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Lectures 7-8 outline
• Radio astronomy preliminaries
• Radiative transfer
• Relevant emission mechanisms
• Types of solar radio bursts

This Lecture

• Radio observations of CMEs
• CME body

• Thermal CME
• Gyrosynchrotron CME
• Type IV radio bursts

• CME-driven shocks

• White light/EUV imaging, UV spectroscopy, and in situ signatures
• type II radio bursts
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Preliminaries

e any surface, real or imaginary; that is, it could be the physical surface of the detector,
the ray. If energy
from within the solid angle
ﬂows through the projected area
d of width , then

• Specific intensity
• Flux density
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per unit time, so the corresponding power

is

• Units
,

(2.

• Flux density 𝑆" : ergs cm-2 s-1 Hz-1

and
for cm
ﬂux-2 density
• the
1 Jyexpression
= 10-26 ergs
s-1 Hz-1is much simpler:

• 1 solar flux unit (sfu) = 104 Jy

• Specific intensity 𝐼" : ergs cm-2 s-1 Hz-1 sr-1
ciﬁc intensity or spectral brightness is

• Sometimes radio images have units of Jy/beam

• Total flux: ergs

cm-2 s-1

*CGS unit throughout this lecture
nomical sources, and astronomers rarely use ﬂux densities to describe sources so extended that the
diffuse emission from our Galaxy).

(2.1

Radiative Transfer
• In the absence of emission, absorption, or
scattering (the “free space”), the specific intensity
𝐼" along a ray does not change.
• However, if emission and absorption occurs, we use
the radiative transfer equation
𝑑𝐼"
= −𝜅" 𝐼" + 𝑗"
𝑑𝑠
where 𝜅" is the absorption coefficient (units cm-1)
and 𝑗" is the emission coefficient (units ergs cm-3 s-1
Hz-1 sr-1).

Radiative Transfer
• Defining the optical depth 𝜏" = 𝜅" 𝑑𝑠 (no unit) and
the source function 𝑆" = 𝑗" /𝜅" the transfer
equation can be written as:
𝑑𝐼"
= 𝑆" − 𝐼"
𝑑𝜏"
• For an isolated and homogeneous source the
solution is
𝐼" 𝜏" = 𝑆" (1 − 𝑒 012 )

• When 𝜏" ≫ 1, the source is optically thick and 𝐼" ≈ 𝑆"
• When 𝜏" ≪ 1, the source is optically thin and 𝐼" ≈ 𝜏" 𝑆"

Brightness Temperature
• While specific intensity
can be expressed in units
of Jy/beam or SFU/beam,
a simple and intuitive
alternative is brightness
temperature, which has
units of Kelvin.

Planck Function

Brightness Temperature
Note that at radio wavelengths
hv / kT << 1 ® ehn / kT - 1 » 1 +

hn
hn
-1 =
kT
kT

The Planckian then simplifies to the Rayleigh-Jeans Law.

2hn 3
1
2n 2
Bn (T ) = 2 hn / kT
» 2 kT
c e
-1 c
It is useful to now introduce the concept of brightness
temperature TB, which is defined by

2n 2
In = Bn (TB ) = 2 kTB
c

Rewriting the Radiative Transfer Equation
• Similarly, we define the effective temperature as
𝑆" =

7" 8
𝑘𝑇<==
8
9

• Using our definitions of brightness temperature
and effective temperature, the transfer equation
can be rewritten
𝑑𝑇>
= −𝑇> + 𝑇<==
𝑑𝜏"
• Optically thick source, 𝜏" ≫ 1, 𝑇> ≈ 𝑇<==
• Optically thin source, 𝜏" ≪ 1, 𝑇> ≈ 𝜏" 𝑇<==

Relevant Radio Emission
Mechanisms: An Introduction
Bremsstrahlung
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Gyromagnetic Radiation
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Bremsstrahlung Radiation
• Acceleration experienced in the
Coulomb field
• At radio wavelengths, thermal
bremsstrahlung radiation is from
virtually everywhere: quiet Sun,
active regions, flares, and CMEs
• Nonthermal bremsstrahlung is
relevant to X-ray and gamma-ray
emission from flares

e−
γ
Nucleus

Gyromagnetic radiation
• Acceleration experienced in the magnetic field
• Gyroresonance radiation from thermal
electrons. Relevant in places with strong B
field: e.g., active regions
γ
• Gyrosynchrotron radiation from relativistic
electrons. Relevant when high energy
electrons are present: e.g., flares and CMEs
• Electron gyrofrequency: one “natural
frequency” of the solar corona
𝑓9< =

<>
7@AB 9

≈ 2.8𝐵 MHz

e−

B

Plasma Radiation
• Plasma oscillation, also known as “Langmuir wave”,
occurs near the plasma frequency, another
important natural frequency in the solar corona
𝑓G< =

𝑛< 𝑒 7
≈ 8980 𝑛< Hz
𝜋𝑚<

• Plasma radiation arises when Langmuir waves are
converted to (transverse) electromagnetic waves
via wave-wave interactions.

We consider a gas of electrons and positive ions (plasma). The plasma is overall neutral, i.e.,
the number density of the electrons and ions are the same. We think of the plasma as two
interpenetrating fluids — an negative electron fluid and a positive ion fluid.

let’s do some derivation…
Plasma

𝐴
𝐸

• Electric Coulomb force acts as the restoring force

x

x

Schematic diagram of the plasma, with the
Small volume of plasma in which the
• Gauss’s
Law:a𝛻 Stypical
𝐸 = 4𝜋𝜌.
Integral
form ∯
= 4𝜋𝑄 are displaced to the right
inset
showing
volume
within
the𝐸 S 𝑛X𝑑𝑠 Electrons
plasma with equal densities of positive ions
by an amount x, while the ions are
and electrons.
fixed.
Z@[
Z@]\^

• So 𝐸 =

\

=

\

= 4𝜋𝑒𝑛< 𝑥

Under normal conditions,
are always equal numbers positive ions and electrons in any
` 8there
^

7
• Newton’s
2nd law:so𝑚the
= −4𝜋𝑛
which
< charge
8 = −𝑒𝐸
volume
of the plasma,
density
= 0,< 𝑒and𝑥,there
is has
no large scale electric field in the
`a

plasma. Now imagine that all of the electrons are displaced to the right by a small amount x,
the form of a simple harmonic oscillator:
while the positive ions are held fixed, as shown on the right side of the figure above.
7
𝑥̈ + 𝜔G<
𝑥 = 0,

The displacement of the electrons to the right leaves an excess of positive charge on the left
side of the plasma slab and8 an excess of negative charge on the right side, as indicated by the
Z@e <
dashed
rectangular
the leftfrequency
and the negative slab on the right produce
where
𝜔G< = boxes.B The
= positive
2𝜋𝑓G< isslab
theon
plasma
AB
an electric field pointing toward the right that pulls the electrons back toward their original
locations. However, the electric force on the electrons causes them to accelerate and gain kinetic

Plasma frequency: typical values
Listen to plasma oscillations
when Voyager enters the local ISM
Plasma
𝑛< (cm-3)
Environment

𝑓G< (MHz)

ISM

0.05

0.003

Ionosphere

10f

3

Low corona

10hi

900

Copper

107j

2.8×10l

Radio Observations in General
• Emission Mechanisms
• Range of Observations

Thermal
Non-Thermal
Chromosphere (~100 GHz)
Aurora (KHz)

• Types of radio data
Type III’s followed by Type II (45 mins)

+
Nobeyama Radioheliograph 17 GHz

Solar radio bursts types from 1960s

• Type I: short duration, narrow band, non-drifting bursts. Origin unknown.
• Type II: CME-driven shock (~1000 km/s)
• Type III: fast electron beams (~0.3c), rapid frequency drift
• Type IV: close magnetic structure -- CME body, post-CME reconfiguration
• Type V: extended phase of type III

Examples from the Green Bank Solar
Radio Burst Spectrometer
(GBSRBS)
Green Bank
Solar Radio Burst Spectrometer

• http://www.astro.umd.edu/~white/gb/
• Located in the Green Bank Radio Quiet Zone, operating in
18-70 MHz, 70-300 MHz, 300-1000 MHz
Credit of following images: Stephen White

Type III’s followed by Type II (45 mins)

Type III burst: fast-drift electron beam (4 mins)

Type II followed by Type IV (2 hours)

Type V: extended phase of Type III (6 mins)
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Figure 1. Radio dynamic spectra observed with AMATERAS on 2011 January 16 (LCP, top), 23 (RCP, middle), and 26 (RCP, bottom). BG: background.

io dynamic spectra observed with AMATERAS on 2011 January 16 (LCP, top), 23 (RCP, middle), and 26 (RCP, bottom). BG: bac

Other complex types
Strongest solar radio burst ever
recorded, > 1 million sfu at ~1 GHz

From Dale Gary

Decimetric radio bursts associated with
flare termination shock
Eruption
Reconnection
Downflows
LT Radio
(and HXR)

Hot Loops

FP Radio

Chen et al. 2015, Science

Radio bursts associated with propagating wave
packets
Start Time 18:49:04 UT
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e 3. (a)-(c) Three examples showing the morphology of the 12–25 keV HXR source (cyan), and

A nice illustration of solar radio emission
74

SOLAR AND SPACE WEATHER RADIOPHYSICS

Quiet Sun

Gary & Hurford 2004

Okay, let’s apply these to coronal mass ejections!

Standard Flare-CME Model

Forbes-Lin model
From Lecture 5 (Prof. Jiong Qiu)

CMEs in white light

From Angelos Vourlidas
From Lecture 5 (Prof. Jiong Qiu)

White light emission: Thomson scattering
• Not too far away from the solar
disk, white light emission is
dominated by Thomson
scattering off free electrons (“Kcorona”)
• The corona is extremely optically
thin, the white light brightness is
qr

𝐼" ≈ m 𝑆" 𝑑𝜏" = m

0r

𝜎o 𝑆" 𝑛< 𝑑𝑙
s@

v Thomson cross-section 𝜎o = 𝑟<7 ≈ 6.65×1007f cm7
j
v Source function 𝑆" is related to the incident intensity
from the photosphere and the viewing angle
See Prof. Steven Cranmer’s lecture 6 of COLLAGE 2016 for more details

Review of CME White Light Observation
• White light emission is due
to Thomson scattering,
which goes as 𝑛< 𝑑𝑙
• We can see a bright WL
emission because:
• It has more mass than the
ambient
• It is extended along the LOS
• It is close to the plane of
maximum scattering

Cavity
Front

Core
Occulter
Streamers

White Light CME
“Ice cream cone” model brightness

LASCO/C2 observed brightness

The “ice cream cone” model
From Sarah Gibson

Thermal radio emission from CME
• CME body also produces thermal
bremsstrahlung radio emission
• Coulomb “collisions” involve both ions
and electrons
• Radio intensity 𝐼" ∝ ∫ 𝑛< 𝑛G 𝑑𝑙 ∝ 𝑛<7 𝑙 ,
known as “emission measure”

• Radio intensity weakens much faster
at larger distance, however relatively
more straightforward for modeling
• Possible to see thermal radio CMEs
against the disk (no occulter)

e−
γ
Nucleus

Detectability of thermal radio CME
• Well, no problem for dense and cool prominences
Bremsstrahlung radiation

𝐼" ∝ m 𝑛< 𝑛G 𝑑𝑙 ∝ 𝑛<7 𝑙
0h/7

𝜅" ∝ 𝑇<

NoRH 17 GHz

the magnetic field, the brighter signal will correspond to the locatio
strongest magnetic field within the CME but the overall morpholog
similar to the white light CME. Gyroemission at low frequencies is s
in the presence of plasma where the index of refraction deviates f
(Razin-Tsytovich suppression). This effect can be used as an additi

Thermal radio detectability of CME body
• Contrast of CME/QS ~ 1:10
in meter & dm range, but
much smaller at higher
frequencies
• Susceptible to be ”blinded
out” by intense plasma
radiation and/or nonthermal
gyrosynchrotron radiation
• Possible to detect with an
instrument with large FoV
and sufficient dynamic range
Figure 11.2.
7

Simulated free-free radio spectra

From Bastian & Gary 1997
Simulated free-free radio spectra for the quiet Sun and a typical C
°3

10

G

Simulation from a toy CME model

OF CORONAL MASS EJECTIONS

(a) Early CME

(c) Difference

14,035

(b) Late CME

(d) Difference X 30

• This is from an ideal
radio telescope
• In reality, detection using
this difference imaging
technique would
inevitably suffer from
confusion due to
uncleaned sidelobes

Bastian
& Gary
1997
Figure From
3. The
model
brightness
distributionusedin the simulationfor a referencefrequencyof 960 MHz: (a) the "early"

A close-to-reality case
14,034

BASTIAN AND GARY: RADIO IMAGING
37

OF CORONAL MASS EJECTIONS
14,036
BASTIAN AND GARY: RADIO IMAGING

dt = 5 min

dt = 10 min

somebandwidthin order to improve samplingin the Fourier
domain [Conwayet al., 1990] and therefore reducesidelobe
levels.In addition,we assumethat many short antennaspacingsare neededfor goodsurfacebrightnesssensitivity,
while at
the same time the requirementfor an angular resolutionof
order 40"/v9requiresmaximumbaselinesof 1.5km, where v9is
the frequencyin gigahertz.

antennas

lOOO

5OO

We considera 37-elementarray (Figure 2). The arrayhas
three linear armsarrangedin an inverted"Y" (120ø between
arms), 12 elementsin eacharm, plus one in the middle.The
distancebetweenantennasalongeacharm is initiallygivenby
d =ab n, wheren = 0,...,ll,
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Figure 2. The modelarrayconfigurationusedfor both direct
and approximatedifferentialdetectionschemes.Twelveantennas are distributedlogarithmicallyalong each arm.

A hypothetical 37-element Y-shaped array

instrumentmaybe used to detect and image CMEs with an

b = 1.5, anda = 3m. This

logarithmicspacingis chosenso that when frequencysynthesis
techniquesare employed,samplingover a bandwidthratio of
1.5 allowscompletespatialsamplingin the radial directionout
to the maximum baselinelength. The site latitude qbof the
model instrumentwaschosento be qb= 35ø.In order to obtain
a circularinstrumentalpoint spreadfunctionwhen the Sun is
at zero declination,the north-southspatialcomponentsof the
antennalocationshavebeendividedby cosqb;that is,the array
hasbeenstretchedNS by a factor 1/cosqb• 1.22.The resulting
length of the east and west arms is roughly818 m, while the
north arm is 942 m long. The maximumbaselinelengthsare
about1.5km, yieldingan instrumentalresolutionof roughly84
4. MHz
Frequency
synthesis
formed
using
arcFigure
secat 500
(X = 60
cm), 28 maps
arc sec
at 1.5 GHz
(Xapproxi=
mate differentialdetection.The time differencebetweensnap20 cm), and 2.8 arc secat 15 GHz (X = 2 cm). Many other
shotsis (a) 5 min, (b)
10 min, (c) 20 min, and (d) 30 min.The
antennaconfigurations
are possible,of course.A studyto idencontour levels are _+30, _+50, _+100-,_+15o, and _+200-.Note
tify an optimum configurationwill be needed once all science
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Some (rare) examples of thermal
radio CMEs
• Gopalswamy & Kundu 1992.
Observation made in 1986
using Clark Lake
Radioheliograph at 73.8
MHz.
v 𝑇>_|}~ ≈ 1×10f K
v 𝑛< ≈ 9.5 × 10• cm0j
v 𝑀|}~ ≈ 2.7 × 10hf g

disk.

northwest quadrant of the occulting disk of the coronagraph.
Figure 2 shows the radioheliogram obtained with the GRH at
04:55 UT, the same day. Figures 3, 4, and 5 show the radio
difference images corresponding to 05:05, 05:15, and 05:25 UT,
with respect to the 04:55 UT image. In addition to the discrete

emission in close spatial correspondence with the white-light
CME described above. Its estimated peak brightness temperature
(Tb) was found to be ∼105 K. A comparison of the LASCO and
GRH difference images clearly indicates that the radio enhancement moved in the same direction as the white-light CME. Also,
their appearances are closely similar. We therefore conclude that
the former is the radio counterpart of the latter. We estimated
the velocity of the “radio CME” from the displacement of its
centroid in the difference images (Figs. 3, 4, and 5), and the

Another example
• White light CME
L164

RAMESH, KATHIRAVAN, & SASTRY

Vol. 591

No. 2, 2003

Fig. 2.—Radioheliogram obtained with the GRH on 2000 November 24
around 04:55 UT. The peak Tb is ≈4.18 # 106 K, and the contour interval is
0.27 # 106 K. The open circle at the center is the solar limb. The instrument
beam is shown near the bottom right corner.

Fig. 1.—Difference image (05:54–05:06 UT) of the CME event observed
with the LASCO C2 coronagraph on 2000 November 24. The inner circle
indicates the solar limb, and the outer circle is the occulting disk of the
coronagraph. It extends approximately up to 2.2 R, from the center of the
Sun. Solar north is straight up, and east is to the left. The CME can be clearly
noticed as a bright structure above the northwest quadrant of the occulting
disk.

Fig. 4.—Same as in Fig. 3, but the timings are 04:55 and 05:15 UT. The
peak Tb is ≈6.1 # 106 K, and the contour interval is 0.39 # 106 K.

Ramesh, Kathiravan & Sastry 2003,
from Gauribidanur Radioheliograph in
India at 109 MHz
northwest quadrant of the occulting disk of the coronagraph.
Figure 2 shows the radioheliogram obtained with the GRH at
04:55 UT, the same day. Figures 3, 4, and 5 show the radio

EVOLUTION OF “HALO

Fig. 3.—Difference image obtained by subtracting the radioheliogram obtained at 04:55 UT from 05:05 UT. The peak Tb is ≈6.08 # 106 K, and the
contour interval is 0.34 # 106 K.

sources on the disk, one can clearly observe enhanced radio
emission in close spatial correspondence with the white-light
CME described above. Its estimated peak brightness temperature
(Tb) was found to be ∼105 K. A comparison of the LASCO and
GRH difference images clearly indicates that the radio enhancement moved in the same directionFig.
as the
white-light
CME.
Also,
5.—Same
as in Figs.
3 and
4, but the timings are 04:55 and 05:25 UT.

