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Radiative	processes	from	energetic	
particles	II:	Gyromagnetic	radiation

Bin	Chen	(New	Jersey	Institute	of	Technology)



Previous	lectures

1) Magnetic	reconnection	and	
energy	release

2) Particle	acceleration	and	heating
3) Chromospheric	evaporation,	loop	

heating	and	coolinge-

e-

magnetic
reconnection 

Shibata et al. 1995 

Following	lectures:	
How	to	diagnose	the	
accelerated	particles	and	
the	environment?
• What?
• Where?
• When?

How?



Outline
• Radiation	from	energetic	particles
• Bremsstrahlung	à Previous	lecture
• Gyromagnetic	radiation	(“magnetobremsstrahlung”)	

• Other	radiative	processes
• Coherent	radiation,	inverse	Compton,	nuclear	processes	

• Suggested	reading:
• Synchrotron	radiation:	Chapter	5 of	“Essential	Radio	Astronomy”	
by	Condon	&	Ransom	2016

• Gyroresonance radiation:	Chapter	5	of	Gary	&	Keller	2004
• Gyrosynchrotron radiation:	Dulk	&	Marsh	1982

• Next	two	lectures:	Diagnosing	flare	energetic	particles	
using	radio	and	hard	X-ray	imaging	spectroscopy	

à This	lecture
à Briefly	in	the	next	lecture



Radiation	from	an	accelerated	charge
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Larmor formula:

Relativistic	Larmor formula:
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Radio	and	HXR/gammy-ray	emission	in	flares:
• Acceleration	experienced	in	the	Coulomb	field:	bremsstrahlung
• Acceleration	experienced	in	a	magnetic	field:	gyromagnetic	radiation



Gyromagnetic	radiation

• Gyromagnetic	radiation	
(sometimes	called	
“gyroemission”)	is	due	to	
the	acceleration	
experienced	by	an	electron	
as	it	gyrates	in	a	B	field	due	
to	the	Lorentz	force.	
• Acceleration	is	
perpendicular to	𝑣"



Gyroemission from	a	single	electron

• Let’s	start	from	Larmor’s formula:

• Perpendicular	acceleration:	𝑎$ = 𝜔'"𝑣$,	where	𝜔'" is	the	(angular)	electron	gyrofrequency
𝜔'" = 2𝜋𝜈'" =

"+
,-'

≈ 2𝜋 / 2.8𝐵MHz
• (Direction	integrated)	Larmor’s equation	becomes:

𝑃 =
2𝑒5

3𝑐8 𝜔'"
5 𝑣$5

• Relativistic	case:
𝑃 = 5"9

8':
𝛾<𝜔+5𝑣$5,	with	𝜔+ =

"+
=,-'

= >?-
=
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Radiation	pattern:	non-relativistic

• Larmor’s Equation
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Dipole	pattern

Null	at	𝜃 = 0

𝜃

Observer



Radiation	pattern:	relativistic
• Relativistic	case	(𝛾 ≫ 1)
• In	the	rest	frame	of	the	electron

𝑑𝑃E

𝑑ΩE =
𝑞5

4𝜋𝑐8 𝒂
5sin5𝜃E

• In	the	observer’s	frame,	radiation	pattern	found	from	
Lorentz	transform	from	the	electron	rest	frame

Null	occurs	at	𝜃 = ±arccos 1/𝛾

Strongly	beamed	forward	along	
the	direction	of	the	electron!

Observer



Relativistic	gyroemission:	
sharply	pulsed	radiation170 Synchrotron Radhtion 

Figurn 6.2 Emission cones at variouS points of an accelerated particle's 
trajectory. 

the direction of observation. The distance As along the path can be 
computed from the radius of curvature of the path, a = As/AB. 

From the geometry we have A0 = 2/y,  so that As = 2 a / y .  But the radius 
of curvature of the path follows from the equation of motion 

AV 4 ym-  = - v x B ,  
A t  c 

Since (Av( = v A 0  and As = v At, we have 

A 0  qBsina 
As ymcv ' 

wB sin a ' 

-=- 

V a = -  

(6.8a) 

(6.8b) 

Note that this differs by a factor sina from the radius of the circle of the 
projected motion in a plane normal to the field. Thus A s  is given by 

2u 
yw, sin a 

As = (6.8~) 

The times t, and t, at which the particle passes points 1 and 2 are such 
that A s  = u(t,  - t , )  so that 

2 
y o B  sin a ' 

t , -  t ,x 

Let t f  and tt be the arrival times of radiation at the point of observation 

Spectrum of Synchrottwn Radiation: A plalitotiiw Discussion 171 

from points 1 and 2.  The difference 12” - t;’ is less than t , -  t ,  by an 
amount As/c,  which is the time for the radiation to move a distance As.  
Thus we have 

A t A  = 1: - = 2 (1-4). 
yw, sin (Y 

(6. I Oa) 

I t  should be noted that the factor ( 1  - v / c )  is the same one that enters the 
Doppler effect [cf. 34.11. Since y>>l. we have 

so that 

(6.10b) 
- I  

A t ” ~ ( y ~ ~ , s i n a )  . 

Therefore, the width of the observed pulses is smaller than the gyration 
period by a factor y3.  The pulse is shown in Fig. 6.3. From our general 
discussion of spectra associated with particular pulses, 02.3, we expect that 
the spectrum will be fairly broad, cutting off at frequencies like l / A t A .  If 
we define a critical frequency 

a,. E - 3 3  y -w ,  sina (6.1 la) 
2 

or 

3 3  v c =  - y  w,sina, 
47 

f 

(6.1 lb) 

Figure 6.3 
radiation 

Time-dependence of the electric fiehi in u pulse of synchrotron 
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Power	spectrum	𝑃(𝜈)

• For	a	nonrelativistic electron,	radiation	field	𝐸 𝑡 is	
a	sinusoid	with	frequency	𝜔'"
• Power	spectrum	is	a	single	tone	at	the	electron	
gyrofrequency



• As	the	electron	speed	picks	up,	mild	beaming effect	
takes	place,	𝐸 𝑡 is	non-sinusoidal
• Low	harmonics	of	electron	gyrofrequency show	up	
in	the	power	spectrum

Power	spectrum	𝑃(𝜈)

Can	you	identify	two	effects	
in	the	𝐸 𝑡 plot?



Power	spectrum	𝑃(𝜈)

• When	the	electron	is	
relativistic	𝐸 𝑡 is	
highly	pulsed	

184 Synchrotron Radiation 
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Figrrre 6lOa 
in a magnetic field (synchrotron radiation). 

Time depmrdence of electric fwiV from a q & ' y  mooing parti& 

Fipw 6 106 Power spectrum for a. 

6.7 DISTINCTION BETWEEN RECEIVED AND EMITTED 
POWER 

In about 1968 (e.g., Pacholczyk, 1970; Ginzburg and Syrovatshi, 1969), it 
was noticed that a proper distinction between received and emitted power 
had not been made. (In looking at references before then check your 
formulas carefully.) The problem is that the received pulses are not at the 
frequency wB but at an appropriately Doppler-shifted frequency, because 
of the progressive motion of the particle toward the observer. This can be 
seen clearly in Fig. 6.11. If T= 27r/wB is the orbital period of the projected 
motion, then time-delay effects (cf. 94.1), will give a period between the 
arrival of pulses TA satisfying 

2a . 
X-sin'cr. 

*B 
(6.39) 

• The	power	spectrum	
shows	contribution	from	
many	harmonics

184 Synchrotron Radiation 
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Types	of	gyromagnetic	radiation

• Gyromagnetic	radiation	behaves	very	differently	with	
different	electron	distributions
• A	precise	general	expression	valid	for	all	electron	energies	is	
not available.	Instead,	we	use	approximate	expressions	for	
various	electron	energy	regimes

v Non-relativistic	or	thermal	(𝛾 − 1 ≪ 1):
Gyroresonance or	cyclotron radiation

vMildly	relativistic	(𝛾 − 1~1 − 5):	
Gyrosynchrotron radiation

v Ultra-relativistic	(𝛾 − 1 ≫ 1):	
Synchrotron	radiation

Thermal

Non-thermal



Transition from C’lotron to Synchrotron Emission 183 

Figiin? 6% 
wfoci@ in a magnetic jieU 

Time depednce of electric field from a particle of intemediate 

( h )  

Figiin? 69b Power spectrum for a 

physical broadening mechanism occurs for a distribution of particle en- 
ergies; then the gyration frequency o, is proportional to l / y ,  so that the 
spectra of the particles do not fall on the same lines. Another effect that 
will cause the spectrum to become continuous is that emission from 
different parts of the emitting region may have different values and 
directions for the magnetic field, so that the harmonics fall at different 
places in the observed spectrum. 

The electric field received by the observer from a distribution of par- 
ticles consists of a random superposition of many pulses of the kind 
described here. The net result is a spectrum that is simply the sum of the 
spectra from the individual pulses (see Problem 3.6). 

Thermal	gyroresonance radiation
• At	a	given	B,	thermal	gyroresonance radiation	is	
essentially	a	“spectral	line”	centered	at	𝑠𝜈'",	where	
𝑠 = 1, 2, 3… is	the	harmonic	number
• Particularly	relevant	above	active	regions	at	
microwave	frequencies	– Why?
• Spectral	width	of	a	given	resonance	line

∆𝜈/𝑠𝜈'" ≈
mXn
,-'9

�

Very	narrow	in	the	corona	(~1/3000)
• High	opacity	only	at	these	“resonance	layers”



• Two	different	wave	modes:	ordinary	(o	mode)	and	
extraordinary	(x	mode,	gyrates	with	the	same	sense	
of	rotation	as	an	electron)

• Opacity	for	two	different	wave	modes

Thermal	gyroresonance opacity

Where																																																							and																																																				

94 SOLAR AND SPACE WEATHER RADIOPHYSICS

coefficient integrated through the layer) as a function of the frequency ∫, the
harmonic number s (which determines ∫B = ∫/s and hence B in the layer),
and the angle µ between the magnetic field direction and the line of sight:

øx,o(s, ∫, µ) = .0133
ne LB(µ)

∫

s2

s!

µ
s2 sin2 µ

2µ

∂s°1

Fx,o(µ) (5.1)

where LB(µ) is the scale length of the magnetic field (B/@B
@l ) evaluated along

the line of sight. For simplicity we have set the refractive index to be unity in
(1). Fx,o(µ) is a function of angle which is of order unity for the x mode near
µ = 90±, but decreases sharply at smaller µ, and is smaller in the o mode than
in the x mode. At angles µ away from 90± it is often approximated by

Fx,o(µ) º
°
1 ° æ cos µ

¢2 (5.2)

with æ = °1 for the x mode and æ = 1 for the o mode. However, this
approximation is really only appropriate when the two natural electromagnetic
modes are perfectly circularly polarized, and at the low harmonics (s = 1,2,3,4)
relevant to the corona this is rarely a good assumption. Zlotnik (1968a) presents
accurate expressions for Fx,o(µ) which correctly handle the mode polarization
properties. (Note that Zlotnik’s formulae are presented in the limit that the
refractive index is unity, and require a small correction when ∫p ª ∫B .)
In Figure 5.1 we present exact calculations of ø , the optical depth of a gy-

roresonant layer, for typical coronal conditions (T = 3 £ 106 K, LB = 109 cm)
and a fixed frequency of 5 GHz at the appropriate harmonics s = 2, 3 and 4.
Both the x (solid lines) and o (dashed lines) modes are shown. For comparison,
we also plot the approximation represented by (2) (dotted lines).
A number of features should be noted in this figure:

• For typical coronal conditions, the x mode is optically thick (ø ∏ 1)
in the s = 2 and 3 layers over a broad range of angles µ. The o mode is
optically thick over most of the s = 2 layer, andmay be at least marginally
optically thick over a small portion of the s = 3 layer if µ is large. Har-
monics greater than s = 4 do not have any significant optical depth in the
quiet solar corona.

• At each harmonic and angle the omode opacity is always at least an order
of magnitude smaller than the x mode opacity, despite the fact that (2)
predicts that they should be nearly equal for a range of µ around 90±. The
approximation (2) is adequate for the x mode at small µ, but is poor for
the o mode at all µ, being easily a factor of 2 or more in error even at
small angles.
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Which	mode	has	a	
larger	opacity?	
Why?			



Thermal	gyroresonance opacity
Coronal Magnetic Field Measurements through Gyroresonance Emission 95
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Figure 5.1. The (integrated) optical depth of the s = 2, 3, 4 gyroresonance layers at 5 GHz
(left, middle and right panels, respectively) as a function of the angle µ between the line of sight
and the magnetic field direction. The temperature in the source is 3 £ 106 K, and the magnetic
scale height LB is 109 cm. In each panel the solid line is the optical depth of the layer in the x
mode, and the dashed line is the optical depth in the o mode. The dotted lines show the optical
depth obtained using the circularly-polarized mode approximation (2). The density used for this
calculation was decreased as s increases to simulate the decrease of ne with height: the values
are shown in each panel.

• The opacity drops sharply towards small µ in both modes. At angles very
close to 90±, the o mode opacity dips sharply since it must be a factor of
µ smaller than the x mode opacity exactly at µ = 90± (e.g., Bornatici et
al. 1983, Robinson 1991). By (1), the opacity is zero at µ = 0± for s > 1.
The sin2s°2 µ-dependence of (1) causes the fall-off towards small µ to be
much more rapid as s increases.

• For each increase of s by 1, the opacity in a given mode at a given angle
drops by slightly more than 2 orders of magnitude. This is largely due
to the µ°s dependence of (1). The importance of this large change in
opacity from one layer to the next is that a given harmonic layer is likely
to be either optically thick over a wide range of angles µ, or else optically
thin everywhere.

Typically,	
optically	thick	at	
S=2	(o-mode)	
and	3	(x-mode)

𝜈 = 5 GHz
𝑇 = 3MK
𝐿+ = 10Mm

From	White	2004



Gyroresonance emission	of	a	sunspotCoronal Magnetic Field Measurements through Gyroresonance Emission 97
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Figure 5.2. Plots of the gyroresonance layers of a dipole sunspot model (upper panel) and the
predicted brightness temperatures resulting from an observation of such a spot (lower panel),
viewed nearly vertically (actually 1± off vertical). In the upper panel the thin solid lines are
magnetic lines of force and the dotted lines are the s = 1, 2, 3, 4 gyroresonance layers, with
s = 4 the highest and s = 1 the lowest layer. Where the gyroresonance layers are optically
thick (i.e., ø ∏ 1) in the o mode, they have been overplotted with a thick solid line. Except in
the s = 1 layer where the x mode does not propagate, a layer which is optically-thick in the
o mode is also thick in the x mode. If a gyroresonance layer is optically thick in the x mode
but not in the o mode, it is overplotted with a thick dashed line. In the lower panel, the x-mode
brightness temperature is shown by a solid line and the o mode brightness temperature by a
dashed line. The frequency is 5.0 GHz, the dipole is buried at a depth of 1.2 £ 109 cm, and the
maximum field strength at the surface is 2500 G. In the model temperature increases with radial
height from 1.0 £ 106 K at the base of the corona (zero height in this case) to 3.0 £ 106 K at
about 15000 km.

temperature of order 105 K, which provides the outer boundary of the
radio source.

• On the s = 3 layer, the omode is only (marginally) optically thick at the
low-lying outer edge of the layer where µ is largest, but the temperature is
relatively low there because of the low altitude. The x mode is optically
thick in the s = 3 layer to within ª 5000 km from the center of the

From	White	2004



Actual	observation	from	the	VLA

Made	by	B.	Chen	for	AR	12158	
(unpublished)

Q:	Which	polarization	is	the	x-mode?	

RCP

LCP



from J. Lee



Nonthermal	synchrotron	radiation

• Ultra-relativistic	(𝛾 − 1 ≫ 1)
• From	a	single	electron,	
adjacent	”spikes”	are	
separated	in	frequency	by	
only	∆𝜈 = v?-

=
• Fluctuations	in	electron	
energy,	B	strength,	or	pitch	
angle	cause	“broadening”	of	
the	spikes
• Spectrum	is	virtually	
continuous

184 Synchrotron Radiation 

t . . ( r )  + 

bJ 

Figrrre 6lOa 
in a magnetic field (synchrotron radiation). 

Time depmrdence of electric fwiV from a q & ' y  mooing parti& 

Fipw 6 106 Power spectrum for a. 

6.7 DISTINCTION BETWEEN RECEIVED AND EMITTED 
POWER 

In about 1968 (e.g., Pacholczyk, 1970; Ginzburg and Syrovatshi, 1969), it 
was noticed that a proper distinction between received and emitted power 
had not been made. (In looking at references before then check your 
formulas carefully.) The problem is that the received pulses are not at the 
frequency wB but at an appropriately Doppler-shifted frequency, because 
of the progressive motion of the particle toward the observer. This can be 
seen clearly in Fig. 6.11. If T= 27r/wB is the orbital period of the projected 
motion, then time-delay effects (cf. 94.1), will give a period between the 
arrival of pulses TA satisfying 

2a . 
X-sin'cr. 

*B 
(6.39) 
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t . . ( r )  + 

bJ 

Figrrre 6lOa 
in a magnetic field (synchrotron radiation). 

Time depmrdence of electric fwiV from a q & ' y  mooing parti& 

Fipw 6 106 Power spectrum for a. 

6.7 DISTINCTION BETWEEN RECEIVED AND EMITTED 
POWER 

In about 1968 (e.g., Pacholczyk, 1970; Ginzburg and Syrovatshi, 1969), it 
was noticed that a proper distinction between received and emitted power 
had not been made. (In looking at references before then check your 
formulas carefully.) The problem is that the received pulses are not at the 
frequency wB but at an appropriately Doppler-shifted frequency, because 
of the progressive motion of the particle toward the observer. This can be 
seen clearly in Fig. 6.11. If T= 27r/wB is the orbital period of the projected 
motion, then time-delay effects (cf. 94.1), will give a period between the 
arrival of pulses TA satisfying 

2a . 
X-sin'cr. 

*B 
(6.39) 



Synchrotron	spectrum	𝑃(𝜈) from	a	
single	electron

𝑥 = 𝜈/𝜈'

Most	of	the	energy	is	
emitted	at	𝜈 ≈ 𝜈',	
where	

is	the	critical	frequency	
(𝛼 is	the	pitch	angle)

𝜈' =
8
5
𝛾5𝜈'" sin 𝛼



Synchrotron	spectrum	of	an	
optically	thin	source
• One	electron	of	electron	𝐸 nearly	emits	all	energy	
at	a	single	frequency	𝜈 ≈ 𝛾5𝜈'"
• Optically	thin	source	à to	get	emissivity	𝑗v in	
(ν, 𝜈 + 𝑑𝜈),	just	add	𝑃 𝜈 = −𝑑𝐸/𝑑𝑡 up	from	all	
electrons	within	(𝐸, 𝐸 + 𝑑𝐸):

𝑗v𝑑𝜈 = −
𝑑𝐸
𝑑𝑡 𝑓 𝐸 𝑑𝐸

• Assume	a	power	law	electron	energy	distribution:	
𝑓 𝐸 = 𝐶𝑛"𝐸}~

• The	emissivity	𝑗v ∝ 𝜈}(~}W)/5
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gives 

(6.53) 

The source function can be found from 

(6.54) 

using Eq. (6.53). A simple way of deriving this latter result is to note that 
S, can be written as S, a v2E where E is a mean particle energy [cf. Eqs. 
(6.52) and (6.54). The appropriate value for E is the energy of those 
electrons whose critical frequency equals v, that is, E2a vc = v, so that one 
obtains the proportionality given in Eq. (6.54). It is of some interest that 
the source function is a power law with an index - $, independent of the 
value of p .  It should be particularly noted that this index is not equal to 
- 2, the Rayleigh-Jeans value, because the emission is nonthennal. 

For optically thin synchrotron emission, the observed intensity is pro- 
portional to the emission function, while for optically thick emission it is 
proportional to the source function. Since the emission and source func- 
tions for a nonthermal power law electron distribution are proportional to 
v - ( ~ - ’ ) / ~  and v 5 / 2 ,  respectively, [cf. eqs. (6.22a) and (6.54)] we see that the 
optically thick region occurs at low frequencies and produces a low- 
frequency cutoff of the spectrum (see Fig. 6.12). 

log v 

Figuw 6 1 2  Synchrotron spectrum from a power-law distribution of electrons. 

Synchrotron	spectrum:	optically	
thick	regime

• Synchrotron	brightness	
cannot	be	arbitrarily	high	
à self-absorption	
becomes	important	at	
low	frequencies
• The	spectrum	has	a	
power	law	of	slope	5/2	
for	optically	thick	source

𝜈�/5 𝜈}(~}W)/5



Gyrosynchrotron radiation

• From	mildly	relativistic	electrons	(~1	to	several	
MeV)	
• Expressions	for	the	emission	and	absorption	
coefficient	are	much	more	complicated	than	the	
nonrelativistic	(thermal	gyroresonance)	and	ultra-
relativistic	(synchrotron)	case

Ramaty 1969

Benka &	Holman	1992

Petrosian 1981

Dulk &	Marsh	1982,	1985

Klein	1987

“exact”																																			approximate



Spectrum	is	also	more	complicated

Klein	(1987)



B=100	G

B=200	G

B=500	G

B=1000	G

𝜈Um~𝐵8/<



nrel=1	x	107 cm-3

nrel=5	x	106 cm-3

nrel=2	x	106 cm-3

nrel=1	x	106 cm-3

npk~	nrel1/4



q=20o

q=40o
q=60o

q=80o
npk~	q1/2



(Gyro)synchrotron	spectrum
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Schematic	diagram	from	Dulk &	Marsh	1982



Gyrosynchrotron in	flares

1 Introduction 
 
Solar flares involve the catastrophic release of energy in the low corona. Plasma is heated 
to temperatures of 2-3 x 107 K and particles are accelerated to relativistic energies on 
short time scales. A large flare may require the acceleration of 3710  electrons s�1 to 
energies >20 keV for periods of tens of seconds (Miller et al. 1997). Flares can be 
accompanied by the ejection of mass by an associated filament eruption and/or a coronal 
mass ejection.  Fig. 1 shows an example of a long-duration flare seen in thermal soft X-
rays and nonthermal microwave emission.   
 
A schematic illustration of the structure of magnetic flare loops is shown in the left side 
of Fig. 2. Briefly, magnetic energy release occurs in the low corona through fast magnetic 
reconnection. It is believed to be a highly fragmented process, with many discrete energy 
release events occurring. Electrons and ions are promptly accelerated to high energies by 
a largely unknown mechanism or mechanisms involving quasi-static electric fields, 
shocks, and/or stochastic processes (Miller et al. 1997). Electrons with small pitch angles 
propagate along the magnetic field to the chromosphere where they are stopped, emitting 
nonthermal thick-target bremsstrahlung hard X-ray (HXR) radiation. Electrons with 
sufficiently large pitch angles remain trapped in magnetic loops until pitch-angle 
diffusion due to Coulomb collisions or wave-particle interactions cause them to 
propagate down to the chromosphere where they, too, emit HXR radiation. 
Chromospheric plasma heated by electron precipitation fills coronal magnetic loops 
where it emits copious soft-X-rays (SXR). A blast wave and/or fast ejecta produced by 
the flare may produce MHD shocks in the corona and an associated coronal type II radio 
burst. Collimated beams of suprathermal electrons may produce fast-drift type III radio 
bursts.  
 

 

Fig. 1 Examples of energetic emissions 
from a solar flare. The upper panels show 
gyrosynchro-tron emission from 
nonthermal electrons at 17 and 34 GHz 
obtained by the Nobeyama Radio-
heliograph. The bottom panels shows the 
corresponding EUV and SXR emission 
from hot thermal plasma. 

From	T.	Bastian

Flare	observed	by	SOHO,	GOES,	and	
Nobeyama Radioheliograph at	17	
and	34	GHz
• Microwave: gyrosynchotron
• EUV/SXR:	hot	thermal	plasma
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A	schematic	model	of	a	flare	loop



Summary

• Gyromagnetic	radiation	results	from	electrons	accelerated	
in	the	magnetic	field
• Three	different	regimes	based	on	energy	of	the	source	
electrons:	gyroresonance,	gyrosynchrotron,	and	synchrotron
• Gyroresonance can	be	used	to	diagnose	B	fields	in	active	
regions
• Gyrosynchrotron can	be	used	to	probe	flare-accelerated	
electrons	and	diagnose	B	field	in	flare	loops
• Synchrotron is	more	relevant	to	cosmic	sources,	but	still	
possible	on	the	Sun	(e.g.,	the	mysterious	sub-THz	flare	
component)


