‘-x)v 'Ew};‘f'—--c-_l_v.x

‘—-

Wicldiy v Coe Wl e itk yxA =9 2 e X —“t et

» 221 hacslonla bl w b Betelise y ~now Ok
Elgoscbalber < boc poshor  2wess kell. Loteck -Beost isf (LR
A (D) AR = AR el uge 1V

/I%\)(\"Z,/‘:L
e el nicet- kall. Roast) ergeli. RWoosk v Rx. (e shroklor

9-6



o koo, brepe (56 S0 (V) Lpiate - Orvtoe
* .—(('(-.V\Q \Q\(\'qu v R € 2&)’ uUQ‘\ZJ\« P TS Dc);'—\CQA f&/ - Gf

¢ dishiele Trac fencl oo -, Poweo ( PRI QP:Q%Q\\)»S .

HGKWC/\('/ 6(@(:('\0\& (,O( [P T "\\Sooﬁ "S Ccu S, @._( LX< (_,((* G (~

- 2 ~y
gl \ - 2 X -\ neve felelos
\le_ Telofar
-~ - Y - -~ < =D -) & X
- - S _ -V |V o=
R=x® - Li.E- g, (BY

Roraclile wietb-vel. T Wl < = !
Dl HOﬁ'(éé'(‘ \«L\.c. /‘ EN \J E JG{ (lu"r Loc . 6.

. [ X
ROPv®™ () E~ % B el b M

9-7



09/0:54:18 — 09/1:32:26

2
Q vellen X -\ ) h‘ A :;
= ve - AV g Twer ey G

5(.'2_ (ewgor Wil woller 2w H-€ (lvedbutle M6 Gl o go—

YosrX. x‘\ = (c:{'l :) NHo—sb. <l Mca bnx (\"

G Vou v uwad VQI(C(ACQ &9(-""\ E)\

N v = 2 _ A
(/\() v XK €\ = 2 (/\ ')M\; vab
Nco
M‘»(\/\'d ’ )(’a /\M-K*KQ
haoras v, = 01D vaw  Eoxiy

Comonlpown. o Quevime (ieplind) O wiedholle \Ld g o

9-8

(0:38:08)



(Vo tar vk olerec leatex AT 1 (Lom (ra varat
o aﬂ«u\\ok\ u“e, r’~ hwq@%‘\q(f us&( LOC&~\—L(Q\M\TM\\.\

M
At (N AT A= N'A
fD\)G\L \)Q;k‘ré lec Jdemo o \FB\JQ(S‘Q..A" (,._-FL \-‘\-Kre,_ \\elq,g F(Szu»
4 v
B= Bv A s R'= RA
do—at o slecalen (b[‘ wwe_ kou. M. g{«»

CStalegQodulbt @ e ks  ocdt @y ke lvawede Ne Wilaer & ;wcn.ivl_

‘ / A -y Vv
BA = Pu AP =B AT (A7) 6 A% 50 AN BA

9-9



T e golte veo Ml ke

T&*%r&,\ q(o..a\,g.. <y ?OO‘L""LLL Vow \)L\I\A-Q(&
dosguskelie_ o~ Proo b lep~ 20 addigge

A\R 6\‘) C = A@KéV@\) (FMLANE\,
{:1},sa — /Z}IL»>(7?:\J - /ak<ﬁ,; T{? :: €.
Tcangﬁmq(:ob¢~:ub\e.(ke~ @fﬁ(\)’ N g v Ve Wtrore
C;\w = éecr N p/u\ /\G\J (Q‘O"‘Q (Zlo‘))

olleceiny Re~q CXN Vi v Vg

C:j/4w e I;\ P
Kave bonnlen sokegectamar o b ¢ Baldore A q Fald. A

9-10



{’(\IU ‘(b- "(_JC%@C\ Q. W& uee L\’ LO NWLL - TC&.\,\C .

Gogaerel Lok del -
e (o) \V)
~ Noq Ne=n™  NgAT=y
(\w;({y) | | o nicMf-uy,
n whowsla Me ' (e 7 T &CQU (-t L=V =) = V)’w Me .+
1/,’“ QQ,MS Loy e Roeg (%0)
obar onelh (MU O V)’—z-v)

Mt Qs HC(M\(( Yo uwa_ Wi Yo — v kelvas o e e \_)L\,\(- Tecqan
D= Vv I ! lv v OLQJQ' e
A= e A Ap= P A =9 A
1V VJ
R L& V,t‘ A\l TZ' P (/]”wu R(\/ = '7va

ko*/k""‘ Las uet eol Vel ot [Taswne aquivelet ooy w1 bhedy
) b . Rch
74\ vy~

9-11



Metihe dobiwad Ay iwarele (halamnackd Fwees glechadbp lelf
v M~ oS ~ v
AR <AL = A Bp= " ALB -y ATD
ebesy ka— e Shr quel ludineg elus (amocs dia Gughilban

C’O“ N.., — '7/\,\, C)‘AU S 7&\\! C—I.AV

TengoSellor und Pt Ablectorp

Fur e \eda Ok (2 - 2'(+ - )(N AN VQJCW/’(‘&'\KV'-}\)UQ:\,.
NS S @ Beta Pller <ec Tl B

Qleetogeg Teld qz/(x’) ~ w (x)
k- baw o aves . \/q,k-k,(f_cm (e‘.v’fs?:cc('&-o\—z"h fu/‘?e\w)

Al (1= A0 N BT ()= (8 13 (%)

9-12



Deweel be plle Port. ALl ey Statar fetdy & (%N

So-) ¥ ) = (3] ¢ (<)
- (ax““) (ZXV) Y& - /\vf* 5% ¢ )

‘©
claloe M oa Yer Veder .
¢ ek A '< ¢ @P - 9)(ow
( MY
Rag D= N P = 9

pa,} ALl . Noreforiae  weldrlicAl ol dou. Vel Yo

AM&\ ~.cbp~(v () C P‘V b = Dy i /5

oo . N \chor (el d Teco SorC-Q)A

9-13



09/1:32:27 — 09/2:40:50

A.3 kevanot Eleiivo Y A OUn - W

Te(cte vk 6(&4‘6(“,\/\}_ (heleggioda b ofy Me ko st V.,.QC»\&JrS'e.de;.

K e do ki \M,\(I’{dj -‘a«h ( o Nsyo Tewsewde & ,')'(». L = €\

¢ '3
N D
(A 7(%\ k- a(\J.(L A((B)
SC(A\"QA\S’ QQ\(& A(r C‘(S (\’(‘\ ‘\’QS(QR‘JC&M‘\"’ (:;( %3 \ QSL‘(LM{‘Q‘HO‘ @(\.
< O —A <Ay
(A )}' "F’Z('QA(NC _
) J "\'A% O Ax
-Au tA= O

NN -
Dc,w)f kfu%z(vdwfr ety Mo ?«{m\;gw(ﬁ @ x%) = AKR
oo Aquiv. (A x‘@).(c ATEX

Wuew e = Aol - A(,\fr ";‘_ i‘\j(,. (f\’()\\ .

9-14

(1:08:23)



Ww6 DR D E - fo T
0, &');u —--—é, D¢ EL = No)L
wh MG éDiE) = MoC %
bels etes Tecsurs By (@exlgfc“{hk(-c‘_gc{() o Vv eheel ef
Mwe ( O égt) Fiy = @Y - - € jv B

_l> x
<€ k& Fo\(': ZL,ELA = - Fre
F“zo
[2€111:L*4Lbﬂﬂé;1 LJ"LI' "g:v{<9-rC§LAJC*a~¥\u :K'r*‘ ':K' —C (3 :] k= \j A
, - _ 1
\M\,\.MG &'& L(cr*o( \OM 9P FVP = ?\Jko 7‘0 90" C (a{;

9-15



2. Vol @ Uer Uskahon:

© r\\n\/\ e sk Fovaneat ‘FO"L‘" lA‘Q_‘4, = mawne C'C(I' keovo~e—t
ocvk-{ LO\'&,.t'L- -(F“QCOV\QBKO\

(fc((s pr Te. Sof('dd (2 6) veer J e Lor faidl \
© L&duvu)c U\-»c(fuv‘\ ,CHO—; ev\ . Go\a,(w B \'\(Q&\r

¢ .
0= T e - 18T = v (FF 2 1037
Voo MG helber Al ’\:z;m
O Fuo + 34 Core ™ D0 Fro = O

M(’U\«.&}f\\) P\N ~ ‘ y \
Ca FW-CO \:\)tZL;l\ :bzii)'b\ E\c
-\ T ~ A
d\”(}v(o-/ ~ (O __B ) EO&:’E\&: "FL(O
L= > fToo = O
¢ Tecsor Flw R %'E,( o

9-16



Wie N%g(:w.'&./\/ ('E;Wu o {2y \,Ofﬂu‘*a»p(«-\( K
belroelbe. Raleler Tl o

s € oz = !
UW %&( 0...(\'3&(\*~0J\Jce&.~ Te,gor ;\_L(D im@r(u’u‘ C('””“\
F:,w, S 2 €wes Fe
ey L o el _ _ £
o™ 2 Epres © 5 = 7 Dp

Al(-@(d&\/\c‘)g L‘“M\WQ\A' eo.)...(oes W PQC--J(‘OI-&QQ/ ch-su

Q'
r ’ l ( /\\ /\ /\ p /\ g - Cﬂl.*’ /\ iflb*&,f,c,r
¢ twuon st

( ol a\
c'de Q'MOGI-‘&L\"\'E«#”'P(O"/\F/\ v A e N\

/
(CL oty Taasow Mg U biehrectle @ = ot N T ¢ &b odle :w-v;,_,x{)

9-17



e o sqmigge

Lo {ZT“Cﬁat:\‘(c~4~,, < C Crem el

Eud-fq\\e_ el "(ﬂ’]b'fe(&t“vj w Veguig duet L T()' \. SHowduate
— o S
=2 Cuusie— woils = Tengor TP"*’ ~ ( e - >
T ")
-1 ( 1 . 9
-<Ti‘ = -_E:KY < tfib (IEE’; E: 21_251 (3 ) - '7;;° (f753~ %i; - ;17C5:‘ @;, }
‘ 1
Tio = oizzsc':éf'\'\-i; —(:«:C, E’\')k E)gw
\ :::§> 2 1 ifé: =~
Coo= W =3 €a é; — 2 o
R -1l e e 1 'y
i Her Botaboms s Mo =~ S B B O @l Foo T

M _
TMU = Tv,“ ) TV‘ = O

(Uw. cpor los

9-18



L. He

‘Cou"\wu \":\'907(&&3&,3/ J {:\;«. HG: o
0s
> Too = —9‘“ F P, ° \M ey F oo -—ilMF d, For
- .39 E, 0 & Le(ﬂgfu«%-e ot Lol ke
DO”&«\’\\GAKJL_ — ) L ’Eo%-\%» Eict- \
£,A = Ans <—C’i ’ A) @M#\»a'a-/\:o
\\, -
S Fu= “uAy 9y A Vi Mo
\ GAN:'M j'.h

=7 GMF\/Q < D F - D F =D

ihl\.MOV‘. No -,:? FN’“ _,_9 Au*a D. A}A~~UAV*Q\,{9A)

\;\'O(A\*(ewﬁt. P(,'% A - 8}, /\ b
Fﬁ:,,‘-:-Q,\,A + AM = T+ 0, 0N 33 N = T

9-19



bi e'((f-&*v\\\%\(:ﬂ““w

OKXV ~ A -foiya dXNA J,XV ~ 2 Foreen
Foldste e tewcas oy odpr 2 - Foie .
(WC&APM«'L«
F = ’é{ T o Ase™ A AKXV NotaRe— ]

" 9 Az-: (&)
B flerechaNoe A = Ax Bt - Ovusfker w-tore Hlptll Fore

hew MG &F
= O
L~-Fsa—

oo . Mo henohpe duole FS Tecgar *F fouie Quelien J
KQ&? < 1y v M
oo VR P g By dxade < - g @pues F dx ¥ n olx”
i v e o
u-x%‘w J= % (‘J,,\Jx"‘) = 7 E o Ax A M’ A dx
Mdz A: AV\JKM
d*q::“o J ’;BCFO{d’FF-‘:f"O O(J c= dA

Cocktrast: A'=z A¥dA ¥ dN- AN« agA~ dA=F 'dE=ddA= O

9-20



09/2:40:50 — 09/3:01:42

.Y . Gelodere Teelclan

’Crva' G} TQ(l(C(aJL_.! T&:(Cke,\ wegetae durel e e (o RZ2 Lo eConac
Plade v A Quuwze -

b BT wied 2o Te(clar IR, als PPaok X’“‘ CGQ o Madvac.

(elfer at wn x(6) Goie ct (G) = & (8)
D\)Ol(x‘ &Qf PCGC(UM. O fﬁt” bq(c\cglj
(0’ Ve Qs ieer. Sowalh gCG’\ o o fom CLQ*'\A‘ )

2 . A’((‘—‘- o ‘ﬁcg/qo\gcag_w ,
e Nickt-cel © & (e So dacg %(fﬂt & =t
H V= (ch X)) alar: Nelany - ecke ks RS
. 6 b Eimel ;!;Cnr e s |- b(/)\:-r o
v = Py
o kel Fedflogoy ver § s, Reclun Ny e

9-21

(0:20:52)



re/(' oeca . Grisc—g. v VUilser- \wedls \DM

L ~ Qxﬁ‘
?P'/ \N\L,.l(———f \lx‘\(:\(—_\x?l )(!zrg
(<
LO(W“}/lchrk Ues tﬂ__c‘/
/ 4
a v
< j)_fj' = Kn = - A Tow P
1(x" ,
W Mo | :
= v Fep’ = o Foluld
\= Lo—p-
A (C, ek
"= — —3) X = ( % ) s =t
I SR

—\

=) P:Q(é)‘(':,xa) C%D?rq&'\/:‘:/)-é)

9-22



	Titel
	9 Spezielle Relativitätstheorie
	9.1 Poincaré-Transformationen
	9.2 Tensoren
	9.3 Kovariante Elektrodynamik
	9.4 Geladene Teilchen


