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		Synchrotron	RadiaAon(Recap)		
Synchrotron	RadiaAon	is	radiaAon	from	a	charge	moving	relaAvisAcally	
that	is	accelerated	by	a	magneAc	field.	

Frequency	of	GyraAon	 νB=ωB	/2π=qB/2πmγ	

Frequency	of	Cut-off	



	Synchrotron	self-absorpAon		
Synchrotron	emission	process	is	accompanied	by	absorpAon	in	which	
a)  A	photon	interacts	with	a	charge	in	magneAc	field	and	is	absorbed	giving	up	
	its	energy	to	the	charge		
b)  SAmulated	emission	(or	negaAve	absorpAon)	in	which	a	parAcle	is	induced		
to	emit	more	strongly	into	a	direcAon	and	at	a	frequency	where	photons	are		
already	present				
	
These	processes	are	related	by	Einstein’s	coefficients	



	Synchrotron	self-absorpAon		
Synchrotron	emission	process	is	accompanied	by	absorpAon	in	which	
a)  A	photon	interacts	with	a	charge	in	magneAc	field	and	is	absorbed	giving	up	
	its	energy	to	the	charge		
b)  SAmulated	emission	(or	negaAve	absorpAon)	in	which	a	parAcle	is	induced		
to	emit	more	strongly	into	a	direcAon	and	at	a	frequency	where	photons	are		
already	present				
	
These	processes	are	related	by	Einstein’s	coefficient	

ϕ21(ν)	is		δ	funcAon	that	restricts	summaAons	to	these	states	
differing	by	an	energy	hν=E2-E1	



	Synchrotron	self-absorpAon		

Now	we	want	to	write	the	absorpAon	coefficient	so	that	it	contain	the	expression	
of	power	which	we	discussed,		

It	is	convenient	to	write	the	emission	in	terms	of	the	frequency	ν	rather	than	ω.	
So	we	use	P(ν,E2)	=	2πP(ω).	



	Synchrotron	self-absorpAon		

It	is	convenient	to	write	the	emission	in	terms	of	the	frequency	ν	rather	than	ω.	
So	we	use	P(ν,E2)	=	2πP(ω).	

RelaAons	between	Einstein’s	coefficients	

Total	power	emiBed	per	frequency	of	a	single	parAcle	can	be	wriBen	as	

This	expression	relates	the	spontaneous	emission	(A21)	with	the	sAmulated	
emission	(B21)	



	Synchrotron	self-absorpAon		

AbsorpAon	coefficient	due	to	sAmulated	emission	

AbsorpAon	coefficient	due	to	true	absorpAon	



	Synchrotron	self-absorpAon		

Consider	isotropic	electron	distribuAon	funcAon	f(p)	
	
f(p)	d3p	=number	of	electrons	per	unit	volume	with	momentum	in	d3p	about	p	
	
														=	

(staAsAcal	weight	of	the	parAcle,	it	has	
nothing	to	do	with	angular	frequency;	for	
electrons	it’s	2	(spin	up/spin	down	states))	

So	we	can	make	the	subsAtuAon	



	Synchrotron	self-absorpAon(Recap)		

So	the	absorpAon	coefficient	is		

where	p2*	is	the	momentum	corresponding	to	energy	E2-hν		

+	

Check	if	this	formula	produces	correct	results	for	thermal	distribuAon	of	parAcles		



	Synchrotron	self-absorpAon	(Recap)		

The	absorpAon	coefficient	is		

total	power	per	unit	volume		
per	unit	frequency	range	4πjν	

	1/4πBν(T)		

Correct	result	for	thermal	emission		
Kirchhoff’s	Law	



	Synchrotron	self-absorpAon		

The	next	step	is	to	consider	the	power	law	distribuAon	of	parAcles	and		
get	rid	of	f(p)	

(replaced	E2	by	E)	

hν<<E	



	Synchrotron	self-absorpAon		

This	is	Kirchhoff’s	law	in	Rayleigh-Jeans	Regime	(expected	as	hν<<	E)	



	Synchrotron	self-absorpAon		

The	last	step	is	to	consider	the	power	law	distribuAon	of	parAcles	and		
get	rid	of	f(p)	

Do	some	algebra	(Following	R&L	Sect	6.8)	

Note	that	the	slope	is	not	2	as	in	the	Rayleigh-Jeans	regime,	but	it’s	5/2.	
	
	Here	we	do	not	have	(and	cannot	have)	a	thermal	distribuAon	of	parAcles	
emission	is	non	thermal	

Independent	of	p	



	Synchrotron	self-absorpAon		

Synchrotron	spectrum	from	power-law	distribuAon	of	electrons	



	Synchrotron	self-absorpAon		

Self	absorpAon	frequency:	marks	the	transiAon	from	opAcally	thin	to	thick	
Ghisellini:	hBp://www.brera.inaf.it/utenA/gabriele/total.pdf	





			

		RadiaAve	processes	at	a	glance	
+	few	problems	from	each	topic			



We	can	measure	the	following	quanAAes:	
ü  The	energy	in	the	radiaAon	as	a	funcAon	of	
a)	posiAon	on	the	sky	
b)	frequency	
ü  	The	radiaAon’s	polarisaAon	
	
	
From	these	measurements	we	can	hope	to	determine	
ü  Physical	parameters	of	the	source	(e.g.	temperature,	composiAon,	size)	
ü  The	radiaAon	mechanism	
ü  The	physical	state	of	the	maBer	
	
Need	to	understand	the	difference	between	oren	used	terms:	luminosity,		
flux	density,	specific	intensity	and	specific	energy	density.	

		RadiaAve	transfer	



		RadiaAve	transfer		
(Lecture	1-3)	



		RadiaAve	transfer	
Low	frequency	regime	

Einstein’s	coefficients	



Example	1:	Calculate	the	total	flux	at	a	point	P	coming	from	an	isotropic,	
opAcally	thick	sphere	of	radius	R.	
OpAcally	thick:	emission	comes	from	only	surface	
Isotropic:	I	is	same	for	each	point	of	the	surface	



Example	2:	Upon	reaching	a	planet,	part	of	the	central	star	radiaAon	will	be		
reflected	and	the	rest	will	be	absorbed	and	re-emiBed	as	a	cooler	blackbody.		
In	the	spectra	of	planets	both	of	these	components	are	observed.	Consider	the	
case	of	Jupiter,	with	radius	RJ	=	7.1	×	109	cm	and	mean	orbital	radius	
aJ	=	7.8	×	1013	cm.	Assume	that	the	spectrum	of	the	Sun	is	a	perfect	
blackbody.	
(a)	Suppose	that	Jupiter	perfectly	reflects	10%	of	the	light	coming	from	
the	Sun.	Calculate	its	reflected	luminosity.	At	which	wavelength	does	
it	peak?	In	which	spectral	band	is	it	observed?	
(b)	At	which	wavelength	does	the	re-emiBed	luminosity	peaks?	In	which	
spectral	band	is	it	observed?	



		Basic	Theory	of	RadiaAon	Fields	
(Lecture-4)	

Maxwell’s	equaAon	

PoynAng’s	theorem	

RadiaAon	Spectrum	

PolarizaAon	and	stokes	parameter	
MonochromaAc	light	

Degree	of	polarizaAon	



		Dipole	approximaAon	
(Lecture-5)	

Differences	in	retarded	Ame	across	source	is	negligible		

Spectrum	of	radiaAon	for	dipole	approximaAon		

Thomson	scaBering	cross	secAon		

=	σT	~0.66	x10-24	cm2	



Example	1	An	opAcally	thin	cloud	surrounding	a	luminous	object	is	esAmated		
to	be	1pc	in	radius.	If	the	central	object	is	clearly	seen,	what	is	an	upper	bound		
for	the	electron	density	of	the	cloud,	assuming	that	the	cloud	is	homogeneous.		

	Problem	solving			



Example	2:	Consider	a	parAcle	of	mass	m	and	charge	e	moving	(v<<c)	in	a	
constant	magneAc	field	B.	Show	that	the	frequency	of	circular	moAon	is	ωB=eB/
mc.	Find	out	total	emiBed	power.	(RL	3.2)	

	Problem	solving		
		



RelaAvity	in	Electrodynamics	
(Lecture	6)		

Special	theory	of	relaAvity	

Length	contracAon	(length	of	a	moving	rod	appears	smaller)	
	
Time	dilaAon	(moving	clock	appears	slower)	

Four	vectors	

TransformaAon	of	velociAes		
	
AddiAon	of	velociAes		
	
Beaming	effect	
	
Energy	of	a	moving	body	Ek=moc2/√(1+v2/c2)	

RelaAvisAc	Doppler	effect		

Proper	Ame	

Space-Ame	is	a	four-vector:	xµ	=	[ct,	x]	
For	μ=0,1,2,3	

Problems	based	on		
these	relaAons	



		RelaAvity	in	Electrodynamics	
(Lecture	6)	

Examples	of	four	vectors	
Space-Ame	is	a	four-vector:	xµ	=	[ct,	x]	
	
Four-vectors	have	Lorentz	transformaAons	between	two	frames	
with	uniform	relaAve	velocity	v:				
	
															x’	=	γ(x	−	βct);																	ct’	=	γ(ct	−	βx)	

xµxν	=	c2t2	−	|x|2	=	c2t’2	−	|x’|2	=	s2	

Charge/current	four-vector	 PotenAal	four-vector		Jµ	=	[cρ,	J]	

ConAnuity	equaAon,	Lorentz	gauge	condiAon,	Poisson’s	equaAons	in	terms	of	four	vectors	

ElectromagneAc	field	tensor		

Express	Maxwell’s	equaAons	in	terms	of	electromagneAc	field	tensor		



Method	of	virtual	quanta	

Fields	are	mostly	transverse	(in	y	direcAon)	since	(Max	Ex)/(Max	Ey)=	Υ		

Fields	of	the	moving	charges	are	concentrated	in	the	plane	transverse	to	its	moAon		
into	an	angle		of	order	of	1/γ	

EmiBed	power	is	Lorentz	invariant	

		RelaAvity	in	Electrodynamics	
(Lecture	6)	



Example	1:	A	source	has	a	specific	intensity	Iν	and	is	moving	relaAvisAcally	with	respect	
to	a	staAonary	observer	(in	the	reference	frame	K).	Derive	the	relaAonship	between	the	
specific	intensity	measured	by	an	observer	in	the	reference	frame	K	and	the	specific	
intensity	seen	in	the	comoving	frame	K0	(i.e.,	the	frame	where	the	source	is	at	rest).	

		RelaAvity	



		Bremsstrahlung	
(Lecture	7,8)	

ü  Electrons	in	a	plasma	are		
accelerated	by	encounters	with		
massive	ions.	

ü  This	is	the	dominant	conAnuum		
emission	mechanism	in	thermal	plasmas.	

ü  An	important	coolant	for	plasmas		
at	high	temperature.	



		Bremsstrahlung	
(Lecture	7,8)	

Emissivity	(energy	emiBed	per	unit	volume	per	unit	Ame	per	unit	frequency)	

Free-free	absorpAon	coefficient	



ü  At	low	ν,		τν	>>1	 Black	body	like	spectrum	

ü  At	high	ν,		τν	<<1	 Flat	spectrum	

Turn	over	at	hν=kT	

Non	thermal	Bremsstrahlung	

		Bremsstrahlung	
(Lecture	7,8)	



	Problem	solving		
(bremsstrahlung)		

Example	1:	A	ionized	hydrogen	gas	(Z	=	1)	of	a	number	density	ne	=	ni	=	6	×	102	
cm−3	of	a	size	1019	cm	and	iniAal	temperature	of	8000K	cools	via	thermal	
bremsstrahlung.	
(a)	How	long	does	it	take	for	the	gas	to	cool	down	to	T	=	0?	Assume	
Gaunt	factor	g	=	1.	
(b)	Find	the	luminosity	of	the	enAre	nebula	in	terms	of	solar	luminosiAes.	



Example	2:	Orion	nebula	is	one	of	the	the	brightest	HII	regions	on	the	sky.	Its	
angular	size	is	approximately	1	deg	and	we	know	that	its	distance	is	around	
400	pc.	This	region	emits	thermal	bremsstrahlung	radiaAon	with	transiAon	
from	opAcally	thick	to	opAcally	thin	regime	at	1	GHZ	and	cut-off	frequency	at	
200	THz.	
(a)	In	observaAons,	the	measure	of	the	cutoff	frequency	is	a	way	to	determine	
the	plasma	temperature.	EsAmate	the	temperature	of	NGC1976.	
(b)	Assuming	that	NGC1976	has	a	spherical	shape,	esAmate	the	number	
density	of	the	region	

	Problem	solving		
(bremsstrahlung)		



Example	3:	Consider	a	sphere	of	ionized	hydrogen	plasma	that	is	undergoing	spherical	
gravitaAonal	collapse.	The	sphere	is	held	at	constant	isothermal	temperature	T0,	
uniform	density	and	constant	mass	M0	during	the	collapse,	and	has	decreasing	radius	
R(t).	The	sphere	cools	by	emission	of	bremsstrahlung	radiaAon	in	its	interior.	At	t	=	t0	
the	sphere	is	opAcally	thin.	
(a)	What	is	the	total	luminosity	of	the	sphere	as	a	funcAon	of	M0,	R(t)	
and	T0	while	the	sphere	is	opAcally	thin	?	

(b)	What	is	the	luminosity	of	the	sphere	as	a	funcAon	of	Ame	arer	it	
becomes	opAcally	thick?	
(c)	Give	an	implicit	relaAon,	in	terms	of	R(t),	for	the	Ame	t1	when	the	
sphere	becomes	opAcally	thick.	
(d)	Draw	a	qualitaAve	curve	of	the	luminosity	as	a	funcAon	of	Ame.	

	Problem	solving		
(bremsstrahlung)		



	Problem	solving		
(synchrotron)		

Crab	Nebula	energy	spectrum	

Example	1	:	Find	an	expression	for	the	approximate	electron	number	density	
ne(cm−3)	of	synchrotron	emi�ng	electrons	in	radio,	opAcal	and	x-ray	band	



Example	2:	Calculate	characterisAc	synchrotron	frequency	for	electrons	
with	Υ~104	at	a	magneAc	field	of	0.1	G.	What	is	the	frequency	of	gyraAon?	
Show	that	in	this	case	photon	energy	in	electrons	rest	frame	is	small	
compared	to	mc2.	What	does	this	imply?	

	Problem	solving		
(synchrotron)		



Example	3:	What	is	the	typical	energy	of	a	scaBered	photon	when	2	GeV	
cosmic	ray	electrons	interact	with	the	photons	of	the	microwave	background	
radiaAon,	which	has	a	temperature	of	T	=	2.73K.	What	is	the	Lorentz	factor	of	
incident	electrons?	

	Problem	solving		
(synchrotron)		



End	of	Lecture	11	

Next	Lecture	:17th	September	
Topic	of	next	Lecture:		
Compton	scaBering	
(Chapter	7	of	Rybicki	&	Lightman)			


