PHY 712 Electrodynamics
10-10:50 AM MWF in Olin 103

Discussion for Lecture 26:

Start reading Chap. 11 (Sec. 11.1-11.5 in JDJ)
A. Equations in cgs (Gaussian) units
B. Special theory of relativity

C. Lorentz transformation relations
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Presenter Notes
Presentation Notes
In this lecture we will jump to Chapter 11 of Jackson and the special theory of relativity.    


Mon: 03/24/2025

Chap. 9

Radiation from time harmonic sources

420

03/26/2025

Wed: 03/26/2025 Chap. 9 & 10 Radiation from scattering #21 |03/28/2025
Fri: 03/28/2025 Chap. 11 Special Theory of Relativity #22 103/31/2025
Mon: 03/31/2025 Chap. 11 Special Theory of Relativity

Wed: 04/2/2025 |Chap. 11 Special Theory of Relativity

Fri: 04/4/2024  Chap. 14 Radiation from accelerating charged particles

Mon: 04/07/2025 |Chap. 14 Radiation from accelerating charged particles

Wed: 04/09/2025

Chap. 14

Synchrotron radiation and Compton scattering

Fri: 04/11/2025 |Chap. 13 & 15 |Other radiation -- Cherenkov & bremsstrahlung
Mon: 04/14/2025 |Special Topics

Wed: 04/16/2025 \Special Topics

Fri: 04/18/2025 Presentations |

Mon: 04/21/2025 |Special topics

Wed: 04/23/2025 Presentations ||

Fri: 04/25/2025 Presentations Il

Mon: 04/28/2025 Review

03/28/2025
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PHY 712 -- Assignment #22

Assigned: 3/28/2025 Due: 3/31/2025

Start reading Chapters 11 in Jackson .

1. In class, we examined measurements of quantities that could be measured in two different
reference frames which were related by the Lorentz transformation matrix. In particular, we
are interested in the velocity components such as uy and and u'y. For the geometry used in

class, work out the algebraic relationships that show that the 4-components of the vector
(YuC, YuUx, YuUy, YuUz) are related by a Lorentz transformation to the corresponding 4-

component vector measured in the moving frame -- (yyC, Yy'U'x, Yu'l'y, Yu'U'z).
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Comment on upcoming physics colloquia
https://physics.wfu.edu/wfu-phy-news/colloquium/seminar-spring-2025/

Wed. Apr. 2, 2025 — Professor Fan Yang, Department of Computer Science, Wake Forest University- “Towards

Conceptual Understanding of Large Language Models” (Host: N. Holzwarth)

Thurs. Apr. 3, 2025 — Ph.D. Defense: lan Newsome — “Semiclassical Effects in Curved Spacetime and Quantum
Electrodynamics” — Olin 107, 9:00 AM (Advisor: Prof. P. Anderson)

Thurs. Apr. 3, 2025 — Special Colloguium on Perspectives in Physics, Professors Paul Anderson and Natalie Holzwarth

Friday Apr. 4, 2025 — Ph.D. Defense: Leda Gao, Olin 107, 10:00 AM (Advisor: Prof. G. Cook)

Thurs. Apr. 10, 2025 — Professor Emilie Huffman, Perimeter Institute for Theoretical Physics,Waterloo, Canada (WFU

Assistant Professor of Physics Starting Fall 2025) — “Conformally Symmetric Views from a Fuzzy Sphere” (Host: N.

Holzwarth)

Thurs. April 17, 2025 — Ph.D. Defense: Trevor Jenkins, ZSR 204, 12:00 PM (Advisor: Prof. T. Thonhauser)
Thurs. April 17, 2025 — Masters Defense: Mitch Turk, Olin 107, 9:00-11:00 AM (Advisor: Prof. S. Cho)
Thurs. Apr. 17, 2025 — Professor Florian Mormann, University of Bonn (Host: ). Macosko)

Tue. Apr. 22, 2025 — Physics Honors Presentations

Thurs. Apr. 24, 2025 — Physics Honors and Awards Ceremonies
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https://physics.wfu.edu/wfu-phy-news/colloquium/seminar-spring-2025/

Below is a table comparing SI and Gaussian unit systems. The fundamental units for each system are so

Units - SI vs Gaussian

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 /52 dyne gm-cm- /s 2 10°
1
current A fundamental statampere | statcoulomb/s 106
c
1
charge C A-s statcoulomb \/dyne - em? 10c
c
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Presenter Notes
Presentation Notes
Now – jumping to Chapter 11 of Jackson.     Fortunately/unfortunately Jackson decided to use cgs Gaussian units starting in Chapter 11.   Here is a table of comparison.


03/28/2025

Basic equations of electrodynamics

CGS (Gaussian) SI
V- -D=dmp V.-D=p
V-B=10 V-B=10
1 0B JB
VXE= ——— VXE=——
c Ot ot
vxH= T3P o3P
xH=— - x H= —
c c Ot ot

c
S=—(ExH)
41

PHY 712 Spring !

F=¢qg(E+vxB)
1

S = (E x H)

P025 -- Lecture 26



Presenter Notes
Presentation Notes
More tables of comparison of the two unit schemes.


More relationships

CGS (Gaussian) MKS (SI)
D=E+47P =¢E D=¢E+P=¢cE
H:B—47zM:lB H:LB—M:lB
H Hy H
E:—VCD—la—A E:—VCD—a—A
c Ot ot
B=VxA B=VxA
€ = €/ €

H g My
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Presenter Notes
Presentation Notes
More relationships.


Notions of special relativity

» The basic laws of physics are the same in all inertial
frames of reference. (Inertial frame of reference implies
that the frame is 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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Presenter Notes
Presentation Notes
Now – jumping into the story of special relativity. The black frame corresponds to a (stationary) frame.   The purple coordinate system is moving relative to it along the x axis at a speed of v.    The red dot is measured differently in the two frames of reference.


Lorentz transformations

Convenient notation :

v
C
)= 1
1- B3°
y A y’ Stationary frame Moving frame
0 ct = y(ct'+px')
= 7/(x'+ ,Bct')
=\ — '
X =y
o __ ........__,_______’____‘ '
X ] z = z
¥
i X’
' >
03/28/2025 PHY 712 Spring 2025 -- Lecture 26 9


Presenter Notes
Presentation Notes
The notation with beta and gamma is defined.      The question is how the four parameters, ct, x,y,z measured in the stationary reference frame are related to the corresponding four variables ct’,x’y’,z’ measured in the moving frame and vice versa?      The consensus is that the Lorentz transformation is the correct correspondence.


Lorentz transformations -- continued

For the moving frame with v =vX:

[y
172
0

. 0

2,
Notice:

't —x° -y

B 0 0)
y 0 0
O 1 O
0 0 1,
£ o)
o
b
2"

2

L=

[y
v/
0

\Z')

. 0

_ P!

2 2192 2 2 2
—z =ct"—=x"—y"=2Z'

p=— 7=
-7 0
y 0
0 1
0O O

(et )

X

Y

\ </



Presenter Notes
Presentation Notes
The Lorentz transformation expressed in matrix form. Also note that the four variables have an invariant.


Examples of other 4-vectors

applicable to the Lorentz transformation:

For the moving frame with v =vx :

y w0
w v 0
0 0 1
0 0 0
w'/c
k'
=L '
ky
k',
E'
e
=L P'x
p',c
p.c

0

0
0
1

L=

w'/c

V 1
p=— y= =

0 0 ¢ -4
0 0
1 O
0 1

w/c

kx

. Note: wt—k-r=w't'-k'r'
y In free space:

k

z 2 1\ 2
g
C C

Note: E*— p°c* =E"—p” ¢’


Presenter Notes
Presentation Notes
Other 4 vectors that obey the Lorentz transformation --


.

The Doppler Effect

For the moving frame with v = vX:

y v 0 0
0 0
p_|7P ¥ Pl
0O 0 1 0
0 0 0 1
w/c o'/ c o'/ c
k. k' k'
:B ! '
k, k', k',
k. k', k',
o'/c=y(w/c-pk.)
K =k K =k

y y z z

oS = O O

_—o O O

Note: wt—k-r=ow't'—k'r'


Presenter Notes
Presentation Notes
Some details about the frequency/wavevector 4-vector and the Doppler effect for electromagnetic waves.


The Doppler Effect -- continued

w'/c=y(w/c-pk.)

k' =ylk, - polc)
k' =k

z z

More generally :
w'/c=y(@/c—p-k)= y(w/c—pkcos)
K'p=ylk-f-fo/c)=kcos0=y(kcosO- foc)
k'xﬁ = kxﬁ

For0=0: (k=w/)

03/28/2025

1-5
@'=wy\l - =>0'=0 |——
y(1- ) :
—> X' For0#0: (k=aw/k)
fan @' — sin @
y(cos6- )
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Presenter Notes
Presentation Notes
Doppler effect continued.


Electromagnetic Doppler Effect (6=0)

1 - Vo =V
60' — ﬂ ﬂ — source detector
1+ ﬁ C 1 _ Vsource Vdetector
C'2

(details concerning velocities in the following slides.)

Sound Doppler Effect (0=0)

1 i Vdetector / CS

0'=® c, = Speed of sound
1Fv ../c,

Source


Presenter Notes
Presentation Notes
Discussion about the Doppler effect for electromagnetic waves and sound waves.


Lorentz transformation of the velocity

Stationary frame Moving frame
ct = yct'+px')
X = y(x+fct")
y = )
z = Zz

For an infinitesimal increment:

Stationary frame Moving frame
cdt = y(cdt'+ Bdx")
dx = y(dx'+ Pedt’)
dy = dy

dz = dz’


Presenter Notes
Presentation Notes
Now consider the measurement of velocity in the two different reference frames.


Lorentz transformation of the velocity -- continued

Stationary frame Moving frame
cdt = y(cdt'+ Bdx")
dx = yldx'+ pedt’)
dy = dy'
dz = dz
Define : uxsﬂ U Eﬂ ”25%
dt 7 dt t
I/[' = d—x u' = d_y u' = d_Z

dx y(dx' + Bedt’) _ou' ty

dt  ylde'+pdx'/c) 1+vu' /c* *
dy dy' B u', -
dt y(dt'+pdx'/ c) - 7/(1+vu'x /cz) —

I
<



Presenter Notes
Presentation Notes
Evaluating the infinitesimals to determine the velocity relationships.


Summary of velocity relationships

'
u . .+v

u =
Yo l+wu'

' '

y = “y _ U, _ 1
’ 7(1+vu'x/cz)_7/v(1+vu'x/cz) yv_\/l—vz/cz
o u' _ u'

z

7/(1+vu'x/c2) 7, (1+vu'x/cz)

Now it will also be useful to consider u = \/ui +u + U

1
and 7. S \/l—u2 /c?




Example of velocity variation with 3:

(u’/c= U’/C=O.5) u'x—|—v
1_
0.8
0.6
_- Y ' 2
0.4 u /e j/v(1+vux/c )
0.2- \
0 —_———————————————
0 0.2 04 0.6 0.8 1
i 1
.
f=- Yy = =
C 1-p
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Presenter Notes
Presentation Notes
Numerical evaluation of the velocity relationship.


Extention to tranformation of acceleration



Presenter Notes
Presentation Notes
It is possible to take the derivatives of the velocities to get the accelerations.     The proof of these results are left for you to fill in.


Comment —

The acceleration equations are obtained by taking the
infinitesimal derivative of the velocity relationships and
simplifying the expressions. (See Jackson Problem 11.5.)



' ' '

: u +v U "

COHSlder ux - - ' 2 uy = . uz =
l+wu' /c

V4

7/v(1+VM'x/CZ) ?/v(1+vuvx/cz)'

Ve = 1 _ 1+vu' /c?
ey i imre)

=y,c=7,(c+Brau',)

Note that

:7/v7/uv(1+vu'x/cz)

= YU, =7, (Vu.u 4 yu.v) =7, (Vu'“ '+ ,vau.c) Note that y =

\/1—(\//0)2

=7, y =Yl yu =y.u

[y uC ) [ Y,.C )
Velocity 4-vector: Ty =L Vull 'x
yuuy Q/M,l/l ’

\Q/MMZ) \j/u'u'z/



Presenter Notes
Presentation Notes
It is apparent that the velocity 4 vector  itself does not obey the Lorentz transformation.    These identities show that we can construct a related 4 vector that does obey the Lorentz transformation.


B
Some detalils:

2 12 2 2
' ) 1% u u uy
yu zj/v)/u,(l+vu X/C ) j[l—?](l—c—zjzil—c—zj(l‘F Cz j

'
u +v u, u

where u_ = — U, = > u, =
l+wvu' /c yv(1+vu'x/c)

2 2 2 . 2 \ 2 12 2 2
u u u u v u Y u u Y

=+ ;+ = 1+ = —4+—| + 2y+ | 1-—
C C C C c C C C C

u’ ' v u 1% u' v ? v

=z 1+ C’; j =C—2(1—C—2] (1+ . j —(1—0—2)
u2 u ?

=[5+ (-5 -5
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Presenter Notes
Presentation Notes
Some identities that can be proven…


Significance of 4-velocity vector:

Y
Introduce the factor mc where m is\th

( y,c
7/uux

u

N\

the particle characterized by velocity u:

[ y,c)
yuux

)

/7/umcz \

y, mu.c

y,mu c

([ E

pPi¢
pP,c

\]/un/IMZC/

Properties of energy-moment 4-vector:

E
PiC
p,c
pP-c

=L

E'

EV

E
Pi€
p,c
pP:c

— £

\P:C)

Note: E*— p°c* =E"—p” ¢’

e “rest” mass of



Presenter Notes
Presentation Notes
When the dust clears,   the related physical parameters are the energy-momentum 4 vector.


Properties of Energy-momentum 4-vector --

(EN (v mc continued
p.c| |y muc
p,C Yy, mu.c

\p.c) \y,mu.c)

7\ 2 2 2
u
Note : Ez—pzczzM - 2| |22 | -[ % :(17102)2=E'2—p'2c2
1-p,’ c c c

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

Define kinetic energy: E, =E—mc’ = \/ p’c’+m’ct —mc’

2
Non-relativistic limit: If —£-<< 1, E,=mc’ \/ 1+ (ij —1
mc mc

2

P

~N
~N/

2m


Presenter Notes
Presentation Notes
In order to relate the equations to the non-relativistic treatments, we must use the same zero of energy for both.     The kinetic energy of a relativistic free particle is related to the energy E-mc2.


Summary of relativistic energy relationships

(EN ( 7/umcz | u B 1
pe| |rme| AT RIS
p,c Y, mu,c

\P:¢) \V,muc)

E= \/pzc2 +m’ct = yumc2

Check : \/p2c2 +m’ct = mc2\/7/u2,b’u2 +1 =y, mc’

Example: for anelectron mc® =0.5MeV
for E=200GeV
E

Vo =—5=4x10°
mc

B, = 1—% zl—%z1—3x10—”
Y 27,



Presenter Notes
Presentation Notes
This slide gives some numerical relationships for a highly accelerated electron.


>
Special theory of relativity and Maxwell’'s equations

Continuity equation: Z—'[; +V-J=0
Lorenz gauge condition: 1 aﬁ;(t) +V-A=0
C
2
Potential equations: 12 8(’%? ~V’® =47p
C
1 0°A
_TA a0y
¢’ Ot c
Field relations: E:—V®—1~@§
c Ot

B=VxA


Presenter Notes
Presentation Notes
All of the previous equations represent relativistic mechanics.    Now we want to relate the ideas to electromagnetic theory.      We have said that Maxwell’s equations already are consistent with the theory of relativity.    But we still have some work to do in order to relate the measured fields and sources in two different reference frames.   The idea is to guess the correct 4 vectors.


More 4-vectors:

Time and position :

Charge and current :

Vector and scalar potentials :

—> X

= J

= A

(04

(94


Presenter Notes
Presentation Notes
Here are our guesses.


( A
Lorentz transformations 7o np 000
p_| VP 00
’ 0 0O 1 O
Lo 0 o0 1,
Time and space:: x“=Lx“=L7x”
Charge and current : J =L J*=L"J*

Vector and scalar potential : 4% = £ 4" = £ 4"


Presenter Notes
Presentation Notes
These 4 vectors obey the Lorentz transformations.   Here we use the notation that repeated indices should be summed over the 4 components.    In this case beta is the summed index.   Next time we will see how the E and B fields are represented in terms of the Lorentz transformations.


Summary of results --

Time and space:

Charge and current :

JO=LJ"

Vector and scalar potential : 4“ = £ 4"

Here, the notation varies among the textbooks.

X =Lx"=L"x”

BvaﬁJv,b'

— BvaﬂAvﬂ

In general, it 1s convenient to use the matrix multiplication

conventions to multiply our 4 x 4 matrices and 4 vectors

4
For example: £“x" = Zﬁvaﬂ x"=
p=1

y B
w oy
0 0

0

0

0

0
1
0

0

0
0
1




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29

