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Nobeyama Radioheliograph (NoRH) antennas, Japan
Observing frequencies 17 and 34 GHz
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Nancay Radioheliograph (NRH) antennas, France

Note the sufficient antenna surface when observing at low
frequencies



Interferometric patterns can still be visible after cleaning the
images
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Hiraiso Radio Spectrograph (HiRAS) consists of three antennas,
of which receiving frequencies are 25-70, 70-500, 500-2500 MHz

Ground-based observations are cut near 25 MHz due to Earth’s
ionosphere
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Radio dynamic spectra from ground

In dense-populated regions interference from TV-stations,
radars, mobile phones, etc. can be strong
Bad bands are often removed from the spectral plots



Radio dynamic spectra from space

Wind WAVES
RAD2: 14–1 MHz, RAD 1: 1 MHz–20 kHz, TNR: 256–4 kHz

Plasma level near Earth is 20–40 kHz
Auroral kilometric radiation (AKR) creates additional ’noise’
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Radio continuum emission is typically observed at frequencies
higher than ∼1–2 GHz (’microwave continuum’)
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Bremsstrahlung (free-free continuum emission)

Thermal bremsstrahlung

Nonthermal bremsstrahlung
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Gradual solar event:
observed radio flux and calculated flux from GOES X-rays
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Gyroemission

The gyrofrequency ωB for a particle with a charge q, mass m, and
Lorentz factor γ, gyrating in a magnetic field B, pitch angle ψ
being the angle between the B vector and the velocity vector, is in
Gaussian units (Lang, 1980)

ωB =
qB

γmc
sinψ

The gyrofrequency thus depends on the magnetic field strength B
(in Gauss) and for non-relativistic electrons the gyrofrequency
becomes

νB = 2.8× 106B (Hz)
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Gyroemission

Thermal or non-thermal particles gyrating in the magnetic field

Gyroresonance (cyclotron): non-relativistic (γ = 1) particles

Gyrosynchrotron: mildly relativistic (γ < 2-3) particles

Synchrotron: relativistic particles
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Gyroresonance (cyclotron) emission

νB = 2.8× 106B (Hz)

gyroresonance emission is concentrated at the fundamental
frequency (ω = Ωe) and at harmonics s = ν/νB <10

thermal electron distribution

radiation is directed mainly along the magnetic field
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Gyrosynchrotron emission

νB = 2.8× 106B (Hz)

gyrosynchrotron emission is strong at harmonic numbers
s= 10< ν/νB < 100

both thermal and power-law electron distributions

emission has a broad maximum perpendicular to the magnetic
field
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Synchrotron emission

νB = 2.8× 106B (Hz)

broad continuum at high harmonics, s ∼ (γ sin θ)3,
i.e. near ω = Ωeγ

2 sin θ

power-law electron distributions only

emission directed in the direction of instantaneous electron
motion; peak of radiation perpendicular to the magnetic field

Numerical codes, see
http://hesperia.gsfc.nasa.gov/hessi/modelware.htm
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Particle energy diagnostics are always done using the OPTICALLY
THIN (= high frequency) side of the spectrum!
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Numerical codes for gyrosynchrotron (mildly relativistic)

Original calculations for gyrosynchrotron emission by Ramaty
(1969), now widely used because computers are more powerful!.

For optically thin (τ � 1, ν > νpeak) sources the radio flux
density reduces to

Sν =
2kν2

c2

∫
τ Tef dΩ = η LΩ

η ≈ 3.3× 10−24 10−0.52δ (sin θ)−0.43+0.65δ

(
ν
νB

)1.22−0.90δ

BN,

dΩ = source solid angle, L = source length along the line of sight,
N = particle density; valid for power-law indices 2 ≤ δ ≤ 7,
viewing angles θ ≥ 20◦ and harmonic numbers ν/νB ≥ 10.
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Gyrosynchrotron emission: determining B

There is a way to determine B in the corona, using radio
observations:

νpeak ≈ 2.72× 103 100.27δ (sin θ)0.41+0.03δ (NL)0.32−0.03δ B0.68+0.03δ

But you need δ (from spectral hard X-ray observations), NL and θ
(from soft X-ray, EUV, and/or radio imaging)...

These simplified expressions are by Dulk and Marsh (1982).
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Numerical codes

Gyrosynchrotron emission: thermal electrons
For thermal electrons with a Maxwellian energy distribution Dulk
and Marsh present a simplified expression suitable for
semiquantitative analytical modelling for the optically thin spectral
region.
Synchrotron emission: ultrarelativistic electrons
In the case of ultrarelativistic electrons the emission is very
strongly beamed in the direction of the electron motion and
collisions are rare.

(Not discussed here in detail by codes exist for all)
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Examples of calculated flux density spectra



Parameters that can change the spectral shape



Difficulties in spectral fitting



How to distinguish between bremsstrahlung and
gyrosynchrotron emission?

Thermal bremsstrahlung is only weakly polarized

If plasma is isothermal and optically thick, polarization is zero

Polarization in the optically thick side of gyrosynchrotron
spectrum is extremely difficult to interprete

On the optically thin side the degree of circular polarization in
gyrosynchrotron emission is approximately 10...30%

Polarization can be right (RCP) or left (LCP) handed and it
can change during flare emission - depending on which end of
the plasma loop electrons are gyrating

Linear polarization has not been observed from the Sun
(according to theory, it cannot propagate through the solar
atmosphere)



Fixed frequency observations: gradual event

Spectral flattening: change from particle acceleration to heating



Fixed frequency observations: impulsive event

Spectral ’softening’: decrease of energy in accelerated particles
(opposite is spectral ’hardening’ that may look the same as
spectral ’flattening’)
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Masers

Maser = amplification of radio waves by stimulated emission of
radiation

Solar case:
Electron cyclotron maser occurs when the resonance between
electrons spiraling around a magnetic field and circularly polarised
waves leads to growth of the waves

The condition of growth is certain form of anisotropy →
loss cone anisotropy at loop footpoint

Occurs at νB and second harmonic
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Magnetic mirrors

Loss-cone anisotropy: fast-propagating electrons hit and get
absorbed; others reflect in the converging field



Electron-cyclotron masers



Masers in action - radio spikes?

Spike characteristics: short duration, small bandwith, high
brightness temperature (1015 K)
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Absorption effects: Razin effect

The presence of a medium tends to suppress synchrotron and
gyrosynchrotron radiation at low frequencies. The Razin frequency
νR in a plasma with an electron density Ne is defined as

νR =
20Ne

B
=

2ν2
p

3νB

For ultra-relativistic electrons the suppression occurs at ν ≤ νR
and for mildly relativistic and non-relativistic electrons at
harmonics s = ν/νB ≤ ν2

p/ν
2
B

(Melrose, 1985; Dulk, 1985).
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Absorption effects

Gyrosynchrotron self-absorption
Absorption by the population of radiating electrons itself. The
process reguires a strong magnetic field and a high column density
of electrons

Free-free absorption
Collisional damping (free-free absorption) occurs when electrons
begin to oscillate in resonance with the electric field and then
collisions destroy the oscillation: the wave energy decreases and
heats the plasma. Can happen when electromagnetic waves travel
through cool dense structures in the solar atmosphere

Why is the radio flux rising at high frequencies in some
events?
Possible answer: Absorption distorts the spectral shape
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