
Theoretical Optics

Prof. Carsten Rockstuhl 
Institute of Theoretical Solid State Physics and Institute of Nanotechnology 

carsten.rockstuhl@kit.edu 

Phone: +49-721-608-46054 
Office: 30.23/10-23 

recorded for the  
summer term 2021

course information available at ilias.studium.kit.edu

mailto:carsten.rockstuhl@kit.edu
http://ilias.studium.kit.edu


2

Structure of the course

1. Peculiarities of Maxwell’s equations 
in the context of optics

2. Diffraction theory

3. Optics in anisotropic media  
(a.k.a. Crystal optics)

4. Coherence optics
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Suggested literature: 
 
“Fundamentals of Photonics” by B. E. A. Saleh and M. C. Teich (excellent 
overview over the basics) 
  
“Principles of Optics” by E. Wolf (referential but sometimes too complete) 
"Theoretical Optics: An Introduction" by H. Römer 
 
"Classical Electrodynamics" by J. D. Jackson 
 

"Introduction to Fourier Optics" by J. W. Goodman (chapter on 
diffraction) 
"Introduction to the Theory of Coherence and Polarization of Light" by 
E. Wolf (chapter on coherence properties of light) 
"The Quantum Theory of Light" by R. Loudon (chapter on quantum 
optics)	
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Basics of Maxwell’s equations

Prof. Carsten Rockstuhl
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1.#Review#of#Electromagnetism!

1.1#Maxwell’s#equations#

1.1.1#Maxwell’s#equations#in#optics#
Maxwell:!

!"#!! !, ! = − !! !, !
!" !"#!! !, ! = ρ!"# !, !

!"#!! !, ! = !!"#$ !, ! + !! !, !
!" !"#!! !, ! = 0

!

!

Constitutive!relations:!

! !, ! = !!!! !, ! + !! !, !
! !, ! = 1

!!
!! !, ! − !! !, ! !

!

Impact!of!matter:!

! !, ! = ! ! !, ! !and!! !, = ! ! !, ! !!!

!

Sources!of!electromagnetic!radiation:!!

• free!charge!density!ρ!"# !, ! !

• macroscopic!current!density:!!!"#$ !, ! = ! !!"#$ !, ! + ! !!"#$ !, ! !

• conductive!current!density:!!!!"#$ !, ! = ! ! !, ! !!

• convective!current!density:!!!"#$ !, ! = ρ!"# !, ! !!!
!

Assumption:!! !, ! = 0!

ρ!"# !, ! = 0 → !!"#$ !, ! = 0! → jcond (r,t) ≡ j(r,t) !

!

Maxwell!in!optics!!

!"#!! !, ! = −!!
!! !, !
!" !!!"#!! !, ! = −!"#!! !, !

!"#!! !, ! = ! !, ! + !! !, !
!" + !!

!! !, !
!" !"#!! !, ! = 0

!
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Please	 note,	 there	 are	 exceptions	 to	 these	 assumptions	 particularly	 in	 the	
contemporary	 field	of	 research	on	metamaterials.	There,	 it	 is	principally	possible	
that	!(!, !) ≠ 0 .	 Eventually,	 in	 the	 field	 of	 metamaterials	 more	 complicated	
functional	dependencies	can	be	perceived	where	the	polarization	depends	not	just	
on	the	electric	field	but	in	addition	also	on	the	magnetic	field.	The	same	holds	for	
the	magnetization	 that	may	also	depend	on	 the	electric	 field.	These	constitutive	
relations	are	called	bi-anisotropic.	

given	 by	!! = !
!!!!

≈ 8.854 × 10!!"As/Vm	 and	 the	 magnetic	 constant	 (vacuum	

permeability)	 that	 is	 given	 by	!! = 4! × 10!!Vs/Am.	 The	 polarization	 and	 the	
magnetization,	 in	principle,	are	functions	that	depend	on	the	electric	and	magnetic	

field.	These	dependencies	are	called	constitutive	relations.	While	neglecting	effects	

due	to	electro-magnetic	coupling	that	would	suggest	that	an	electric	field	can	induce	

a	magnetization	and	vice	versa,	we	can	write	the	constitutive	relations	generically	as		

! !, ! = ! ! !, ! 	and	! !, ! = ! ! !, ! 			

In	 optics,	 we	 usually	 deal	 with	 media	 that	 does	 not	 have	 a	 magnetic	 response.	

Therefore,	we	can	safely	assume	that	! !, ! = 0	holds.	

Sources	of	electromagnetic	radiation:		

• free	charge	density	ρ!"# !, ! 	

• macroscopic	current	density:	!!"#$ !, ! =  !!"#$ !, ! +  !!"#$ !, ! 	

• conductive	current	density:		!!"#$ !, ! = ! ! !, ! 		

• convective	current	density:	!!"#$ !, ! = ρ!"# !, ! !		
In	optics	we	do,	generally,	not	have	free	charges:		

ρ!"# !, ! = 0 → !!"#$ !, ! = 0 → jcond (r,t) ≡ j(r,t) 	

Maxwell’s	equations	in	the	field	of	optics	in	the	time	domain	therefore	read	as	

!"# !(!, !) = −!!
!!(!, !)
!" !!!"# !(!, !) = −!"# !(!, !)

!"# !(!, !) = !(!, !) + !!(!, !)!" + !!
!!(!, !)
!" !"# !(!, !) = 0
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task	in	op*cs:	given													and																						solve	Maxwell	consistent	

35 

Quellen:  

 

- frei verschiebbare Ladungsdichten  ( , )tρ rext    

 

- makroskopischen Stromdichten  ( , ) ( , ) ( , )t t t= +j r j r j rmakr cond conv  .  

 

Konduktionsstrom:    ( , )tj rcond   =  [ ]( , )f tE r    

 

Konvektionsstrom:   ( , ) ( , )t t= ρj r r vconv ext   

 

→ Optik: ( , ) 0 ( , ) 0)t tρ = → =r j rext conv . 

 

 

Maxwellschen Gleichungen in der Optik  

 

0 0

0

( , )( , ) , ( , )

( , )( , ) ( , ) , ( , )

( , )

( , 0)

tt t
t

tt t
t

t
t

t

t

H dirrotE r divE r

E rrotH r j r div

vP r

P r H r

∂
= −µ ε −

∂

=
∂

∂
= + =

∂∂
+ εcond

 

 

 

 

Die Polarisationsladungen  ( , ) ( , )t tρ = −r divP rpol   und -ströme  

( , )( , ) tt
t

P rj r ∂
=

∂pol  sind nicht vorgebbar. 

 

Grundaufgabe der Optik: bei vorgegebenem Zusammenhang  ( )P E   und  

( )j E   →  Maxwell- Gleichungen konsistent lösen. 35 
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1.1.2#Temporal#dependencies#of#the#fields#
A)!monochromatic,!stationary!fields!

• e!!"#!
→!fixed!phase!relation!

→!perfect!coherence!

→!infinite!wave!train!

! !, ! = ! !,! e!!"#!!
B)!polychromatic,!non@stationary!fields!

• finite!or!an!infinite!number!of!different!frequencies!!

• fully!coherent!

• Fourier!decomposition!!

! !, ! = ! !,! e!!"#!
!! !"!!

! !,! = !
!! ! !, ! e!"#!

!! !"!!
!

1.1.3#Maxwell’s#equations#in#frequency#space#
Fourier!transforming!the!equations!and!herewith!all!quantities!!
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!
!! !" !

!"! !, ! e!"#!
!! = −!"! !!! !"! !, ! e!"#!

!! = −!"! !,! ##

!

!
!"

!" −!"!

!

!"#!! !,! = !"!!! !,! !!!"#!! !,! = −!"#!! !,!
!"#!! !,! = ! !,! − !"! !,! − !"!!! !,! !"#!! !,! = 0 !
!
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1.1.2	Temporal	dependencies	of	the	fields	
A)	The	simplest	situation	concerns	monochromatic,	stationary	fields.	

• They	 have	 a	 time	 harmonic	 dependency	 according	 to	e!!!!!→fixed	 phase	

relation,	perfect	coherence,	infinite	extent	of	the	wave	train	

! !, ! = ! !,!! e!!!!!		
• Please	note,	 this	 is	 an	artificial	 assumption	 since	an	 infinite	wave	will	 carry	

infinite	energy	that	is	not	feasible,	the	assumption,	however,	works	very	well	

in	most	situations	that	are	important	to	us.	

B)	Polychromatic,	non-stationary	fields	

• They	are	described	as	a	fully	coherent	finite	or	an	infinite	number	of	different	

frequencies	contribute	to	form	the	signal.	

• To	 treat	 such	 systems,	we	perform	a	Fourier	decomposition	of	 an	arbitrary	

field	that	allows	a	description	in	terms	of	infinite	time	harmonic	wave	trains.	

! !, ! = ! !,! e!!"#!
!! !"		

! !,! = !
!! ! !, ! e!"#!

!! !"		
Please	note,	if	you	look	into	the	literature	you	may	find	different	definitions	

for	the	Fourier	transform.	This	concerns	the	way	the	pre-factor	occurs	in	the	

equations	but	also	the	sign	for	the	exponential	function	is	chosen	differently	

(a	different	sign	convention	often	coincides	with	the	use	of	!	as	the	imaginary	

unit).	

Finally,	we	deal	in	this	part	of	the	course	with	perfectly	coherent	light,	i.e.	it	can	be	

described	 in	 all	 its	 properties	 (amplitude,	 phase,	 frequency	 for	 each	 spectral	

component)	 precisely.	Many	 sources	 of	 light	 do	 not	 obey	 these	 requirements	 but	

require	a	partially	 coherent	or	 an	 incoherent	 treatment.	 This	will	 be	 reflected	 in	a	

devoted	section	in	this	course.	

1.1.3	Maxwell’s	equations	in	frequency	space	
The	 transition	 from	time	 to	 frequency	domain	 is	done	by	Fourier	 transforming	 the	

equations	and	herewith	all	quantities	of	interest.	The	partial	derivative	that	occur	in	

Maxwell’s	equations	turn	out	to	be	algebraic	expressions:	
!
!! !" !

!" ! !, ! e!"#!
!! = !

!! !" !
!" ! !, ! e!"# − ! !, ! !

!" e
!"#!

!! 		
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C)	partially	coherent	or	incoherent	light	

• only	statements	on	statistical	properties	possible	
• expressing	their	evolution		
• later	part	of	the	lecture	
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