3/25/2019

PHY 712 Electrodynamics
9-9:50 AM MWF Olin 105

Plan for Lecture 24:
Start reading Chap. 11

A. Equations in cgs (Gaussian) units

B. Special theory of relativity

C. Lorentz transformation relations
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\Wed: 03/13/2019 |No class Spring Break

Fri: 03/15/2019  |No class Spring Break
121 Mon: 03/18/2019 | Chap. 9 Radiation from localized oscillating sources ~ #15 |3/22/2019
122 |Wed: 03/20/2019 | Chap. 9 Radiation from oscillating sources #16 3/25/2019
23 |[Fri: 03/22/2019 | Chap. 9 and 10 Radiation from oscillating sources #17 |3/27/2019
24 Mon: 03/25/2019 Chap. 11 ‘Special Theory of Relativity f:;:‘c 3/29/2019
125 |\Wed: 03/27/2019
26 |Fri: 03/29/2019
27 |Mon: 04/01/2019
128 |Wed: 04/03/2019
29 |[Fri: 04/05/2019
30 |Mon: 04/08/2019
31|Wed: 04/10/2019
32||Fri: 04/12/2019
33 |Mon: 04/15/2019
34 |Wed: 04/17/2019

Fri: 04/19/2019 | No class Good Friday
35 Mon: 04/22/2019
36 |Wed: 04/24/2019

Fri: 04/26/2019 Presentations |

Mon: 04/29/2019 Presentations Il

Wed: 05/01/2019 Presentations Il
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Units - SI vs Gaussian

Below is a table comparing SI and Gaussian unit systems. The fundamental units for each system are so
labeled and are used to define the derived units.

Variable SI Gaussian SI/Gaussian
Unit Relation Unit Relation
length m fundamental cm fundamental 100
mass kg fundamental gm fundamental 1000
time s fundamental s fundamental 1
force N kg -m?/s dyne gm-cm?/s 10°
1
current A e lomb/s —
10c
1
charge c A-s statcoulomb | +/dyne - cm? e
c
03/25/2019) HY 712 Spring 2019 -} Lecture 24 4

3/25/2019

Basic equations of electrodynamics

( CGS (Gaussian) sI I
V.D=dmp V.D=p
vV.-B=0 V.B=0

168 oB

VR B=—rt VxE=-2

= <ot 2 ot

D

V= 7422

ot

F=gE+ xB) F=gE+vxB)
[

u=(E.-D+B-H) | u=(E-D+B-H)
87 2

s="(ExH) S=(ExH)
4r
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More relationships

CGS (Gaussian) MKS (SI)
D=E+47P=¢E D=¢E+P=cE
H-B-4zM--B H-LB-M-1B
H Hy H
E--—vo_L12A E-—vo-A
c ot ot

B=VxA B=VxA

€ = ele,

u < ul o,
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Notions of special relativity

» The basic laws of physics are the same in all frames of
reference (at rest or moving at constant velocity).
» The speed of light in vacuum c is the same in all frames

of reference.
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y y
=
X
-__,y,____’
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y X
X
03/25/2 ] PHY 712 Spring 2019 -- Lecture 24 7
Lorentz transformations Convenient notation :

v

p==

C

1
}/ =
1-p°
y y’ Stationary frame Moving frame
ct = ylet+py)
= y(x'+/i'ct')
=)/ =
X y =y
e ,
X B z = V4
y
,
y X
X
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Lorentz transformations -- continued p=t ;= !
c 1-4

For the moving frame with v =vX:

y W 00 y - 00
00 - 00
e |7 e |y
0 0 10 0 0 10
0 0 01 0 0 01
ct ct' ct' ct
x x' x' .
=£ =L
y y y y
z z' z' z
Notice :

> 2 2 2 o >
P —xP -yt = = a2
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Examples of other 4-vectors
applicable to the Lorentz transformation:

For the moving frame with v =vX: p= v = 1
v B 00 vy - 00 1-p
00 - 00
e |7 e |7 Y
0o 0 10 0 0 10
0 0 1 0 0 01
w'lc o'lc wlc
k,\ 1 k\
=L Note: wt—k-r=o't'—k'r'
r
y v In free space:
k' k. 2 N2
ey (]
c c
U 3
pe p.c _p pc Note: E? - p*c* = E?—p” ¢?
pyc pe Py
p.c p.c p.c
03/2! PHY 712 Spring 2019 -- Lecture 24 10

3/25/2019

The Doppler Effect

For the moving frame with v =vX:

vy w00 y -8 00
00 00
o |7 pi |8y
0 0 10 0 0 10
0 0 01 0 0 01
wlc o'lc w'lc
k 3
Tl=L " Note: wt—k-r=o't—k'r'
k, K,
k. k'
o'lc=ylo/c—pk,) 7k, —Bwlc)
K=k, k. =k,
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The Doppler Effect -- continued
w‘/c:y(w/c—ﬂkv) k'Y:y(k,\—ﬂw/c)
k‘; :kv k': :kz
More generally :
y o'/c=y(o/c-B-k)= y(o/c—pkcosd)
y k'-fi=y(k-ﬁ—ﬁ(o/c)zk'cosé":y(kcos&—ﬂw/u)
s
K KxB=kxp
V/ For6=0: (k=w/)
-
k o'=wy(l- =>o0'=0]—
7(1-5) 158
X' For0#0: (k=wk)
X tang,:751n9
y(cosﬂ—ﬂ)
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Electromagnetic Doppler Effect  (6=0)

0'=w ﬂ ﬁ:M
1+ c

vsource - vdelector

More precisely: S =
v,

(Thanks to cl1- s
E. Carlson) c

Sound Doppler Effect  (6=0)
1+ vdelector / Cs
/¢,

0=
1Fxv

source
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source vdeteclor
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Lorentz transformation of the velocity

Stationary frame Moving frame
ct = yler+py)
x = ylr+per)
y =
z = Zz

For an infinitesimal increment:

Stationary frame Moving frame
cdt 7cdt'+ pdx')
dx dx'+ pedt’)
dy = a
dz = dz'

03/25/2019 PHY 712 Spring 2019 - Lecture 24

Lorentz transformation of the velocity -- continued

Stationary frame Moving frame
cdt = ;/(cdt'+ /i’dx')
dx = ydx'+ pedt’)
dy = dy
dz = dz'
Define: u\_zﬂ u,zﬂ uzzé
Todr 7 dt dt
oy = dx' = dy' = dz'
Codr A7 ar

dx _ Wdx'+ pedr’) w4y
dt~ yldr+pdx'/c) 1+wd', /¢

dy _ dy' u',

dt y(dr+pdx'/ ) y(1+ vu'x/cz):uv
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Summary of velocity relationships

'
u' +v

uA_—
Tol+w'/

u

' '
uy uy

o )/(1+vu'x/cz) 7, (1+vu'x/cz)

u u

z z

7(1+vu'x/c2) yv(1+vu'x/c2)
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Example of velocity variation with f:
(u’/ec=u’/c=0.5)
1
0.8
0.6

u/c

0.4 u/o
02

0
0+

0 0.2 0.4 0.6 0.8
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Extention to tranformation of acceleration

3/2
vZ
I--
c 1
Q= Nkl
v-u
1+—;
C
vZ
I--
a =— ¢ [g +l><(a'><u')
1 = '3 1 2
v-u c
I+—;
C




Velocity transformations continued:
u' +v u', u',

Consider: u, = u,= u, =

T+w' /¢ "'7}/,,(1+vu'x/cz) : yv(l+vu'v/cz)‘

) = 1 _ 1+wu' /c?
C=(rey =iy Ji-(vre)
=0.c=7,0uc+Bru')

=yu,=7, (00" +,v) =7, (nu'+ By,c)

Note that

'
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:}/‘,yu‘(lJrvu'A/cz)

=Ny =7, Yty =P
}/uC }/u,C
'
. V.U Y
Velocity 4-vector] ** ¥ | = ﬁv e
'
VM, you',
'
u U
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Some details:
2 v u” u? uv ’
Vo=ryell+w' /c®) =|l-—||1-—|=|1-— || 1+
te = ro(Lvu' c) [ Cz]( c_j [ Czj( Czj
where u, = ot u, = w, = “,
R ER AN ’ yv(1+vu'y/cz) : }/,,(l+vu'x/cz)'

2 2 2
woup uy u'. v u? y” v
sttt | =t 5t || =
c c” C c” c c c” C C
2 2 2 2 2 2
u uy u v uy v
—2(1+ ‘zj :—2[1——2]+[1+ *Zj —[1——2]
C C c C C C
2
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Significance of 4-velocity vector:
Wby
7.,y
VL
Introduce the “rest” mass m of particle characterized
i : 2
by velocity u: 7.c y,me E
me }/uux — 7umuxc — p/\'C
Y4y y,mu,c p,c
}/uuz }/umu;‘c p:C
Properties of energy-moment 4-vector:
E E' E' E
c 'c ¢ c
Pl p py‘ va —p| P Note: E* - p’c* =E”—p” ¢’
P, pc re p.c
p.c p.c p.c p.c
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Properties of Energy-momentum 4-vector --

E 7.mé continued

pe|_|y,muc
P |y muc
p.c) \ymuc
( Z)z 2 2 2
Note: E* - pc® = e > l—[u—*j S| —(M—j :(mcz)z:E'z—p'zcZ
-8 c c c

Notion of "rest energy": For p=0, E=mc’

Define kinetic energy: E, = E —mc® =4/ p°c* + m*c* —mc®

2
Non-relativistic limit: If £ << I, E,=mc|,[l+ L
mc mc
2
~P
3/25 PHY 712 Spring 2019 -- Lecture 24 2m 22
Summary of refativistic energy relationships
E y,mc
pe|_| y,muc
P\ | v muc
p-c Vamu.c
E=,p’c+m’c* =y,mc’
Check: \/pzcZ +m’et = mc’Z\/;/uzﬂ“2 +1=y,mc*
Example: foran electron mc” =0.5 MeV
for E=200GeV
V.= EZ =4x10°
mc
1 1
B.=1-— =1-——=~1-3x10"
oo
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Special theory of relativity and Maxwell’'s equations
- . op
Continuity equation: o +V-J=0
.. 1 oD
Lorentz gauge condition: 1o V-A=0
c Ot
2
Potential equations: 19 CZD —-VO® =4zp
¢ ot
2
LA gyt
¢ ot c
Field relations: E=-VO Lo
c ot
B=VxA
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More 4-vectors:

3/25/2019

ct
. L X
Time and position : = x"
y
z
cp
J,
Charge and current : J =J”
J;‘
[}
. 4,
Vector and scalar potentials : A‘ = A"
AZ
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Lorentz transformations 7o rhB 00
o |78 o000
Y 0 0 10
0 0 01
Time and space : xT=Lx" =Ly
Charge and current : JO=LJ =LP I’

Vector and scalar potential : A” = £ 4" = B‘,“/}A'ﬂ
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