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For our purposes, the radio regime comprises

wavelengths longward df = 1 mmor
frequencies <300 GHz: >7 decades in practice!

A R-J approximation valid
A Commonalities in obs tech
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Preliminaries: Concepts & Definitions

For the moment, think of radiation as propagating along rays. Consider differential
area dA normal to a given raynd consider all of the rays incident on dA within a
solid angle @V centered onr. The energyEtraversingdAin a timedt in a frequency
rangedris defined through

Q0O 0VQQE Q

wherel,, is thespecific intensityor brightness,with units ergs cm s1Hz!sterl. Integrating over all rays incident
ondAfrom all directions thelux density (or spectral flux density is

"O "OA 1 -Of)
which hasunits ergs cmd stHzlor W m2Hz!. At radio wavelengths the flux density unit is the Jansky (Jy) where
pJy = 18°W m2Hzl= 1023 ergs s cm?HZz!

While flux densities measured mly are routinely observed in astrophysical contexts, radio emission from the Sun
and heliosphere is very intense. It is usually the casegblair flux unitsare used wherd SFU = ¥Qly



Preliminaries: Concepts & Definitions

Rays in free space have constant specific interi€i§:A O 18t can only be changed by emission, absorption, or
scattering along the ray path\e ignore scattering for now.

Theemission coefficienis defined as thenergy emitted per unit time per unit solid angle per unit volume per
unit frequency’‘Q O "QQ ¢} Q &m For rays traversing a path lengdthithey span a volumédw Q0 ‘CGaind
the incremental increase to the specific intensitfd® QQ B8

Theabsorption coefficientis defined byQO | 'OQiwhere| 1t when it results in a decrement in specific
intensity. Theadiative transfer equationcan then be written

L 0 Q

oY |
Defining theoptical deptht throughQt | Qiand thesource function’Y 'Q | and we can rewrite the

transfer equation as
Q0

, 0 Y
Qt



Preliminaries: Concepts & Definitions

A system of particles and radiation istirermodynamic equilibriumwhen it is characterized everywhere by a
single temperaturel. The radiation from a system in TE is referred tblaskbody radiationand we haveO
o0 (Y, where
.. ¢ QTw e
0 L awaw
Y N ;

At radio wavelength€) L "Q“Yand so, to a high degree of accuracy, we h&ay(eighleans approximation
y - T’Q "Y
0 8 (Y CG)_ QY Q

It is useful to express the specific intensity at a given frequency in terms of a temperédtui®&’ of the black
body yielding the same brightness at that frequency. We refer to this temperature a@sifgness temperature
Defining areffective temperaturethrough™Y ¢ Q°Y the transfer eqution can be rewritten

QY

of Y



Preliminaries: Concepts & Definitions

Foruniform source, in the absence of background emission, the solution to the transfer equation is just
Y WD NQ.~"Y

Whent | p we describe the medium asptically thickand™y  “YINf the material isin TE we havé df the
emitting material is not in TEthat is, it particle distribution function is neMaxwelliang "Y is the mean energy of
the emitting particles.

Whent L pitisoptically thinandwe haveY T "Y. All of the microphysics is embodied by

In practice, cosmic radio sources are observed by telescopes characterized by an angular rddf|oftem

NBE FSNNBR U 2 If thelsouicKiSresahe&ther &ethave a measure of the radiation flux density per
resolution elementil/. The observed flux density isth&ad Om and’O "Ofm and, hence, the specific
intensity or source brightness is often expressed in terms of flux density per beam, or Jy/beam.

Substituting fof'Od, "0 ¢ QY—n

While we have not discussed polarized radiation, this expression is for the combination of two orthogonal senses
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 wavelengtinsolecular lines, maser emission, radio recombination lines

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 ofrmass chargeg undergoing an
acceleratiora the power (ergs-$) emitted into solid anglel Wis

Q0 1 =|= y . .. : 7 Sincedd "Ora , all other
’ o OB+ D Wi G811 a o N a @i i “Q things being equal, we see
CxO 2r @ that electrons emit
- QN s . SIS (@ & ) asmuch
v o0 YE Orpeau Qi power as ions.

Where gis the angle relative to the acceleration vectdhen the particle is relativistic and acceleration is
perpendicular to v:

The primary relativistic

N [ piJp | effects are a boost in

c4l C

,Q 6 ’ 14
KD s m "ol 1TAI-® power and relativistic
/= : beaming.




Emission Mechanisms 5 AN

What are sources of electron acceleration? @

Coulomb collisiongelectrons on ions for radio regime)

AY! GoNBF]1AY3 NIRAIFGAZ2YE 2NJ ONBKYaaildN Kt dzy3d C2NJ |

(Maxwellian distribution) we refer tthermal bremsstrahlungor thermal * path of °
free-free radiation. (Nonthermal €/e-e brems relevant to HXR emission.) e e o Clectron '\
In the RJ approximation the absorption coefficient is ¢ — i{;w
®
T - g T radiation *
€ € o€ wQ o — pattern b
‘ w9 7 7 r i T v I k ®
(c* ) [o¢ a Q
e .
B PepmeEE, .x otpn(Y @)for'Y op @ p K . .
g T 8 & W (Y 2 for'Y o® ¢ p K
Lo e T The optical depth due to thermal frefeee
T | AOQ gUv Y absorptionincreasesvith column EM, and
decreasesvith increasing frequency and
Note: for a uniform, optically thin souré& t “¥ 00 ' Y7 temperature. Optically thin emission depends

on EM but is relatively insensitive to T.



Emission Mechanisms

What are sources of electron acceleration?

ThelLorentz force(when a magnetic field is present)
GDENRBYIFIAYSUAO NI RALF GA 2 yOEND Yasd2aYuSNIlAK | | S {

The terminology used to describe gyromagnetic emission depends on th

electron energy. ¢
Y/ AVAVAVAVAVAVAY.

A If the distribution is in TE arid p it is referred to as thermal
gyroresonance emissian
A If the electrons are mildly relativistitx( few) it is referred to ashermal ' —— G&0 MHz
or nonthermal gyrosynchrotron radiation Hectron cyclotron frequency

A And if the electrons are fully relativistic [ p it is referred to as
synchrotron radiation

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 bremsstrahlun@nd thegyromagnetic radiatiordescribed above are examplesin€oherentemission
mechanisms, where the electrons emit independently and one can sum over a distribution to deté@ine



Emission Mechanisms

What are sources of electron acceleration? | |

ThelLorentz force(when a magnetic field is present)
GDENRYFIAYSUAO NI RALI GA 2 yYoENEB YA&2aYuSNI,

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

1.2

u»

10 Power spectrum

A If the distribution is in TE arid p it is referred to as thermal
gyroresonance emissian

A If the electrons are mildly relativistitx( few) it is referred to ashermal -
or nonthermal gyrosynchrotron radiation T " |

A And if the electrons are fully relativistic [ p it is referred to as Frequency Harmoni
synchrotron radiation

0.4

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 bremsstrahlun@nd thegyromagnetic radiatiordescribed above are examplesin€oherentemission
mechanisms, where the electrons emit independently and one can sum over a distribution to deté@ine



Coherent Emission

Coherent radiation involves collective effeetsavewave or waveparticle 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 thedectron plasma frequency 1 j¢“ (Ae M @7 T KHz
which, fore x p t p 1 is’ * p T MHz to 1 GHz. Plasma waves are a longitudinal oscillation.

Solar radio bursts are attributed masma radiationat’ and/or¢’ ; e.g., type lll radio bursts.
The idea goes back to Ginsberg & Zheleznyakov (1958) but thet l \ |

have been many refinements since. Production of plasma f
radiation is a twestep process: (o D N fll“
1. Production of Langmuir waves: tvwgiream, bumpon-the tail, or gap f .
instability wherd "®T 0 tfor some range o¥ ‘

2. Threewave interactions between L and t and a third wave: . f *

A 7 1 andQ 0Q Q . U TN A

A Fundamentall 1 andsg smallandQ Q & v/ i N W )

A Harmonici 1 andQ  Q (need secondary spectrum E ™ ! IR

Langmuir waves)




Coherent Emission

28008 |t NBlFIRe RA320dzAaSR || 4802y &ectyph dyaatidn

frequency’ ¢& OMHz which, foB = 1001000G, is ¢ Y MHz to 2.8 GHz.

A losscone anisotropy or horseshoe distributidn'@T 0 ) provides the free energy 1500 |

to directly amplify EM waves at (x-mode favored) so calledelectron cyclotron
maser emissionHighly 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 -

b) Spike Burst

1400 |- R

the Sun and stars. It is relevant to coherent emission from planets (terrestrial AKR, £ 1300 |- TN HISEE
> oy R W

Jovian DAM) and certain stars (brown dwarfs, dMe, and Ap/Bp stars).
¢KS YSOKFIyAay Aa tA1Ste NBfSOlFIyd G2
the Sun more broadly has been elusive.
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Frequency (MHz)

Types of Observations

A The simplest type of measurement at radio wavelengths is a measureme
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!) «
the USAF RSTN network daily at local noon at selected frequencies.

A Also simple is a record of flux density at a particular frequency as a
function of time, dight curve RSTMadiometersdo so at selected
frequencies in total intensity. The Nobeyampalarimetersdo so in both
senses of circular polarization (RCP & LCP).

GBSRBS 20051114

A The flux density as a function of frequerngihe spectrumc is an important
tool in astrophysics. For the Sun (and, increasingly, dgirsggmic
spectroscop)g a record of (polarized) flux density as a function of frequen
andtime ¢ has been a mainstay of solar radiophysics since its earliest da
RSTN obtains dynamic spectra, as do many instruments across Europe &
Asia (e.g., Tremsdorf, Hiraiso).

424 14:25
) 20051114




Types of Observations

A High resolution (polarized) images of the Sun are of critical importance, too!

VLA: 1.4 GH% £21 cm) VLA: 4.9 GH% £6.1 cm) NoRH: 17 GHE€1.76 cm)  ALMA: 239 GHt £1.25 mm)

LRSIffeéeX 6SQR KI @8 of thés&obderwablesitiin@soliie? O2 Y a
broadband imaging spectropolarimetry!



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 O°t size and the angular
resolution of an antenna i~ _ Othe diameter of
the antenna mustb®© Mp p VAT GR | 8

To resolve the Sun at radio wavelengths one needsa
very large apertur®. However, even the 1000 ft
(305 m) telescope at Arecibo only yielded an angular
NBazfdziaAzy 2F o0Q daidd | g F
Imaging is cumbersome (raster mapping, focal plane
array).




Radio Instrumentation

The answer? Use many small antennas to sample a large effective apé&iureer synthesisA

Fourier synthesis telescope measures the (discrete) Fourier transform of the sky, withnéacha

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! EOVSS (&Hz) is the pathfinder.

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



ObservationalHeliophysicdl:

Radio Emission from the Sun and Heliosphere

ADVANCING THE SCIENCE OF

=

PP,

ELIOPI

A partnership between N%ﬁ/ g&ﬁﬁ \@CPAESS

RRRRRRRR



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 ffese and
gyromagnetic emission) and coherent (plasma, ECM) mechanisrasciAat

serves as a probe and diagnostic of physical conditions in remote plasmas for an
extraordinarily wide range of phenomena.

/A Emission from the quiet Supxchromospheric and coronal heating; active regiors
A Flares; spatiotemporal evolution of n(E) and B; electron acceleration and transport
A Coronal mass ejectiorgsnascent stages and the evolving magnetic field
A Radio burstg coronal electron beams (type 111) and shocks (type )

kA The solar system boundary (heliopause) )
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Solar Chromosphere

80 ne

91.17 nam

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

130 nm

A O/UV spectral lines generally form under conditions 140 ne
of non-LTE. a
A RTis complexresonant scattering, partial o

frequency redistribution, nosequilibrium ionization

150 na

160 n=

ALMA observations offer a powerful complement | 0.5 ae
to O/UV observations. L |
A mm-l continuum forms under LTE/RJ - 2 e
A Sources of opacity are welhderstood (thermal 5 e
free-free and H " !
A RT is relatively straightforward I B 4 -
n_'\\/ 3
. , 1000 2000 3000
height(km)

Avrett 2008



Solar Chromosphere

Complex & dynamic

A Onset of norradiative heating

A Waves, shocks, mass motions

A Transition from dominance of gas
pressure to magnetic pressure

A Transition from low ionization to high
lonization

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




The idea that spicules are launched and heated,

" " delivering significant mass and energy to the solar
Example " Splcu I e‘c' corona, revives and builds on ideas from some time
ago. Authors have suggested thateamptive
distribution that also includes, in addition to spicules
6{ 0SNI Ay 3 g az2?2NXBetleisi mc = {
(Raouafi& Steborg2014) and jets (e.gRaouafi+
2023).

%
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ALMA observations challenge these ideas

ALMA: 3 mm (100 GHz) SD0/AIA 171A

Lol O N R B )

T T ALMA observations were made of spicules on the solar lin
] - at 1.25 and 3 mm. The emission is optically thin firee
radiation. We have

o PR T (Q 11l "YCQ "YQ] "Y(Q "YQ

: = ey i (QYQ 7
006, (")

Isothermal Temperature ramp
e QP |

Height (Mm) Height {Mm)
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Radio Emission in Microwaves

Radiation at cm is wellsuited for exploiting thermaH, thermal GR, and nonthermal GS radio
emission to study a wide variety of problems, including e

A The nature and evolution of coronal magnetic fields )RS e T
A Particle acceleration and transport Jf}m;_ “%ﬁ»
A Eruptive phenomena i JfL J‘
as they manifest in the upper chromosphere into the low corona.’ MM ) J \\
Particularly interesting is nonthermgyrosynchrotrorradiation e
from flares involving electrons accelerated to MeV energies. ) . 0&@“ |

* OTHER EVENTS (338} ° 7

Gyrosynchrotroremission is highly complementary to HglRdy
emission. While the energies of the emitting population of

St SOUNRYAa YAIKGI 06S UKS aal YSe i
dependencies o hY®dh—and & Ok .
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Upward Beams

n "=3 10° cm®
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TPP model (Melrose & Brown 1976)
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acceleration time t"**=10-100 g
\_ (spectral soft-hard evolution)

 INJECTION
iy < modulated in pulses t™=0.5-2.0 s
synchronized in energy and pitch angle
bifurcation in pitch angle
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~ PROPAGATION

- free-streaming, no energy loss
' time-of-flight t™(E)=I"E"*=0.1-0.3 s

=
SN
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collisional deflection into loss-cone
"N E)=E*¥n,=0.5-10 5

- ENERGY LOSS
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%V 7 1< collisions in chromosphere t**'=0.01-0.1 s
: , _ L
' thick-target HXR emission
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Aschwander& Benz 1997
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— / Oct 1992 Nobeyama 17 GHz
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| B 25-50 kaV a
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I 1 00-300 ke

| —L-"'.’r 21 s AM=0.55 s |
thh\ "=0.53 s

—-40 0 40 O 20 40 60 820 100 120
arcsec 5:03:31 UT 4+ seconds

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

deflection time for Coulomb collisionsas ¢ p 0" & sec. Note differences in delay
times as a funciton of location within the source.



Normalized Derivative

Variation with B
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A magnetic loop acts as a dispersive element! ' This dispersive effect is also reflected in the

Weak magnetic field: higher s, more energeti¢”" distribution of source brightness.

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

A 50 ms time resolution
Almedp DIT X wm all
A dual polarization

~20000 snapshot images/sec

These observations illuminated the
magnetic topology above the jet
and demonstrated the highly
GFAONRdAza ¢ VI O dzNB
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' » Wind /Waves Rad1
: 26 January 2011 Numerous, short-lived (~1 s),
1of - | ;OO'O narrow-band (few MHz) bursts
6'0 2 occurring over a BW of 10s of MHz
Wind /Waves Rod2 ,[1 £ In storms lasting hours to days
W40 E
1

S Rare slow-drift bursts (~ -0.25 MHz/s) that occur
el ilak] in association w/ flares, lasting 5-20 min. Narrow-

band emission often occurs in harmonic lanes.
s

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

4z)

60

50 MHz/s) that occur in association w/ impulsive
phase of flares.
» 20 ©
Broadband (~10s-100s MHz) continuum following

Frequency (MHz)

large solar flares, often following an associated
W type Il burst, lasting >10 min.
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20 April 1998

A M1.4flare
A partial halo CME ~2000 km/s
A major SEP event

Multi-frequency imaging performed with
NancayRH from 16410 MHz as radio
CME expanded to ~3 solar radii.
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FITTED PARAMETERS AT VARIOUS LOCATIONS IN THE RaDio CME
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Bastian + 2001
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Nancay RH 421 MHz

CEOHONBRECHIC i N

15 April 2001

A X14.4 flare
A partial halo CME >1200 km/s
A major SEP event

Detection of synchrotron radiation from MeV
electrons interacting with magnetic field entraine

by fast CME (Maia + 2004)
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More recently

Additional case studies by Tun + 2013 and Carley + 2017

The availabililty of lovirequency telescopes like the Murchison
Widefield Array (76800 MHz) and the OVRO Long Wavelength Array
(1585 MHz) has led to renewed interest in radio CMEs.
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Mondal + 2020
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Radio Dynamic Spectroscopy from Space

Radio bursts of type Il and type Il propagate outward in the corona. Since they émitat ® ¢ T and¢ declines

rapidly with their frequency declines rapidly to the ionospheric cutoff@VHz) at ~2 R To be able to observe radio
bursts in the outer corona and into the IPM requires sphased instrumentation.

Spacebased spectrocopy dates back to the 1970s with, e.g., the Voyagers argl IBE&ved by WIND/WAVES,
Ulysses/URAP, STEREO/WAVES, PSPIRIERDSd SolO/RPW. These are capable of not only observing solar radio
bursts, but planetary radio emissions (notably Earth and Jupiter), and the galactic background.

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

' --...'" 3 |l\t.|h ‘ space have become possible.
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Gopalswamy + 2019
https:// cdaw.gsfc.nasa.go€ME_ listadio/waves_type2.html
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