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Nelson & Labrum, (1985)



Radio Bursts

Type | bursts are due to evolution of active regions
Type Il radio bursts due to shocks
Type Il radio bursts due to electron beams

Type IV bursts are due to electrons trapped in moving
or stationary magnetic structures during an eruption

Type V bursts are variants of type Ill bursts

To study solar eruptions, one uses type I, Type lll &
Type IV

Note that radio bursts are produced by energetic
electrons, that need to be accelerated to keV energies

Connection to particle acceleration = Space weather



CMEs and Radio Bursts
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Hot Plasma

Radio bursts are due to accelerated

electrons propagating along open Current y,X-rays,n
magnetic field lines sheet |V, Photosphere
or trapped in closed field lines D) D)

—> lons are simultaneously accelerated Post-Eruption Arc/de Gopalswamy 2006
—> good & immediate indicators of particle (Flare loops) modified from

acceleration Martens and Kuin 1989



Radio Bursts

Type Il bursts are indicators of
CME-driven shocks — important
for space weather

Can be observed from ground
(e.g. CALLISTO)

Eruptive Confined

X-ray, Microwave bursts, y-rays X-ray, Microwave bursts, y-rays

(Sunward electrons, ions) (Sunward electrons, ions)
CME Shocks - Type Il bursts

(outward electrons — type Ill, SEPs

Radio bursts are due to accelerated electrons from ~1 keV to >1 MeV
Indicate acceleration of ions — important for space weather
Indicate shocks and CMEs — important for space weather (mag. storm)



CALLISTO

CALLISTO is a Radio Spectrometer
donated/manufactured at ETH Zurich: Dr.
Christian Monstein

Host institution provides Antenna, PC, internet,
oower

Dr. Monstein sends the instrument to the host
with instructions or installs in person

At present, the CALLISTO network observes the
Sun 24/h

Data from all observatories available at a central
location (Switzerland)
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ISWI/CALLISTO

Spectrometer Ooty/India operational

Spectrometer Gauribidanur/India operational

Spectrometer Badary/Irkustk/Russian Federation operational
Spectrometer CINESPA/Costa Rica operational

Spectrometer Unam, Mexico operational

Spectrometer Switzerland 3 spectrometers (Bleien, Zurich and
Freienbach) operational

Spectrometer KASI Daejeon South Korea 2 spectrometers
operational

Spectrometer ROB/Humain operational

......... Austria, Germany

In total, 36 spectrometers worldwide most of them operational
More on the way: Ethiopia, Spain



MONTH OF THE YEAR

CALLISTO Coverage of the Sun

courtesy: Monstein
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Low-latitude Station: Ooty, India

Mid-latitude Station: Bleien, Switzerland

Uniform coverage throughout the year More coverage during Summer months

Less coverage during Winter months



Current CALLISTO Coverage of the
Sun

Hole

allista Caverage

7

MONTH OF THE YEAR

0 2 4 6 8 10 12 14 16 18\20 22 24
UNIVERSAL TIME Hole



Data Access

Relevant links can be found here:
http://e-callisto.org/

All Data can be found here:
http://soleil.i4ds.ch/solarradio/callistoQuicklooks/




Use CALLISTO Datal

CALLISTO produces science quality data
Detects tiny eruptions from the Sun

CALLISTO data being utilized for a Indo-US
project on solar eruptive events

Need to identify a set of good instruments for
continuous coverage over the whole
frequency range

CALLISTO is one of the success stories of ISWI
Instruments



Dynamic Spectrum from CALLISTO
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Type Il bursts are produced by
shocks in the corona and IP medium
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The three frequencies
used by Payne-Scott et al

The dynamic spectrum shows the

burst intensity variation in the

frequency — time plot

Type Il burst with fundamental-harmonic
structure (F-H) and band splitting (H1,H2)



Type |l bursts

Shock origin confirmed by in situ observations
of shock, radio burst, plasma waves in the
vicinity of Wind spacecraft

Shock source was thought to be flare blast
waves and/or coronal mass ejections (CMEs)

SOHO observations showed that type Il bursts
occur only in association with CMEs

Type Il bursts are indicators of shock-driving
CMEs



Radio Observations

Type Il burst from Clark Lake

73.8 MHz

Gopalswamy, 2000

* Mainly spectra:

- RSTN, CALLISTO, HiRAS, Potsdam,
IZMIRAN, Nancay, ... (ground based)

- Wind/WAVES, STEREO/WAVES
(space)

* Imaging: only from ground:

- Gauribidanur Radioheliograph
(India)

-Nancay Radioheliograph (France)

-Murchison Widefield Array
(Australia), LOFAR (Netherlands)

RSTN, CALLISTO have 24 — hour coverage



Imaging is best, but expensive

GAURIBIDANUR RADIOHELIOGRAM - 109 MHz
CME onset 08:02 UT

CME speed 804 km/s
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Imaging tells that the type Il is from
the flank of the CME. We cannot get
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Spectra vs. Imaging

Radio images made by the Nancay Radioheliograph showing a radio bursts moving out. The
burst is due to energetic electrons trapped in CME magnetic structures.

However, the spectra are very useful in understanding the properties of the shock and the
medium in which the shock propagates.
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Density decrease in the corona =2 drift of radio
emission in dynamic spectra

Leblanc density model
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1 Rs = 700,000 km. Earth at 214 Rs.
Plasma frequency = 9x10°n"* MHz



Emission Frequency Tells the
Heliocentric Distance

Ne (cm’3) f,
low corona > 10° > 100 MHz
~ 10 Rg ~10° ~ 1 MHz
~30Ry | ~1.510° | ~350kHz
~1 AU ~ 10 ~ 30 kHz

Emission frequency f = plasma frequency f, or 2f




How to get the shock speed?

f = 9x103n"* MHz plasma frequency (emission takes
place at this frequency or its harmonic)

df/dt = (df/dr)(dr/dt) =(V/2) f n"(dn/dr) using the
relation between f and n; V is the shock speed
(dr/dt)

(1/f) df/dt = (V/2L), with L = | (1/n)dn/dr |

From the dynamic spectrum From the density model

V = 2L. (1/f) df/dt e.g Newkirk model
Saito Model



Frequency [MHz]

Shock Source:
coronal mass
ejections
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Type Il burst starts exactly at the time the
shock appears in the corona at 1.2 Rs (this is
the leading edge method)
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Where does the shock form? Or What is the
shock/CME height when the type Il bursts starts?

2010/06/13

05:30

Start Tim —dJun—

V=]

Start Tim F—dun—

CME starts at 5:34 at 1.13 Rs; Type |l starts at 5:36 when the CME at 1.17 Rs; shock 1.19 Rs
f =150 MHz = n. =2.8x108 cm-3 Gopalswamy et al., 2012 ApJ
p p ’



Wave Diameter Method:

The shock is hemispherical around the CME, so the shock height
above the surface is half of Wave Diameter
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AIA 193: 2011/02/13 17:32:21
AlA wave radius @ type |l onset = 0.14 Rs = Shock height in EUVI

400 MHz =2 n, = 1.98x10° cm3




Frequency [MHz]

Leading Edge Method applied to White-light
Data: CME already in the coronagraph FOV
when type |l occurs

06:00 06:06 06:12 06:18 06:24 06:30 06:36 R G
2 Aug 2011 6:10.

fp =40 MHz - 1.98x107 cm Shock formation height is large: 1.93 Rs




Where in the Corona do shocks form? Statistics

32 Type Il bursts
STEREO CMEs

Type Il heights
indicate overall
density decline
with height
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Coronal density = lonospheric density at 2 Rs

Leblanc density model
100804 1T T 71—}

107
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disturbances beyond 2 Rs (i.e., type Il bursts below 15 MHz)



Three Types of low-frequency bursts that can be
observed only from space: type lll, type I, type IV
WlnleAVES 2005!01!15 07 42

CME
(2050 km/s)
N16EO4

it

C3: 2005/01/15 07:42:06 — 06:00 08:00 10:00

When the shock is at a distance of 18.82 Rs, the Type Il burst occurs at 450 kHz as
observed by the WAVES experiment on board Wind (n = 2450/cc)
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A CME with Type Il, SEP event & Shock at 1-AU:
Radio helps track CMEs from the Sun to earth
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Shock, Type Il, & Langmuir Wave
at Wind Spacecraft
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Type Il burst at low & high frequencies
appearing simultaneously

100.0 -
10.0 %

1.0

C3 2003/06/17 23 42

Frequency [MHz]

Curved shock crossing low and
high-density regions simultaneously .1
- different shock speeds,

- different Alfven speed profiles

- Different drift rates, but a single shock

Flank & Nose? 22:30 23:00 23:30 00:00 00:30
17 Jun 2003 UT

m = metric; DH = Decameter-hectometric



Type Il Burst Related to CME-driven Shock

Schematic dynamic spectra showing type Il freq. range

drift rate df/dt vs. frequency f
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Inner corona: o ~6; for € = 1.07, B = - 0.79 (CME still accelerating) ¢ = (q + 28 + 2)/a
Outer corona: a ~4; for € = 1.5, B = 0 (CME attained constant speed)
IP medium: a ~2; fore = 2.7, B =+0.7 (CME decelerates due to drag)
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Walpothy [(km/s)

Speed Evolution in HI 1 FOV
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Possible reason for the slope change in the
dynamic spectrum of the IP type Il burst
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Type Il Bursts and SEP Events



SEP association higher when type Il occurs
at metric and longer wavelengths
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What Fraction of Radio-loud CMEs
Produce SEPs?

Sources of CMEs associated with
DH type Il bursts

235 DH CMEs | owinser
100k =59 1 X: wo. SEP RN
R=78 expl-(“py /2] ﬁ
i : 7/ b |
] ”j x/

‘\\\“‘ ”,// |

<90-90 -45 0 45 90 >90 S
Longitude [deg]

Answer: About 50% because magnetic
connectivity needed for SEPs, not for EM radiation



Low Frequency Type IV

b I " sl VO i T
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Flare s:te
Type IV Tall Ioops
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Type IV Bursts

15 20

(a) 42 Type IVs (c) 42 Type IVs
(f.in)=6.6 MH

—
n
—

Rarest of the three burst
types —only 42 in solar
cycle 23

DH Type IV bursts are
continuation of metric
type IV bursts down to ™
2 MHz

# of DH Type Vs
# of DH TypelVs
>

n

LQst up to a he|ght Of 4- 1996 1998 2000 2002 2004 2006 1.5 35 55 75 95 11.5
5 RS (derived from the 2 Year £ Minimum Freauencv IMHz1

minimum frequency of ~3 (b) 40 CMEs (d) 40 CMEs
MHz) Al (V)=1526 kmj’sl A non-halo: (W)=166

Associated with energetic
CMEs — similar to Type
I|/SEP associated CMEs

Some big SEP events do
not have LF type IV

2F  Full Halos: 71%

# of CMEs
# of CMEs

250 750 1250 1750 2250 2750 60 140 220 300 Hale
CME Speed [km/s] CME Width ldeal



CME-associated Type Ill Bursts

Long-duration, low-frequency type Il bursts initially
thought to be due to shock acceleration (Cane et al,,
1981); but now believed to be due to flare
reconnection (MacDowall et al., 1987; Reiner et al.,
1999; 2000).

Presence of a fast CME is essential for their
occurrence (Gopalswamy et al., 2000); the shock
origin is not completely ruled out (Bougeret et al.,
1998; Dulk et al., 2000)

Type Il bursts lasting for > 20 min seem to be linked
to SEP events (Cane et al. 2002; MacDowall et al.,
2003; 2009) : Flare origin for SEPs?

Cliver and Ling (2009): type lll intensity did not
distinguish between impulsive (flare) and gradual
(CME) SEP events.

The presence of a complex long-duration, low-
frequency type lll burst is not a sufficient condition
for SEPs (Gopalswamy & Makela, 2010, 2011)

Frequency [MHz]

20:00 20:10 20:20 20:30 20:40 20:50 21:0C
9 Apr 2004




#of Events

CME-driven Shocks, SEPs, Type lls:
Close Physical Relationship

Carrington Rotation

1900 1920 1940 1960 1980 2000 2020 2040 2060

30T Flares (M & X) /5
- Fast & Wide CMEs
251 >10 MeV
- DH Type-lis
20 :_Shocks
15f (P
{ _
+ M N
[ | I j -
[ || ' Il
|||||l|J 'Wu IHH‘ i#ld ﬁi‘ |I|I‘L I.JI !||| |

Jan 1997 Jan 2000 Jan 2003 Jan 2006

Fast: CME speed = 900 km/s; CME width > 60 degrees

The numbers are similar
within a factor of 2, except
for flares.

DH type Il and FW CMEs
have roughly the same
number

# SEP events ~ half the #
DH type Il bursts

Some FW CMEs are radio
quiet

Some slow CMEs have DH
type Il and SEPs

Some IP shocks are radio
quiet



CME, Flare, Shock, Type Il, SEP — All Closely Related

IP shocks detected in situ by
Spacecraft such as Wind, ACE
and SOHO

shock at 1 AU

GOES11 Praton Flux (5 minute data) Begin: 2005 May 13 CO0D UTG
10'E E H 3

10 MeV

Shocks accelerate
electrons and ions

w=

50

s=

May 13 May 14 May 15 Moy 16
Universal Time

Type I I I bu rsts a re Updated 2005 May 15 23:56:03 UTC NOAA/SEG Baoulder, CO USA
due to electrons

from flares

Type Il Radio Bursts indicate
CME-driven shocks at various distances
from the Sun (emitted by accelerated electrons)

adapted from Lee 1997

Shocks studied using type Il bursts, CMEs, and in-situ plasmag observations



Summary

e Radio technique is very useful for solar
terrestrial relationship (CMEs, shocks, electron

beams)
e The CALLISTO instrument is an ISWI

instrument currently deployed in many
countries providing 24-h coverage of the Sun



