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For our purposes, the radio regime comprises

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

A RJ approximation valid (h<< kT)
A Commonalities in obs tech
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The Plan

A Preliminaries; concepts & definitions
A Emission Mechanisms

A Types of observations

A The instruments that do them

A The utility of radio observations

o |: chromosphere, active regions, flares, CMEs, radio
pursts, heliopause
o |Il: radio bursts, propagation effects




Preliminaries: Concepts & Definitions

For the moment, think of radiation as propagating along rays. Consider differential
area dA normal to a given rayand consider all of the rays incident on dA within a
solid angle ®lVcentered ornr. The energyEtraversingdAin a timedt in a frequency
rangedrnis defined through

Q0 QA Q

wherel,, is thespecific intensityor brightness,with units ergs cn? st Hz!ster!. Integrating over all rays incident
on dAfrom all directions thdlux density (or spectral flux density is

O OA | -of)
which hasunits ergs cnmt stHz'or W m?Hz!. At radio wavelengths the flux density unit is the Jansky (Jy) where
pJy = 165W m2Hz!=10*%ergs s.cnr?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 casedblar flux unitsare used where. SFU = ¥y



Preliminaries: Concepts & Definitions

Rays in free space have constant specific inten§ig)j: A O 18t can only be changed by emission, absorption, or
scattering along the ray pati/Ve ignore scattering for now.

Theemission coefficienis defined as thenergy emitted per unit time per unit solid angle per unit volume per
unit frequency’Q'0 "QQ a2 ‘Q & For rays traversing a path lendihithey span a voluméw Q06 Cand
the incremental increase to the specific intensitid® 0Q B

Theabsorption coefficientis defined byQO | "OQiwhere| 1t when it results in a decrement in specific
intensity. Theradiative transfer equationcan then be written

L0 0 0

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

transfer equation as
Qo0

of O



Preliminaries: Concepts & Definitions

A system of particles and radiation isiermodynamic 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

114 72 ,Q T&) 5 \ v A Ty
o (Y .QC : 0 d OO

At radio wavelength®) L "Q“Yand so, to a high degree of accuracy, we h&ay(eighleans approximation
N\ QY
0 8 ('Y % 0"y C

It is useful to express the specific intensity at a given frequency in terms of a temperdtur®’ of the black
body yielding the same brightness at that frequency. We refer to this temperature dgitftginess temperature
Defining areffective temperaturethrough”Y ¢ QY  w the transfer equation 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 DN Q.Y
Whent | pwe describe the medium agptically thickand™Y  “YT|f the material is in TE we hav¥ "MEf the

emitting material is not in TEthat is, it particle distribution function is nellaxwellian,”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 reldg|atitam

NBE FSNNB R U 2 If thelsouicKiSresahe&theX éathave a measure of the radiation flux density per
resolution elementll/. The observed flux density isth&x "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, O ¢ QY—m

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 ofrmess chargey undergoing an

accelerationa the power (ergs$) emitted into solid angld W is

Q0 r y
, ”+ OEL DOl GRE T 6 MKOn B |
O p W
. Sl YE ONREID Qi
0w

Q

Sinced O, all other
things being equal, we see
that electrons emit

(& & ) asmuch

power as ions.

Where gis the angle relative to the acceleration vectdfhen the particle is relativistic and acceleration is

perpendicular to v:

N I pivp T

0
@

The primary relativistic
effects are a boost in
power andrelativistic
beamingalong the
velocity vector.



Emission Mechanisms g AAAAAAAS

What are sources of electron acceleration?

Coulomb collisiongelectrons on ions for radio regime)

AY! AGoNBFTAY3I NIYRAIFGAZ2YE 2NJ oONBKYAa(GN Kt dzz3d C2NJ |

(Maxwellian distribution) we refer tthermal bremsstrahlungr thermal v 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 ¢ — nrs
®
¢t [ot oo J(a\". . "patiern o
—=| | === 'Y
‘ (C“ 1) o Cu T A Q L
o .
X Popmee ., r @utpr(Y &)for’Y op ¢ p mK . .
W T b8 & Mg (Y 2 for'Y o® @ p mK
o ; The optical depth due to thermal frefece
T I AO ¢ U YT absorptionincreasesvith column EM, and
decreasesvith increasing frequency and
Note: for a uniform, optically thin souré&¥ t "¥ 00 ' "Y” 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)
GDENBYIF3IYSGAO NIYRALI A 2 yoéENS YadaYUSNIF AK | | S

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

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®O0MHz
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 bremsstrahlung@nd thegyromagnetic radiationdescribed above are examplesintoherentemission
mechanisms, where the electrons emit independently and one can sum over a distribution to dete@ine



Emission Mechanisms adaionpaten | 0|

What are sources of electron acceleration?

ThelLorentz force(when a magnetic field is present)
GDENRYIIYSUAO NIRALI (A2 yoENS Yaa2avYuSNar

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

1.2
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A If the distribution is in TE arid  p it is referred to as thermal u |
gyroresonance emissian
A If the electrons are mildly relativistitx( few) it is referred to ashermal -

0.4

or nonthermal gyrosynchrotron radiation ool |

0

A And if the electrons are fully relativistic [ p it is referred to as
synchrotron radiation
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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@nd thegyromagnetic radiationdescribed above are examplesintoherentemission
mechanisms, where the electrons emit independently and one can sum over a distribution to dete@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 thelectron plasma frequency 1 j¢“ (BE T & 7T T KkHz
which, fore x p it p 1 is’ X p 1t MHz to 1 GHz. Plasma waves are a longitudinal oscillation.

Solar radio bursts are attributed fasma radiationat’ and/or¢’ ; e.qg., type lll radio bursts.

The idea goes back to Ginsberg & Zheleznyakov (1958) but thet |
have been many refinements since. Production of plasma ! an
radiation is a twestep process: e > | g

1. Production of Langmuir waves: twstream, bumpon-the tail, or gap [
instability wherdg "Q! 0 mfor some range o¥

2. Threewave interactions between L and t and a third wave: * f .
A1 1 1 andQ © ety N\ |
A Fundamental; 1 andsq smallandQ Q ' | B
A Harmonici 1 andQ  "Q (need secondary spectrum f \F/ {

Langmuir waves)




Coherent Emission

2 SQVWS | f NBIF Ré RAA0dzaaSR | 4SS 02 Yy Blecyoh cydomdnt F NI |j
frequency’ c& OMHz which, foB = 1061000G, is ¢ Y MHz to 2.8 GHz.

A losscone anisotropy, gap, or horseshoe distributibiCfT 0 ) provides the free
energy to directly amplify EM waves’at (xxmode favored); so callecelectron
cyclotron maser emissiorHighly 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).
¢tKS YSOKIFIyAaYy Aa tA1Steée NBtSoOrya a2 &
the Sun more broadly has been elusive.
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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 Nobeyamalarimetersdo so in both
senses of circular polarization (RCP & LCP).

GBSRBS 20051114

A The flux density as a function of frequertche spectrumg is an important
tool in astrophysics. For the Sun (and, increasingly, stgrsgmic
spectroscopyg 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).




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 GHZ £6.1 cm) NoRH: 17 GH:t£1.76 cm)  ALMA: 239 GHt £1.25 mm)

LRSIFffeé&>X ¢gSQR KI O of th&s8 obsedvablesk timéesolvedl O2 Y ©
broadband imaging spectropolarimetry!



Radio Instrumentation

Instruments that perfornmotal flux measurements,
obtainlight curves or performdynamic
spectroscopyuse small antennas that are typically
designed to observe the full disk of the Sun. Since
the Sun is roughly 0% size and the angular
resolution of an antenna i _ 'Othe diameter of
the antenna must b®©O Mp p VAT GHR | 8

Toimagethe Sun at radio wavelengths one needs a
very large apertur®. However, even the 1000 ft

(305 m) telescope at Arecibo only yielded an angular |
NB a 2 .f dzu A 2 y 2t 0 Q .d.aﬁd F é 4 AF/R sation t Learmonth, W Australia
Imaging is cumbersome (raster mapping, focal plane

array).




Radio Instrumentation

The answer? Use many small antennas to sample a large effective ap&duresr synthesisA
Fourier synthesis telescope measures the (discrete) Fourier transform of the sky, witardéacha

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! EOVSI8 ((kHz) is the pathfinder.

/o
i)

tr

| 3 (R

Jansky Very Large Array (VLA) Nobeyama Radioheliograph (NoRH) Expanded Owens Valley Solar Array (EOVSA)
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The utility of radio observations: some examples

Radio emission originates from all layers of the solar atmosphere, 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 freéree 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.

(A Emission from the quiet Supchromospheric and coronal heating; active regio%
A Flaresc 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 1) and shocks (type 1)

N A The solar system boundary (heliopause) J
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Solar Chromosphere

B0 nm

91.17 am

The chromosphere has been studied primarily in
optical and UV spectral lines.

120 nn

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

A RTis complexresonant scattering, partial =
frequency redistribution, norequilibrium ionization €

140 na

150 na

160 n=

mm/submml observations offer a powerful | | 0.5 ae
complement to O/UV observations. 5 f
A continuum forms under LTE/RJ = 2 as
A Sources of opacity are walhderstood (thermal H i
and H) u
A RT is relatively straightforward : 4 )
n_'\\/’ 3
o 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.
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glamnl

o
| y
" m /_‘ \\I nnnnnn (:6;;;/ ~ ( ¥ ~,.‘
Wedemeyer of al (2015)




The idea that spicules are launched and heated,

. " delivering significant mass and energy to the solar
Exam ple - SPICUIeE corona, revives and builds on ideas from some time
ago. Authors have suggested thatemiptive
distribution that also includes, in addition to spicules
O{ GSNI AyYy3 g a2 2 NXetletsti mc =
(Raouafi& Steborg2014) and jets (e.gRaouafi+
2023).

%
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ALMA

observations challenge these ideas

ALMA: 3 mm (100 GHz)

SDO/AIA 171A

arcsec

10"

n, {em™)

Isothermal Temperature ramp
ol ! ol £ "Q 0
2 4 B 10 2 4 & 8 10
Height (Mm) Height (Mm)

n, {em™)

1011

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

T CQ 11 "Y(Q "Ql

t QYT ]
006, (")

Y(Q Q

T

e (Q [
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NJI
Gyroresonanc€GR) emission from Active Regions e

8 GHz
Line -of-sight ( LoS)
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Courtesy of Sijie Yu



Polarization and magnetoionic mode

3 GHz, s=3, B= 357. G, L-mode 3 GHz, s=3, B= 357. G, R-mode
X O

Courtesy of G. Fleishman
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HUl Bz 189—Mav—2014 1858:11,700 LT

2014Nov18-24

A 1-8 GHz (time sharing)

A DualLJ? {(RT{/LCP)

A 1000 channels/GHz (RFI)
A ~4nhrsper day

o Atlow frequencies(<1.5
GHz) the emission is
optically thick to freefree
absorption

0 The freefree opacity rapidlyjm
diminishes withincreasing |8
frequency,revealing
gyroresonance&mission
associate with strong
magnetic fields over the
dominant sunspot groups




2014 Nov 18 (full sweep)

1.06400 GHZ
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2014Nov 18: ccoronal magnetogramh




Microwave Emission from Flares

Cml emission is particularly interesting for the study of solar flakmthermal
gyrosynchrotronradiation from flares involves electrons accelerated to 100s of keV to MeV

energies.

Gyrosynchrotroremission is highly complementary to H¥Rly emission. While the energies of
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Upward Beams
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Trapping delays the peak and decay of radio emission relative to HXR emission. The electron

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



Variation with B
10°F — ] T
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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 energetic"" distribution of source brightness.
electrons required.



Arbitrary

Variation with N,

T T T T T T ™

Razin suppression-
’ CH O

10 100
Frequency (GHz)

The NT GS spectrum also has unique dependecies on the details of the electron
distribution function and the magnetic field orientation (hence, polarimetry

needed).



Photospheric
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