
Observational HeliophysicsII: 
Radio Waves

T. S. Bastian (NRAO)



R
a

d
io

 R
e

g
im

e

For our purposes, the radio regime comprises 
wavelengths longward of l = 1  mm or 
frequencies <300 GHz: >7 decades in practice!

Å R-J approximation valid
Å Commonalities in obs tech



Preliminaries: Concepts & Definitions

For the moment, think of radiation as propagating along rays. Consider differential 
area dA  normal to a given ray r and consider all of the rays incident on dA within a 
solid angle dW centered on r. The energy dE traversing dA in a time dt in a frequency 
range dn is defined through

ὨὉ Ὅ Ὠὃ Ὠὸ Ὠ’ Ὠ 

where In is the specific intensity or brightness, with units ergs cm-2 s-1 Hz-1 ster-1. Integrating over all rays incident 
on dA from all directions the flux density (or spectral flux density) is  

Ὂ ὍÃÏÓ—Ὠɱ

which has units ergs cm-2 s-1 Hz-1 or W m-2 Hz-1. At radio wavelengths the flux density unit is the Jansky  (Jy) where 

ρ Jy = 10-26 W m-2 Hz-1 = 10-23 ergs s-1 cm-2 Hz-1 

 
While flux densities measured in mJy are routinely observed in astrophysical contexts, radio emission from the Sun 
and heliosphere is very intense. It is usually the case that solar flux units are used where 1 SFU = 104 Jy.



Preliminaries: Concepts & Definitions

Rays in free space have constant specific intensity: ϳὨὍ ÄÓ πȢ It can only be changed by emission, absorption, or 
scattering along the ray path. We ignore scattering for now. 

The emission coefficient is defined as the energy emitted per unit time per unit solid angle per unit volume per 
unit frequency: ὨὉ Ὦ Ὠὠ Ὠ’ Ὠὸ Ὠɱ. For rays traversing a path length Ὠί they span a volume Äὠ ὨὃὨί and 
the incremental increase to the specific intensity is ὨὍ ὮὨίȢ 

The absorption coefficient is defined by ὨὍ ‌ὍὨί where ‌ π when it results in a decrement in specific 
intensity. The radiative transfer equation can then be written

ὨὍ

Ὠί
‌Ὅ Ὦ

Defining the optical depth † through Ὠ†  ‌Ὠί and the source function Ὓ Ὦ ‌ and we can rewrite the 
transfer equation as 

ὨὍ

Ὠ†
Ὅ Ὓ



Preliminaries: Concepts & Definitions

A system of particles and radiation is in thermodynamic equilibrium when it is characterized everywhere by a 
single temperature T. The radiation from a system in TE is referred to as blackbody radiation and we have Ὅ
ὄ Ὕ, where 

ὄ Ὕ
ςὬ’Ⱦὧ

Ὡ ρ
 ὖὰὥὲὧὯ ὒὥύ

At radio wavelengths Ὤ’ḺὯὝ and so, to a high degree of accuracy, we have (Rayleigh-Jeans approximation)

Ὅ ὄ Ὕ
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‗

It is useful to express the specific intensity at a given frequency in terms of a temperature Ὕ Ὕ of the black 
body yielding the same brightness at that frequency. We refer to this temperature as the brightness temperature.
Defining an effective temperature through Ὓ ςὯὝ’ ὧ the transfer eqution can be rewritten

ὨὝ

Ὠ†
Ὕ Ὕ



Preliminaries: Concepts & Definitions
For uniform source, in the absence of background emission, the solution to the transfer equation is just

 Ὕ ρ Ὡ Ὕ

When †ḻρ we describe the medium as optically thick and Ὕ ὝȠ if the material is in TE we have Ὕ ὝȢ If the 
emitting material is not in TE ς that is, it particle distribution function is non-Maxwellian ς Ὕ is the mean energy of 
the emitting particles. 

When †Ḻρ it is optically thin and we have Ὕ †Ὕ. All of the microphysics is embodied by †!

In practice, cosmic radio sources are observed by telescopes characterized by an angular resolution Wo , often 
ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άōŜŀƳέΦ If the source is resolved then we have a measure of the radiation flux density per 
resolution element Wo. The observed flux density is then Ὂ Ὅɱ  and Ὅ ὊȾɱ and, hence, the specific 
intensity or source brightness is often expressed in terms of flux density per beam, or Jy/beam. 

Substituting for Ὅȡ Ὂ ςὯὝ ɱ 

While we have not discussed polarized radiation, this expression is for the combination of two orthogonal senses of 
polarization (X, Y or R, L). For a single polarization it would be reduced by a factor 2. 



Emission Mechanisms
Although spectral line emissions at radio wavelengths ς molecular lines, maser emission, radio recombination lines ς 
are important in many astrophysical contexts, they do not play a role (to date) in solar or heliospheric radio emission. 
We therefore focus on continuum emission mechanisms. 

Continuum radiation results from charge acceleration. For a single particle of mass m and charge q undergoing an 
acceleration a the power (ergs s-1) emitted into solid angle dW is
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Where q is the angle relative to the acceleration vector. When the particle is relativistic and acceleration is 
perpendicular to v:

Ὠὖ

Ὠɱ

ή

τ“ὧ

ὥίὭὲ—

ρ ‍ÃÏÓ—
 ‍

ὺ

ὧ
Ƞ ‎ ϳρ ρ ‍ 

                                           

Since ὥ ὊȾά, all other 
things being equal, we see 
that electrons emit 
ά ά  as much 

power as ions. 

The primary relativistic 
effects are a boost in 
power and relativistic 
beaming. 
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Emission Mechanisms
What are sources of electron acceleration? +Ze

e-

Coulomb collisions (electrons on ions for radio regime) 

AY! άōǊŜŀƪƛƴƎ ǊŀŘƛŀǘƛƻƴέ ƻǊ ōǊŜƘƳǎǎǘǊŀƘƭǳƴƎΦ CƻǊ ŀ ǇƭŀǎƳŀ ƛƴ ¢9 
(Maxwellian distribution) we refer to thermal bremsstrahlung or thermal 
free-free radiation. (Nonthermal e-i/e-e brems relevant to HXR emission.)

In the RJ approximation the absorption coefficient is

‌
ὲὲ
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Note: for a uniform, optically thin source Ὕ  † Ὕ ͯ Ὁὓ ’ὝȾ

ɤ τȢωυτρπὝȾ ὤ’ for Ὕ σȢρφρπ K

ɤ τȢχ ρπ Ὕ ’             for Ὕ σȢρφρπ K

The optical depth due to thermal free-free 
absorption increases with column EM, and 
decreases with increasing frequency and 
temperature. Optically thin emission depends 
on EM but is relatively insensitive to T.



Emission Mechanisms
What are sources of electron acceleration? 

The Lorentz force (when a magnetic field is present) 

άDȅǊƻƳŀƎƴŜǘƛŎ ǊŀŘƛŀǘƛƻƴέΣ ǎƻƳŜǘƛƳŜǎ ŎŀƭƭŜŘ άƳŀƎƴŜǘƻ-ōǊŜƳǎǎǘǊŀƘƭǳƴƎέ

The terminology used to describe gyromagnetic emission depends on the 
electron energy. 

Å If the distribution is in TE and ‎ ρ it is referred to as thermal 
gyroresonance emission. 

Å If the electrons are mildly relativistic (‎ͯ few) it is referred to as thermal 
or nonthermal gyrosynchrotron radiation. 

Å And if the electrons are fully relativistic (‎ḻρ it is referred to as 
synchrotron radiation. 

B
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’ ςȢψ ὄ MHz

Electron cyclotron frequency

Thermal GR and nonthermal GS emission are strongly to moderately circularly polarized in the sense of the x-
mode. Synchrotron emission is linearly polarized. 

Thermal bremsstrahlung and the gyromagnetic radiation described above are examples of incoherent emission 
mechanisms, where the electrons emit independently and one can sum over a distribution to determine ὮȢ
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Radiation pattern E(t)

Power spectrum

Radiation pattern E(t)

Power spectrum



Coherent Emission 
Coherent radiation involves collective effects - wave-wave or wave-particle interactions - that can 
result in very intense emission. They occur at natural frequencies of the plasma or combinations of 
the same. 

One natural frequency is the electron plasma frequency ’ ϳ‫ ς“ ήὲȾ“ά Ⱦ ωὲ
Ⱦ

 kHz 
which, for ὲ ρͯπ ρπ is ’ ρͯππ MHz to 1 GHz. Plasma waves are a longitudinal oscillation. 

Solar radio bursts are attributed to plasma radiation at ’ and/or ς’; e.g., type III radio bursts. 

The idea goes back to Ginsberg & Zheleznyakov (1958) but there 
have been many refinements since. Production of plasma 
radiation is a two-step process: 

1. Production of Langmuir waves: two-stream, bump-on-the tail, or gap 
instability where ϳ‬Ὢ‬ὺ π for some range of v

2. Three-wave interactions between L and t and a third wave:
Å ‫ ‫ and Ὧ ‫ Ὧ Ὧ 
Å Fundamental: ‫ ‫  and so small and Ὧ ‫ Ὧ
Å Harmonic: ‫  and Ὧ ‫ Ὧ (need secondary spectrum 

Langmuir waves)

Ὕ Ὕͯ



Coherent Emission 
²ŜΩǾŜ ŀƭǊŜŀŘȅ ŘƛǎŎǳǎǎŜŘ ŀ ǎŜŎƻƴŘ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎȅ ƛƴ ǘƘŜ {ǳƴΩǎ ŎƻǊƻƴŀΣ ǘƘŜ electron cyclotron 
frequency ’ ςȢψὄ MHz which, for B = 100-1000 G, is ’ ςψπ MHz to 2.8 GHz.

ϳ‬Ὢ‬ὺ π

A loss-cone anisotropy or horseshoe distribution (ϳ‬Ὢ‬ὺ) provides the free energy 
to directly amplify EM waves at ’ (x-mode favored) ς so called electron cyclotron 
maser emission. Highly circularly polarized. 

The idea goes back to Twiss (1958) but its modern incarnation began with work by 
Wu & Lee (1979) with Melrose & Dulk (1981) pointing out its possible relevance to 
the Sun and stars. It is relevant to coherent emission from planets (terrestrial AKR, 
Jovian DAM) and certain stars (brown dwarfs, dMe, and Ap/Bp stars).

¢ƘŜ ƳŜŎƘŀƴƛǎƳ ƛǎ ƭƛƪŜƭȅ ǊŜƭŜǾŀƴǘ ǘƻ ǎƻƭŀǊ άǎǇƛƪŜ ōǳǊǎǘǎέ ōǳǘ ŜǾƛŘŜƴŎŜ ŦƻǊ ƛǘǎ ǊƻƭŜ ƻƴ 
the Sun more broadly has been elusive.



Types of Observations
Å The simplest type of measurement at radio wavelengths is a measurement 

of the flux density of a source at a particular time and frequency. Such 
total flux measurements are taken by, e.g., Penticton F10.7 (EUV Proxy!) or 
the USAF RSTN network daily at local noon at selected frequencies. 

Å Also simple is a record of flux density at a particular frequency as a 
function of time, a light curve. RSTN radiometers do so at selected 
frequencies in total intensity. The Nobeyama polarimeters do so in both 
senses of circular polarization (RCP & LCP). 

Å The flux density as a function of frequency ς the spectrum ς is an important 
tool in astrophysics. For the Sun (and, increasingly, stars) dynamic 
spectroscopy ς a record of (polarized) flux density as a function of frequency 
and time  ς has been a mainstay of solar radiophysics since its earliest days. 
RSTN obtains dynamic spectra, as do many instruments across Europe and 
Asia (e.g., Tremsdorf, Hiraiso).



Types of Observations
Å High resolution (polarized) images of the Sun are of critical importance, too!  

LŘŜŀƭƭȅΣ ǿŜΩŘ ƘŀǾŜ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŎƻƳōƛƴŜ all of these observables: time-resolved 
broadband imaging spectropolarimetry!

VLA: 4.9 GHz (l=6.1 cm) NoRH: 17 GHz (l=1.76 cm) ALMA: 239 GHz (l=1.25 mm)VLA: 1.4 GHz (l=21 cm)



Radio Instrumentation

Instruments that perform total flux measurements, 
obtain light curves, or perform dynamic 
spectroscopy use small antennas that are typically 
designed to observe the full disk of the Sun. Since 
the Sun is roughly 0.5o in size and the angular 
resolution of an antenna is —ͯ ‗ Ὀ the diameter of 
the antenna must be ὈṂρρυ‗ ÂÏÔÈ ÉÎ ÃÍȢ 

To resolve the Sun at radio wavelengths one needs a 
very large aperture D. However, even the 1000 ft 
(305 m) telescope at Arecibo only yielded an angular 
ǊŜǎƻƭǳǘƛƻƴ ƻŦ оΩ ŀǘ ŀ ǿŀǾŜƭŜƴƎǘƘ ƻŦ нл ŎƳ ς and 
imaging is cumbersome (raster mapping, focal plane 
array).    

USAF/RSTN station at Learmonth, W Australia



Radio Instrumentation
The answer? Use many small antennas to sample a large effective aperture: Fourier synthesis. A 
Fourier synthesis telescope measures the (discrete) Fourier transform of the sky, with each antenna 
pair (baseline) measuring a Fourier component. The angular resolution of the instrument is therefore 
determined by the maximum separation between antennas! 

The future: synthesis imaging across very large bandwidths to enable broadband imaging 
spectropolarimetry with high temporal and angular resolution! EOVSA (1-18 GHz) is the pathfinder. 

Jansky Very Large Array (VLA) Nobeyama Radioheliograph (NoRH) Expanded Owens Valley Solar Array (EOVSA)



Observational Heliophysics II: 
Radio Emission from the Sun and Heliosphere



The utility of radio observations: some examples

Radio emission occurs from the low solar chromosphere, out into the corona, in 
the IPM, to the very boundary of the solar system. It is produced by thermal and 
nonthermal populations of electrons through incoherent (thermal free-free and 
gyromagnetic emission) and coherent (plasma, ECM) mechanisms. As such, it 
serves as a probe and diagnostic of physical conditions in remote plasmas for an 
extraordinarily wide range of phenomena. 

Å Emission from the quiet Sun ς chromospheric and coronal heating; active regions
Å Flares ς spatiotemporal evolution of n(E) and B; electron acceleration and transport
Å Coronal mass ejections ς nascent stages and the evolving magnetic field
Å Radio bursts ς coronal electron beams (type III) and shocks (type II) 
Å The solar system boundary (heliopause)
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Ha 0.45 mm



Solar Chromosphere

To date, the chromosphere has been studied 
primarily in optical and UV spectral lines. 

Å O/UV spectral lines generally form under conditions 
of non-LTE. 

Å RT is  complex ς resonant scattering, partial 
frequency redistribution, non-equilibrium ionization

ALMA observations offer a powerful complement 
to O/UV observations.

Å mm-lcontinuum forms under LTE/RJ
Å Sources of opacity are well-understood (thermal 

free-free and H-)
Å RT is relatively straightforward
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Avrett 2008



Solar Chromosphere

Complex & dynamic

Å Onset of non-radiative heating
Å Waves, shocks, mass motions
Å Transition from dominance of gas 

pressure to magnetic pressure
Å Transition from low ionization to high 

ionization

Outstanding issues include the structure, 
dynamics, energy budget, and energy 
transfer in the chromosphere. 



Example: spicules 

De Pontieu + 2009Pereira + 2014

The idea that spicules are launched and heated, 
delivering significant mass and energy to the solar 
corona, revives and builds on ideas from some time 
ago.  Authors have suggested that an eruptive 
distribution that also includes, in addition to spicules 
ό{ǘŜǊƭƛƴƎ  ϧ aƻƻǊŜ нлмсΣ {ǘŜǊƭƛƴƎ Ҍ нлнпύΣ άjetletsέ 
(Raouafi & Steborg 2014) and jets (e.g., Raouafi  + 
2023). 



ALMA observations challenge these ideas

Isothermal Temperature ramp

ALMA observations were made of spicules on the solar limb 
at 1.25 and 3 mm. The emission is optically thin free-free 
radiation. We have 
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Radio Emission in Microwaves
Radiation at cm-l is well-suited for exploiting thermal f-f, thermal GR, and nonthermal GS radio 
emission to study a wide variety of problems, including

ÅThe nature and evolution of coronal magnetic fields

ÅParticle acceleration and transport

ÅEruptive phenomena

as they manifest in the upper chromosphere into the low corona. 

Particularly interesting is nonthermal gyrosynchrotron radiation 
from flares involving electrons accelerated to MeV energies.

Gyrosynchrotron emission is highly complementary to HXR/g-ray 
emission. While the energies of the emitting population of 
ŜƭŜŎǘǊƻƴǎ ƳƛƎƘǘ ōŜ ǘƘŜ άǎŀƳŜέ ǘƘŜȅ ƘŀǾŜ ǾŜǊȅ ŘƛŦŦŜǊŜƴǘ 
dependencies on ὲ ȟὝȟȿὄȿȟ—, and ὲ Ὁȟ‰ . 

HXRBS PEAK RATE (counts s-1) > 30 keV
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Aschwanden & Benz 1997

TPP model (Melrose & Brown 1976)



2005 Jul 13
M1.1 flare



Aschwanden & Benz 1997



Trapping delays the peak and decay of radio emission relative to HXR emission. The electron 

deflection time for Coulomb collisions is ὸ ςͯ ρπὉ
Ⱦ
ὲ  sec.  Note differences in delay 

times as a funciton of location within the source. 



B=100 G

B=200 G

B=500 G

B=1000 G

npk ~ B 3/4

hn ~ B2.5

A magnetic loop acts as a dispersive element! 
Weak magnetic field: higher s, more energetic 
electrons required. 

This dispersive effect is also reflected in the 
distribution of source brightness.



Nth=1 x 1011 cm-3

Nth=5 x 1010 cm-3

Nth=2 x 1010 cm-3
Nth=1 x 1010 cm-3

Razin suppression
’ ςπὲ ὄ





The Celebrated X8.2 Flare of 2017 Sep 10

Chen + 2020

Imaging spectroscopy with EOVSA was 
used to deduce the magnetic field 
strength along the RCS as well as the 
electric field and electron distribution 
function. 
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Aschwanden & Benz 1997



VLA Observations of type III dm 
bursts associated with an SXR jet 
eruption (Chen + 2013).

Å 50 ms time resolution
Å 1-мΦр DIȊ Ϫ м aIȊ ǊŜǎΩƭƴ
Å dual polarization

~20000 snapshot images/sec

These observations illuminated the 
magnetic topology above the jet 
and demonstrated the highly 
άŦƛōǊƻǳǎέ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ŎƻǊƻƴŀΦ 



Chen + 2013

Electron Beam Trajectories 

X-Ray jet

Type IIIdm
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Radio Bursts
ÁType I
      McCready, Pawsey, Payne-Scott 1947;

      Allen 1947; Wild & McCready 1950

ÁType II 
      Wild & McCready 1950

      

ÁType III 
      Wild & McCready 1950

ÁType IV 
      Boischot & Denisse 1957

ÁType V

     Wild 1959

      

Numerous, short-lived (~1 s), 

narrow-band (few MHz) bursts 

occurring over a BW of 10s of MHz 

in storms lasting hours to days

Broadband (~100 MHz), fast-drift bursts (~ -20 

MHz/s) that occur in association w/ impulsive 

phase of flares.

Rare slow-drift bursts (~ -0.25 MHz/s) that occur 

in association w/ flares, lasting 5-20 min. Narrow-

band emission often occurs in harmonic lanes.

Broadband (~10s-100s MHz) continuum following 

large solar flares, often following an associated 

type II burst, lasting >10 min.

Continuum emission following groups of type III radio 

bursts, typically polarized in the opposite sense. 



Bastian + 2001

20 April 1998
Å M1.4 flare
Å partial halo CME ~2000 km/s
Å major SEP event

Multi-frequency imaging performed with 
Nancay RH from 164-410 MHz as radio 
CME expanded to ~3 solar radii. 



Nancay  RH 421 MHz

SOHO/LASCO C2 15 April 2001
Å X14.4 flare
Å partial halo CME >1200 km/s
Å major SEP event

Detection of synchrotron radiation from MeV 
electrons interacting with magnetic field entrained 
by fast CME (Maia + 2004)

Tylka et al. (2002)



More recently
Additional case studies by Tun + 2013 and Carley + 2017

The availabililty of low-frequency telescopes like the Murchison 
Widefield Array (70-300 MHz) and the OVRO Long Wavelength Array 
(15-85 MHz) has led to renewed interest in radio CMEs.

Murchison Widefield Array

OVRO Long Wavelength Array

Mondal + 2020
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Radio Dynamic Spectroscopy from Space
Radio bursts of type II and type III propagate outward in the corona. Since they emit at ’ ’ᶿὲ

Ⱦ
 and ὲ declines 

rapidly with  their frequency declines rapidly to the ionospheric cutoff (5-10 MHz) at ~2 Rṩ. To be able to observe radio 
bursts in the outer corona and into the IPM requires space-based instrumentation. 

Space-based spectrocopy dates back to the 1970s with, e.g., the Voyagers and ISEE-3, followed by WIND/WAVES, 
Ulysses/URAP, STEREO/WAVES, PSP/FIELDS-RFS, and SolO/RPW. These are capable of not only observing solar radio 
bursts, but planetary radio emissions (notably Earth and Jupiter), and the galactic background. 

Gopalswamy + 2019
https:// cdaw.gsfc.nasa.gov/CME_list/radio/waves_type2.html

In recent years, with multiple missions active 
and new ground-based observations possible, 
observations of radio bursts from the ground to 
space and from multiple vantage points in 
space have become possible.



Badman + 2022



Gurnett + 2003

Gurnett + 2021
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Sun Radio Imaging 
Experiment (SunRISE)

PI: Susan Lepri (U Mich)
Proj. Sci: Joe Lazio (JPL)

Mission of Opportunity
Systems have been assembled, 

integrated, and tested.   
Launch imminent 


