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Lecture	-4		
Ques2ons	raised	in	the	class	

		

Einstein’s	coefficients	are	valid	when	thermodynamic	equilibrium	is	not	present?		

Why	do	not	we	see	HI	emission	in	earth,	what	frac2on	spin	up	what	frac2on	down?		

Are	the	rela2on	between	Einstein	coefficients	truly	independent	of	temperature?	

Radia2on	pressure	deriva2on	in	Rybicki	and	lightman's	textbook.		
Consider	only	the	solid	angle	of	2π	instead	of	4π.	Why?	

Can	the	proton	flip	the	spin	instead	of	the	electron	(regarding	21cm	line)?		
Reserve	for	later	



Electric	and	magne2c	field	

Sta2c	charge		à	Electric	field	
Force	on	a	test	charge		

Moving	charge	à	Magne2c	field	
																												à	Electric	current	
Magne2c	force	on	a	moving	charge		

Field	of	force		@	Maxwell		

Space	around	electrified	object		@	Faraday		

Units	à	Newton/Coulomb	
										à	volts	per	m	

Units	à	Newton/(Coulomb	m/s)	
										à	Tesla	
										à		Gauss	



Electromagne2c	flux	

Lorentz	force	

Rate	of		work	done	

Current	density	

Rate	of		work	done	

Rate	of	change	in	mechanical	energy		
of		system	per	unit	volume	



Maxwell’s	Equa2ons	
(in	Gaussian	units)	



Maxwell’s	Equa2ons	
(in	Gaussian	units)	



Electromagne2c	flux	

Using	the	following	rela2on	



Electromagne2c	flux	

Using	the	following	rela2on	

Poyn2ng’s	theorem	

Rate	of	change	of		
Mechanical	energy		

Rate	of	change	of		
field	energy		

Divergence	of		field		
energy	flux	



Electromagne2c	flux	
Electromagne2c	field	energy	per	unit	volume	

Electromagne2c	flux	vector	or	Poyn2ng	vector	



Plane	electromagne2c	waves		
Maxwell’s	equa2on	in	vacuum	

Wave		equa2on		
How	?	

Wave		equa2on	with	B	?		



Plane	electromagne2c	waves		
Maxwell’s	equa2on	in	vacuum	

Wave		equa2on		

Solu2ons	of	wave	equa2on		

unit	vectors	

wave	vector	 frequency	

complex	constants	



Plane	electromagne2c	waves		
Subs2tu2on	in	Maxwell’s	equa2on	

a1	and		a2	are	perpendicular	to	k	

a1,		a2	and		k	are	perpendicular			

a1		

a2		

k		
a1	and		a2	are	perpendicular	



Plane	electromagne2c	waves		
Subs2tu2on	in	Maxwell’s	equa2on	

a1,		a2	and		k	are	perpendicular			

a1		

a2		

k		



Plane	electromagne2c	waves		
Subs2tu2on	in	Maxwell’s	equa2on	

a1,		a2	and		k	are	perpendicular			

a1		

a2		

k		

EM	waves	travels		at		speed	of	light			



Plane	electromagne2c	waves		
Energy	flux	and	energy	density	

Time	averaged	poin2ng	vector		

Since		

Similarly	2me	averaged	energy	density		



Plane	electromagne2c	waves		
Energy	flux	and	energy	density	

Time	averaged	poin2ng	vector		

Since		

Similarly	2me	averaged	energy	density		



Radia2on	spectrum		

with	a	radia2on	field	of	length	Δt	we	can	define	spectrum	with	in	Δω	

Total	Energy	per	unit	area		

Energy	per	unit	area	per	unit	2me		



Radia2on	spectrum		

Energy	per	unit	area	per	unit	frequency		



Radia2on	spectrum		

a)	pulse		

Power	spectrum	Electric	field	

b)	sinusoidal	pulse		

Time	extent	of	pulse	T	determines	width	of	finest	features	:	Δω	~	1/T	
	
Sinusoidal	2me	dependence	in	pulse	shape	causes	spectrum	concentrated	near	ω~ω0	



Electromagne2c	Poten2als	
E	and	B	are	replaced	by	Φ(r,t)	and	A(r,t)		

Why	we	need	EM	poten2als?	
1)	One	scalar	plus	one	vector	simpler	than	two	vectors	

2)	Determining	A	and	Φ	are	simpler	

3)	Rela2vis2c	EM	theory	will	be	simpler	

		



Electromagne2c	Poten2als	
E	and	B	are	replaced	by	Φ(r,t)	and	A(r,t)		

Why	we	need	EM	poten2als?	

1)	One	scalar	plus	one	vector	simpler	than	two	vectors	

2)	Determining	A	and	Φ	are	simpler	

3)	Rela2vis2c	EM	theory	will	be	simpler	

		
Vector	poten2al	A(r,t)	defined	as		

Thus		

Scalar		poten2al	Φ(r,t)	defined	as		

Maxwell’s	equa2on		



Electromagne2c	Poten2als	
E	and	B	are	replaced	by	Φ(r,t)	and	A(r,t)		

		
Remember		



Electromagne2c	Poten2als	
Thus	from	Maxwell’s	equa2ons,		



Electromagne2c	Poten2als	

Thus	from	Maxwell’s	equa2ons,		



Electromagne2c	Poten2als	

Thus	from	Maxwell’s	equa2ons,		



Electromagne2c	Poten2als	
Thus	from	Maxwell’s	equa2ons,		

Thus	from	Maxwell’s	equa2ons,		



Electromagne2c	Poten2als	
Scalar	and	vector	poten2al	are	not	uniquely	determined	by	the	condi2ons		
	

For	example,	the	addi2on	of	gradient	ψ	to	A	will	not	change	B		
	

Electric	field	will	not	change	if	φ	is	changed	in	following	manner		
	

Such	altera2ons	of	A	and	ϕ	are	called	Gauge	transforma2on		
	

Lorentz	Gauge	



Retarded	Poten2als	

																									Informa2on	from	point	r’	propagates	at	speed	of	light.	
	
	
The	poten2al	at	r	can	only	be	affected	by	condi2ons	at	r’	at	a	retarded	2me	t-|r-r’|/c	

r	

r’	



Retarded	Poten2als	

ü  Retarded	2me	refers	to	condi2ons	at	the	point	r’	that	existed	at		
a	2me	earlier	than	t	by	2me	required	for	light	to	travel	between	r	and	r’		

ü  Informa2on	from	point	r’	propagates	at	speed	of	light,	so	
poten2al	at	r	can	be	affected		by	condi2ons	of	r’	at	this	retarded	2me		

ü  Solu2ons	with	advanced	2me	are	not	permiCed	physically	

For	given	charge	and	current	density	first	find	the	retarded	poten2als	
	and	then	determine	E	and	B		



Retarded	poten2al	of	single	moving	charges	:	
Lienard-Wiechart	poten2als	

Par2cle	of	charge	q	moving	along	a	trajectory	r=r0(t),	velocity	u(t)=r0(t)	

Charge	and	current	density	

Total	Charge		 Total	Current		



Reterded	poten2al	of	single	moving	charges	:	
Lienard-Wiechart	poten2als	

Charge	and	current	density	

Scalar	Poten2al		

		

Par2cle	of	charge	q	moving	along	a	trajectory	r=r0(t),	velocity	u(t)=r0(t)	



Retarded	poten2al	of	single	moving	charges	:	
Lienard-Wiechart	poten2als	

Charge	and	current	density	

Scalar	Poten2al		

Par2cle	of	charge	q	moving	along	a	trajectory	r=r0(t),	velocity	u(t)=r0(t)	



Retarded	poten2al	of	single	moving	charges	:	
Lienard-Wiechart	poten2als	

δ	func2on			
A	value	of	t’=tret	given	by,		



Retarded	poten2al	of	single	moving	charges	:	
Lienard-Wiechart	poten2als	

δ	func2on		
A	value	of	t’=tret	given	by,		

Fig	:	Radia2on	field	at	R	from	posi2on	of	
	the	radia2ng	par2cle	at	the	retarded	2me	
			



Retarded	poten2al	of	single	moving	
charges	:	Lienard-Wiechart	poten2als	
Change	the	variable	from	t’	à	t”	



Retarded	poten2al	of	single	moving	
charges	:	Lienard-Wiechart	poten2als	
Change	the	variable	from	t’	à	t”	



Retarded	poten2al	of	single	moving	charges	:	
Lienard-Wiechart	poten2als	

Change	the	variable	from	t’	à	t”	

Lienard-Wiechart	Poten2al	



Retarded	poten2al	of	single	moving	
charges	:	Lienard-Wiechart	poten2als	

Differ	from	sta2c	electromagne2c	theory	in	two	ways		

1)  Extra	factor	κ	:	Important	for	veloci2es	close	to	light.		
								Tends	to	concentrate/beam	poten2al	into	a	narrow	cone	about	par2cle	velocity.	
								Beaming	effect	(will	be	detailed	in	coming	lectures)		

2)  Quan22es	are	evaluated	at	retarded	2me.			

Differen2ate	the	poten2als	to	get	electric	field(E)	and	magne2c	field(B)	
(Jackson	Sec2on	14)	



Velocity	and	Radia2on	field	

Fig	:	Radia2on	field	at	R	from	posi2on	of	the	radia2ng	par2cle	at	the	retarded	2me	
			

Velocity	field	 Accelera2on/Radia2on	field	



Radia2on	field	

Velocity	field	
§  1/R2	dependence	
§  Only	contribu2ng	term	for		
par2cle	with	constant	velocity	
§  Generaliza2on	of	the	Coulomb’s		
law	to	moving	par2cles,	approaches		
to	coulomb’s	law	when	u<<c	

Accelera2on	field/Radia2on	field	
1/R	dependence	
Propor2onal	to	par2cle’s	accelera2on	
perpendicular	to	n	

§  Electric	filed	always	point	towards		
current	posi2on	of	the	par2cle	



Radia2on	field	

Radia2on	field	

Erad,	Brad,	n	:	mutually	perpendicular	
	|Erad|	=	|Brad|	



Radia2on	fields	
Consider	a	par2cle	originally	moving	at	constant	velocity	along	x	axis	is	stopped		
at	x=0	and	t=0	
	
At	t=1	the	field	outside	of	a	radius	c	is	radial	and	points	to	the	posi2on	where		
par2cle	would	have	been	if		there	was	no	decelera2on	(since	no	informa2on	
Is	yet	propagated	to	that	distance)			
	
But	field	inside	the	radius	c	is	informed.	
	

Graphical	demonstra2on	of		1/R	accelera2on	field	



From	an	empiricist’s	point	of	view	there	are	4	observables	for	
radia2on	
•	Energy	Flux	
•	Direc2on	
•	Frequency	
•	Polariza0on	

Observables		

Polarimetry	:	study	of	polariza2on	of	incoming	radia2on			



Polariza2on	of	electromagne2c	
radia2on		

ü  Polariza2on	is	produced	in	various	ways,	including	directly	from	some	
radia2on	processes	(e.g.	cyclotron	and	synchrotron	emission),	from	
differen2al	absorp2on	of	radia2on	passing	through	the	interstellar		

						medium,	and	perhaps	most	commonly	from	the	scaCering	of	radia2on.	

ü Property	of	a	wave	to	have	its	Electric	Field	oscilla2ng	in	a	single	plane	
(plane	polarized	wave)	or	in	a	rota2ng	plane	(ellip2cally	or	even	circular	
polarized	wave).	



Polariza2on	of	electromagne2c	
radia2on		

ü  Polariza2on	is	produced	in	various	ways,	including	directly	from	some	
radia2on	processes	(e.g.	cyclotron	and	synchrotron	emission),	from	
differen2al	absorp2on	of	radia2on	passing	through	the	interstellar	medium,	
and	perhaps	most	commonly	from	the	scaCering	of	radia2on.	

ü Frac2onal	polariza2ons	detected	from	astronomical	objects	can	be		
					very	high	
					(pulsars:	almost	fully	linearly	polarised)	to,		
					very	low	
					(sun:	one	of	the	most	sensi2ve	polariza2on	measurements	ever	made	was	by		
					James	Kemp	in	1987,	who	showed	that	the	frac2onal	linear	polariza2on	of	light		
					from	the	Sun	was	~	10-7)	



ü  Polarimetry,	is	a	method	used	to	study	the	polariza2on	of	
incoming	radia2on	and	can	provide	substan2al	clues	to	the	nature	
of	the	source.		

	
ü  Polarimetry	is	used	to	extract	informa2on	such	as	the	strength	of	

magne2c	fields	in	the	interstellar	medium	(ISM),	provide	evidence	
for	infla2on	by	observa2ons	of	the	CMB	polariza2on,	mo2vate	a	
unified	model	for	ac2ve	galac2c	nuclei	(AGN),	probing	emission	
geometry	for	pulsars	etc.	

Polariza2on	of	electromagne2c	
radia2on		



Polariza2on	of	electromagne2c	
radia2on		

ü  Study	of	polariza2on	of	electromagne2c	plane	waves	from		
astrophysical	sources	and	modifica2on	of	the	polariza2on	in	the		

					medium.		
	
ü  Plane	waves	are	described	by	oscilla2ng	electric		and	magne2c	

fields,	whose	field	vectors	are	orthogonal	to	each	other	and	the	
direc2on	of	propaga2on.		

ü  By	conven2on,	astronomers	describe	the	polariza2on	of	light	only	
in	terms	of	the	electric	field	vector	(because	E	and	B	are	
orthogonal).	



Maximum	observed	or	expected	degree	of	
polariza2on	for	different	astronomical	objects		

These	are	approximate	numbers		
May	not	be	updated		

Credit:	Agnieszka	Słowikowska	



Stokes	parameters		

Stokes	parameters	were	defined	by	George	Gabriel	Stokes	in	1852,	as	a	
mathema2cally	convenient	alterna2ve	to	the	more	common	descrip2on	of	
incoherent	or	par2ally	polarized	radia2on	in	terms	of	its	total	intensity	(I),	
(frac2onal)	degree	of	polariza2on	(p),	and	the	shape	parameters	of	the	
polariza2on	ellipse	

ü  The	polariza0on	can	be	described	by	the	shape	that	the	0p	of		E	traced	out	
over	the	course	of	a	period,	and	it	can	be	linear,	circular,	or	ellip0cal.	



Polariza2on	of	electromagne2c	
radia2on		

Specific	case		
We	discussed	about	monochroma2c	plane	wave				

Oscillates	along	a1						
Superposi2on	of	two	such	oscilla2ons	in	perpendicular	direc2on					

β	

E1	and	E2	are	complex	amplitude	and	can	be	wriCen	as					



Polariza2on	of	electromagne2c	
radia2on		

Superposi2on	of	two	such	oscilla2ons	in	perpendicular	direc2on					

β	

Considering	real	part	of	E,	physical	component	of	electric	fields	along		x	and	y	direc2on					

These	equa2ons	describe	
Tip	of	E	in	x-y	plane	



Polariza2on	of	electromagne2c	
radia2on		

β	

Figure	traced	out	by	2p	of	E	is	an	ellipse							

Equa2ons	describing	2p	of	E	in	x-y	plane	

Equa2ons	for	a	general	ellipse	rela2ve	to	its		principal	axes	x’	and	y’							



Polariza2on	of	electromagne2c	
radia2on		

Superposi2on	of	two	such	oscilla2ons	in	perpendicular	direc2on					

Ellip2cally	Polarized					

Equa2on	of	2p	of	electric	field	vector	determines	
	type	of	polarisa2on	

Ellip2cally	Polarized					

0<β<π/2		 Clockwise	ellipse	
Right-handed	polariza2on					

-π/2<β<0		 An2-Clockwise	ellipse	
Le�-handed	polariza2on					

β	



Polariza2on	of	electromagne2c	
radia2on		

Two	special	cases	of	ellip2cal	polariza2on	

β	=	±π/4		 Circular	 β	=	0	,	β	=π/2		 Linear	

Right-handed	circularly	polarized		
Le�	handed	circularly	polarized	



Polariza2on	and	stokes	parameters		

Thus	



Polariza2on	and	stokes	parameters		

Thus	

However,	

Consider,	



Polariza2on	and	stokes	parameters		

Stokes	parameters	



Polariza2on	and	stokes	parameters		
Stokes	parameters	

ü  I	is	Propor2onal	to	intensity	of	wave	(+ve)		

ü  Circularity	parameter	measure	ra2os	of	axes	of	the	ellipse	
+ve	for	Right-handed	polariza2on	
-ve	for	le�	handed	polariza2on	
V=0	for	linear	polariza2on		

ü  Q / U	measures	orienta2on	of	ellipse	rela2ve	to	x-axis	
Q=U=0	for	circular	polariza2on		

Valid	for	
Monochroma2c	wave	



Polariza2on	and	stokes	parameters		
Quasi	monochroma2c	waves,		

Degree	of	polariza2on,	



Further	reading		
Poincare	Sphere	:	a	graphical	tool	to	visualize	different	types	of	polarized	radia2on		



Further	reading		
Mueller	Matrix	:	Method	for	transforming	Stokes	parameters	



End	of	Lecture	4	

Next	lecture	:	22nd		August	

Reference:	Rybicki	Lightman	Chapter	2,3		

Topic	of	next	Lecture:		
	Radia2on	from	moving	charges	(con2nued)	
(Chapter	3	of	Rybicki	&	Lightman)		
	
	Prepara2on:	Lecture	4		


