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Abstract

The radio telescopes that are presently in operation specifically to study the Sun are
limited. We have: (1) the Nobeyama radioheliograph in Japan operating at 17 and 34
GHz; (2) the Nangay radioheliograph in France which observes in the frequency band 150-
450 MHz; and (3) the Gauribidanur radioheliograph (30-150 MHz) operated by Indian
Institute of Astrophysics at Gauribidanur Radio Observatory near Bangalore. Since the
electron density (V) and hence the plasma frequency (f,) decreases radially outward in
the solar atmosphere, the radio emission at different frequencies originate from different
heights. For example, 30-150 MHz emission is generally emitted over the height range of
~ 1 — 2 solar radii above the photosphere. The above frequency range is well suited for
observations of enhanced radio emission (both thermal and non-thermal) from the solar
corona. Presently, it is difficult to observe the white light emission from the solar corona
in the above height range even with space coronagraphs because of various practical
difficulties. Radio observations play a useful role to understand the different coronal
phenomenon along with observations from space at different wavelengths. To have a better
understanding, it is essential to have polarization information in addition to imaging and
spectral observations. The existing observations with the Gauribidanur radioheliograph
(GRAPH) and Gauribidanur Low-frequency Solar Spectrograph (GLOSS) are limited
to two-dimensional imaging (Stokes I) and one-dimensional spectral mode (Stokes I),

respectively.

The recently commissioned one-dimensional Gauribidanur Radio Interference Polarimeter
(GRIP) is in operation in both Stokes I and V modes. As part of building the array, I have
been involved in design and fabrication of antennas, analog and digital receiver systems.
I also carried out different test measurements like characterization of antennas, phase

equalization of coaxial cables, radiation pattern measurements, RF network cabling in
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the field /receiver room and other interferometric measurements. The GRIP consists of
40 frequency independent antennas (log periodic dipoles, LPDs) mounted independently
in 0° and 90° orientation (with respect to the terrestrial north) for the measurement of
polarized radio emission from the solar corona over the frequency range 30-150 MHz.
LPDs were used because of the broad frequency coverage. The observations are limited to
the circularly polarized radio emission (Stokes V) that arises due to propagation effects
and also due to the non-thermal emission mechanisms which occurs frequently in the solar
corona. Any linearly polarized emission (Stokes () and Stokes U) that is generated at the
source region cannot be observed over the typical observing bandwidths (kHz/MHz) used
in radio astronomy, since the same are depolarized due to Faraday rotation in the solar
corona and Earth’s ionosphere. I was involved in the design/development and fabrication
of the associated front-end analog electronics, back-end digital receiver system, and the

data acquisition/observational /data analysis software.

Weak non-thermal radio activity are often noticed in the solar atmosphere. But their
energy budget and the strength of the associated magnetic field were not established.
Observations with the GRIP indicate that the estimated energy of the frequently observed
type I radio bursts are ~ 10?! erg. These are the weakest energy releases reported in the
solar atmosphere as on date and they belong to the category of picoflares which is one
of the suggested mechanisms to heat the solar corona. We also estimated the associated

magnetic field and it is in the range ~ 200 — 1000 mG.

At present, measurements of coronal magnetic fields in white light are not possible due to
various practical difficulties. By making use of indirect radio methods, the magnetic field
strengths of corona is possible to estimate. Using the polarization observation of the group
of type III radio bursts the magnetic field strength of the solar corona was estimated in
different approaches. Firstly, the limb events whose degree of circular polarization (dcp)
is less than 15% was selected. It is known that such events are due to the harmonic

emissions which give the clue to estimate the magnetic field. On the other hand using



xiii

quasi-periodicity of the mentioned events, the magnetic field was estimated at 1.3 R
(80 MHz). These estimated results are consistent with the existing empirical models and

other reported observations.

Type IVm radio bursts occurs in association with coronal mass ejections (CMEs) and the
source moves in the solar atmosphere with approximate speed of CME. Using GRIP, a
CME associated moving type IV burst was observed at 40 and 80 MHz. A weak circularly
polarized radio emission was observed in both the frequencies. Observationally it was
identified that origin of type IVm burst was due to the gyrosynchrotron emission. Hence
by knowing the dcp and emission mechanism the associated magnetic field strength was

estimated at height of ~ 1.9 and 2.2 R.

Occultation studies of the Crab nebula by the solar corona was carried out in the po-
larimetric mode. We expected to observe circularly polarized radiation, since there could
be possible density inhomogeneities (with associated magnetic field) in the line of sight.
But we did not observe any such emission. It is possible that the polarized signal, if
any were present, was too weak to detect. However the observations lead to scattering
studies at different heights in the lower heliosphere. Observationally it was known that
the flux density of the Crab nebula decreases during its ingress and regains during egress.
The flux density vanished when the Crab nebula was close to solar disk, (in mid June)
~ b R. Based on the occultation observations in years 2011 and 2013, level of turbulence
(C%) at different height in the corona was estimated. It was found that the estimates
of C%(r) were higher compared to the similar reports from VLBI observations. Using
the estimated C% values the angular broadening measurements was carried out and the

results are consistent with earlier empirical equations.

We designed and fabricated a cross-polarized log periodic dipole (CLPD) antenna system
to study the circularly polarized radio emission from the solar atmosphere. The perfor-
mance study of the CLPD was carried out and found that for commercially available

CLPDs are having the isolation > —20 dB which are not suitable to have a precise polar-
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ization measurements. Our designed CLPD has the isolation as low as < —40 dB. Using a
narrow bandwidth (= 65 — 85 MHz) CLPD, two element interferometric polarimeter was
constructed and observed the circularly polarized radio emissions from the solar corona.
By designing the broad band CLPD with improved isolation, it can be used in building
the imaging instruments to have the polarized two-dimensional maps of the solar corona.

Also they can be used as feeds for dish antennas.
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Chapter 1

Introduction

The Sun is a source of energy for all living beings on the Earth and a cosmic laboratory for
the plasma, nuclear, and atomic and molecular physicists. The Sun is of increased interest
to the astronomers because of its closeness to the Earth and influence on solar terrestrial
activities. The dominant magnetism of the Sun makes it more dynamic in nature. The
Sun was formed = 4.6 billion years ago and at this epoch, the Sun is a normal main-
sequence star of spectral class G2V and its apparent and absolute stellar magnitudes are
~~ -26.74 and 4.8 respectively. The Sun follows a 11 year cycle in which the number of
sunspots reaches a maximum (solar maximum) and then declines to a minimum number
(solar minimum). Many of the solar phenomena correlates with this solar cycle. Also,
polarity of the Sun’s magnetic field flips once in two solar cycles (22 years) which is called

solar magnetic cycle or Hale cycle [Hale et al., 1919].

1.1 Solar interior

The solar interior is divided primarily into three layers as shown in the Figure 1.1: The

core, the radiative zone and the convective zone. Heat is generated by nuclear fusion
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reactions at the center of the Sun called the core where Helium (*He,) is formed from the

Hydrogen ( 'H;) by proton-proton cycle which is shown below.

4 'H, — “*He, + 21 + 2 + 26.7 MeV

In the above reaction, =~ 26.7 MeV energy is released in the form of high-frequency
v-rays and two neutrinos (denoted by v with energy ~ 0.5 MeV). These neutrinos are tiny
and can escape from the solar interior. They provide direct diagnostics of the Sun’s core.
The neutrino flux suggests that the temperature of the core is ~ 12 x 10 K [Priest, 1982,
pp13]. The core is &~ 25% of the visible disk of the Sun (radius = 1 Rg =~ 6.96 x 105 km).
The density of the core is ~ 150 g cm ™ which is about 10 times more than the density
of the gold (Au).

Radiative zone extends over the range ~ 0.25 — 0.70 R i.e. from the outer layer
of the core to the interface layer or the tachocline. In this zone the energy is transported
in the form of radiation. Although the photons travel at the speed of light, they bounce
several times in the dense material. Due to this it takes about a million years for an indi-
vidual photon to reach the tachocline. The density in the radiative zone is ~ 0.2 g cm ™3,

which is less than the density of the water (=~ 1 g cm™3).

Outer most layer of the solar interior is the convective zone which is at a depth of
~ 0.3 R, from the solar surface. Temperature at the base of this zone is ~ 2 x 10¢ K. The
energy transport in this zone is via convection. The convective motions carry heat very
rapidly to the solar surface. The surface temperature of the Sun (photosphere) a~ 5800
K.
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Fig. 1.1: The Figure shows the different layers of the Sun and its influences on the space weather
and Earth. Image Credit: http://svs.gsfc.nasa.gov/goto?30481

1.2 Solar atmosphere

The solar atmosphere is categorized into four distinct regions: the photosphere, the chro-
mosphere, the transition region and the corona. The density in the Sun decreases with
increasing height from the surface. As a consequence the emissivity also decreases. Most
of the visible radiation originates from a thin spherical layer of thickness ~ 300 km. This
layer is called the photosphere and is the source of the continuous solar spectrum. The
spectrum also includes dark Fraunhofer lines over the continuous solar spectrum which
arises due the selective absorption by the atoms and molecules present in the region of

the formation of photosphere spectrum.

Above the photosphere, there is another spherical layer with thickness of ~ 2000
km with temperature of ~ 10* K. It is called the chromosphere and is observed mainly
during the total solar eclipse when the Moon occults the bright photosphere. In the chro-
-3

mosphere the density drops from =~ 10'® cm™ (density of photosphere) to ~ 10 cm

Outside of eclipses, the chromosphere can be observed using the H, (6563 A°) and Ca
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K (3934 A°) spectral lines. Radio observations at millimeter wavelengths correspond to
the observations of the lower chromosphere. Centimeter observations originate at middle
and upper chromosphere. For example, 1.4 GHz observations originate at the top of the

chromosphere.

From the top of the chromosphere, temperature gradually increases from ~ 10* K
to 10° K within a thickness of ~ 100 km and this region is called the ‘transition region’.
This region is observed in strong EUV resonance lines of heavy ions of Fe XV, Mg IX, Ne
VII, O VI and O IV. These lines originate at different temperatures. In the radio band,
decimeter wavelength observations originate at the heights where the transition region

exists.

Immediately after the transition region, a tenuous plasma region with temperature
of ~ 1 x 10% K exists. It extends millions of kilometers outwards and merges with inter
planetary medium. This layer is called the ‘corona’ which is further divided into three
distinct layers: 1. lower corona within ~ 1.2 R., 2. middle corona which lies between
~ 1.3 and 3 R, and 3. outer corona which extends outwards from ~ 3 Rs. The Sun and
its corona can be observed at almost all wavelengths of electromagnetic spectrum using
different observing techniques. Each wavelength of observation corresponds to a specific
height of the solar atmosphere. For example, the photosphere is observable at visual
wavelengths, the chromosphere is observable in H, and microwave frequencies. Solar
corona can be observed in soft X-rays (SXR), hard X-rays (HXR), extreme ultra-violet
(EUV), ultra-violet (UV), ~-ray, infra-red (IR), and radio frequencies. While centimeter
and decimeter wavelengths observations are used to probe the lower corona, the middle
corona is observed at meter and the decameter wavelengths. The outer corona is observed
over the frequencies corresponding to hectometer and kilometer wavelengths. The latter
observations need to be carried out from space since the Earth’s ionosphere reflects the

radiation back into space at very low frequencies < 10 MHz.

The solar corona is 107 times fainter than the photosphere at visible wavelengths
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and rapidly decreases to 1072 times within 1 R, from the solar limb. So ground based
white light observations of solar corona is possible only during a total solar eclipse when
the Moon occults the photosphere. Such observations are limited because the solar eclipses
that can seen from Earth are a rare phenomenon, occur at different locations, times and
also lasts only a few minutes. The solar corona can be observed at visible wavelengths
using a coronagraph in which the photosphere is occulted by an artificial occulter. Coro-
nagraphic observations are usually carried out from the space to avoid the scattering
effects in the Earth’s atmosphere. Microwave and radio observations of the chromosphere
and corona can be carried out from ground. SXR, HXR, EUV observations of the solar
atmosphere need to be carried out using space borne instrumentation, since the Earth’s
atmosphere is opaque to the above radiation. Low-frequency radio observations of the
solar corona can be used to understanding the long standing mysteries like coronal heat-
ing, coronal magnetic fields, coronal mass ejections etc. More details on solar interior and

solar atmosphere are found in Priest [1982], Stix [2002].

1.3 Observations of solar corona

Space missions to understand the solar corona started with the satellite series Orbital
Solar Observatory (OSO-1 to OSO-8) which carried instruments for observations in EUV,
SXR and HXR. Multi wavelength (White light, X-ray, EUV and UV) observations began
with launch of Skylab which was followed by Solar Maximum Mission (SMM) and Hintori.
The instruments onboard the latter two missions operated at the following wavelengths:
v-ray, HXR, SXR EUV, UV and Infra Red (IR) and White light. Many interesting results
on the solar corona were obtained with the Yohkoh mission. The latter had instruments
that operated at SXR, HXR and v-ray wavelengths. Major solar mission, called the Solar
Heliospheric Observatory (SOHO), jointly built by European Space Agency (ESA) and

National Aeronautical Space Administration (NASA) was launched in the nineties. The
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spacecraft had instruments to study helio seismology, solar atmosphere and to monitor
the solar wind. Some of the instruments are Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) telescope, Coronal Diagnostic Spectrometer (CDS), Extreme Ultra-
violet Coronagraph Spectrometer (UVCS) and Large Angle Spectroscopic COronagraph
(LASCO). LASCO has the coronagraphs known as C1, C2 and C3 which operate in the
range 1.1 — 3 Ry, 2 — 6 Ry and 3.7 — 32 R, respectively [Brueckner et al., 1995, Fleck
et al., 1995, Domingo et al., 1995]. Out of the above listed three coronagraphs, C1 is
presently not operational. Transition Region And Coronal Explorer (TRACE) is another
telescope which works in the EUV, UV, White light, H I Lyman « and C IV. It pro-
vides high spatial resolution images. (Reuven) Ramaty High Energy Solar Spectroscopic
Imager (RHESSI) was launched to study the physics of particle acceleration. Review on
these instruments with references are given in Aschwanden [2004], Golub and Pasachoff
[2009]. POLAR [Silvio Orsi, 2010], Interball [GalEzperin et al., 1995], Advanced Com-
position Explorer (ACE) [Stone et al., 1998], Solar TErrestrial RElations Observatory
(STEREO) and Solar Dynamics Observatory (SDO) [Pesnell et al., 2012] etc, are few
more missions which are currently in operation. STEREO employs two nearly identical
space-based observatories: one ahead of Earth in its orbit (STEREO/A) and the other be-
hind (STEREO/B). STEREO has different instruments: (1) Sun-arth Connection Cornal
and Heliospheric Investigation (SECCHI) whose primary science target is to observe the
3-D evolution of CMEs from close to solar surface through the corona and interplanetary
medium including the impacts of CMEs on Earth. (2) SWAVES is aimed to study the
interplanetary radio bursts. (3) In-situ Measurements of Particles And CME Transients
(IMPACT) and (4) PLasma And Super Thermal Ion Composition (PLASTIC) [Kaiser,
2005, Kaiser et al., 2008].

Ground based observations of the solar corona is possible at optical and radio regimes
of the electromagnetic spectrum. Coronal observations from the ground is carried out at

high altitude sites like the Mauna Loa Solar Observatory (MLSO), Hawaii which is oper-
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ated by High Altitude Observatory of Boulder, Colorado [Fisher et al., 1981, Golub and
Pasachoff, 2009]. Interferometric imaging instruments in the radio domain were devel-
oped/used to observe the corona. Few of them are Culgoora radioheliograph, in Australia
[Wild, 1967], Nangay radioheliograph, France [Kerdraon and Delouis, 1997|, the Very
Large Array in New Mexico [Murdin, 2000], Owens Valley Radio Observatory in Califor-
nia [Gary et al., 2011}, RATAN-600 in Russia [Korolkov and Pariiskii, 1979], Nobeyama
radioheliograph at Nobeyama Radio Observatory in Japan [Nakajima et al., 1994], Clark
lake heliograph [Erickson et al., 1982], and Gauribidanur Radioheliograph [Ramesh et al.,
1998] etc. The recently commissioned, Murchison Widefield Array (MWA), located at
the Murchison Radio-astronomy Observatory (MRO) in Western Australia is also used
to observe the corona [Lonsdale et al., 2009]. Space based spectral radio observations
at less than 14 MHz are carried out using URAP-Ulysses [Stone et al., 1992], WAVES-
WIND [Bougeret et al., 1995], WAVES-STEREO [Kaiser, 2005, Rucker et al., 2005] etc.
Several ground based radio spectrometers located at different longitude zones are used to
observe the spectral signature of the transient emissions in the corona [Kondo et al., 1994,

Ebenezer et al., 2001, Gorgutsa et al., 2001, Benz et al., 2009].

1.4 Solar flares

Sudden and rapid brightening in the solar atmosphere is defined as a flare!. A flare is a
highly concentrated explosive release of energy in the solar atmosphere. In general they
are categorized into three phases: (1) a preflare stage which lasts few minutes. (2) an
impulsive/flash phase which lasts about 5 minutes. This is the most energetic phase of
the flare. The flare intensity suddenly increases during the impulsive phase. (3) The main
phase of a flare (after the impulsive phase) lasts for several minutes to hours depending

on its intensity. Various radio bursts (see section-1.7) are generated during the different

Thttp://hesperia.gsfc.nasa.gov/sftheory /flare.htm
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phases of a flare. High energy particles are also release from the Sun during intense flares
[McLean and Labrum, 1985, pp54]. Note that all flares not necessarily follow all the

phases.

The large flares have energy ~ 10%* erg. In the optical regime the solar flares are
classified based on the flare area and brilliance. An Sf is the smallest and faintest flare.
The flare area is represented by either S or 1 or 2 or 3 or 4 depending on whether apparent
area is less than either 200 or 500 or 1200 or 2400 or greater than 2400 millionths of the
solar disk. The flare brilliance is represented by either f or n or b depending on whether the
flare is faint or normal or bright. In this classification, Sf event is the smallest and faintest
flare, where as 4b is the largest and brightest flare. Solar flares are also classified A, B,
C, M, X based on their X-ray intensity. into different types: The letter ‘A’ signifies the
weakest energy whereas ‘X highest. Each letter represents different number: A = 1x1078,
B=1x10",0=1x10°% M =1x10"% and X =1 x 107* W m~2. Also each class
is divided into a logarithmic scale from 1 to 9. For example, M1 to M9, X1 to X9 etc.
Note that energy of the A2 flare is twice as an Al flare and so on. Solar flares can
radiate strong radiation at radio wavelengths [Bastian et al., 1998b]. The solar flares
can accelerate electrons to nonthermal energies and capable of producing high brightness

temperatures [White et al., 2001, Fletcher et al., 2011].

1.5 Coronal mass ejections

Coronal mass ejection (CME) is a huge balloon shaped bubble of gas that is ejected from
the Sun and expands as it propagates away from the Sun. They are caused by instabilities
in the solar magnetic fields which are constantly evolving. While majority of the CMEs
are associated with the solar flares and eruptive prominences, some of them occur in the
absence of both. A typical CME can eject ~ 10* g of coronal material [Carley et al.,

2012] and they can reach Earth in 1-5 days of time depending on its speed. The CMEs
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!, The energy

propagate through the ambient corona with speeds of ~ 10 — 3300 km s~
involved in this expulsion is ~ 103 — 10%? erg [Gosling et al., 1974, Gopalswamy and
Kundu, 1992, Ramesh et al., 2003, Gopalswamy, 2004, Hudson et al., 2006, Mittal and

Narain, 2009, Vourlidas et al., 2002, 2011].

The CMEs that propagate towards the Earth are called ‘halo” CMEs or Earth di-
rected events. Halo CMEs look bigger than the Sun as they appear as a ‘halo’ of bright
coronal emission around the Sun. They can cause geomagnetic storms, disrupt global
communication and navigation networks, satellite and power grid failure [Aschwanden,
2004]. The CMEs consists of mainly three parts when they propagate: the leading edge,

the cavity and the core of the CME [Howard, 2011] which are shown in the Figure 1.2.

1.6 Solar wind

The outflow of the stream of energized charged particles (electrons and protons) from
the Sun is called solar wind. The source of the solar wind is the 1 million degree kelvin
corona. It has been identified that the solar wind speed is high wherever the magnetic
field lines of force are open. Essentially this is the case for the coronal holes. The solar
wind speed is high for the coronal holes ( 800 km s™!) and low for the coronal streamers
( 300 km s7!). Note that the solar wind expands in all directions and is shown in the

Figure 1.1. For more details on solar wind see Stix [2002].

1.7 Radio Sun

In radio astronomy, the basic problems of the solar physics are dealt separately for the
sake of convenience by dividing them into following categories: (1) solar interior, (2) solar
atmosphere, and (3) origin of transient solar phenomena and solar activity, which include

the influences on space weather. Also the radiation from the solar atmosphere can be
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Fig. 1.2: The Figure shows the composite image of the solar corona observed with different
instruments and frequencies. Propagation of coronal mass ejections and other streamers are
clearly seen in the images which signify the multi-frequency observations. The solar disk shown
in the image is observed at EUV 30.4 nm and 17.4 nm using SDO/AIA, NASA and PROBA-
2/SWAP, ESA/ROB respectively. 1 — 3 R grey image is observed using the ground based
observations during the eclipse at Gabon and Uganda. 2 — 6 Rs, 4 — 33 R red/blue color
images are obtained in white LASCO C2, C3 respectively, on-board SOHO instruments. This
image shows the significance of importance of the observations of the solar corona at different
wavelengths. The image also shows the core, the cavity and the leading edge of the CME
observed on 3 November 2013. Image Credit: http://www.esa.int/spaceinimages/Images/
2013/12/Multiwavelength_solar_view
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broadly classified into two categories. (1) ‘undisturbed’ or ‘quiet’ Sun and (2) ‘disturbed’

or ‘active’ Sun.

1.7.1 ‘Undisturbed’ Sun

The Sun is said to be ‘undisturbed’ if there is no contribution from the transient events
to the observed brightness distribution. In this case, the Sun is viewed as a static, spher-
ically symmetric gaseous hot ball. Radio emission from the ‘undisturbed’ Sun follow the
Rayleigh Jeans law,
2

Bo(r) = 2L (1.1)
where as Bg(T) is called the brightness temperature, 7' is the temperature, f is the
frequency of observation, k£ is the Boltzmann constant, c¢ is the velocity of light. The
radiation from the ‘undisturbed” Sun consists of two components: (1) A steady back-
ground component which is due to the absence of any localized sources like: sunspots,
plages, active regions, filaments, prominences and other transient disturbances like solar
flares. In other words, the emission below which the solar flux never falls for periods of
months or years are said to be quiet Sun radiation and caused by the thermal emission of
the solar atmosphere [Kundu, 1965]. (2) The slowly varying component (S-component)
which originates from the high density regions of corona called ‘coronal condensations’.
This component is also due to the thermal emission whose temperature is ~ 2 x 10° K,
which exist over sunspots and chromospheric plage regions. The intensity of the radio
radiation changes slowly from day to day and has the period of about 27 days. At optical
wavelength the ‘quiet’” Sun is very clearly defined. Note that at radio wavelengths, in
general, no contribution from the active regions are present when the sunspot cycle is
in minimum phase. During the periods of sunspot cycle maximum, S-component has to
be distinguished separately from the ‘quiet’ Sun. S-component is observed primarily at

centimeter wavelengths (=~ 1 — 100 cm) with broad spectral peak at ~ 10 cm [Kundu,
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1965, Krueger, 1979, Burke and Tapping, 1995].

1.7.2 ‘Disturbed’ Sun

The radiation in the presence of discrete sources like active regions, transient flares, promi-
nences, coronal mass ejections etc, are more compared to the ‘undisturbed” Sun. These
discrete sources are associated with radio bursts. These radio bursts are non-thermal
in nature and brightness temperature (73) often exceeds ~ 107 K. The radiation from
the ‘disturbed’ Sun is also known as rapidly varying component or R-component. Photo-
spheric sunspots, filaments and plages erupt, and release energy in the order of ~ 103 erg.
Such eruptions lead to dynamic radio emission in the solar corona. During this period
the solar corona is no longer symmetrically spherical. Depending on the location of the

active regions the shape of the corona changes.

On meter wavelengths the bursts appear for few seconds to hours, and sometimes
continue as storms which fade after few hours to days. Such highly varying radio emissions
come under the category of R-component. Depending the morphology of the spectro-
gram/drifting speeds of the radio bursts, Wild et al. [1963] classified the radio bursts into
five principle types: (a) type I bursts/noise storms, (b) type II bursts/slow drift bursts,
(c) type III bursts/fast drift bursts, (d) type IV bursts/broad band continuum emissions
and (e) type V/continuum meter wave emissions. Apart from these, there exist a few more
complex bursts like: J burst, U burst etc. The ratio A f/At classify different types of the
bursts as mentioned above [Wild et al., 1963, Wild and Smerd, 1972, Dulk, 1985, Bastian
et al., 1998a], where Af is the bandwidth over the radio burst propagated through the
corona and At is duration of the bursts lasted. The classification of the different solar

radio bursts and their morphology is shown in the Figure 1.3.

(a) Type I bursts/Noise storms: Noise storms are frequently observed radio bursts

in the solar corona at meter wavelengths. Noise storms are the slowly varying (=~
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Fig. 1.3: This cartoon describe about the radio bursts which are frequently seen in the solar
atmosphere. Note that the classification of the solar radio bursts is done based on their drifting
speeds and morphology in the spectrograms. Image Credit: http://Sunbase.nict.go.jp/
solar/denpa/hiras/types.html
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5 MHz s™!) broad band enhanced radio emissions over which series of narrow-band
(Af/f =~ 0.025), short duration (=~ 1 s) spikes are superposed. Noise storms are
strongly circularly polarized emissions and originate due to the plasma oscillations in
the solar atmosphere. These bursts are generally observed in the frequency range of

~ 50 — 500 MHz [McLean and Labrum, 1985, pp415] .

Type II bursts/Slow drifting bursts: Type Il bursts are the slowly drifting
(~ 1 MHz s™!) bursts in the solar corona. In other words the source drifts with
a speed of &~ 1000 km s~!. These bursts are due to magnetohydrodynamic shocks
which occur in the solar atmosphere and last for few minutes. These bursts are ob-
served in frequency range of ~ 40-240 MHz. Type II bursts emit radiation at distinct
bands with a frequency ratio of &~ 2:1. These are called ‘fundamental’ and ‘har-
monic’ emissions which simultaneously originate from a single source. Polarization
measurements of type II bursts were carried out by Komesaroff [1958], Akabane and
Cohen [1961] and these bursts can be either unpolarized or weakly polarized. The
weak polarization of these bursts are due to the dispersion effects in the solar corona
caused by inhomogeneous magnetic field in the vicinity of the shock waves [McLean

and Labrum, 1985, pp333].

Type III bursts/Fast drifting bursts: Type III bursts are the fast drifting bursts
(=~ 100 MHz s7!) in the solar corona. They are due to electrons which stream along
the open magnetic field lines with a source velocity of 100,000 km s~! and excite
plasma oscillations. Type III bursts are classified into three types: isolated type III
bursts, groups of type III bursts and type III storms. These are weak circularly polar-
ized bursts with a degree of circular polarization (dep) < 50%. The weak polarization
of these bursts are due to the dispersion effects in the solar corona caused by inhomo-
geneous magnetic field in the vicinity of the shock waves [McLean and Labrum, 1985,

pp289].
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(d)

Type IV bursts/Broad-band continuum emissions: Type IV bursts are smooth
varying continuum emissions. They are weakly polarized and occur at centimeter,
decameter and meter wavelengths. Origin of these bursts is still uncertain and is
believed that they may originate due to gyro-synchrotron emission mechanisms. These
bursts may last for 10 minutes to few hours. Type IV bursts are classified into
two types (1) Stationary type IV bursts which are also called flare continuum. (2)
Moving type IV bursts in which the source propagates with the speed of mass ejections

[McLean and Labrum, 1985, pp361].

Type V bursts/Continuum meter wave emissions: These are the continuum
emissions that last for few seconds to few minutes. These bursts are seen mostly at
meter-wavelengths followed by type III bursts. Type V bursts are generally observed
in the frequency (< 200 MHz). The dcp of the type V bursts is < 0.1. First time
Wild et al. [1959] classified type IV bursts based on the wide spectra, long duration
and mainly their association with the type III bursts [McLean and Labrum, 1985,
pp325].

Apart from these, some more complex bursts often seen in the solar radio spectrograms

are U-type and J-type bursts. U-bursts initially resemble the type III bursts, and later

the frequency drifts in reverse direction which appears as an inverted ‘U’ in the dynamic

solar radio spectrum. The J-bursts are similar to the U-bursts provided they do not show

the reverse stroke [McLean and Labrum, 1985, pp322] .



groups/storms

S. Type Event Associated EM|Af At dcp
No. Characteristics phenomenon (MHz) (%)
Narrow band, short Active regions, Single burst ~ 1s
1 Type I duration spikes superposed | flares, Eruptive | PE 50-500 MHz Noise storm: ~ 50 — 100%
over a continuum emission | prominences few hours to days
Slow drifting Flares,
2 Type 11 1 MHz s~ 1, MHD shocks, PE 20-150 MHz 3-30 mins ~ 50%
Second harmonics proton emissions
Fast drifting
20 MHz s—! Isolated~ 1 —3 s
i i F~ 50%
3 Type III occurs as isolated, g;f;e FeBIons, PE 10 kHz-1 GHz | Groups ~ 1 — 10 mins H< 30<y(;
groups, storms Storms &~ mins-hours ~
Second harmonics
Smoothly varying l
4 Type IVs | broad band continuum ares, L. GS 20 MHz-2 GHz | Hours-days ~ 50%
Proton emissions
Smoothly varying Eruptive increases
5 Type IVm | broad band continuum prominences GS 20-400 MHz 30-120 mins from low to
Slow drifting MHD shocks ~ 100%
Smooth, short lived
continuum emission Active regions, . very low
5 Type Vv follows Type IIT Aares PE 10-200 MHz 1-3 mins (< 10%)

Table 1.1: Radio bursts/emissions are briefly discussed in the Table. EM: Emission mechanisms, PE: Plasma emission, GS: Gyrosyn-

chrotron emission. For more details refer Kundu [1965], McLean and Labrum [1985].

91

‘1 103deyp

uorjonpoajuy



1.8. Radio emission from solar corona 17

1.8 Radio emission from solar corona

1.8.1 Bremsstrahlung emission

The solar corona and the chromosphere have fully ionized plasma in which the electrons
move freely. Emission due to the deviation of trajectory of free electrons under the
influence of a proton is called free-free emission or Bremsstrahlung. Free electrons in an
ionized plasma are accelerated by the electric field intensity (£) but motion of the ions

are negligible. The equation of the motion of the electrons is

mev = —eFe ™! (1.2)
Solution of the equation 1.2 is,
E
v =it (1.3)
Mew

From the equation 1.3 following conclusions can be made. It is known that mass
of the ion (m;) is greater than mass of the electron [i.e., m; < 2 x 103 m,], therefore
from the equation 1.3 it is clear that velocity of the electrons in the medium is higher
than ions. So velocity of the ions are negligible or considered as stable particles [Rohlfs
and Wilson, 2004]. Therefore, passage of electron close to the proton loses its energy by
radiation. In such cases, electron undergoes a hyperbolic path and sometimes moves in
elliptical orbit after the interaction. In the latter case, the electron is said to be captured
and the phenomenon is called free-bound transition. Free-bound transitions seen in lower
chromosphere and the radiation is observable in the X-ray domain. Due to the random
motions of the electrons in a media, state of polarization varies from one electron to
another which results in randomly polarized emission. Such free-free interaction emits
the radiation in EUV, SXR and radio frequencies. These type of interactions slow down

the electrons in the medium. In the solar atmosphere, radiation due to the interaction of
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Fig. 1.4: The plot describe the possible emission mechanisms at different height in the solar atmo-
sphere. At a sufficient height (in general, at meter wavelengths) the magnetic field is considered
very weak so that the gyrofrequency (fg) is negligible and plasma frequency (f,) dominates.
At microwave frequencies, gyroresonance and gyrosynchrotron emission are dominant. In meter
wavelengths, the plasma emission and bremsstrahlung mechanisms are highly possible. It is
clearly represented that microwave frequencies correspond to the chromospheric heights, where
as meter wavelengths corresponds to solar corona. The existing instruments at Gauribidanur
Radio Observatory work in the frequency range of 150-30 MHz. At those frequencies, the radio
emission originates at a heliocentric distance of ~ 1.1 — 1.8 Rg (&~ 765 — 1252 Mm). Image
Credit: Gary and Hurford [2004]
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electrons with the protons are called the bremsstrahlung emission or free-free emission. In
the solar atmosphere, the medium is highly ionized. The plasma is filled with enormous
number of free electrons and protons. Therefore, the free-free interaction of these electrons
and protons are highly possible which results in the radio radiation. The radiation from
the quiet Sun, active regions, corona holes and coronal streamers are due to the thermal
bremsstrahlung emission mechanism [Rybicki and Lightman, 1986, McLean and Labrum,

1985, Aschwanden, 2005].

1.8.2 Gyromagnetic emission

In the presence of magnetic field, the particles in the medium spiral along the magnetic
field lines, therefore the name gyromagnetic emission. Depending on speed of rotation of
the particles, the originated emissions are broadly classified into three categories. (1) If the
electrons gyrate with non-relativistic speeds in the presence of magnetic fields, such emis-
sions are called gyroresonance/cyclotron/magneto bremsstrahlung emission [Aschwanden,
2005, p.227]. (2) When the mildly relativistic particles gyrate in the presence of the mag-
netic field, such emissions are termed as gyrosynchrotron emissions (3) In some cases, the
particles gyrate close to relativistic speeds which are called synchrotron emissions. All the
three emission mechanisms are non-coherent emissions [Gary and Keller, 2004, Rybicki

and Lightman, 1986, McLean and Labrum, 1985].

(i) Gyroresonance/Cyclotron emission: Due to the thermal agitation, the electrons
follow a hyperbolic trajectory. If there exists a magnetic field in the medium, the
electron will be subjected to travel along the magnetic field lines. In such cases,
electrons spiral around the magnetic field line of force and traverse in a helical
trajectory. The frequency of the rotation is called gyromagnetic frequency (fg) and

is given by
eB
- 2mme

/B (1.4)
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(i)

(iii)

where m is the mass of the electron [~ 9.10 x 1072® g|, e is the charge of the electron
[~ 4.8x1071% esu], cis the velocity of the light [3x 10 ¢cm s7!], and Bis the magnetic
field in [G]. Substituting these parameters in equation 1.4, gives the gyromagnetic
frequency (fg) in [Hz].

fe[Hz] = 2.8 x B [G] (1.5)

Equation 1.5 is useful in estimating either gyrofrequency or the magnetic field by
knowing any one of them. When the electron rotates along the field lines, it un-
dergoes a centrifugal acceleration which emits the electromagnetic radiation at the
gyromagnetic frequency fg. Such a radiation is circularly polarized. Sense of polar-
ization follows the sense of rotation of the electron. In the plane of orbit, it shows
a linear polarization. Gyroresonance emission is concentrated at the fundamental

frequency and at harmonics f/fp < 10.

Gyrosynchrotron emission: This emission results due to the gyro motion of the
mildly relativistic electrons in the presence of a magnetic field. The equations 1.4
and 1.5 hold good for gyrosynchrotron emission also. The gyrosynchrotron emission

is strong at harmonic numbers 10 < f/fp < 100.

Synchrotron emission: In the presence of magnetic field, the hot electrons in
the solar corona cause this radiation. Brightness temperature may exceed 10'! K.
Gyromagnetic emission occur in the Sun because of the presence of the electrons
which traverse with the speed of few tenths of light velocity. But, it is possible that
there exist electrons that traverse with a speed close to the speed of light. Such
an ultra speed electron produces an electromagnetic radiation called synchrotron
emission. Even though emission mechanism is similar to the gyroresonance and
gyrosynchrotron, synchrotron emission produces linearly polarized radio emission.
In certain cases, synchrotron emission can cause circular polarization. Origin of

some of type IV bursts are believed to be due to synchrotron emission mechanism.
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Most of the linearly polarized radio emissions from the stellar sources like Cygnus A,
Centaurus A, pulsars, etc are due to synchrotron emission [Rybicki and Lightman,

1986.

Note that all of the above mentioned emission mechanisms are incoherent in nature.

1.8.3 Plasma emission

When the ionized medium is in equilibrium, they obey Maxwell’s distribution law. If
there is a perturbation in such equilibrium, very complex phenomenon occurs which give
rise to radio emission. Such perturbations are very much possible in the solar atmosphere.
Electron temperature of the solar corona rarely exceeds ~ 107 K. During solar activity,
brightness temperatures in the solar corona is of the order of ~ 10! — 10! K are ob-
served. Such emissions are due to the nonthermal mechanism. Solar atmosphere is a
neutrally ionized medium. Any perturbation in such medium causes plasma oscillations.
The emission process occur in two stages (1) the electrons in the solar corona acceler-
ate aftermath of transient events like solar flare. (2) the accelerated electrons interact
with the plasma particles which convert them into the transverse electromagnetic radi-
ation at either its characteristic frequency, called plasma frequency [f,] or its harmonic
frequency [2f,]. Plasma frequency can be estimated using the following formula [Rybicki

and Lightman, 1986, McLean and Labrum, 1985],

N,
=g\ =5 (1.6)

where, N, is the electron density of the medium [m™3], e is the charge of the electron

[~ 1.60217x 1071 C], m is the mass of the electron [~ 9.1x1073! kg], ¢, is the permittivity

of the free space [~ 8.8542 x 10712 F m~!]. By substituting the above parameters in
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equation 1.6 gives,

fp[Hz] = 8.98 x /N [m?] (1.7)

~ 8.98 x 10%y/N,[cm~3] (1.8)

Noise storms (type I), type II and type III bursts are due to plasma radiation. Other

coherent emission mechanism is a cyclotron maser [Dulk and Melrose, 1982].

1.9 Polarization states of different emission mecha-

nisms

Different emission mechanisms show different state of polarizations. Few of them is listed

in the Table 1.2.

‘ S. No ‘ Emission mechanism ‘ State of polarization ‘

1 Synchrotron emission linear

2 Non-thermal gyrosynchrotron emission circular
3 Thermal-gyro-synchrotron emission circular
4 Gyroresonance emission circular
) Cyclotron maser emission circular
6 Plasma emission random
7 Bremsstrahlung emission random

Table 1.2: Polarization state of different emission processes which are frequently observed in
solar atmosphere at radio frequencies.

1.10 Radio wave propagation in the solar corona

In an ionized medium, the electric field of an electromagnetic wave force the electrons
and ions to oscillate. In the absence of the collisions, the net effect of the movement of

electrons correspond to the change in refractive index. In the absence of the magnetic field,
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radio waves propagating in the medium undergo (1) bending due to changes of refractive
index (2) absorptive attenuation [Kundu, 1965]. If the medium is homogeneous and non-
conducting (specific conductivity, ¢ = 0) then the refractive index of such medium is

defined in Rohlfs and Wilson [2004] as,
v w

where n is the refractive index of the medium, ¢ is the velocity of light, v is the velocity
of the wave, € and p are the permittivity and permeability of the medium respectively,
k = 2w /X is the wave number, w = 27 /T is the angular frequency, 7' is the time period

of the wave.

If the medium is dissipative, and ¢ # 0 then from the dispersion equation of the

harmonic wave propagation, by assuming € &~ 1 and permeability u =~ 1, the refractive

n:m—f—’i (1.10)

where n is the refractive index of the plasma, f, is the plasma frequency which is described

index equation can be written as

in equation 1.6 and f is the frequency of the observation.

Equation 1.10 is very significant in radio astronomy and the following conclusions
can be made: (1) f > f,, then the refractive index is real and wave can propagate through
the medium. In this case n < 1, so that refraction is opposite to that which occurs when
the wave enters denser medium. (2) f = f,, then the refractive index becomes zero. It
is known that electron density decreases in the solar atmosphere with increasing height.
Therefore, from equation 1.7, it is clear that the plasma frequency also decreases radially
outward. Figure 1.5 shows the decrease of the plasma frequency from ~ 1.1 — 1.8 R,.
Hence, radiation in the corona originates over a thin layer in which f = f,. In the solar
corona, the perturbations occur due to the solar flares, CME, high velocity jets, shock

waves etc, and they accelerate the particles to the outer atmosphere. The radio radiation
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originated due to such disturbances are observed first at high frequencies and then they
drift towards the lower frequencies. (3) f < f,, then the refractive index is imaginary
and the wave will not propagate through the medium, but reflects back. Therefore, in an
isotropic media, different frequencies of observations correspond to different heights/layers
in the solar corona. Lower the frequency of observation higher the layer in the solar corona

that can be observed.

1.11 Magneto-ionic theory in the solar corona

According to the magneto-ionic theory, wave propagating relative to the magnetic field
splits into two characteristic polarized waves (1) ordinary mode (o-mode) which will not
be affected by the magnetic field and passes through the line of sight and (2) extraordi-
nary mode (e-mode/x-mode) which is affected by the magnetic field and refracts with an
angle to the o-mode. These two modes propagate with different velocities and undergo
different amount of absorptions. Such a phenomenon is called birefringence. When a lin-
early /randomly polarized wave propagates through the ionized plasma in the presence of
magnetic fields it undergoes birefringence which causes the split radiation into two oppo-
site circularly polarized modes: (1) left circular polarization (LCP) and (2) right circular
polarization (RCP). Dispersion equations and the refractive indices of the magnetized
plasma are discussed in many plasma physics text books [Aschwanden, 2005, Ratcliffe,
1969, Ginzburg et al., 1971, Chen, 1974, Schmidt, 1979, Lang, 1980, Benz, 1993, Sturrock,
1994].

1.12 Solar coronal density models

As per equation 1.7, the electron density decreases radially outwards in the solar atmo-

sphere from the photosphere, therefore the plasma frequency. To estimate the electron
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density at different heights many models were developed based on different observations.
Close to the photosphere, coronal density models have been derived from eclipse observa-
tions at visible wavelengths. Some of them which provide densities from 1 to 3 R are:
Baumbach-Allen model [Baumback, 1937, Allen, 1947], Newkirk density model [Newkirk,
1961], Saito model [Saito et al., 1977], Hybrid density model etc. At low corona, S 1.1Rg,
the density gradient is very steep. Baumback [1937] was the first to develop expression
to estimate the electron density. Saito et al. [1977] determined the density from 2.2 to
5.5 R using the white light coronagraph data of Skylab. Newkirk’s density model is well
suited for the operating frequency range of instruments at GRO. Newkirk’s density model
is developed based on eclipse observations. Variation of the electron density in the quiet

corona is determined using the expression 1.11
N(R) = N, x D x 10*3%/% (1.11)

N, is 4.2 x 10%, R is the distance from the center of the Sun in units of solar radius.
D =~ 0.1 to 0.5 for a coronal hole, ~ 2 for an active region, ~ 10 for a dense streamer,
and ~ 1 for quiet corona. The simulated density profile with frequency and radius in the
range 1.8 — 1.1 R is shown in Figure 1.5. Newkirk density model at large heights slightly

deviates with the other models [Pohjolainen et al., 2007, Mann et al., 1999, 2003].

1.13 Polarization and Stokes parameters

Christian Huygens was the first to suggest that light is not a scalar quantity based on
his experiments. Newton also suspected that light has ‘sides’. The vectorial nature of
an electromagnetic wave is called polarization. Experiments of Fresnel and Arago led to
the discovery that light has two transverse components which are perpendicular to each

other. A brief review of the polarization is described in this section and more details are
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Fig. 1.5: One fold Newkirk’s density model in the plasma frequency range of 150-30 MHz.

found in Collett [1934]. If the electromagnetic wave is propagating in the z direction, then

the two components of the electromagnetic waves are as follows,

E.(z,t) = Eppcos(T + 0) (1.12)

E,(z,t) = Eyycos(T + dy) (1.13)

where E,(z,t) and E,(z,t) are the electric field components in x and y directions re-
spectively. FE,, and FE,, are the maximum amplitudes, 6, and J, are the initial phases
respectively and 7 is the wt + kz is the propagator. Here, w is the angular frequency, ¢ is
the time, k is the wave number of the propagating wave. As the field propagates, E,.(z,t)

and E,(z,t) give the resultant vector of electromagnetic wave. Using the equations 1.12
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and 1.13 it is possible to derive the equation 1.14.

E? N E:  _E, E,
E2, ' B2 " E,FE,

cosé = sin’s (1.14)

where § = 0y — dx. Equation 1.14 is identified as equation of ellipse, which means
that the locus of electric field vector when the electromagnetic wave propagates will be
ellipse. Different combinations of the fields (equation 1.12 and 1.13) produces different
polarization states of the propagating wave. For the sake of completeness, few cases are
discussed briefly here. (1) If the E,, = 0 and E,, # 0 then the linear horizontally polarized
electromagnetic wave results and vice-versa, (2) If § = 0 or 7, it is possible to show that
the resultant wave will be linearly polarized but oriented in £45°. (3) If 6 = 7/2 or 37/2
and E,, = E,, = I, then the polarization ellipse reduces to the equation of a circle, which
means that a circularly polarized electromagnetic wave results, which plays an important
role in estimating magnetic field at low frequency radio astronomy. Note that if § = 7/2,
then it is said to be left circularly polarization and 6 = 37/2 right circular polarization
results. Therefore, linear and circular polarization are different cases of the elliptically
polarized wave. If the path traced out by the electric field vector continuously changes

randomly, such waves are called randomly polarized or ‘unpolarized’ waves [Christiansen

and Hoegbom, 1969, pp21].

Therefore, orientation of the electric field vector of a propagating electromagnetic
wave describes different states of polarization. Although, equation 1.14 is an idealized
expression which is having some practical limitations. The equation is valid only for a
completely polarized wave which is not the case in most of the practical applications.
Therefore, the four Stokes parameters were proposed by George Gabriel Stokes which are

sufficient to represent any state of the electromagnetic wave. The four Stokes parameters
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are represented using a stokes vector (.S)

5]
I

= QO 0~

where I is the total intensity, ) represents linear polarization oriented either in 0° or 90°,
U represents the linear polarization oriented in either 45° or 135° and V represents circular

polarization; either right circularly polarization (RCP) or left circular polarization (LCP).

In radio astronomy, polarized radio emissions from the solar corona and other radio
celestial sources can be observed using different antennas. For example, using linearly
polarized antennas mounting in 0° or 90° horizontal linear or vertical linear polarized
emissions are observed. By mounting the same in +45° linearly polarized but oriented
+45° can be observed. Left or right circularly polarized emissions can also be observed
using suitable helical antennas. Because of obvious reasons (few of them mentioned in
this thesis), linearly polarized antennas are sufficient to study the four Stokes parameters
and reasonably preferred to observe the circularly polarized emissions including the total

intensity.

1.14 Thesis outline

Chapter-1 mainly describes the introduction to the further chapters. In this chapter
solar interior, solar atmosphere, radio bursts, their classification, emission mechanism

and propagation of radio waves in the solar corona are described.

Chapter-2 is about the Gauribidanur radio interference polarimeter (GRIP) which was

recently constructed at Gauribidanur radio observatory. In this chapter, constructed
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interferometric array, analog and digital receiver system, different errors present in the

interferometric arrays and calibration techniques of the array are described.

Chapter-3 describes the noise storms observed with GRIP. Total energy radiated by the
noise storms are estimated, which are in the category of picoflare energies. Using such

picoflares coronal heating is explained.

Chapter-4 is primarily about the estimation of magnetic fields in the solar atmosphere
using the polarization observations of group of type III harmonic bursts and based on
their quasi-periodicities. The results obtained with different approaches were consistent

with the theoretical models.

Chapter-5 is about the estimation of the magnetic field of the solar corona based on

observations of the type-IV bursts which are associated with the coronal mass ejections

observed using GRIP.

Chapter-6 describes about the scattering studies of the solar corona using Crab nebula
occultation technique. In this chapter, method of estimation of level of turbulence and

angular broadened source sizes are estimated.

Chapter-7 is about the newly fabricated cross-polarized log-periodic dipole antenna sys-
tem. Using such antennas two element interference polarimeter was built and observations

of the radio emissions on the Sun in both Stokes I and V are discussed.

Chapter-8 explains the summary and conclusions of the work carried out. Also, future

scope of the work that is possible with the constructed GRIP is described in this chapter.
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Chapter 2

Gauribidanur radio interference

polarimeter

Observations of the polarized radiation from the Sun to understand its magnetic field
is one of the challenging tasks in observational solar physics. In the case of the solar
photosphere, chromosphere and to a limited height in the inner corona (< 0.1 Ry) mag-
netic field strengths are usually estimated through emission line observations (optical
wavelengths) and gyroresonance observations (cm wavelengths), respectively. Faraday ro-
tation observations of the linearly polarized radio emission from the extra galactic radio
sources are used to estimate the magnetic fields in the outer corona. As for as the mid-
dle corona is concerned, only extrapolated values of the photospheric measurements are
usually adopted. In this chapter the newly constructed Gauribidanur Radio Interference
Polarimeter (GRIP) to estimated the magnetic field in the middle corona is discussed.
Note that to represent a state of polarization of any electromagnetic wave four Stokes
parameters (I, Q, U and V) are required. Here I is the total intensity, Q and U represent
the linear polarization and V corresponds to the circular polarization. All Stokes pa-

rameters can be measured with linearly polarized antennas at radio wavelengths. Linear

39
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polarization (Q and U) is generally not detectable at low frequencies due to the Faraday
effects introduced by the solar corona and Earth’s ionosphere over the frequency band
observation [Hatanaka, 1956, Grognard and McLean, 1973]. Therefore we restricted to

study to the circularly polarized radio emission.

2.1 Interferometry and aperture synthesis

Angular resolution (# ~ A/D) of a telescope will be better if the aperture size (D) of the
telescope is larger, for the observations at wavelength (\). At radio frequencies, since the
wavelength is very large compared to the rest of the electromagnetic spectrum, to achieve
high angular resolution it is required to build a telescope with large aperture size of few
kilometers. Building a continuous aperture telescope to that extent is not possible due
to economical and mechanical difficulties. Interferometric techniques in which one can
synthesize the aperture to obtain better angular resolution as well as sensitivity are used.
Interferometers can be designed for a desired resolution and collecting area which is not
possible with the continuous aperture telescopes. GRIP is a interferometric array which
is designed to measure circularly polarized emissions (Stokes V) and the total intensity

(Stokes I) of the radio emission from the corona.

2.2 Log-periodic dipole antenna

Numerous applications of electromagnetics in real life necessitate to build different type
of antennas. It is always demanded to design a broadband antennas with simple, com-
pact, lightweight and economically feasible structures. In the cases where the extended
bandwidth is & 40:1 or more, they are referred as frequency independent antennas. It is
challenging to design such antennas without altering the characteristics like impedance,

radiation patterns, polarization properties, but with increased operating frequency. One



2.2. Log-periodic dipole antenna 41

such frequency independent antenna is the log periodic dipole (LPD) antenna which was
introduced by Duhamel and Isbell [1957]. The structure of the LPD is shown in Figure 7.1
and the designing procedure is discussed in section 7.2 [Kraus, 1950, Balanis, 2005]. The
LPD consists of the number of dipoles of different sizes, separated by different distances
along the transmission lines (booms) as shown in Figure 2.1. Note that the elements
are arranged in crisscross fashion or mechanically introducing the 180° phase between
the adjacent elements of the LPD. The mechanical phase reversal produces a phase pro-
gression, therefore the radiation beams in the direction of the short arms. Otherwise it
produces the end-fire beam. The input impedance of a LPD antenna repeats with fre-
quency. Impedance of the LPDA as a function of logarithm of the frequency is periodic
(not necessarily sinusoidal), hence the name log periodic. Mathematically the variation

of the impedance with frequency in the case of LPDs can be expressed as,

fn:fnJrl*k (21)

log(fni1) = log(fn) + log(1/k) (2.2)

Also radiation pattern, directivity, beamwidth and side lobe levels etc shows the similar
variations. Note that LPD is designed by maintaining the constant apex angle o with
a fixed scaling factor (k). The scaling factor decides the dimension of the LPD and is

related as follows,

=7l g (2.3)

where L, 1, L, are the lengths of the n + 1 and n dipoles respectively and S,,.1, S,
are the distances from the n + 1, n dipoles to the respective adjacent dipoles (see Figure
7.1). The scaling factor (k) of the LPD used in the GRIP was ~ 1.12 and the apex angle

o was ~ 28°. The thickness of the boom and diameter of the arms are 25 mm and 13 mm
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respectively. The calculated spacing between the two booms is &~ 2 ¢m for the impedance

50 Q [Balanis, 2005, Ramesh et al., 1998, Ramesh, 1998b, Sasikumar Raja et al., 2013].

The signal is ‘tapped’ from the top of the LPD using a coaxial cable. The LPD
is designed using the circular aluminum pipes (for the ‘arms’ ) and square/rectangular
aluminum pipes for the support structure or the ‘boom’. In general the outer layer of the
coaxial cable is connected the ‘boom’ through which the coaxial cable is brought to the
lower end of the LPD. The center lead is connected to the one of the ‘booms’ of the LPD
as shown in the Figure 2.1. To match the impedance of the antenna, the two booms are
shorted at their lower end using a U shaped aluminum plate called ‘stub’. The LPDs in
the GRIP have been designed to work in the frequency range ~ 30-150 MHz. Note that
impedance of the designed LPD is maintained 50 2 in order to match the impedance of
the coaxial cables used in the GRIP array (50 2). The total length of each ‘boom’ is

~ 5.6 m and the other specifications are given in Table 2.1.

2.3 Performance study of the LPDA

We measured the LPD and the results are discussed in the following sections. More
information on these parameters can be found in section 7.3 [Kraus, 1950, Balanis, 2005,

Shevgaonkar, 2005, Huang and Boyle, 2008].

2.3.1 VSWR measurements

Theoretically, when the load impedance match with the characteristic impedance of a
transmission line, the input signal completely delivered to the load. If there is a mis-
match of impedance between the load and characteristic impedance of the transmission
line, a fraction of the input signal (voltage or current) reflects back and cause the reduc-

tion in amplitude. Superposition of such forward and backward traveling waves in the
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Table 2.1: Dimensions of the LPD antenna used in GRIP.

Dipole | Length of | Spacing between | Frequency of
number | the arm the dipoles a dipole
(cm) (cm) (MHz)
1 275 54.8 27
2 245 48.7 31
3 218.5 43.4 34
4 194.5 38.6 39
5 173 34.4 43
6 154.5 30.6 49
7 137.5 27.2 55
8 122.5 24.2 61
9 109 21.6 69
10 97 19.2 7
11 87 17.1 86
12 7 15.2 97
13 68.5 13.8 109
14 62 12 120
15 55 10.7 136
16 49 9.5 153
17 44 8.5 170
18 39 7.6 192
19 35 6.7 214
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transmission line cause the standing waves. This phenomenon can be represented mainly
in terms of (1) reflection coefficient (I'), which represents the amplitude of the reflected
wave and is the ratio of the amplitude of the reflected wave to the incident wave. Note
that higher the I' represents more reflection. (2) return loss (L,;), which is the reflec-
tion coefficient converted in dB scale or in percentage. (3) Voltage standing wave ratio
(VSWR) which is defined as the ratio between the maximum voltage (V},4,) and minimum
voltage (Vi) of the standing wave. Note that VSWR is constant at any point for the

loss less transmission line and is defined as,

Vimaz 1+ T

VSWR = =
‘V‘min 1 - ‘F|

(2.4)

By knowing the VSWR, return loss (L,;) can be measured in dB and percentage using

the expressions 2.5 and 2.6 respectively.

VSWR -1

I |[dB] = =——+—
T} 14B] VSWR+1

(2.5)
Ly [%] = 100 % |T? (2.6)

The VSWR of the LPDs used in GRIP were measured using the vector network analyzer
and the VSWR plot with respect to frequency is shown in Figure 2.2. The top panel of
the Figure 2.2 shows VSWR of the LPD used in GRIP and middle and lower panels shows
the return loss (L,;) in dB scale and percentage respectively. Note that if the VSWR is
high, the return loss will be high. For example, if the VSWR is S 2, then the return loss
will be < 10%. From the Figure 2.2, it is clearly noticeable that the VSWR < 2.5 (i.e.
return loss < 18%) in the frequency of operation 30 — 150 MHz of the LPD which is used
in the GRIP. Note that VSWR varies from ‘1’ (since always Vi,ax > Vinin) to ‘o0’ (when
Vinin = 0). VSWR of ‘1" and ‘00’ indicates the maximum power transfer efficiency and no

power delivery to the load respectively.



46 Chapter 2. Gauribidanur radio interference polarimeter

=
n
>
1 1 1 1 1 1 1 1 1 1 | 1
30 40 50 60 70 80 90 100 110 120 130 140 150
Frequency (MHz)
a _5 T T T
©
N—r
@ -15 .
o
c -5t .
2
& _35 1 1 1 1 1 1 1 1 1 1 1
30 40 50 60 70 80 90 100 110 120 130 140 150
Frequency (MHz)
3 20
S
%]
(%2]
i)
£
=}
2
(O]
D: 1 1 1

30 40 50 60 70 8 90 100 110 120 130 140 150
Frequency (MHz)

Fig. 2.2: The top panel shows the variation of the VSWR with frequency of the LPD antenna
used in the GRIP. The middle and lower panels show the return loss variation in dB scale and
in percentage respectively.
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2.3.2 Radiation pattern measurements

For a linearly polarized antennas, performance is often described in terms of its principal
E and H-plane patterns. The E-plane is defined as, the plane containing the electric field
vector and the direction of maximum radiation. The H-plane is a plane containing the
magnetic-field vector and the direction of maximum radiation [Balanis, 2005]. Also these
E-plane and H-plane measurements can be measured at different distances from which
one can understand the propagation of the radiation. It is known that, far-field region
is the region of the field of an antenna where the angular field distribution is essentially
independent of the distance from the antenna. Far-field region exists approximately at a

distance 77 and is expressed as

Trr Z 2[2/)\ (27)

where the [ is the largest dimension of the LPD which is &~ 5.6 m and at 80 MHz (A = 3.75

m), therefore ryy is &~ 17 meters.

To measure the E-plane of the LPD both transmitting and receiving antennas were
mounted on a pole of length ~ 6 meters and separated by a distance of ~ 25 m which
is greater than the theoretical far field region. Note that both the LPDs are mounted
in horizontal orientation i.e. the arms of the LPDs were mounted parallel to the ground
plane. CW signal at different frequencies were transmitted using a signal generator. The
level was ~ 15 dBm. The signal level was noted using a spectrum analyzer at the receiver
end and the experiment is repeated for all azimuthal angles of the receiving LPD. The
Figure 2.5 shows the radiation pattern of the E-plane at 80 MHz measured using the
setup described. The peak power of the received signal ~ —28 dBm. This is less than the

expected power (= —10 dBm) calculated using the formula [Blake and Long, 2009],

o Pt Aet Aer

b= R2 )\2 (2.8)
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where, P,, P, are the transmitted and received power from the antennas (in units of
dBm), A, A, are the effective collecting areas of the transmitted and received antennas
(0.6 x A?], R is the distance between the transmitted and received antennas [25 meters]
and A is the wavelength of the transmitted/received signal. The reduced strength of the

received signal is likely due to the ground reflections and attenuation in the RF cables.

The half power beam width (HPBW)/field of view (FOV) of the E-plane (6) were
found ~ 75° for the LPDs. Also the complete experiment was repeated for different
frequencies from 50 to 150 MHz and noticed that the HPBW is constant over all the
frequencies which is desirable. The radiation pattern measurement setup is shown in the

Figure 2.3.

The H-plane pattern was measured using the similar setup discussed above (E-plane
setup) provided both the transmitting and receiving antennas were mounted in vertical
direction i.e. the arms of the LPDs were mounted perpendicular to the ground plane.
The experimental setup of the H-plane measured is shown in the Figure 2.4. The CW
signal of level 15 dBm was transmitted and noted the signal at receiving antenna. Similar
to E plane pattern in Figure 2.3, here also the received power is less by ~ 10 — 15 dBm.
Figure 2.6 shows the measured radiation pattern using the setup shown in Figure 2.4. It
was found that the HPBW of H-plane (¢) was ~ 105° and is invariant over the frequency
of operation of the LPD. Note that such a broad beam enable us to observe the Sun for

all declinations over a year of time.
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Fig. 2.3: The Figure shows the setup to measure the radiation pattern in the E-plane. In this setup the arms of the both transmitting
and receiving antennas are mounted parallel to the ground plane (horizontally mounted). A spot frequency signal is transmitted using
transmitter and recorded the readings using the receiver antenna for every angle in azimuthal direction.
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Fig. 2.4: The Figure shows the setup to measure the radiation pattern in the H-plane. In this setup the arms of the both transmitting
and receiving antennas are mounted perpendicular to the ground plane (vertically mounted). A spot frequency signal is transmitted using
transmitter and recorded the readings using the receiver antenna for every angle in azimuthal direction.
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2.3.3 Estimation of antenna parameters

Isotropic radiator is an imaginary, loss less antenna that radiates uniformly in all di-
rections. In practice, all antennas have some degree of non uniformity. Therefore they
radiate more power in one direction than others. Such antennas are defined as directional
antennas. Although the total power radiated by the isotropic and directional antenna is
same, isotropic antenna transmits the power in all directions uniformly. But directional
antennas radiates less power in some direction and rest of the concentrated power in one
direction. LPD is an example of directional antenna. Directivity is a quantity that mea-
sures the concentrated radiated power per unit solid angle in a specific direction and is

dependent on radiation patterns.

In the present case, measured HPBW of the E-plane and H-plane of the LPD were
1.3 and 1.8 radians. Therefore the solid angle/beam area corresponding to the LPD
was 0 = 0¢ ~ 2.34 sr. The directivity/directional gain (G) which is the ratio to the
maximum radiation in any specific direction to the average radiation in all directions
observed in far field region of the antenna was estimated using the expression 2.9. The
estimated directional gain of the antenna was ~ 7 dBi. The gain estimated with respect
to the isotropic radiator is referred as absolute gain and its unit is dBi. Also using the
expression 2.10 the effective collecting area was estimated. The effective collecting area

(A.) of the LPD was ~ 0.6 x \2.

G = 10logo(47/Q) (2.9)

A, = (G/4m)\? (2.10)

where X is the wavelength of operation.
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105° % 75°

-105 _90° ~75

Fig. 2.5: The E-plane of the LPD antenna which is used in GRIP at 80 MHz is shown in the
Figure. It is noticeable that there exists a back lobe in E-plane, but there are no other minor
lobes seen. The blue circle represents ~ —31 dBm power level. It intersects the pattern at ~ 30°
and = 45°. This gives the HPBW of ~ 75° for the pattern.
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105° % 75°

-105 _90° ~75

Fig. 2.6: The H-plane of the LPD antenna which is used in GRIP at 80 MHz is shown in the
Figure. Also it is noticeable that there are no minor lobes are present in H-plane. The blue circle
represents &~ —20 dBm power level (the maximum received power is ~ —17 dBm). It intersects
the pattern at ~ 60° and ~ 45°. This gives the HPBW of ~ 105° for the pattern.
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Fig. 2.7: Schematic of a group configuration among the existing 5 groups in GRIP
2.4 Group configuration

GRIP is an array of 40 linearly polarized log-periodic dipole antennas (LPDs) along East-
West direction. The adjacent antennas are separated by 10 meters. Each antenna output
is high pass filtered using filter whose cut-off frequency is ~ 50 MHz to suppress spurious
signals at low-frequencies so that the immediately following amplifier may not saturate.
The filtered output is amplified using a pre-amplifier whose gain is &~ 28 dBm. In the same
way, the signals from all the antennas in the group are brought to the group center using
co-axial cables of ~ 50 meter length (for each antenna) and added using a 8-way power
combiner which is shown in Figure 2.7. The combined output is given to the 2-way power
combiner which is shown in Figure 2.8 [Ramesh et al., 1998, 2008]. Individual normalized

far-field array pattern of an array of antennas can be expressed as,

E sin (ny/2)

En(¢) = om

(2.11)

Where E,(¢) is the normalized array field pattern, Fy is the maximum electric field,
n is the number of antenna elements and ¢ = 27dy sin(¢) + 9, dy = d/\ is the distance

between the two antennas (in wavelengths), A is the wavelength of observation, ¢ is the
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C A

Fig. 2.8: Schematic layout of the GRIP is shown in the Figure.

hour angle, ¢ is the progressive phase in the array and d is the baseline length between
adjacent antennas. Since the output of the every antenna is simply added, it forms a
adding interferometer. The power pattern of such array is square of the normalized far-

field pattern, F(¢) is given by,

P(¢) = |E(9)]* = |En(9)]*(1 + cos(v)) (2.12)

2.5 GRIP Configuration

In GRIP there exist 5 groups and each group consists of 8 antennas. Total length of each

group is 70 meters and the total length of the GRIP is 390 meters.



Fig. 2.9: Image shows the GRIP array. The first antenna belong to the group-2 and then onwards next 8 antennas belong to group-3. Note
that in the first antenna, arms are aligned in North-South direction where as in group-3, arms of the antennas are aligned in East-West
direction. From the second antenna onwards next 8 antenna belongs to group-3 and from there next 16 antennas belongs to the major
group-C (group-4 + group-5). Every antenna is placed 10 meters apart from its adjacent antenna in the GRIP. The white boxes shown
in the array are the group centers in which power combiners, group amplifier, DC power supply etc are kept.
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The 8-way power combiner outputs of group 1 and 2 are added using a 2-way com-
biner and then amplified using a wide-band amplifier called a group amplifier with gain
of ~ 34 dB. In the same fashion, the group 4 and 5 are combined and amplified with a
group amplifier. The former combination forms a major group A and the latter one is
called a major group C. In group 3, output of 8 antennas are added using a 8-way power
combiner and then amplified using a group amplifier and the output is named as B. Note
that in the present configuration, the major groups A and C outputs are contributed by
16 antennas where as it is only 8 antennas in group B. In group A, arms of the LPDs
are oriented in North-South fashion (0°) and in the case of group B and C, the LPDs are
mounted such that arms of the antennas are oriented along East-West direction (90°).
The signals from A, B and C are brought to the receiver building using a low-loss RF
cables which are about 500 meters in length and buried at around one meter depth to

avoid fluctuations of phase due to temperature gradient.

The antenna pattern of A, B and C are expressed in the following fashion,

B sin (81)
Ej= EOW (2.13)
B sin (41)
Ep = Eog—— oy Sin(0)2) (2.14)
Eo = By (8%) (2.15)

16 sin(y/2)
It is known that in adding interferometry the common signals from the antennas as well as
additional signals of every antenna will be added up. In correlation or multiplying inter-
ferometry the signals between two antennas or groups will be correlated. In the process
the latter responds primarily to the common signal between the two groups/antennas.
The additional signals of any group/antenna will not be correlated. The cross-correlation

of the group outputs A and B or B and C gives the interference fringes and their outputs
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can be expressed as,

_ sin (8Y)  sin (41))
016 sin(v/2) 8 sin(1/2)

V() cos (BLsin (¢)) (2.16)

where V(1) is the corresponding fringe pattern, § = 27 /X and L is the distance
between the two group centers. The correlated output between B and C gives the in-
formation of Stokes I and A and B corresponds to Stokes V respectively. Note that in
the present configuration, the distance between the group centers of A, B and B, C is
120 meters. Therefore the resolution of the event in both Stokes I and V channels are
same. Also it possible to correlate the channels A and C, which corresponds to Stokes V
profile. But in this case the Sun will be resolved. The collecting area of the group B is
~ 5 x A\? and group A or C is ~ 10 x A%, The calculated minimum detectable flux (5o
level ) of the array for both Stokes T and V is ~ 0.05 sfu [1 sfu = 1072* Watts m~2 Hz!].
Baselines of the phase centers of the group B and any major group is 120 meters so that
angular resolution (1.8°) and collecting area (12 A?) for both Stokes I and V are same.
Few parameters related to the GRIP were shown in Table 2.2. Half power beam width
(HPBW) of group A and C is 1.3° and for group B is HPBW is 2.6°. Since HPBW of the
group A and C is within the HPBW of group B, correlated output of A and B or B and
C will not produce any artifacts in the correlation interferometry. The Figure 2.9 shows
the view of the GRIP. The first LPD in the image is the LPD which belongs to the major
group-A. Note that arms of the antennas are oriented along the North-South direction.
Second LPD onwards, next 8 antennas are called group-B and then next 16 antennas
(group-4 and 5) are called major group-C. Note that other than the major group-A, LPD
arms are aligned along the East-West direction. The white boxes shown in the Figure 2.9
are located at group centers in which all the power combiners, group amplifiers and DC

power supply are kept.



2.5. GRIP Configuration

59

Table 2.2: Specifications of the LPD antenna and GRIP at 80 MHz

Antenna parameter

Value

Antenna element used

Log periodic dipole (LPD)

Total length of the LPD 5.6 meters
Frequency of operation 30 — 150 MHz
HPBW of the E-plane 75°
HPBW of the H-plane 105°

Solid angle/beam area of LPD 2.34 sr
Directional gain of LPD 7 dBi
Collecting area of LPD 0.6 x \2
GRIP parameter Value
Angular resolution at 80 MHz 1.8°
HPBW /FOV of major group A or C 1.3°
HPBW/FOV of group B 2.7°

[.F. Bandwidth 1 MHz

Correlator used
Sampling frequency
Time resolution
Sensitivity (5 o)

1 bit (2 — level)

2 MHz and 4 MHz
256 milli sec

0.05 sfu

(for 1s integration time)
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2.6 Simulations of GRIP

Simulations of the group and array patterns, which are discussed in the section 2.4 and
2.5 was done and discussed in the following sections. Far-field pattern of the individual
antenna elements is called primary beam pattern. Such individual antennas are arranged
in specific way to get desired beam shape. Such arrays have 3 degrees of freedom which
can modify the group pattern: (1) distance between the two groups, (2) relative gains of
the antenna and (3) the relative phase difference between the individual antennas. Such
linear arrays simulated at 40 and 80 MHz are shown in Figure 2.10 and 2.11 respectively.
At 40 MHz the grating lobes are missing because, d) ~ 1. Since d/A > 1 at 80 MHz
grating lobes are present. Note that for larger d) values the grating lobes are formed and

the spacing between the main lobe to grating lobe (¢¢) is,

1
¢g = sin~'— rad (2.17)
dy

If d) > 1 the equation 2.18 reduces to,

¢c = - rad (2.18)

In the absence of tracking system, grating lobes (separated by ~ sin~*(\/d) can be
effectively used to observe the Sun for longer duration. Intense emission from the Sun
usually dominates the emission from the sidereal radio sources. But at times Sun may
be located very close to a sidereal source. We take care if such observations need to be
analyzed. The number of elements per group has to be selected carefully such that solar
corona can be observed for a long duration. Using GRIP, everyday 5 lobe observations
namely Fy, FEo, Ms, Wy, W5 can be carried out, where E, M, W represents the East,

Main and West lobes. The lobes formed in the East and West are called as East lobes
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Fig. 2.10: The Figure shows the simulation of the group and interference pattern of the GRIP
at 40 MHz. Grating lobes are not seen at 40 MHz (A = 7.5 m), it is because the baseline length
between any two antenna elements in a group is 10 meters, which is close to the observing
wavelength. The red line shows the group pattern and the blue line is the interference pattern

of the array.
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Fig. 2.11: Figure shows the simulation of the group and interference pattern of the GRIP at
80 MHz. Since d/\ > 1 the grating lobes are seen at 80 MHz. The red line shows the group
pattern and the blue line is the interference pattern of the array.
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and West lobes respectively. The lobe which is pointing towards to zenith is called a main
lobe (Ms). Note that E; and Wj are the lobes formed with large hour angle on East
and West side respectively. The lobes E5; and W, are formed adjacent to the main lobe
(i.e. short hour angles). Note that the number of antennas in major group A, C are 16,
where as 8 for the case of group B. Such setup is free from any artifacts, since the beam
pattern of major group A, C is with in the group pattern of B. Such a system improves
the sensitivity and resolution without introducing any artifacts in the observations and
reduces the cost of the instrument. Since the distance between the two lobes are dependent
on the wavelength by carefully choosing the observing frequency it is possible to carryout
the multi frequency observations. Also during the null of one frequency grating lobes of
other frequency is possible. Therefore by tuning the receiver system timely it is possible
to carryout the multi frequency observations of the solar corona and observe the corona

for longer duration everyday.

2.7 Analog receiver system

The signals from group A, B and C are brought to the receiver building using a low
loss coaxial cables whose attenuation is 2 dB per 100 meters at 100 MHz, are processed
separately in the receiver building. Firstly, the channel output passes through a Walsh
switch which avoids the cross-talk between the different channels and DC offsets due to
the A/D converters (see section 2.9.4). The modulated output, which was demodulated in
correlator using Ex-OR gate (74LS86) is diverted to the front end analog receiver system.
The schematic diagram of the analog receiver using the GRIP is shown in Figure 2.12.
The analog receiver system used is similar to the one used in GRAPH [Ramesh et al.,
1998]. The modulated output from Walsh switch of each group is filtered using a high
pass filter whose cut off frequency is 50 MHz. Then, the output is low pass filtered using

a filter whose cut off frequency is 150 MHz. In this way the spurious and interference
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signals excluding 50-150 MHz bandwidth are suppressed. Using a power splitter the RF
signal is splitted into 2 channels, one is connected to monitoring port, which is useful in

checking whether signal from the group is as expected.

The second channel is connected to a mixer-1 which up/down converts the signals
to RF+LO and RF-LO along with the corresponding harmonics, where RF is observ-
ing radio frequency and LO is the local oscillator frequency. In general, mixer has two
inputs: (1) RF input (from antenna) and (2) the signal from local oscillator and a sin-
gle output. Therefore the mixer-1 is connected with RF output and 1st local oscillator
(LO-1) input. In the case of multi-frequency observations two local oscillators with two
different frequencies are used named as LLO-1a and LO-1b. These two local oscillator are
connected to a RF switch which swaps between the two inputs and gives single output,
which is considered as a LO-1. Note that in latter case time resolution goes down by a
factor of 2 and every alternate sample corresponds to a single frequency. By changing
the LO-1 from 210 to 320 MHz, GRIP can be tuned to operate in 40-140 MHz range.
The down-converted signal is called intermediate frequency (henceforth IF-1) is further
filtered using a band pass filter with center frequency (f.) is 170 MHz and bandwidth
(Af) of 4 MHz. Therefore, the inter modular products are eliminated and only desired
frequency is allowed. The filtered output is amplified with a amplifier of gain ~ 28 dB.
The amplified signal and the fixed frequency 2nd local oscillator (LO-2) are connected to
mixer-2, which further down-converts the signal to intermediate frequency (IF-1) with a
center frequency of 10.7 MHz. Note that at this stage LO-2 has fixed frequency of 180.7
MHz and the RF input was already tuned to 170 MHz. The IF-2 again produces the inter
modular products which are filtered using a band pass filter with center frequency 10.7
MHz and bandwidth of 3.5 MHz. The filtered output is again amplified with a amplifier
of gain 28 dB. The processed signal is further filtered using a low pass filter whose cut
off frequency is (f;) is 10.7 MHz and then further amplified the signal using amplifier of

28 dB. In this process inter modular products are completely filtered out. The amplified
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Fig. 2.12: Schematic diagram of the front end analog receiver system used in GRIP is shown in
the Figure. This receiver system is similar to the one used in Gauribidanur Radio Heliograph
expansion array.

signal is then passed though a narrow bandwidth of ~ 1 MHz band pass filter whose
center frequency is at 10.7 MHz. The final intermediate frequency output is split into
two channels using a power splitter; one is feed to IF monitoring port and the second
one is connected to quadrature power splitter. Quadrature power splitter gives the two
outputs: (1) In phase cosine output and the (2) 90° phase shifted sine output. The sine
and cosine channels are given to the digital receiver. In the same fashion another two
channels are processed and feed the sine and cosine channels to the digital correlator in a
proper sequence. In this way using a double mixing analog receiver system by changing
the LO-1, different frequency of observations are carried out without changing the RF
components in the system unlike single mixing system. Also at a time multi frequency

observations are carried out by changing the LO-1a and LO-1b.
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2.8 Digital receiver system

In general, multiplying interferometers measure the mutual coherence function between
the two antennas/groups of antennas which describes about the spatial coherence function
between them. It is known that electric field due to the presence of the radio source in the
sky induces the voltages in the antennas/group of antennas. Therefore by cross-correlating
the output signal of the antennas mutual coherence function can be measured, which is
also called visibility function. To measure the visibility the correlators are used in general.
At present, there exists digital as well as analog correlators. The digital correlators are
preferred because of their possibility of effective delay compensations where ever it is
required, and high accuracy and easy handling compared with the analog correlators.
In GRIP/GRAPH, one bit correlators are used in which the amplitude information is
lost and has reduction in sensitivity takes place (=~ 66%) compared with the analog case
[Van Vleck and Middleton, 1966]. Although the one bit digital correlators are used because
it can be implemented in simple digital logic and yields greater stability than the analog

correlators.

The cosine and sine channels of the analog receivers of the 3 groups are connected to
the digital correlator unit. This unit, samples, quantizes, correlates the signal and finally
stores into a personal computer. Firstly, the cosine and sine IF outputs (f. ~ 10.7 MHz
and Af = 1 MHz) from analog receiver are quantized to two levels (41,0) using a zero
crossing detector. The high speed comparator (AD790) is used for this purpose and its
output is TTL either ‘high’ or ‘low’. The reference voltage of the comparator sets the
output to either ‘high’ or ‘low’, depending on whether the input voltage is higher or lower
than the reference voltage respectively. In the present case ‘ground’ level is considered as
reference voltage. The comparator output is sampled using a D-type flip-flop (74LS74)
at a rate of 2.04 MHz which is higher than the required sampling rate 2 MHz (which is

double of IF bandwidth, 1 MHz in the present case). It is known that to reconstruct any
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signal it has to be sampled atleast two times of the bandwidth of the signal (sampling
period T, = (2Af)~L. If the sampling frequency is exactly equals to 2Af, then it is said
that signal is Nyquist sampled. If any signal is sampled at less than the Nyquist rate, it is
called ‘under sampling’. Such under sampling causes the distortion while reconstructing
the actual signal. The distortion due to the under sampling is called aliasing effect. Over
sampling of the signals cannot create any distortions instead it decreases the quantization
noise. In the present case the 5th harmonic of the sampling clock falls exactly at the
outer edge of the IF band i.e. 11.2 MHz so that we get entire 1 MHz bandwidth. Walsh
demodulation, which was modulated using a Walsh switching before the analog receiver is
done using a Ex-OR gate (741.S86) [Ramesh et al., 1998]. The delay compensation between
the two groups due to the low loss RF cable lengths brought to the receiver building
from the field are compensated by using a combination of shift registers (74LS164) and
multiplexers (74LS151). The maximum possible delay is 7.5 p s which corresponds to the
path length of 2250 meters. Correlators used in the GRAPH and GRIP are build using
the chips primarily designed for the Nobeyama radioheliograph (NRH) which is described
in Appendix-I. Schematic of the two element correlator is shown in the Figure A.2. The
sampled and Walsh demodulated signal is fed to the correlator chip which provides the
correlated output. The complex correlation of the cosine correlator and sine correlator is

done using the equations-2.19 and 2.20.

CroCy+S1® S5 (2.19)

Cy @ Sy + 5160, (2.20)

Where C;, C5, S, S, are the cosine and sine channel inputs, which are fed to
the digital correlator and they corresponds to two different antenna groups. @ and @
represents the Ex-OR and Ex-NOR operations respectively. The correlated outputs are

integrated over a 256 ms which is called integration time. Integration is done using a digital
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counter which counts over an integration time. Then the data is stored to a memory unit
which is further read to the personal computer. In GRIP, correlation of group outputs A
and B, B and C are done. For every baseline both cosine and sine channels are recorded

in a particular fashion.

2.9 Instrumental errors

As mentioned in the section 2.6 baseline length between the antennas, relative amplitudes,
phase variations of individual antenna elements create artifacts in the group pattern. Some
of such artifacts are described in this section. Observations with interferometric arrays
always suffer problems due to gain variations of the different RF components used in
the front-end analog, back-end digital receiver systems and other spurious interferences
like ground reflections, off-axial effects, atmospheric variations etc. The electric field of
a linear array similar to the one shown in Figure 2.8 with n number of antennas can be

written as,

Eg = A1E1 + A2E2 6jw+61 + A3E3 6j2w+62 + A4E4 6j3w+63 + ...+ An+1En+16jn¢'+5n (221)

where F is the total electric field of the all antennas after the addition, F1, Es, E3, Ey, ...,
are the maximum electric fields of the individual antenna elements, A;, Ay, Az, Ay, ... A,
are the amplitudes of individual outputs of the antennas after the RF components.
01,02, 03,04, ...0,41 are the phase fluctuations of the individual antenna outputs before

combining them.

2.9.1 Amplitude variations

In interferometric arrays the amplitude variation of the individual elements of a group

distort the group pattern or a ‘beam’ of the group. From simulations it was found that
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when there are no other errors, the variation of the amplitude start affects the group
pattern if the standard deviation of the amplitude variation is approximately half of its
rms value. However along with the phase fluctuations, the amplitude variations distort
the group pattern. Therefore while building the arrays, relative amplitude of the outputs
of the individual elements have to be maintained constant. In GRIP such effects are
nullified by using similar antenna elements, RF filters and pre-amplifiers. Also the length
of RF cable of every antenna was maintained with equal length of 50 meters to avoid

amplitude variations.

2.9.2 Phase fluctuations

The relative phase differences introduced by RF components used in the array like: RF
cables, RF filters, RF amplifiers and power combiners etc., distort the group pattern.
The distorted group pattern is simulated by assuming the amplitude rms variation ~ 10
dBm and the rms phase fluctuations +180° and is shown in Figure 2.13 at 80 MHz. In
practical cases, even the physical cable length is maintained constant for all the channels
of the interferometers the phase variations exist due to the manufacturing defects. The
rms value of such phase variations are £180°. Therefore those errors has to be minimized.

This can be achieved by applying a phase calibration technique (see section 2.10).

2.9.3 Errors involved in interference polarimeter arrays

In correlation interferometry, while multiplying two antenna groups/antennas other than
the previously discussed errors (within the group), presence of other RF components in
front and back end receiver systems also introduces the errors. The phase introduced
due to such components is called instrumental phase ¢;,s. While measuring the state of
polarization the linearly polarized antennas have to be mounted in different orientations.

The extra phase difference introduced due to the improperly aligned linearly polarized



70 Chapter 2. Gauribidanur radio interference polarimeter

0.5

o

Normalised intensity
S
(6]

15 ! ! ! ! ! ! ! ! !
-5 -4 -3 -2 -1 0 1 2 3 4 5

Hour angle (degrees)

Fig. 2.13: Simulation of group pattern of the GRIP is shown in the Figure. Note that the pattern
is distorted because the simulations are carried out by assuming the rms phase fluctuations
+180°) and the rms variations of the amplitude is 10 dBm. The red color plot shows the group
pattern when the amplitude and phase errors are zero and the blue plot is in the presence of the
mentioned errors (see section 2.10).
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antennas is ¢,,; and the extra path difference traveled by the rays due to the baseline
length between the antennas are called the geometrical phase ¢4.,. The power pattern,
P(¢) of the two element multiplying interferometer including the errors discussed above

can be written as,

P(‘b) - El ((Zﬁ)Ez((b)COS(Q/} + (bgeo + (bins + (bori) (222)

where E;(¢) and Es(¢) are electric fields of the group patterns. In GRIP, such errors
are carefully removed by maintaining the relative phase difference (within +5°) across all
the three channel outputs. The geometrical and orientation phase errors are minimized

sufficiently to avoid the artifacts in GRIP.

2.9.4 Walsh switching

In the receiver system there will be a cross-talk between the different channels even after
careful shielding of the IF and A/D converters. To eliminate such cross-talk, RF outputs
from the 3 groups are switched using an electronic switch which is controlled by a Walsh
function signal. Switching period of various groups are different and the fraction of the
time period was integrated. Such a system average the cross-talks to zero since the latter
is correlated to positively or negatively in either half of the integration time. The sequence
of the switching is removed at the output of the sampler using the same Walsh function so
that the possible DC offset errors in the A/D converters also will be eliminated. Since the
integration time is smaller than the fringe frequency, the spurious signals whose amplitude
is same over a Walsh cycle will be averaged to zero [Ramesh et al., 2006b, Thompson et al.,
2007]. In GRIP, the integration time of the data obtained for Stokes I and V channels
is 256 ms which is smaller than the time period of the interference fringe at 80 MHz is
~ 7 minutes. So using the Walsh functioning the spurious signals due to the cross talks

as well as DC offsets in the correlations are minimized in the case of GRIP. Use of Walsh
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minimizes the cross-talks and DC-shifts in A/D converter in the receiver system [for more

details see Ramesh et al., 2006b].

2.10 Calibration techniques

2.10.1 Instrumental calibration technique

Generally in order to get the actual flux of the observed source, one need to remove the
artifacts introduced by the instrument like amplitude and phase variations as previously
mentioned. These variations are eliminated by using the phase equalization technique for
all the cables used in different channels of the polarimeter. The amplitude variations are
eliminated by using identical RF elements in different channels and also by maintaining
the cable lengths of different stages of different channels same. Other than amplitude
variations, phase errors have to be eliminated. In general, phase equalization technique
is, measurement of the relative phase difference between the RF cables and other RF
components and bring out them to a constant relative phase difference among the cables
at respective stages of the interferometer. All the co-axial cables used in GRIP array
are maintained at constant length. Even after the physical length of the co-axial cable
is maintained constant, there will be a change in electrical length because of the man-
ufacturing defects. Such defects cause primarily the phase variations. The reflection
coefficient (p) and the phase (©) of the coaxial cables (50 meters length) used in GRIP to
feed the antenna signal (after pre-amplifier) to the group centers are measured using the
experimental setup shown in Figure 2.14. In this experimental setup, the signal from the
signal generator of frequency 110 MHz is feed to the input port ‘A’ of directional coupler.
The coupling signals (port ‘C” and ‘D’) from the directional couplers are connected to
port ‘a’ and ‘b’ of the vector voltmeter respectively. The ‘cable under test’” (CUT) is

connected to the port ‘D’ of the directional coupler and other end of the coaxial cable
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is left open. Now by feeding the signal to port ‘A’, the reflection coefficient p; and the
phase (©;) values are noted which are shown in Table 2.3. It is noticeable that the ©,
is varying ~ +180°. In second step, without altering the system and by replacing other
cable in place of ‘CUT’, the reflection coefficient and phase of the signal is measured.
Next, the ‘CUT’ was chopped step by step till the reflection coefficient and phase arrives
to a carefully chosen constant value. Similarly all the cables are bought to a constant
reflection coefficient and phase. After applying this technique to all the cables, the ©,
and po values remained constant (see Table 2.3). In third step, using the phase calibrated
coaxial cables, after adding the RF connectors once again the experiment was repeated
and measured the O3 and p3 which are shown in the Table 2.3. Note that py, ps, p3 are
the reflection coefficients and ©;, ©,, O3 are the phase of the signal measured in step 1,

2 and 3 respectively.

Table 2.3 reveals that for all the cables after the calibration, the phase error is
< 2°. Using the simulations it is found that rms phase errors introduced by the different
components with S 10°, will not affect the group pattern. Therefore in GRIP such
errors due to the phase variations are minimized. Simulation shows that after the phase
equalization and even in the presence of the rms phase errors of the order ~ 2°, group
pattern coincided with the pattern of ideal case (see Figure 2.15). Observations of the
different calibrator sources in the transit mode (hour angle ~ +1.5°) match with the
simulations shown in the Figure 2.15 at 80 MHz. Figure 2.16 show the observed time
profile of Virgo-A at the same frequency. The declination of the above source is 12 N
which is close to the local zenith at GRO (14 N). Figure 2.15 shows observations of other
calibrator source, Cassiopeia-A, at 80 MHz. The declination of this source is 59° N. A
comparison of 2.16 and 2.17 with 2.15 indicates that the group pattern remains nearly
the same at different declinations. Note that the comparatively larger width of the time

profile of Cassiopeia-A is due its larger declination.
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a b
Vector Voltmeter
C D
Signal Directional Coupler
Generator A B U
Cable Under Test

Fig. 2.14: The Figure shows the experimental setup used in phase equalization. Although the
RF cables have the same physical length, there exists a phase difference among the cables. It
is because of difference in electrical lengths due to various regions. Such phase difference is
corrected by chopping the ‘cable under test’ step by step till it reaches to a constant phase and
reflection coefficient. By repeating the same experiment, for all the coaxial cables used in GRIP,
a constant phase difference among the cables was maintained.
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Fig. 2.15: The Figure shows that the simulation of the group pattern of the GRIP array. When
the rms of the amplitude and phase fluctuations of the signal are about 2 dBm and 5° respectively,
the simulated plot approximately matches with the ideal group pattern. Note that in the Figure,
the red and blue color plots correspond to the ideal group pattern and the group pattern after
the phase equalization of individual elements in the GRIP respectively.
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Fig. 2.16: Figure shows the observed time profile fo the Virgo-A at 80 MHz on 09 February 2013.
RA and dec of the Virgo A is 12:31:18 (hh:mm:ss) and 12° N (which is close to the zenith 14°
N at GRO) respectively. Note that the observations of the Virgo-A is similar to the simulations
shown in the Figure 2.15.
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Fig. 2.17: Figure shows the observed time profile of the Cassiopeia-A at 80 MHz on 04 June
2013. RA and dec of the Cassiopeia-A is 23:23:51 (hh:mm:ss) and 59° N (which is far away from
the zenith 14° N at GRO) respectively.



Table 2.3: The reflection coefficient and the relative phase difference among the co-axial cables used in the GRIP.

Cable No. | p; O, P2 O 03 O3 | Cable No. | py 6, P2 O9 03 O3
1 0.71 ] -126.3 | 0.61 | 155.9 | 0.99 | -0.3 23 1.76 | -9.3 |0.61 ] 156.1{0.99 | -0.5
2 0.78 | -96.5 | 0.6 | 1573 | 1 0 24 0.72 | -105.1 | 0.61 | 155.9 | 0.99 | 0
3 0.84| -48 ]0.61| 156 [0.99|-0.4 25 0.84 | -27.5 ] 0.68 | 156.2 | 0.99 | -1
4 0.82] -75.2 | 0.6 | 15531099 | 0 26 0.65 | 175.6 | 0.65 | 156.7 | 0.99 | 0
5 0.99 | -70.9 | 0.61 | 155.5 | 0.99 | -0.9 27 0.64 | -159.6 | 0.63 | 155.2 | 0.99 | -0.7
6 0.7 | -151.8 | 0.6 | 155.110.99 | -0.5 28 0.84 | -44.9 | 0.58 | 155.6 | 0.99 | -0.3
7 0.84 | 19.3 |0.63 | 155.9 | 0.99 | -0.5 29 09 | -54.1 | 0.6 | 1552 | 1 |[-1.2
8 0.86 | -55.5 | 0.61 | 155.3 | 0.99 | -0.4 30 0.84 | 51 [0.62]|155.1] 1 -1
9 0.84 | -17.2 | 0.61 | 155.1 | 1 0 31 0.88 ] -35.1 | 0.77 | 15451099 | 0
10 0.82 | -117.1 1 0.78 | 158 |0.99 | 1 32 0.83 | -52.2 | 0.61 | 155.1 ] 1 0
11 0.86 | -54.5 | 0.74 | 155.1 | 0.99 | -0.9 33 0.78 | -78.8 | 0.61 | 155.6 | 0.99 | -0.5
12 0.85] -36.8 | 0.63|1559| 1 |-0.3 34 0.79 | -73.3 [ 0.59 | 155.2 | 0.99 | -0.4
13 0.93 | -54.5 | 0.65 | 1564 | 1 0.4 35 083 -1.3 [0.63|155.7| 1 |-0.8
14 0.96 | -103 | 0.79 | 156.2 | 0.99 | -0.7 36 1.1 | -83.3 | 0.59 | 155.5 | 0.99 | -0.1
15 0.87 | -41.2 | 0.77 | 155.1 | 1 0 37 0.87 | -100.5 | 0.62 | 155.9 | 0.99 | -0.1
16 1.39 | 22 0.68 | 156.3 | 0.99 | -0.3 38 0.7 | 163.4 | 0.61 | 156 | 0.98 | -0.2
17 0.89 | -63.1 | 1.02 | 155.9 | 0.99 | -0.1 39 0.92 | -37.6 | 0.59 | 1554 | 0.99 | -0.7
18 1.02 | -919 | 0.6 | 156 | 0.99 | 0.5 40 084 -09 | 0.6 | 155.2|0.99|-0.6
19 0.91 ] -81.9 | 0.61 | 156.1 | 0.99 | 0.2 41 0.83 | b54.1 | 0.77 | 156.2 | 1 -1
20 0.82 | -112.4 ] 0.64 | 155.1 | 0.99 | -1.1 42 0.89 | -14.8 | 0.61 | 155.5 1 -0.1
21 0.89 | -112.3 | 0.87 | 155.3 | 0.99 | -1.8 43 0.8 -64 | 0.61 | 155.7 | 0.99 | -0.9
22 0.94 | -135.9 | 0.61 | 155.1 | 0.99 | -0.5 44 0.84| -65 |0.61|155.1| 1 |-0.9
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2.10.2 Flux calibration technique

In polarimetric observations one need to minimize the instrumental errors like cross talks
between antennas, reflections from the ground and off-axial effects etc [Ramesh et al.,
2008]. One way of removing the artifacts is the calibration technique in which actual flux
of target source is estimated by observing the circularly polarized sidereal sources whose
flux is constant over longer time. Since, there are no circularly polarized strong sources
available at these frequencies atleast at GRO, the instrument has to be carefully designed
by eliminating the errors discussed in section 2.9. Observations of the randomly polarized
calibrator sources/weakly linearly polarized sources reveal that the instrumental errors
found are negligible in both Stokes I and Stokes V channel. For example Cassiopeia-A,
Cygnus-A, Taurus-A, Virgo-A are few strong radio sources whose flux is invariant through
out the year. The flux densities of the these calibrator sources are revised using the well
established equations mentioned in Kellermann et al. [1969], Braude et al. [1970], Baars
et al. [1977], Borkowski et al. [1980], McLean and Labrum [1985]. The calibrator sources
whose declination is close to the latitude of the GRO were chosen.

For example, observations of the Cygnus-A observed using GRIP on October 16, 2012
is shown in Figure 2.18. Two plots represent, the Stokes I and Stokes V observations of
the same. It has a total flux density of ~ 16668 Jy at 80 MHz. Significant degree of
linear polarization of Cygnus (8 percent at 3 cm) supports that the emission mechanism
of the source is a synchrotron emission which is responsible for the radio emission. It
is also found that the degree of linear polarization decreases rapidly with increase in
wavelength to about 1.5 percent at 5 cm. The degree of linear polarization is even less
at longer wavelength compared to the mentioned wavelengths [Hollinger et al., 1964,
Kraus, 1973]. So it is expected that the Cygnus-A is a randomly polarized source at
80 MHz (3.75 meters). From the observations of the GRIP which is shown in Figure
2.18, it is clear that there is no significant deflection of Cygnus-A in Stokes V, where as

a good deflection in Stokes I. This is the case of Cygnus-A observations everyday and
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Fig. 2.18: The Figure shows the observations of randomly polarized calibrator source Cygnus-A
in Stokes I and V modes. The observations are carried out using GRIP on 16 October 2012
at 80 MHz during its transit at GRO. The plot is generated by averaging the 4 samples. It is
clearly seen that there is no deflection in Stokes V profile, which means that instrumental errors
(like cross talk effects) are absolutely negligible.

is as expected and agreeing with the above mentioned past polarization measurements.
Therefore based on these observations it is concluded that instrumental errors in Stokes
V and Stokes I channels are negligible. Also absence of deflection in Stokes V confirms
that the instrumental errors and other artifacts like circular polarization introduced by
different components, cross-talks of antennas, ground reflection or off-axial effects are

negligible.
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2.11 Data analysis and estimation of true flux density

In a correlation interferometry the mutual coherence function was found which describes
about the spatial coherence of the source. According to the Van Cittert Zernike theorem
the Fourier transform of the visibility function gives the information of the brightness
distribution of the source. In practical application cross-correlation of the two antenna
outputs, called the visibility function (V;;) is measured. The visibilities of in phase cosine
V; and with 90° phase shifted sine visibilities V;% are measured for each baseline. There-
fore the total amplitude corresponding to the respective baseline is measured using the

equation 2.23
Ly = [ (Vi5)? + (V) (2.23)

The phase related to the fringes is obtained using the equation 2.24
¢i; = tan™! (—J) (2.24)

The uncorrected instrumental errors can be removed by observing the calibrator
sources. The calibrator sources are selected which are strong and close to the target
source (Sun) and with known consistent flux density over a longer duration. If the known
flux density of the calibrator source is (S™"¢).,;, observed correlation counts of the same

calibrator source and the target source (Sun) are (C¢*

77 )eal (C’i‘}bs)sm respectively. Then

the true flux density (Sj;“¢) of the target source is estimated using the equation 2.25.

(Strue ) cal
(Cgbs ) cal

v

(557 sun = (Cffs)gun X (2.25)

The estimated flux density has the units of Jansky (Jy) which is named after a scientist

Karl Jansky and 1 Jy is defined as 1072 Watt m~—2 Hz ™! sr 1.

Total visibility estimated for the baseline of group B and C is equal to half of the
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total brightness of the observed source as the antennas accept only one polarization. Since
the case is same for the calibrator source, by making use of the equation 2.25 the true flux
density (Stokes I) of the target source is estimated. Since antennas in different groups (A,
B and C) have been equalized for their gains, Stokes V flux density (observed correlation
counts in the multiplication between group A and B) is estimated using correlation counts

of the Stokes I (correlation counts between groups B and C).

2.12 Performance study of GRIP array

2.12.1 Noise contributions

At radio frequencies there are many noises that have to be considered. In general noise
can be of two types (1) External noise and (2) Internal noise. External noise is due to
the atmosphere (like lightening discharges, thunderstorms and other natural electrical dis-
turbances), extra terrestrial noise (like solar noise due to the activity in the Sun, cosmic
noise due to the radio sources) and industrial noise (automobiles, aircraft ignition, elec-
trical motors, switching equipments, voltage leakages of electrical line, fluorescent lights,
walkie-talkies etc). FM and TV broad casting also considered as interferences by the radio

astronomers.

Internal noises are thermal noise which is due to the noise generated by the resistive
components due to the rapid motions of the atoms or electrons inside the component.
Such noise is called thermal noise/white noise/Jonson noise. Another kind of noise is
Shot noise which is mainly in amplifying devices and virtually all active devices. It is
due to the random variations in the arrival of electrons at the output electrodes [Kennedy
et al., 2013]. However the dominant one is the thermal noise. In radio astronomy most of

the cases noises are represented in terms of the temperature. A resistor at a temperature
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(T) will have a power (P) due to the thermal electron motions in it. It is known that
motion of thermal electrons create the currents and since the power is dependent on the
square of the currents the absolute power is not zero [Jayaram et al., 2007]. So the power
is defined in terms of temperature. The power measured at the terminals of the antenna

is shown in equation 2.26, which is also called Nyquist formula.

T, = (2.26)

P
k
where k is the Boltzmann constant and P is the power per unit frequency and T, is antenna
temperature. In the same way if the temperature is measured at the terminals of a radio
telescope, it is defined as system temperature (7y,s). The power received at the output
of a radio telescope is,

Piota = Py + Psys (227)

Equations 2.26 and 2.27 gives the equation 2.28.
Tiotar = To + Tsys (228)

Where P, and T, are the total power and corresponding temperature received at
output of the radio telescope. The system temperature is contributed by many other
forms of noise and they can be represented as a temperature. So the system temperature
is given in equation 2.29

Tsys = Tbg + Tsky + Tspz'll + Ty (229)

where T}, is due to the cosmic microwave background radiation (3 K) and also due
to the galactic background, Ty, is noise contribution from the atmosphere, T, is noise
contribution from the ground reflections and scatterings, 7., is due to the receiver noise.
However the noise figure of the pre-amplifier is &~ 3 dB and total receiver noise temperature

at 80 MHz is 600 K. At this frequency the sky noise is about 300 K. Therefore the system
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temperature is around 900 K.

2.12.2 Minimum detectable flux of GRIP

Minimum detectable flux density (AS,,;,) is calculated using the equation 2.30 [Kraus,

1973
2k K, Tuys

A, VAv tn

Where, k is the Boltzmann constant (= 1.38 x 1072% Joule K7!), K, is the sensitivity

ASin = (2.30)

constant which depends on the receiver system used. For the correlation interferometer
which includes one antenna and one receiver K is 0.71 [Kraus, 1973, p.258]. A, is the
effective collecting area of the antenna [~ 0.6 x A\* m?], Av is the IF bandwidth [1 x 10°
Hz], Tyys system temperature [K], ¢ is the time resolution [256 x 1072 s, n is the number of
points averaged. At 80 MHz calculated minimum detectable flux density for the designed

array is 500 Jy (5o level) for 1 second integration time.

2.13 Summary and conclusions

GRIP is an instrument which is capable of observing the polarized radio signals from the
solar corona and operated over the frequency range ~ 150-30 MHz. The corresponding
radio emission typically originate in the solar atmosphere over the radial distance range
~ 1 — 2 solar radii. At present observations in those heights are not there in other
spectral window of electromagnetic spectrum. The GRIP, consists of 40 log-periodic dipole
antennas and are arranged in 3 groups with different orientations. The three channels are
processed separately using super heterodyne analog receivers. The cross-correlated output
of the digital receiver is then read to the computer. Using the GRIP, observations of the
different radio solar events/bursts and other calibrator sources are carried out in both

Stokes I and V with improved sensitivity and time resolution.
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Appendix

The IF input is sampled using a 1-bit digitizer circuit which is shown in the Figure A.1.
As mentioned earlier the IF input is first quantized to two levels using a comparator
which gives the TTL output of high or low depending on the reference voltage. In general
ground is considered as the input reference voltage. Although in practical applications
there will be some offset voltage which introduces the cross-talks in correlations. After
the quantization, the signal is samples using a positive edge triggered dual D-type flip-flop
(T4LS74).

Then the output is passed through the delay circuits then to the correlator chip
which is described subsequently in this section. The GRIP and GRAPH is specifically
designed for observations of the solar corona in which solar radiation is strong enough so
the loss in sensitivity due to usage of 1-bit correlators is not severe [Nakajima et al., 1993].
Also it is possible to regain the loss of amplitude information due to the usage of clipping of

the input signal due to the zero crossing detector [Udaya Shankar and Ravi Shankar, 1990].

The correlator system was built using the correlator chip made by the Nobeyama

radioheliograph, Japan. Each chip has 4 complex correlation units which can give 4
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LF. input D QO Sampled output

(To delay unit)

Sampling clock

Fig. A.1: Schematic layout of the 1-bit digitizer is shown in the Figure. Image Credit: Ebenezer
et al. [2001]

complex correlations from 4 groups of antennas. Each unit consists of three 4 bit parallel
Ex-OR gates, one 4-bit parallel Ex-NOR circuit, two additional circuits, two integrator
circuits, a latch and a multiplexer circuit. One unit of complex correlator chip is shown
in Figure A.2. The complex correlations of the circuit are expressed in equations 2.19 and
2.20. Although 22 bit counter is used, during integration 6 LSBs are truncated and only
16 MSBs are used within the chip itself. Some more details of the complex correlators

described in Ramesh et al. [2006a], Ebenezer et al. [2001].
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Fig. A.2: Schematic layout of the correlator chip is shown in the Figure. Image Credit: Ramesh
et al. [2006a]
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Chapter 3

Pico flares and coronal heating

3.1 Introduction

Presence of Fe IX and Ca XIV spectral lines in the solar corona proves that coronal
temperature is &~ 1 MK. It is known that photospheric temperature is ~ 5800 K. Second
law of thermodynamics states that, heat cannot be transferred from cold body to hot body
without an external agency. The mystery is that how the solar corona is heated to ~ 1 MK
by the ~ 5800 K photosphere which is the so called coronal heating problem. Although
there are many theories to explain the coronal heating problem, none is able to explain
it efficiently. If the heating is because of the thermal conduction, coronal temperature
has to drop down and cools off within few hours or days. But this is not the case.
There were many models proposed to explain coronal heating. Few of the models are (1)
DC stressing and reconnection model (2) AC wave heating model (3) Acoustic heating
(4) Chromospheric reconnection (5) Velocity filtration. Briefly about these models are
discussed in Aschwanden [2004, pp360] and references are given there. In this chapter,
coronal heating problem is explained using the observations of noise storms which are

frequently observed at low frequency radio observations.
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3.2 Magnetic reconnection

The coronal magnetic field is constantly stressed and adjusted by restructuring the large
scale magnetic field by topological changes and is called magnetic reconnection. The
possible reasons for the magnetic stress is: (1) The solar dynamo in the solar interior,
which constantly generates a new magnetic flux from the bottom of the convection zone
which rises by buoyancy and emerges through the photosphere to outer atmosphere, (2)
The differential rotation, convective motions at solar surface continuously wrap up the
coronal field with rotation, and (3) Connectivity to the interplanetary field lines constant
break up, which is due to avoid magnetic stress [Aschwanden, 2005]. If opposite polarity
flux come together, a boundary layer will form to separate the two regimes of magnetic field
in a form of pressure balance. Such high resistive system counteract the currents within
allow the occurrence of non-ideal MHD processes and formation of structures having small
spatial scales like current sheet. It leads to a low magnetic Reynolds number and allow
diffusion to occur. The connectivity of the field lines cause ejection of plasma along
the resulting, so that the reconnected field lines relax to a new equilibrium. Outflows
cause a low pressure in the diffusion region and allow inflow of plasma. Figure 3.1 shows
the geometry of the magnetic reconnection process in Sweet-Parker model and Petschek
model. Magnetic reconnection is explained by Sweet [1958] and Parker [1963] by assuming
a two-dimensional incompressible MHD approximation. If the reconnection layer length

and thickness are A and ¢ respectively, then the outflow should balance the inflow. i.e.,
/)1U1A = p2v25 (31)

where v, and v, is the velocities of the inflow and outflow respectively, p; and p, are
the mass densities of inflow and outflow respectively. Note that in Sweet-Parker model
length of diffusion region A is larger than its width §. The rate of reconnection is then

written interms of Lundquist number S}’ a dimension less quantity and defined as ratio
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of an Alfvén wave crossing timescale to resistive diffusion timescale.

U1 1

- 3.2
V2 vV St ( )
where
5, — AV 4
n

and v, is the Alfvén speed, u is the molecular weight, and 7 is the magnetic diffusivity.
By substituting the respective values, it is found that the Sweet-Parker model is very slow
to explain the magnetic dissipation in the solar flares. Note that using the Sweet-Parker
model, the rate of dissipation is tens of days and is actually observed in minutes and hours
of time [Byrne, 2010]. Faster reconnection model was proposed by Petschek [1964], which
has reduced size of the diffusion region (A =~ §). Since the length of the current sheet is
shorter, the propagation time through the diffusion region is shorter and the reconnection
process becomes faster. In latter model the inflowing plasma turns around outside the
diffusion region and show mode shocks arise, so that the abrupt change of velocities from
v1 to ve. The reconnection velocity in the Petschek model written as, [Aschwanden, 2005,

Byrne, 2010]

Ui
U% = ’U% <'UAMA/) (33)

The equation-3.3 may be rewritten as follows

v = \/—S_L\/A/A’ (3.4)

where A’ is length of diffusion region in Petschek model. Note that the factor \/A/A’ is

faster than the Sweet-Parker reconnection velocity.
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Fig. 3.1: Geometry of the reconnection models is shown in Figure. Top one is the Sweet Parker

model and bottom one is the Petschek reconnection model. Image credit: Aschwanden [2005],
Byrne [2010]
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3.3 Solar flares and sub flares

Radio observations are the useful complementary tool in detecting the signatures of weak
transient energy releases in the solar atmosphere, since the related non-thermal emission
can be detected easily[Benz, 1995]. In recent years, systematic study and statistical anal-
ysis of small scale phenomena in solar corona and transition region has been carried out
using the X-ray and EUV high resolution images. Such analysis is used to estimate the
energy and other statistical parameters, so that the coronal heating problem can be ad-
dressed. These small scale features explored in solar atmosphere at different wavelengths
are explained in Aschwanden [2004]. Some of the events observed in solar corona are:
ephemeral regions, emerging flux events, canceling magnetic flux events, explosive events,
blinkers, soft X-ray bright points, picoflare, nanoflares, microflares, soft X ray jets, active

region transient brightenings etc.

3.3.1 Large flares

It is known that a typical large solar flare has the range of energy ~ 10%° — 1033 erg. Based
on the energy release, solar flares are categorized into few subclasses called subflares:
microflares, nanoflares and picoflares. Depending on the temperature, the flares are seen
at corresponding wavelengths. Large flares are observable in HXR, SXR and EUV regimes
with temperature and density ~ 8 — 40 MK and ~ 0.2 — 2 x 10 cm™3 respectively.
Large solar flares are the superposition of microflares and microflares are superposition of
nanoflares [Parker, 1988]. So the corona is heating, not only because of a single large flare
but also number of microscopic events occurring due to the virtual magnetic reconnection
processes. The magnetic reconnection processes are continuously restructuring by itself
because of the generation of new magnetic flux from the solar interior which propagates
to the corona, the differential rotation and the interplanetary fields. These microscopic

magnetic reconnection process contribute to the coronal heating. But more often, sudden
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energy releases from CMEs and flares, may alter the magnetic field structures in the

corona.

3.3.2 Microflares

Microflares have energy in the range of ~ 10%" — 103° erg, which is 107% — 1073 times of
a large flare. These events are observable at SXR and EUV wavelength regimes. These
events have the temperature and density in the range of ~ 2—8 MK and 0.2—2x 10'° cm ™3
respectively. Active region transient brightenings (ARTB) are the group of events which
appear in the active regions. X-ray bright points (XRBs) are seen in SXR, HXR and
radio domains. Emission mechanism of them are gyroresonance, gyrosynchrotron and
non-thermal microwave emission [Gopalswamy et al., 1994a, 1997, White et al., 1995,
Gary, 1997]. Also energy of XRBs are in range of microflares, and they are seen even in
quiet corona or coronal holes. But ARTBs are observed only in active regions. Microflares
were detected by Lin et al. [1984] using high sensitive Balloon-borne instrumentation and
their reported energy was ~ 10%6 — 10%® erg. Microflares are of interest because of their
contribution to the coronal heating. Note that these bursts are impulsive and non-thermal
in nature. Small amplitude radio bursts related to the microflares in solar atmosphere are

first reported by Kundu et al. [1986]. Similar observations at 1.4 GHz were reported by
Bastian [1991].

3.3.3 Nanoflares

The small scale features whose estimated energies are below 9 orders of a typical large
flare are defined as nanoflares. Nanoflares energy ~ 10?* — 107 erg and these events
are found in the temperature scales of 1 — 2 MK. Density scales of the nanoflare regions
are ~ 0.2 — 2 x 10 ecm~3. Such nanoflares are first observed mainly in the EUV regions

using SOHO/EIT data. EUV nanoflares cannot reach the temperature greater than 2 MK
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so that they are not observable in SXR or HXR. Theoretical models of coronal heating
postulate that nanoflares are seen throughout the solar corona [Levine, 1974, Parker,
1988]. Nanoflare loops are observed due to the DC interactions such as stress induced
reconnection, current cascades and turbulence which produce the magnetic dissipative
events. At radio low frequencies, Ramesh et al. [2010, 2013] estimated the energy of
the type III bursts whose energy was ~ 3.3 x 10** erg. Those events are belongs to
the nanoflare category which were postulated by the Parker [1988]. The magnetic field
estimated in those regions, where type III bursts originated was ~ 2.54+0.2 G at 77 MHz.

Estimated brightness temperature of those events were ~ 10% K.

3.3.4 Picoflares

In addition to the above mentioned events, magnetic energy is released in several differ-
ent forms that are necessarily related to the traditional definition of flares [Benz, 1995,
Aschwanden, 2004]. For example, Katsukawa and Tsuneta [2001], Katsukawa [2003] pro-
posed that the fluctuations in the soft X rays from active regions are due to the ubiquitous
tiny bursts of energy releases. The estimated energy of the individual bursts was in the
range of 10%° — 10?? erg. Since the mean value is ~ 10*' erg which is 12 orders weaker
than the larger flares in the solar atmosphere, they are called picoflares [Parnell and Jupp,
2000, Aschwanden, 2004, Tsuneta and Katsukawa, 2004]. In this chapter, such weak en-
ergies are explained using the observations of the type I radio bursts (also called radio

noise storms), which constitute the most frequently observed type of solar activity.

Larger flares are seen in active regions and microflares, nanoflares and even pi-
coflares are observable everywhere in the quiet Sun and coronal holes. It is believed that
flares/microflares requires a significant amount of magnetic field strength ~ 10 — 1000 G.
Such fields are found in active regions, but till now it is not known whether the microflares

originate in the weak magnetic field region like ~ 1 — 10 G range. Note that these weak
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Fig. 3.2: The Figure shows the observation of flares at HXR, SXR, EUV wavelengths which
are related to the microflare, nanoflare energy categories. Note that there are no observations
reported in picoflare category range in the Figure. This void may be covered by the present
observation of picoflares discussed in this chapter. It is clearly seen in the Figure that the power-
law index decrease for weaker energy events. In the present case estimated power law indices of
the picoflares varies from -2.2 to -2.7. Image credit: Tsuneta and Katsukawa [2004]

fields are seen in quiet corona and even in coronal hole regions. In recent days, it was
found that the nanoflares and picoflares are observed in the weak magnetic field regions.
For example, nanoflares were observed in region with magnetic field of ~ 2.5 + 0.2 G,
whereas picoflares were seen in ~ 183 — 950 mG field regions [Ramesh et al., 2010, 2013].
Note that in the present chapter, it is concluded that weaker energies than microflares are

also present in the solar corona and such events contribute to the coronal heating.
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3.4 Noise storms

A long lasting solar radio emissions are first observed by McCready et al. [1947] in metric
and decameter wavelengths. The noise storm emission consists of a series of short lived
( 0.1 — 1s) narrow-bandwidth radio bursts superimposed on continuous, slowly varying,
long-lasting broadband background emission. Note that the background level with free
of bursts is commonly referred to as background continuum, and the bursts superposed
over it are called type I bursts [Wild et al., 1963, Ramesh and Shanmugha Sundaram,
2000]. These emissions last from a few hours to days so that they are called storms.
These storms are analogous to the geomagnetic storms, hence the name noise storms
[Allen, 1947]. More reviews on these noise storms are found in Elgargy [1977], Kai et al.
[1985]. It is considered that the bursts are an evidence of successive electron accelerations,
which, unlike the transient acceleration associated with flares and continue for hours to
days. It is now generally accepted that the radiation is fundamental (F) plasma emission
mechanism [Sundaram and Subramanian, 2004] due to the coupling of Langmuir and
low-frequency waves (either lower-hybrid or ion-acoustic). Observations of strong circular
polarization result from the propagation effects in the presence of a magnetic field. Type
I bursts are primarily related to non-flaring sunspot active regions and also observed in an
exceedingly restless corona even during non flaring situations. These bursts are considered
to be the signatures of many small steps in coronal evolution, whose cumulative effect is
the ‘gradual’ evolution of the solar corona. The emerging magnetic flux and the changes
in the existing active region magnetic fields with time inevitably lead to field reconnection
and type I bursts, which are associated with these small sites of reconnection [Benz and

Wentzel, 1981, Spicer et al., 1982].

Noise storms are usually observed from 50 to 500 MHz bandwidth. The background
as well as the type I bursts are highly circularly polarized nonthermal emissions. The

degree of circular polarization reaches to ~ 100%. Some times, noise storm may accom-
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Fig. 3.3: The Figure describes a model of storm region indicating the position of storm type
(on-fringe) and impulsive (off-fringe) type III bursts along with type I burst regions and sources
of intense continuum emission at high frequencies which are close to the disk. Also the location
of decimeter (dem sources) and microwave (cm wave sources) bursts are shown in the Figure.
The ‘on-fringe’ type III’s coincide within position with the continuum and ‘off-fringe’ one are
slightly displaced in position with the continuum. These two types differ in other properties
also. Image credit: Gergely and Kundu [1975]
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panied by type III bursts. Observations show that type I bursts occur in strong magnetic
bipolar regions, where as type III bursts occur in weak magnetic unipolar regions [Kali,
1970]. The type I and type 11T bursts are closely connected at decameter and hectometer
wavelengths. There may be a continuous conversion of pure type I to type III, when the
accelerated electrons propagate in the corona outward. Frequently, type I bursts occur,
where as some of the supra-thermal electrons which accelerates further to the speeds of
> (.1c and those electrons may cause the type III bursts. Boischot et al. [1970], Stewart
and Labrum [1972] proposed few models and explained the different possibilities of associ-
ation of type I and type III bursts. In this chapter only noise storms are discussed and in
chapter-4 type III bursts are discussed. The Figure 3.3 show the location and information
about physical conditions to originate the bursts at different wavelengths including type

[ and type IIT bursts.

3.5 Observations and data analysis

The radio data discussed in this chapter was observed during five different observing
periods at 80 MHz. The selected noise storms are analyzed which are observed in the
absence of temporally associated coronal mass ejections (CMEs), Ha/X-ray flares with the
heliograph [Ramesh et al., 1998] and the East-West one dimensional polarimeter [Ramesh
et al., 2008] at GRO. The noise storms are observed in polarimetric mode using the
GRIP. The heliograph (Gauribidanur Radio Heliograph, GRH and after the expansion of
the GRH, it is called GRAPH) is a T-shaped radio interferometer array which produces
two-dimensional images of the solar corona. The angular resolution of the array is ~
10" x 15" (R.A. x decl.) at the above frequency. The antenna elements used in both
the arrays are log periodic dipoles which operate from 30 to 150 MHz. The antenna
elements are pointed towards the zenith and are non-trackable. However, different lobes

of observations is carried out by tilting/steering of the antenna response ‘beam’ to the
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required direction is achieved electronically by making use of the diode switches. The
signals of the diodes are controlled from the lab through suitable cable network and
automated software. Beam steering in different declinations is also done using the same

mechanism in the GRH.

The polarimeter responds to the total intensity and polarized flux density from the
‘whole’ Sun. The response function or the ‘beam’ of the polarimeter array is broader
compared to the Sun at that frequency in both right ascension (East-West direction) as
well in declination (North-South direction). The beam in right ascension and declination
at 80 MHz is ~ 4° and ~ 90° respectively. Therefore, the time profiles observed with
the polarimeter correspond to the East-West beam. The amplitude of the signal is pro-
portional to the strength of the radio emission from the ‘whole’ Sun at that observing
frequency and polarization mode. The time profiles are weighted by the antenna gains in
the direction of the observations. The antennas in the polarimeter array are non steerable
unlike the GRH. The positional information of the radio sources is observed using the
GRH and circularly polarized emissions are observed using polarimeter. Note that the
two-dimensional radio heliograms and the polarization observations are carried out at the

same time.

Because of the good time resolution and sensitivity, noise storms are observed fre-
quently with both polarimeter and GRH. Since the instrument operates in transit mode,
the statistical analysis carried out in this chapter is restricted only to main lobe observa-
tions. The observations of noise storms were cross checked with Culgoora spectrograph
database!. The noise storms data was calibrated using the calibrator sources whose flux
density is known and invariant for long durations. Calibration procedure is discussed
in the section-2.10. The quiet Sun component from the noise storm observations was

removed by subtracting a fitted polynomial from the actual data.

The minimum detectable flux density of the GRH and the polarimeter was ~

Thttp://www.ips.gov.au/World_Data_Centre/1/9
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Fig. 3.4: Gauribidanur polarimeter observations of type I solar radio bursts in Stokes I at 80
MHz on 14 April 2011. The integration time was ~ 256 ms
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Fig. 3.5: Gauribidanur polarimeter observations of type I solar radio bursts in Stokes V at 80
MHz on 14 April 2011. The integration time was ~ 256 ms
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200 and 1000 Jy, respectively during the observing period, for an integration time of
~ 256 ms, and a bandwidth of ~ 2 MHz. Figures 3.4 and 3.5 show the time profiles
obtained with the polarimeter in both Stokes I and V on 14 February 2011 during the
interval 06 : 50 — 07 : 15 UT, i.e., around the transit of the Sun over GRO. The limited
observing period is mainly due to the non steerability of the antenna response, and its
width (4°) as mentioned earlier. One can note the presence of numerous short-lived peaks
in both the Stokes I and V time profiles. These are characteristic signatures of the type
I radio bursts from the solar corona which were discussed in detailed by Elgargy [1977],
Kai et al. [1985]. It is Independently ascertained that the spectral nature of the observed

emission as type I radio bursts are verified from online reports?.

3.5.1 Calculation of the total energy radiated from the noise

storm

Its known from the observations that typical type I bursts reach the flux density at most
1072 Wm2Hz! in the 150 — 200 MHz region and at 100 MHz, the flux density may
exceed 10712 Wm—2?Hz ! at maximum for the large flares. The total energy (W) emitted

by the burst is calculated using the relation shown in equation 3.5 [Elgargy, 1977],

W = SAtAVR*Qe” (3.5)

where S is the flux density at the observed frequency v, At is the duration of the burst,
Av is the bandwidth of the burst, R is the Sun-Earth distance [~ 150 x 10°] meters, Q is
the solid angle into which the radio waves are emitted. Note that the solid angle of the
noise storms are measured using the stereo observations. To obtain the total flux emitted
by the noise storm it is essential to know the total solid angle where the whole energy is

beamed into. Once the noise storm is emitted, depending on the physical conditions of

ftp:/ /ftp.ngdc.noaa.gov/STP/SOLAR_DATA /SOLAR_RADIO/BURSTS_Tables/Spectral
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that source region, it may not be radially towards the Earth, but may be tilt by some angle
(0). Therefore observation of the two-dimensional images cannot give the correct estimate
of the solid angle. Therefore, solid angle is estimated using the stereo observations which is
similar to the one shown in Figure 3.6. First time, the beam pattern of type I is estimated
from the simultaneously obtained observations using stereo spacecraft Soviet probe Mars-
3, and a Earth’s observer Nancay radioheliograph (France) at 169 MHz. The solid angle is
estimated by assuming all bursts are having the same emission polar diagram f(#) which
is symmetric around the axis making an angle . From the polar emission diagram, half
power beam width of type I found was ~ 25°, which corresponds to a solid angle of 0.15 sr
[Steinberg et al., 1974] and 7 is the optical depth near the source position of corresponding

observing frequency (v).

In the present case, S = 14 x 10* Jy, t ~ 256 ms, and v = 80 MHz. Assuming
Av = 0.02v ~ 2 x 105 Hz [Benz and Wentzel, 1981], which, as mentioned earlier is
the same as the bandwidth of the observations in the present case, ~ 0.15 sr [Steinberg
et al., 1974], and 7 ~ 3 at 80 MHz [Ramesh, 2005]. Substituting these parameters in the
equation 3.5, gives W ~ 0.540.1 x 10?! erg for the 14 February 2011 event and is shown in
3.4. Similarly the total energy emitted by different noise storms are listed in column 7 of
Table 3.1. Note that Klein [1995] and Subramanian and Becker [2004] had estimated the
energy contained in the electron population (éLile keV) associated with the noise storm
emission to be 10% erg. Therefore, the energy emitted by the burst source mentioned
above is probably the lower limit that the acceleration process provides to the radiating

electrons [Klein, 1995].

Comparison of the estimated energies using the type I bursts are shown in Table 3.1.
On comparison of the estimated energies with those compiled by Crosby et al. [1993] and
Aschwanden [2004] from observations at other regions of the electromagnetic spectrum
indicates that the present values are the weakest energy releases in the solar atmosphere

reported to date. These weakest energy events probably fall into the category of picoflares
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Fig. 3.6: Geometry of the stereo observations from which solid angle of the radio burst is
estimated. Note that stereo observations are carried out using the Soviet probe Mars-3 (Stereo
spacecraft) and the second one is Nangay radio heliograph (Earth’s observer) which is at France.
In the Figure, L is the heliographic longitude of the source, ¢ = L+60, where 6 is the angle between

the bursts emission f(#) and the radial direction through the source, n(f#) is the probability
density function of #. Image courtesy: Steinberg and Caroubalos [1970].
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as mentioned. The possibility of fluctuations in the amplitude of the type I bursts which
are shown in Figures 3.4 and 3.5 as well as the other events in Table 3.1 are due to either a
screening of the radio source region by a hot and dense evaporated chromospheric material
in the aftermath of flare onset as pointed out by Boehme and Krueger [1982], Aurass et al.
[1990, 1993], Zaitsev et al. [1994]. Formation/deformation of reconnection regions, from
where the type I emission is generated after/before CMEs as shown by Chertok et al.
[2001] and Iwai et al. [2012], can be ruled out. Note that since the events reported in
the present work were not accompanied by either CMEs or Ha/X-ray flares as mentioned
earlier in this chapter and is verified using online resources® and the SGD reports. Also
note the following points: (1) It is mentioned in the literature that onset of a flare during
an on going radio noise storm causes reduction in the overall flux to the > 35% of the
latter within a short interval of ~ 2 —3 minutes followed by a slow recovery. Such recovery
takes approximately an hour of time. However in the present case, it is contrary to the
above statement and first of all, there is no reduction in the flux as mentioned above. (2)
CME related variations in the radio flux of the noise storms mentioned in the literature
occur over comparatively larger timescales (of order of few hrs) unlike the present case,
where the changes are over much shorter timescales ( < 1s). Therefore, it is clear that
the observed radio emission is likely due to variations in the heating conditions near the

source region as described by Li et al. [2009].

3.6 Estimation of Brightness temperature

Often the brightness of the radio sources is measured in temperature units which is called
brightness temperature. It is the Rayleigh-Jeans temperature of an equivalent black body;,

which provides the same power as the source. Using the Rayleigh-Jeans law, brightness

Swww.lmsal.com /solarsoft /latest_events/
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temperature (7}) of the source is given in equation 3.6.

SA?

T =2
b7 2k

(3.6)

where S is the flux density of the observed source [Jy], A is the observed wavelength
m], Q@ = OpwOys is the solid angle of the source, k is the Boltzmann constant [= 1.38 x
107'% erg K™'|, and Ozy and fyg are the source sizes (half-power diameters) in East-West
and North-South directions [arc min| respectively. By substituting the above parameters

in equation 3.6, it can be rewritten as equation 3.7.

4283 S N

— 3.7
Opw Onw (3.7)

b

Using the equation 3.7 and assuming that the source sizes of a typical noise storms gy,
and Oyg are ~ 1’ at 80 MHz [Ramesh et al., 2012], the brightness temperature (7,) was
estimated. Note that the flux density of the observed source was found by calibrating
with an observed suitable calibrator source. The estimated T}, values are shown in Table
3.1. Peak brightness temperature (7},) of the bursts in Figure 3.4 are calculated. The
value is ~ 0.8 0.1 x 10° K for the event which is shown in Figure 3.4. The T} values are
consistent with the theoretical predictions for type I radio bursts [Melrose, 1980]. Note
that the assumption on the source size is justified because (1) Lang and Willson [1987]
and Kerdraon [1979] had earlier reported observations of type I bursts of size of ~ (/.7 and
~ (0'.8 at 328 and 169 MHz, respectively and (2) the source size increases with a decrease
in frequency [Elgargy, 1977]. In other words, since the open magnetic field lines diverges

radially outwards, the source size increases with increasing height in the solar corona.
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3.7 Measurement of degree of circular polarization
Degree of circular polarization (dcp) is measured using equation 3.8
de = Sv/S[ (38)

where Sy and S7 are the flux densities of Stokes V and I respectively. Time profile of the
dcp for few individual bursts which are observed on 14 April 2011 are shown in Figure
3.7 and the width of each profile is = 1 s and the peak dcp of the bursts is in the range
of 0.3 —-04.

The information on the location of the radio bursts was inferred from the radio
heliogram obtained with the GRH around the same time. Due to the limited angular
resolution, only the background noise storm continuum is seen in Figure 3.8. However,
note that the position of the type I bursts usually scatter over the associated continuum
source, and their centroid is within the observed source region of the continuum [Malik
and Mercier, 1996]. The nearly constant peak dcp of the different bursts mentioned above
is probably because of this. Therefore, the bursts originate from almost the same region

of the corona.

3.8 Estimation of magnetic fields

Following Ramesh et al. [2011], the coronal magnetic field (B) near the location of type
I bursts were estimated. The method of estimation of magnetic field is described as
follows. Briefly about the magneto-ionic theory is described in the section 1.11 and the

characteristic parameters of the magneto-ionic medium like solar coronal plasma are,

_

X=

(3.9)
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Fig. 3.7: Time profile of the dcp for a few individual type I bursts in Figure 3.4 and 3.5.The
time span in each plot is 2s.
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_Jz
f

fo=9x10°V/N, (3.11)

Y (3.10)

fp=28xDB (3.12)

It is known that in magneto-ionic medium, the radio waves propagate in two modes:
o-mode and e-mode. These modes are due to the differential absorption of the corona.
These two modes have different optical depths. It is also known that ‘zero’ refractive index
occurs when f, = f and f, decreases radially outward in the solar atmosphere. In this
case X=1 and X=1-Y [Aschwanden, 2005]. Generally, o-mode is defined as the mode that
is not affected by the magnetic field and reaches the observer where as the e-mode cannot
penetrate the X=1-Y level. This is because, the o-mode has a high optical depth than
the e-mode. Note that, the case may be different at high frequencies, since gyrofrequency
is dominant. Therefore, it is defined, dcp in terms of the differential absorption of the o
and e-modes.

dep = ——~ (3.13)

Where Ty and Ty are brightness temperatures of the o mode and e-mode respectively.
Noise storm emissions are strongly circularly polarized i.e. dep &~ 1 in the o-mode which
is one of the distinguishing properties, when the associated active region is close to the
central meridian on the Sun [Elgargy, 1977]. Partial polarization of the noise storms are
rare [Zlobec et al., 1982]. Note that dcp of the noise storms are weak when they are not
close to the central meridian of Sun. Another possible scenario is that the depolarization of
the strongly circularly polarized noise storms, since the source may be located in between
the X=1 and X=1-Y levels [Wentzel et al., 1986, Gopalswamy et al., 1994b, Bastian, 1995,
Melrose, 2006]. Therefore, this leads to the condition near the emission region which is
shown in equation 3.14.

Y>1-X (3.14)
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Substituting the equations 3.9 and 3.10 in 3.14,

-1

B >
2.8f

(3.15)

where B is the magnetic field estimated [Gauss| and f, f, are the observing and plasma
frequencies [MHz| respectively. Plasma waves generated by electrons with typical velocity
vp have a frequency given by White et al. [1992] is,

2
3v;

[T+ z_vgf” (3.16)

where v; is the most probable thermal speed of electrons in the ambient plasma. The

expression to estimate the thermal speed is given in equation 3.17

2kT,
m

(3.17)

V¢ =

Here T, is average temperature of the electrons [~ 1.5 x 10% K] (see Aschwanden [2004]),
k is the Boltzmann constant [= 1.38 x 10716 erg K~!] and m is the mass of the electron|[~
9.1 x 103! kg]. Substituting these values in the equation 3.17, the estimated v; was
~ 6741 km s~!. Assuming that the T} of the escaping noise storms radiation cannot
exceed that of the Langmuir waves, T'" which is limited by the energy of the fast moving
electrons, the latter can be found using equation 3.18 [Melrose and McLean, 1985, Habbal
et al., 1989

2

mev
TL< eYb
- 2k

(3.18)
By substituting the respective parameter which corresponds to the observed peak bright-
ness temperature of the noise storms around the central meridian passage, in equation
3.18 vy is estimated. Substituting the observing frequency f = 80 MHz and the calculated

v, and v, values in equation 3.16, the plasma frequency was estimated for the all the noise

storm events. By knowing the f, and substituting the same in equation 3.15, the lower
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limit of the magnetic field was estimated and listed in Table 3.1. Note that greater the
T, lower the magnetic field values. For the 14 February 2011 event, estimated magnetic
field (B) is ~ 319 mG. Similar values for other events are listed in column 9 of Table
3.1. It is known that contribution to the Stokes V emission from the background corona
is expected to be small at 80 MHz [Sastry, 2009]. Therefore, the tabulated values of B

correspond primarily to that of the bursts only but not from the background.

3.9 Results and Discussions

Very Large Array (VLA) observations at higher frequency (333 MHz) indicate that the
bursts and the continuum are separated by ~ 1’ [Krucker et al., 1995]. It has to be pointed
out here that the noise storm continuum in Figure 3.8 is not radially above the associated
active region but displaced by = 3’. This is because the noise storm sources are usually
located in the large scale coronal loop system connected with an active region, and low
frequency emission comes from the vicinity of the summit of the higher loops in the corona
[Sheridan et al., 1983, Klein, 1998]. The average displacement at 80 MHz mentioned in
the literature is ~ 2’ [Dulk and Nelson, 1973]. The displacement can be related to the
height of the radio emission region in cases where the latter is located near the solar limb
[Elgargy, 1977]. The details of the location, peak flux density (S), dep, and T, for the

events reported in the present work are listed in columns 3 to 6 of Table 3.1.

3.9.1 Whether picoflares contribute for coronal heating?

It is well known that the distribution of the number of solar flares (dN) in the energy

range of W to W + dW follows a power-law pattern,

AN o WdW (3.19)
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Fig. 3.8: Composite of the H, image observed at the Big Bear solar Observatory on 14 February
2011 at ~ 09 : 16 UT and the GRH radio heliogram (white contours) obtained on the same
day at =~ 07 : 00 UT. The bright H, emission adjacent to the radio contours in from AR 11158
active region.
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dN

where v is the power law index and A is the normalization factor which will vary with
degree of activity. Many authors found that the v should be in the range of &~ —1.5 to —1.8
[Drake, 1971, Datlowe et al., 1974, Dennis, 1985, Crosby et al., 1993]. It was pointed out
by Hudson [1991] that for weak energy releases (W < 10%7 erg) in the solar atmosphere, 7
should be smaller and it should be < —2. Theoretical calculations showing two different
power-law indices, v &~ —1.8 and — 3.5 respectively, for regular and weak flares in the solar
atmosphere were presented by Vlahos et al. [1995] and Georgoulis and Vlahos [1996]. From
EUV, UV, and X-ray observations, it was found that v ~ —2.3 for events with energies in
the range of ~ 10?* — 10%° erg [Porter et al., 1995, Krucker and Benz, 1998, Parnell and
Jupp, 2000]. Litvinenko [1994] showed that the weak events with v < —2 can be explained
if the reconnecting current sheet model is assumed for energy accumulation and release.
Type I radio bursts are due to small-scale reconnections in the solar atmosphere, and the
energy emitted by them is also low which is shown in column 7 in Table 3.1. Crosby et al.
[1996] proposed that flare-like energy released in the active region is a necessary condition
for the onset of type I radio bursts. This prompted us to verify whether the distribution
of the number of type I radio bursts (dN) in the flux density range S to S + dS in the
present case exhibits a pattern similar to that mentioned previously. In Figure 3.9, it
is plotted number of type I radio bursts observed on 14 February 2011 which is shown
in Figure 3.4 against their peak flux densities in the range S to S + dS. It is noticeable
that the two quantities vary in a power-law fashion with an index of v ~ —2.3. All the
other events followed a similar trend which is shown in column 8 of Table 3.1. The type [
burst observations reported by Mercier and Trottet [1997] has the v ~ —3. They studied
these events at slightly higher frequencies i.e. 164, 237, and 327 MHz. Note that the flux
density of the type I bursts observed by the above authors were > 107 Jy. Compared to

this, flux density of the events reported in the current chapter are of the order of 10* Jy.
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Fig. 3.9: Distribution of the number of type I radio bursts observed on 14 February 2011 which
is shown in Figure 3.4 vs. their corresponding peak flux densities. The index of the power-law
fit to the distribution is &~ —2.3



Table 3.1: Details of the type I radio bursts observed with the polarimeter and heliograph

S.No Date Location S dep T, W index B
(x10* Jy) (x10° K) (x10*' erg) (y) (mG)

(1) (2) (3) (4) (5) (6) (7) 8 )
1 2011 Feb 14 S17W24 14 50 0.8 0.5 -2.3 319
2 2011 Mar 12 NO7W90 15 40 0.9 0.5 -2.2 354
3 2011 Apr 1 N37E34 7 43 0.4 0.3 -2.2 733
4 2011 Apr 4 N37W10 24 50 1.4 0.9 -2.2 183
) 2011 Jul 30 N16W18 6 33 0.4 0.2 -2.7 950

8TT
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Assuming the smallest and the largest flare energies estimated from observations so
far to be W = 10% erg and W ~ 103 erg, respectively [Lin et al., 1984, Aschwanden,
2004], we calculated the expected power-law index as described in Gary [1999] for weak
transient events at the low-energy limit, i.e., W =~ 10%! erg. The value of power-law
index v ~ —2.6. The present case observational estimates of v for different type I bursts
is in the range of ~ —2.2 to — 2.7 which is listed in column 8 in Table 3.1 and these
values are consistent with the earlier results. An inspection of Figure 3.4 indicates that
~ 1000 bursts are present in the total observing period of &~ 20 minutes. This gives an
occurrence rate of &~ 1 burst per second, which is consistent with the values mentioned
in the literature [Benz, 1995]. Therefore, the power emitted by the type I bursts in the

present case is 10?! erg s71.

3.10 Summary and conclusions

In this chapter, it is reported that observations of weak, circularly polarized, type I radio
bursts from the solar atmosphere whose estimated energy (W) ~ 102! erg. These are the
weakest energy release events in the solar atmosphere reported till date. The distribution
of the number of bursts (dN) in the flux density range of S to S + dS varies as a power-law
fashion with the index v =~ —2.2 to — 2.7. Mean magnetic field strength near the burst
source for the events was estimated. The estimated magnetic fields are in the range of
~ 200 — 900 mG. The present observations reinforce the usefulness of low-frequency radio
observations for observing weak-energy releases in the solar atmosphere. Note that the
void at weak energy range which is shown in Figure 3.2 can be filled with the present

results.

Regarding the question of whether or not these weak-energy releases belong to the
picoflare category can contribute to the coronal heating, as pointed out by several authors

[Parnell and Jupp, 2000, Tsuneta and Katsukawa, 2004], Note that Book [1981] explained
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the high temperature of the corona in terms of heating which results from the effect of
the emerging magnetic flux on the plasma. Summary of his conclusions are as follows.
(1) The associated energy is deposited within vertical distances of aLij104 —10° km from
the solar surface. For comparison, the typical height at which type I radio emission is
observed at frequencies around 80 MHz is &~ 2 x 10° km [Ramesh et al., 2011]. (2) The
characteristic Alfven speed (v4) related to the flux emergence is < 500km — s~ [Book,

1981, Spicer et al., 1982]. Substituting the V4 in the expression 3.21,

(3.21)

<
N
|

~ VAMN,

where N, is the electron density at 80 MHz [N, = 7.9 x 107 cm™3], M is the mass ascribed
to each electron in the plasma which includes 10% He [1.9 x 10724 g]. Substituting these
parameter, the estimated magnetic field (B) at 80 MHz is < 2 G. The estimated magnetic
fields discussed in the section 3.8 agree reasonably with this. Evidence has been presented
showing that the emerging magnetic flux may provide enough energy to heat the corona
by the release of magnetic energy [Schrijver et al., 1997]. These results suggest a possible
connection with the type I noise storms since newly emerging flux has been reported to
be one of the causes for the onset of the former. The following reports strengthen the
above possibility: (1) Spicer et al. [1982] predicted coronal heating prior to the onset of
the type I storms, (2) Melrose [1980] pointed out that the required level of low-frequency
turbulence for the generation of type I emission is likely to be present in the region where
corona is heated, (3) Raulin and Klein [1994] noted that the common features in the
time profile of soft X-ray brightenings and noise storms point to a physical link between
the heating of the plasma in the active region and the noise storm emission. However,
from the present observations, it was found that the power emitted by the type I bursts
(= 10* erg s7!) is small compared to the energy input for the heating of the corona, which
is, 10%7—10% erg s~! [Benz, 1995, Shimizu, 1995]. Since type I solar radio bursts/picoflares

are one of the various weak-energy releases as mentioned in earlier sections and also in
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the literature [Aschwanden, 2004], it is possible that all these weak events (including

picoflares) together contribute to the coronal heating.
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Chapter 4

Magnetic field measurements in solar

Ccorona

4.1 Introduction

The magnetic field (B) dominates the solar corona and plays a crucial role in the formation,
evolution and dynamics of the structures in it. Magnetism is an external agency, due to
which the coronal temperature remains in the order of > 1 MK. Magnetic field is the only
source of huge energy release during the flares. Magnetism only channelizes the particles
in the chromosphere/corona and responsible for coronal mass ejections. Magnetism of the
Sun is responsible for the origin of the different events in the solar atmosphere. Magnetic
field of the Earth is of the order of < 1 G which protects the planet from the charged
particles by producing a shielding effect. However, magnetic field strength of the Sun and
corona is so high. For example, in sunspots the magnetic field ~ 1000 G. The magnetic
field of the tachocline at the bottom of the convection zone is ~ 10> G. When the thermal
pressure of the interior of the Sun exceeds the magnetic pressure, it creates a huge impact
in the chromosphere and heliosphere. Such a phenomenon fills the corona with magnetic

flux tubes of different densities and temperatures and therefore results in different events

132
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in the solar atmosphere. It is clear that in order to understand the Sun, it is essential to

understand the magnetic topology and also have to quantify it.

In this scenario, estimation of the magnetic field is a real challenge in front of
solar physicists. As mentioned in chapter-1, radiation from different heights originates
at different frequencies. In order to estimate the total magnetic field strength, it has to
be observed in different wavelengths of the electromagnetic spectrum. At photospheric
level, magnetic field of the sunspots are estimated using the Zeeman splitting method. It
is some what possible to estimate the same at chromospheric level using the Hanle effect.
But direct magnetic field measurements using Zeeman splitting and Hanle effects are not
possible in low density coronal plasma. Direct measurement of the magnetic field in the
corona is difficult, and some of the estimated magnetic fields have large uncertainties [Lin
et al., 2000]. Brief review of the estimated magnetic fields are given by Lin et al. [2000]
and some of them are discussed here. Magnetic fields estimated using Zeeman effect
based on the ‘green’, Fe XIV (A = 530.3 nm) observations was 13 &+ 20 [Harvey, 1969].
Using spectro-polarimetric observations at near infrared line Fe XIII (A = 1074.7 nm) the
estimated magnetic field was 40 G [Kuhn, 1995]. Linear polarization measurements of the
Hanle effect in coronal emission line were successful in making maps of the direction of
coronal magnetic fields [Mickey, 1973, Querfeld and Smartt, 1984, Arnaud and Newkirk,
1987]. But, measurement using the Hanle effect is not sensitive to quantify the magnetic
field [Casini and Judge, 1999, Lin et al., 2000]. In the outer corona, it is possible to
estimate the magnetic field strength using the Faraday rotation of linearly polarized radio
signals emitted by either natural sources, interplanetary space probes and spacecraft radio

beacons etc [Stelzried et al., 1970] during the occultation by the solar corona.

But, in the middle corona, estimation of the magnetic field strength is difficult
using direct measurements due to its low density. At these heights, Faraday effect and
occultation observations were ruled out. However, there are some indirect methods to

estimate the magnetic fields at these heights at radio wavelengths. One of them is the
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polarization studies. Since most of the radio events are circularly polarized, it is possible
to estimate the degree of circular polarization (dcp) which is mentioned in chapter-3.
Adopting different techniques and by making use of dcp, magnetic field strength of the
solar corona can be estimated. Since it is known that origin of the radio emissions in the
solar corona can be due to different emission mechanisms like thermal bremsstrahlung,
cyclotron emission, gyrosynchrotron, plasma emissions etc, brief discussion of emission
mechanism were given in chapter-1. In the present chapter, by making use of the group
of type III bursts coronal magnetic field strength at 1.3 R was estimated. In the chapter
5, using the observations of moving type IV bursts in polarization mode, the magnetic
field strength was estimated. Note that there are no direct methods to estimate the
magnetic field in middle corona at any other frequencies. Estimation of magnetic field
strengths in middle corona is possible using the low frequency spectroscopic or polarization

measurements.

4.2 Magnetic field estimates

4.2.1 DMagnetic field extrapolation technique

It is known that the photosphere, chromosphere and corona are coupled by the magnetic
fields, the strength of the magnetic field is estimated using the mathematical extrapo-
lation of the observed line of sight component of the photospheric magnetic field. Such
measurements are made by assuming a potential or force free model [Schatten et al., 1969,
Schrijver and Title, 2003]. By knowing the magnetic field strength of the photosphere,
using the non-linear force-free extrapolation techniques, magnetic fields of the chromo-
sphere and corona can be estimated. Such estimates are possible only by (1) building
instruments capable of measuring the full vector magnetic field in the photosphere, and

(2) development of algorithms for solving the magnetic boundary value problem in the



4.2. Magnetic field estimates 135

solar atmosphere under the constraint of nonlinear force free conditions which may be ap-
plicable to the ‘quasi-static’ (slowly varying) corona. Determination of the full magnetic
vector at the photosphere requires spectro-polarimetric measurements with sophisticated
modeling of the lower atmosphere which is challenging. Also, once the suitable magnetic
data is available, the system of MaxwellaAZs equations plus a boundary measurement set
then constitutes a mixed elliptic-hyperbolic boundary value problem which is remarkably
difficult to solve [Gary, 1989, McClymont and Mikic, 1994, Amari et al., 1999]. Lee et al.
[1999] used radio observations of an active region to estimate the coronal magnetic fields

using a nonlinear force free field extrapolation of photosphere vector magnetogram.

4.2.2 Zeeman effect

Splitting of the spectral lines in the presence of the magnetic field is called Zeeman effect.
In the absence of the magnetic field there is non splitting of the spectral lines takes place.
But, if the magnetic field is non zero, then splitting of spectral lines takes place. If the
wavelength of the line is A\, and displacement of the line from its original position is Ag

then magnetic field strength can be estimated using the following equation 4.1

(&

A=A = g*\’B (4.1)

dmwems,

where B is the magnetic field in Gauss, e is the charge of the electron, c is the speed of
light, m, is the mass of the electron, ¢* = gM — ¢’M’ and g, ¢’ and M, M’ are the Lande
factors and magnetic quantum numbers for lower and upper states of transitions, since
the Zeeman splitting increases with the wavelength. Hence, separation of the Zeeman
components can be seen clearly at infrared than visible. More details on this can be
found in Stix [2002, pp 120]. Zeeman effect is insensitive to weak turbulent magnetic
fields. Solar corona has a low density plasma with weak magnetic fields. Therefore,

Zeeman splitting is not effective there.
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4.2.3 Hanle effect

Magnetic field is not always required to generate polarized light. Scattering phenomenon
also produces a polarized radiation. It is known that the main reason for the scattering
polarization is the anisotropic illumination of the scattering particles. Therefore, even
in the absence of a magnetic field, scattering of the anisotropic radiation on atoms and
molecules produces linear polarization. Hanle effect modifies the linear polarization (either
increase or decrease) and causes change in position angle of the resonance line scattering
polarization in the presence of the magnetic field [Ignace, 2003]. Such a modification is
a clue in diagnostic of magnetic fields in chromospheric range. Hanle effect is suitable
for weak turbulent magnetic fields of the order of few Guass to 300 G. Estimates of the

magnetic fields using Hanle effect in the solar corona is not well established.

4.2.4 Faraday rotation

Solar coronal magnetic field in the solar wind at distances of 2 — 15R, were possible
using remote sensing observations. Using a Faraday effect acting on linearly polarized
signal, while passing through the solar corona, magnetic fields can be measured. Also it
is possible to estimate the magnetic fields by observing a suitable natural radio source
or by using the spacecraft beacons during the solar occultation [Bird, 1981, 1982]. Such
observations were made first time using Pioneer-6 spacecraft [Stelzried et al., 1970]. By
measuring the orientation vector of the electric field of transmitted and received signals,
the Faraday rotation is estimated. In other words, the angle of plane of polarization
rotated by the medium, © is estimated from which one can estimate the magnetic field

strength of the solar corona using the equation 4.2.

Aty = 2.6 x 107* N,BN? Lcos© (4.2)
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where At is in radians, N, is the electron density in meters—, B is the magnetic field in
tesla, positive when the field towards the observer, A is the wavelength in meters, and L
is the path length in meters [Kraus, 1973, Thompson et al., 2007]. In the outer corona
(> 3 Rgy), it is possible to estimate the magnetic field using Faraday rotation technique
[Patzold et al., 1987, Spangler, 2005, Ingleby et al., 2007]. Based on the observations
from the HELIOS spacecraft and using the Faraday rotation technique at a heliocentric
distance 3 Ry < R < 10 Ry magnetic field was estimated by Patzold et al. [1987]. It
was about 57 mG at 6.2 R.. Using the Faraday rotation technique on extragalactic radio
sources in the heliocentric distance range 6 R, < R < 10 R, the estimated average

magnetic field strength was 40 mG at a distance of 2 R, [Spangler, 2005].

4.2.5 Radio thermal and nonthermal emissions

The discussed direct methods of estimation of the magnetic fields in optical or infrared
and radio emissions are limited to < 1.2 R which includes the photosphere and chro-
mosphere. Estimation of the magnetic field in the outer corona is possible using Faraday
rotation techniques as mentioned. There are no direct methods to estimate the magnetic
field in the middle corona which begins from 1.2 R, to < 3 Ry). Although, using the
radio observations (from spectrograms and mainly based on polarization observations),

estimates of the magnetic fields in this region are possible.

4.2.5.1 Thermal emissions

Presence of a magnetic field makes the solar corona anisotropic. Propagation of the unpo-
larized thermal radiation in an anisotropic medium the radiation splits into two opposite
circularly polarized modes: ordinary and extraordinary modes. The differences in the
total optical depth of the two modes depends on the prevailing magnetic field strength.

Such phenomenon is a clue in estimation of the magnetic field. Using the observations
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of the circularly polarized thermal radio emissions from the solar coronal streamers, esti-
mated magnetic fields was 6 22 G and 5+ 1 G at 1.5 and 1.7 R, respectively [Ramesh
et al., 2010b]. Tt was also shown recently that it is possible to extend radio methods in,
inner corona at microwave frequencies through bremsstrahlung emission [Gelfreikh, 2004]

to larger distances in the ‘undisturbed’ middle corona [Sastry, 2009, Ramesh et al., 2010b].

4.2.5.2 Non thermal emissions

Magnetic field estimates of the solar corona based on the observations of the non-thermal
sources is possible by observing them in both Stokes I and V. As mentioned in chapter-1
type I, type III, type IV bursts originate due to the non-thermal emission mechanism.
Their high brightness temperature is due to emission mechanism such as plasma oscil-
lations, gyrosynchrotron etc. In this chapter, magnetic fields are estimated using the
non-thermal quasi-periodic groups of type III bursts. Estimation of the magnetic field
using dcp as well as quasi-periodicity are clearly discussed in the following sections of this
chapter. Magnetic field estimates using the non-thermal noise storm/type I bursts were
discussed in chapter-3 [Ramesh et al., 2010a, 2013, Sasikumar Raja and Ramesh, 2013].
Magnetic field strength was estimated using the polarization measurements of the moving
type IV bursts which originates due to the gyrosynchrotron emission. The more detailed

on the estimates of magnetic field using moving type IV bursts are described in chapter-5.

4.3 Radio solar type III bursts

Type III solar radio bursts are the signatures of accelerated electrons streaming outward
through the corona and the interplanetary medium in the aftermath of flares and weak
chromospheric brightenings. The electrons stream at speeds &~ ¢/3 along the open field
magnetic field lines. Passage of such streams setups a plasma oscillations in the corona

which are called ‘Langmuir waves’. The plasma oscillations produces the radiation at
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characteristic frequency. In the spectrograms, the drift speed (Af/At) of type III bursts
is 100 MHz s~! in meter wave range. The above frequency drift results from the decrease of
electron density and hence the plasma frequency, with distance in the solar atmosphere.
Therefore bursts are seen first at higher frequencies (which is close to the solar disk)
and then appears at low-frequencies in the solar atmosphere. The bursts occur over the
frequency range from ~ 1 GHz-10 kHz, corresponding to a distance range extending from
the low corona to beyond the orbit of the Earth. The streams of electrons which are
accelerated in inner corona retain their identity at a distance of 1 AU and even beyond.
Recently, spacecraft observations like URAP-Ulysses, WAVES-WIND, WAVES-STEREO
etc are used to study the interplanetary bursts including type III bursts. Type III bursts
are further classified into different categories depending on their life time. An individual
type III bursts are called ‘isolated’ type III bursts. Type III bursts occurring as a groups
with certain a quasi-periodicity in the time scales < 5 minutes are called ‘group’ of type
IIT bursts (also called type VI events). If they lasts for few minutes to hours, then they

are said to be type III ‘storms’.

4.3.1 Theory and origin of type III bursts

The origin and location of the type III bursts are shown in a Figure 3.3. The radio
emission is widely accepted to be because of the following two-step process: (1) the exci-
tation of high levels of plasma oscillations (Langmuir waves) by the propagating electron
streams/beams and (2) subsequent conversion of these Langmuir waves into electromag-
netic waves at the fundamental (F) and second harmonic (H) of the local plasma frequency.

The H emission results from the coalescence of two Langmuir waves.

As mentioned previously, plasma oscillations can be excited by a variety of mecha-
nisms. In the solar corona propagating electron beams and shocks can excite the plasma

waves. The excited plasma waves are longitudinal oscillations and they are converted to
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transverse oscillations through a nonlinear wave-wave interactions. The resultant trans-
verse waves have the frequency approximately at f, or 2 f, which are called fundamental or
harmonic emissions respectively. Interaction/coalescence of a Langmuir wave with the low
frequency wave like ion-acoustic wave gives the transverse wave. The resonance conditions

of origin of fundamental emission is represented mathematically as follows,

fo+fs=Jr (4.3)
ki + ks = kr (4.4)

Here, f1, fs and fr are the frequencies of Langmuir wave, ion-acoustic wave and transverse
wave respectively. Similarly kr, ks and k7 are the wave numbers of Langmuir wave, ion-
acoustic wave and transverse wave respectively. Harmonic emission mechanism is due
to the head on collision of two Langmuir waves. The resonance condition of harmonic

emission mechanism is as follows,

fi+fi=Jr (4.5)

Equations-4.5 and 4.6 can be rewritten as,

Jr=2fr (4.7)

kl ~ —k? (4.8)
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4.3.2 Identification of F and H emissions

A distinguishing property of the type III bursts is their harmonic emissions. Theoretical
explanation of emission mechanism of fundamental (F) emissions and harmonic (H) emis-
sions are described in section-4.3.1. Wild et al. [1959] pointed out that both the F and
the H type III solar radio emissions should generally be observable only for events which
are close the center of the solar disk. Elsewhere, it should be a purely harmonic emission.
This is because, F emission is more directive compared to the H emission. According to
Caroubalos and Steinberg [1974], the ground based observations of type III radio bursts
associated with sunspot regions located at a heliographic longitude < 70° either side of
East or West of the central meridian on the Sun, are primarily due to H emissions. There-
fore, F component has a limiting directivity of £65° from the central meridian on the Sun
at 80 MHz [Suzuki and Sheridan, 1982]. One more important parameter to distinguish the
F and H emissions is polarization property which is discussed in section-4.3.3. A similar
result was recently reported by Thejappa et al. [2012] for the very low frequency solar

type III radio bursts observed in the interplanetary medium.

4.3.3 Polarization properties

Most of the type III bursts are weak, circularly polarized with dep < 0.15. However, some
bursts, which are identified as due to fundamental plasma emission, have dep ~ 0.5 [Suzuki
and Sheridan, 1978, Dulk and Suzuki, 1980]. Harmonic emission is observed mainly at
low frequencies. Presence of the background magnetic field at the source region of type I11
radio bursts can give rise to a net dep in the ‘0’ mode for the escaping radiation [Melrose
and Sy, 1972, Melrose et al., 1978, 1980, Zlotnik, 1981]. The polarization observations of
the H component of type III radio bursts are a better diagnostic tool to estimate the solar
coronal magnetic field. This is because, the polarization of the F component is affected

by propagation effects [Dulk and McLean, 1978]. Present chapter describes about the
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observations of quasi-periodic harmonic type III bursts [Wild et al., 1963, Janssens et al.,
1973, Mangeney and Pick, 1989, Zhao et al., 1991, Aschwanden et al., 1994, Ramesh
et al., 2003, 2005]. From those observations coronal magnetic field was estimated using
the empirical relationship between the magnetic field and the dcp for the harmonic plasma
emission [Melrose et al., 1978]. Also the results are verified the results by independent
estimations of the magnetic field using the quasi-periodic nature of the observed type II1
radio bursts [Ramesh et al., 2005]. Interestingly, both the methods give consistent results
indicating the usefulness of solar radio observations to measure the coronal magnetic field

at low frequencies.

4.4 Instrumental details

The radio data reported in the present work was obtained at 80 MHz on 20 September
2012, 18 January 2013 and 11 March 2013 with the heliograph [Ramesh et al., 1998, 1999b,
2006, the polarimeter [Ramesh et al., 2008], and the spectrograph [Ebenezer et al., 2001,
2007] at the GRO, India. Recently the heliograph array at GRO was expanded and it
has the longest baseline length of ~ 2560 meters in East-West and 882 meters in North-
South direction. After the expansion, the heliograph (GRH) was renamed as Gauribidanur
RAdioheliograPH (GRAPH) which is a T-shaped radio interferometer array which pro-
duces two dimensional images of the solar corona with an angular resolution of ~ 5 x 7'
(R.A. x decl.) at 80 MHz. The integration time is ~ 250 ms and the observing bandwidth
is &~ 2 MHz. The polarimeter (GRIP) is an East-West one-dimensional array operating in
the interferometer mode and it responds to the integrated and polarized flux densities from
the ‘whole’ Sun (see chapter-2 for more details). The half-power width of the response
function (beam) of the GRIP is broad (compared to the Sun) in both right ascension/East-
West direction which is ~ 2° at 80 MHz and declination/North-South direction (= 90°).

Therefore, a plot of the GRIP data is a time profile and observations are carried out in
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transit mode. Therefore, time profile is essentially the ‘East-West beam’ of the array with
an amplitude/correlation counts proportional to the strength of the emission from the
‘whole” Sun at the observing frequency, weighted by the antenna gain in that direction.
The advantage is that the radio sources responsible for the circularly polarized emission
observed with the GRIP are identified using the two-dimensional radio heliograms ob-
tained with the GRAPH around the same time. Note that linear polarization, if present
at the coronal source region, tends to be obliterated at low radio frequencies because of
the differential Faraday rotation of the plane of polarization within the observing band-
width [Grognard and McLean, 1973]. The spectrograph antenna system which is called
Gauribidanur LOw frequency solar Spectrograph (GLOSS) which produces the spectro-
grams of the solar corona. GLOSS is a total power instrument and the half-power width
of its antenna response is &~ 90° x 6° (R.A. x decl.) at 80 MHz. The integration time is ~
100 ms and the observing bandwidth is &~ 300 KHz at each frequency. The width of the
response of GLOSS in hour angle is nearly independent of frequency. The Sun is a point
source for both the GRIP and the GLOSS. All the above three instruments observe the
Sun everyday during the interval 4 - 9 UT. Note that minimum detectable flux density of
the GRAPH, GRIP and GLOSS are ~ 20 Jy, 200 Jy, 3000 Jy, respectively.

4.5 QObservations

Figure 4.1 describes about the temporal evolution of the Stokes I & V radio emission from
the solar corona at 80 MHz as observed with the GRIP on 20 September 2012 during the
interval 06:36-06:39 UT, i.e. around the transit of the Sun over GRO. It is noticeable that
the presence of intense quasi-periodic emission in both the Stokes I and V time profiles
and it has one to one correspondence. These are the characteristic signature of groups of
type III solar radio bursts from the Sun [Suzuki and Dulk, 1985]. The observed individual

type III bursts matches with the dynamic spectra in the frequency range of 85-35 MHz
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Fig. 4.1: GRIP observations of group of type III solar radio bursts on 20 September 2012 at
80 MHz in Stokes I (upper panel) and Stokes V (lower panel). The arrow marks indicate the
individual bursts.
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Fig. 4.2: GLOSS dynamic spectra (85-35 MHz) of the group of type III solar radio bursts in
Figure 4.1.
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obtained with GLOSS during the above interval. The spectrogram obtained with the
GLOSS is shown in Figure 4.2. The peak Stokes I and V flux densities in Figure 4.1 are
~ 1.2 x 10° Jy and 1.6 x 10* Jy respectively. The corresponding dcp was obtained using
the following formula,

dcp - |Vﬂux|/Iflux (49)

The dcp of the event obtained is &~ 0.11. Note the average flux density of the type
I1T solar radio bursts reported in the literature is typically ~ 107 Jy [Suzuki and Dulk,
1985]. In the present case, the average flux density is two orders of magnitude higher
than the peak flux density of the type IIT burst of 20 September 2012, indicating that
the latter is a weak event. The estimated average periodicity of the radio emission in
Figure 4.1 is &~ 4.5 sec, in both Stokes I & V. The location of the source of the bursts
was identified from the radio heliogram obtained with the GRAPH around the same
time. The heliograms obtained with the GRAPH was shown in Figures 4.3 and 4.4. The
Figure 4.3 is the heliogram generated before peaking of the event. Peak of the event
in shown in Figure 4.4. One can notice the bursts originated close to the solar limb.
They were associated with a SF class Ha flare from AR 11574 located at S25W692.
A shift in the solar radio source position due to ionospheric effects is expected to be
< 0.1 Rg at 80 MHz in the hour angle range is & 2 hr [Stewart and McLean, 1982].
The present observations were carried out close to the transit of the Sun over the local
meridian at GRO. Similarly, the effects of scattering, (irregular refraction due to density
inhomogeneities in the solar corona) on the observed source position are also considered
to be small at 80 MHz compared to lower frequencies [Aubier et al., 1971, Bastian, 2004].
The shift in position of discrete solar radio sources due to scattering is expected to be
< 0.2 R, at 80 MHz [Riddle, 1974, Robinson, 1983, Thejappa et al., 2007]. Ray tracing

calculations employing realistic coronal electron density models and density fluctuations

Thttp://www.swpc.noaa.gov/
Zhttp://www.lmsal.com /solarsoft /latest_events/
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show that the turning points of the rays that undergo irregular refraction almost coincide
with the location of the plasma (‘critical’) layer in the non-scattering case even at 73.8
MHz [Thejappa and MacDowall, 2008]. Obviously, the situation should be better at 80
MHz. Note that high angular resolution observations of the solar corona indicate that
discrete radio sources of angular size ~ 1’ are present in the solar atmosphere from where
low frequency radio radiation originates [Kerdraon, 1979, Lang and Willson, 1987, Willson
et al., 1998, Ramesh et al., 1999a, Ramesh and Sastry, 2000, Ramesh and Ebenezer, 2001,
Mercier et al., 2006, Kathiravan et al., 2011, Ramesh et al., 2012]. The projection effects
are also expected to be minimal since in the present case only the limb events are used
(see for eg. Figure 4.4). The details related to the type III radio burst observed on 20

September 2012 are described above and the other two events are listed in Table 4.1.

4.6 Estimation of magnetic field (B)

4.6.1 From the relationship between dcp and B for type III solar

radio bursts

In the present case, the heliographic longitude of the sunspot regions associated with the
type I1I radio bursts are all 2 70° (see Table 4.1). The estimated averaged dcp of type III
bursts are for the three events close = 0.11 which correspond to the circularly polarized
H component of the type III bursts. Note that for the F component, the reported average
dep & 0.35 [Dulk and Suzuki, 1980]. The above arguments on the directivity and the dep
indicate that the type III bursts observed in the present case are due to H emissions. Under
such circumstances, the magnetic field (B) near the source region of the bursts can be
calculated using the following relationship [Suzuki and Sheridan, 1978, Dulk and Suzuki,
1980, Mercier, 1990, Reiner et al., 2007, Melrose et al., 1978, Zlotnik, 1981, Ramesh et al.,
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Fig. 4.3: GRAPH radio heliogram obtained on 20 September 2012 around 06:30 UT, prior to the
quasi-periodic type III burst emission in Figure 4.1. The open circle at the center represents the
solar limb. The size of the GRAPH beam at 80 MHz is shown near the lower right. The intense
discrete source close to the West limb is the source region of the type III bursts in Figures 4.1
and 4.2.
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Fig. 4.4: Same as Figure 4.3 but obtained during the peak phase of the burst in Figure 4.1 at ~
06:38 UT.
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2010D).

fp x dcp
B=_—"—"—+—+
2.8 a(@,@o)

(4.10)
where f, is the plasma frequency in MHz and B is in Gauss. a(6,6) is a slowly varying
function that depends on viewing angle # between the magnetic field component and the
line of sight direction, and 6, is the angular distribution of the Langmuir waves. The

viewing angle and angular distribution of Langmuir waves are shown schematically in

Figure 4.5

In the present case, # is varying from 70° — 90° which is shown in Table 4.1. It
is assumed that f, = 40 MHz, since the observed emission is at 80 MHz which is most
likely the H component. Langmuir waves are considered to be confined to a small range
of angles, i.e., a cone of opening angle 6y ~ 10° — 30° in the magnetic field direction for
harmonic type III emission in the ‘0’ mode [Melrose et al., 1978, Dulk and Suzuki, 1980,
Willes and Melrose, 1997, Benz, 2002]. Assuming the average value i.e., 6y ~ 20°, the
estimated a(f,6y) ~ 0.4 in the aforementioned range of # [Melrose et al., 1980, Gary,
1982, Suzuki and Dulk, 1985]. Note that the Figure 4.5 shows the variation of a(6, 6,) for
different values of 8 and 6y for both forward and loss cones. The full and dashed lines

correspond to ‘o0’ and ‘e’ modes radiation respectively.

The magnetic field was estimated using equation 4.10 for the type III events reported
in the present work and are listed in Table 4.1. Note that the error of +1 G in the B
values is because of the above uncertainty in a(6, 6y). Figure 4.7 shows the magnetic field
values corresponding to the individual bursts in the quasi-periodic type III burst emission
observed on 20 September 2012 which is shown in Figure 4.1. They remain approximately
constant, within the error limits, during the duration of the quasi-periodic emission. It
is found that magnetic field values corresponding to the bursts observed on 18 January

2013 and 11 March 2013 also exhibited a similar trend.
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Magnetic field
direction

Y
Line of sight direction

Fig. 4.5: The Figure shows the viewing angle # which is the angle between the magnetic field
direction and the line of sight direction. The angular distribution of Langmuir waves () is also
shown schematically.
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Fig. 4.6: The contours shows the variation of a(6, 6y) for different values of § and 6, for both the
forward and loss cones. The full and dashed lines represents ‘0’ mode and ‘e’ mode radiation
respectively. Image Credit: [Melrose et al., 1980]
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in Figure 4.1, based on the relationship between B and dcp.
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4.6.2 From the quasi-periodicity of the observed type III radio

bursts

Type III bursts are regularly seen in spectrograms as either isolated or in groups and some
times as storms. While the isolated bursts have a life-time of about few seconds at any
given frequency as mentioned earlier and the groups of bursts last for ~ 5 minutes [Suzuki
and Dulk, 1985]. Groups of type III bursts are generally associated with flares which are
observed in X-rays and/or Ha. Type III bursts are the classic signatures of the impulsive
phase of flares in which the radiation is primarily non-thermal. It is believed that each
individual burst is due to the radiation associated with electron streams moving outwards
through the corona along large scale diverging magnetic field lines connected to a common
acceleration/injection site [Mercier, 1975, Pick and Ji, 1986]. The presence of non-thermal
bursts is a clear indication of particle acceleration during an event. Since the emission
mechanism is coherent in nature, the generation of radio emission by non-thermal electron
beams is very efficient. In this case, observed events are the group of type III bursts which
lasted in 5 minutes. Figure 4.1 shows the time profiles of type III bursts in both Stokes
I and V. One can clearly notice that the bursts are quasi-periodic in nature. One of the
suggested reasons for the quasi-periodicity in the type III solar radio burst emission is the
modulation of the electron beam acceleration/injection process responsible for the type
1T emission by quasi-periodic oscillations setup by propagating MHD waves in the corona

[Aschwanden et al., 1994, Ramesh et al., 2005, Nindos and Aurass, 2007].

The term quasi-periodicity or pulsations in solar radio physics refers to the quasi-
periodic amplitude variations in the time profile of the observed radio flux at any particular
observing frequency. The associated physical mechanisms have been classified into three
categories as on date: (1) modulation of the emission by coronal loop oscillations, (2)
intrinsic oscillations of the emission created by oscillatory wave-wave interactions and

wave-particle interactions, and (3) modulation of electron acceleration/injection process
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responsible for the emission [Aschwanden, 1987, Nindos and Aurass, 2007]. Among all
three categories, category (2) can be ruled out in the present case, since they apply
primarily to fundamental ‘0’ mode and harmonic extra-ordinary mode (‘¢’ mode) whereas
the type III bursts reported in the present work correspond to harmonic ‘0’ mode as
mentioned in Aschwanden and Benz [1988]. In view of this, it has been carried out
the calculations for categories (1) and (3) in the reminder of this section. Laboratory
experiments and numerical simulations reveal that the release of magnetic energy by
reconnection must be considered as a highly time dependent process (see for eg. Pick and
van den Oord [1990]). According to Kliem et al. [2000], the temporal variations in the
radio burst flux are caused by modulations of the particle acceleration in a highly dynamic
reconnection process. Also a similar model, i.e. quasi-periodic reconnection and particle
injection was reported by Zlotnik et al. [2003]. Note that even a very small (=~ 2%) quasi-
periodic modulation of the magnetic field is sufficient for periodic electron acceleration.
Both these models belong to the category (3) as mentioned above and were successful in
explaining the associated observations. The modulation is likely to be communicated on a
magnetohydrodynamic (MHD) time scale in the acceleration region as mentioned [Tajima
et al., 1987, Aschwanden et al., 1994, Kliem et al., 2000, Asai et al., 2001]. In such a case,

the corresponding Alfvén speed (v4) can be estimated as follows

[
VA RS — 4.11
AR (4.11)

where p is the period of the quasi-periodic emission in seconds (s) and [ ~ 10000 km is the
typical dimension of the region over which the type III radio burst producing electrons are
injected [Lantos et al., 1984, Aschwanden, 2002]. It is possible that the individual bursts
that are temporally separated in a type III group are also spatially fragmented within the
same acceleration region [Pick and van den Oord, 1990, Vlahos and Raoult, 1995, Isliker
et al., 1998]. Considering category (1) where the observed quasi-periodicities are caused

by the MHD oscillations of the associated coronal loops, the corresponding relationship
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for the Alfvén speed is given Roberts et al. [1984],

v =262 (4.12)
p

where, a ~ 3500 km is the width of the coronal loop. According to Aschwanden [1987],
the quasi-periodic emission observed in the upper part of the corona from where the radio
emission originates at meter-decameter wavelengths, particularly those due to plasma
processes as in the present case, are best described by the above model. Asai et al. [2001]
showed that the quasi-periodic pulsation observed by them in the microwave range are
due to the modulation of the acceleration/injection rate of the non thermal electrons by
the oscillations in the associated coronal loops. Once vy is known in either category (1)
or (3), the associated magnetic field (B) can be calculated from the equation which is
mentioned in equation 3.21. By substituting the values given in that section, equation
4.13 can be derived.

va=2.05x10° B N 1/2 (4.13)

Where, N, is the electron density in units of cm™ and can be estimated using the rela-
tionship,
fr, =9 x 1073N/2 (4.14)

Note that the estimated values of v4 in equation 4.12 are in units of km s~*. The v4 and
B values estimated using equations 4.12 and 4.13 for the type III events reported in the
present work are listed in Table 4.1. Equations 4.12 and 4.13 result in nearly the same

values for both v4 and B for all the events.



Table 4.1. Parameters related to the group of type III radio bursts observed with the
Gauribidanur facilities

S.No . Date Time Period  Alfvén Sunspot Viewing  dcp Magnetic field B (G)
(UT) P speed v,  heliographic  angle ¢ Harmonic  Quasi-periodic

(s) (km/s)  co-ordinates (deg) emission® emission”

1 20 Sep 2012 06:35-06:38 4.5 2022 S25W69 71 0.13 3.7+ 1 444+ 0.3

2 18 Jan 2013  06:51-06:57 6.4 1422 N18WS8S8 88 0.08 23+1 3.1 £ 0.3

3 11 Mar 2013 07:00-07:03 4.8 1896 NI10ESS 88 0.14 4041 4.1+ 0.3

aSee Section-4.6.1 for details.

PSee Section4.6.2 for details.

(d) proy d>rpoulewr jo uorjewi)sy 9y

LST
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4.7 Summary and Conclusions

In this chapter, estimates of the coronal magnetic field using low frequency (80 MHz)
radio observations of quasi-periodic harmonic type III burst emission associated with
sunspot regions close to the solar limb was discussed. The data were obtained with the
heliograph, the polarimeter and the spectrograph at the Gauribidanur radio observatory.
Though several type III bursts are observed everyday with the aforementioned suite of
instruments, the events with dep S 0.15 was selected for the study and whose associated
source region is close to the limb of the Sun. The above are the criteria to identify
a harmonic type III burst as mentioned previously. Also it is limited the data which
obtained close to the transit of the Sun over the local meridian at Gauribidanur in order to
minimize errors in the source position due to propagation effects. Independent approaches
to estimate the magnetic field was adopted: (1) based on the relationship between the dep
and the B for harmonic type I1I radio burst emission, and (2) using the quasi-periodicity
in the observed type III radio burst emission. Interestingly, both the methods give the
approximately same result i.e., the average B ~ 4.2 G. Note that the often referred
empirical relationship for the coronal magnetic field [Dulk and MclLean, 1978| predicts
B ~ 3 G at 80 MHz. It is assumed that the 80 MHz plasma level to be located at radial
distance r ~ 1.3 Ry in the solar atmosphere for the above calculation [Ramesh et al.,
2011]. Note that Lin et al. [2004] had measured B ~ 4 G at r = 1.1 Ry using Zeeman
splitting observations of the Fe XIII A\1075 nm coronal emission line from an active region
close to the solar limb. Using the equation 4.15 which was mentioned in Dulk and McLean
[1978], the estimated magnetic field was B ~ 3.1 G at r = 1.3 R. Note that the equation

4.15 is valid in the height range of 1.02 — 10 R,

—1.5
.
B=05(——1 4.1
05(R® ) G (4.15)
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The present estimates are also in reasonable agreement with the magnetic field associated
with the coronal streamers which is ~ 5+ 1 G at 77 MHz at » ~ 1.5 R. Note the type
I1T radio bursts are considered to be closely associated with the coronal streamers [Kundu
et al., 1983]. Also the estimated vy in the present case (see Table 4.1) are consistent with
the corresponding values reported by Gopalswamy et al. [2001], Vrsnak et al. [2002] for

the active region solar corona.
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Chapter 5

Coronal mass ejections and

associated magnetic fields

5.1 Introduction

Among the other types of solar radio bursts, type IV bursts are interesting to astronomers
because of their influence on space weather and Earth’s climate. It is believed that type
IV bursts cause Forbush decreases (i.e. decrease in intensity of cosmic rays on Earth)
and geomagnetic storms. It is possible that the observations of type IV bursts enable
forecasters to predict the above mentioned. It is known that intense, long-lasting (tens
of minutes to hours) non-thermal radio continuum are observed sometimes in association
with the flares and CMEs in the solar atmosphere. Boischot [1957] had designated these
events as type IV bursts. Further studies showed that there are two classes of type
IV bursts: The first variety occurs after the impulsive phase of the flares and drifts in
the spectrum to lower frequencies. Interferometer observations indicate that the radio
source exhibits outward movement through the solar atmosphere with speeds in the range

~ 200 — 1500 km s~!'. Emission can be observed even when the source is located at
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172 Chapter 5. Coronal mass ejections and associated magnetic fields

large radial distances (r =~ 5 Ry) above the plasma level corresponding to the frequency
of observation. The sources have low directivity and are partially circularly polarized.
The sense of polarization correspond usually to the extraordinary mode (e-mode) of the
magneto-ionic theory. These are called the moving type IV (type IVm) bursts. The
second variety, called the stationary type IV bursts (type IVs), appear near the flare site
during the impulsive phase at frequencies 2 300 MHz and in the post-flare phase at lower
frequencies. The type IVs burst is characterized by a source whose position does not
change and which is located close to or slightly above the plasma level corresponding to
the frequency of observation. The emission is circularly polarized usually in the ordinary
mode (o-mode) of the magneto-ionic theory. The cone of emission is narrow since type
IVs bursts are rarely observed when the associated flare is near the limb of the Sun. The
high directivity, location close to the plasma level, and the presence of fine structures
suggest that the emission mechanism is related to the plasma frequency. The type IVs
bursts at low frequencies may occur with or without a type IVm burst [Pick-Gutmann,
1961, Boischot and Pick, 1962, Weiss, 1963, Wild et al., 1963, Stewart, 1985, Aurass et al.,
2005, Pick and Vilmer, 2008].

Between the type IVm and typs IVs bursts, the former are considered useful to
understand the CMEs because of their close spatio-temporal association with the latter
and the possibility to estimate the strength of the CME magnetic field using them. Gergely
[1986] had noted that 5% of all CMEs are associated with type IVm bursts and 33 — 50%
of type IVm bursts are associated with CMEs. But only a few estimates of the field
strength have been reported in the literature due to the lack of concurrent white light and
radio observations, particularly over » < 2 Ry, and the rarity of type IVm bursts which
are pre-dominantly a low frequency phenomenon, occurring at frequencies < 100 MHz
White [2007]. Second harmonic plasma emission from non-thermal electrons trapped in
the plasmoids associated with the CMEs [Duncan, 1981, Stewart et al., 1982, Gopalswamy

and Kundu, 1989b, Kundu et al., 1989, Ramesh et al., 2013] and optically thin non-thermal
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gyro-synchrotron emission from mildly relativistic electrons spiralling in the CME loops
[Gopalswamy and Kundu, 1989a, Bastian and Gary, 1997, Bastian et al., 2001, Maia
et al., 2007, Tun and Vourlidas, 2013] are the mechanisms invoked to explain the type
IVm bursts. Using simultaneous white light, radio heliograph, radio polarimeter and
radio spectral observations we have presented arguments to show that the type IVm
burst associated with the ‘halo” CME event of 15 March 2013 can be explained on the
basis of non-thermal gyro-synchrotron emission and estimated the magnetic field strength

near the source region of the burst.

5.2 Classification of Type IV bursts

Solar type IV bursts are studied by many authors at different frequencies [Kundu, 1961,
Kundu and Firor, 1961, Takakura and Kai, 1961, Takakura, 1961, Kundu, 1965]. Es-
pecially at meter wavelengths, these bursts are classified into two types based on their
drifting speeds or morphology of the spectrum of the radiation: (1) Stationary type IV
bursts (IVs), and (2) Moving type IV bursts (IVm).

5.2.1 Stationary type IV bursts (IVs)

Wild [1970] first used the term ‘flare continuum’ (FCM), which is also called stationary
type IV bursts at meter wavelengths. These bursts appear in early phase of flare events.
Stationary type IV bursts, also called flare continuum emissions do not travel in the solar
corona. Therefore, the radiation is observed over a larger bandwidth of observations. FCM
is different from the ‘storm continuum’ (SC) which occurs late in some flare events. Note
that SC is strongly circularly polarized and may end up as a ‘storm’. Typical source size
of the type IVs bursts S 4’. These bursts originate close to the flaring region. Brightness

temperatures of the bursts will be of the order of ~ 10'° K. No systematic movement of
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the source is seen and the source is situated near the corona at the corresponding plasma
layer. The flux density of type IV bursts varies smoothly and type I bursts may appear

gradually over the continuum with time.

5.2.2 Moving type IV bursts (IVm)

Robinson and Smerd [1975], Robinson [1978b] noticed that many type IVm bursts are
preceded by type IVs bursts. Meter wavelength continuum emitted by a source region
which travels outward in the solar corona after a flare or an eruptive prominence mass
ejecta is called moving type IV radio bursts. Most of the type IVm bursts last for 30
minutes at 80 MHz, but sometimes, continue up to 2 hours. The dcp of these events
gradually increases to < 90%. Brightness temperatures of the type IVm bursts are in the
range ~ 10" — 10! K. These bursts also have a smoothly varying continuum and may have
some structure in the beginning of the bursts. The brightness temperatures of the sources
is 2 10'° K and 2 10° K at 80 and 169 MHz [Stewart et al., 1978, Trottet et al., 1981].
The source speeds were in between ~ 200 — 1600 km s~!. For any specific event, the
source speed is approximately constant [Robinson, 1978¢] and the distribution of speeds
is similar to that of coronal mass ejections [Hildner, 1977]. These bursts reach 10° — 10°

km above the photosphere. Typical source sizes of these bursts are ~ 10’ or larger.

5.3 Difference between type IV bursts and noise storms

Type IV and noise storms look alike but different in few characteristics. Firstly, if the
emission is steady, smooth varying continuum and free of type I and type III bursts su-
perposed over the continuum, then they are identified as type IV bursts. Also, ‘duration’
of the former is few minutes to hours, whereas the latter continue for few hours to days

of time. Type IV bursts are observable at all frequencies present, i.e., they are broad



5.4. QObservations 175

band continuum emissions, where as type I emission is not broad band emission. Another
important characteristic of type IV bursts is their association with microwave outbursts.
This is never the case with noise storms, since they are limited mainly to meter wave-
lengths. Noise storms are highly circularly polarized radio events, whereas dcp of the
type IV bursts gradually increases from low to high values. Source sizes of type IV bursts
obtained with imaging instruments ~ 4’ — 10, where as the source sizes of noise storms
are S 1. Some times, type IV bursts are associated with the type II bursts where as
type I storms are not. Another significant difference between type IV from type I is their
correlations with geomagnetic activity. Note that there will be a high correlation between
geomagnetic storms and type IV radiation. Correlation of type I storms with geomagnetic

storms is much weaker.

5.4 Observations

The radio data were obtained on 15 March 2013 at 80 MHz with the Gauribidanur RAdio-
heliograPH [Ramesh et al., 1998, 1999a,b, 2006a] in the imaging mode, the Gauribidanur
Radio Interference Polarimeter [Ramesh et al., 2008] at 80 MHz and 40 MHz in the tran-
sit mode, and over the 85 - 35 MHz band with the Gauribidanur LOw frequency Solar
Spectrograph [Ebenezer et al., 2001, 2007, Kishore et al., 2014] in the spectral mode. The
GRAPH is a T-shaped radio interferometer array and produces two dimensional images
of the solar corona with an angular resolution of ~ 5 x 7" (Right Ascension, R.A. x
Declination, decl.) at the above frequency. The integration time is &~ 250 ms and the
observing bandwidth is &~ 2 MHz. GRIP is an East-West one-dimensional array operating
in the interferometer mode at 80 MHz and 40 MHz simultaneously. It responds to the
polarized flux density from the ‘whole’ Sun. The observations correspond primarily to the
circularly polarized emission since linear polarization, if it is there at the coronal source

region, tends to be obliterated at low radio frequencies because of the differential Faraday
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rotation of the plane of polarization within the typical observing bandwidths [Grognard
and McLean, 1973]. The half-power width of the response pattern (‘beam’) of the GRIP
is broad (compared to the Sun) in both R.A./East-West direction (~ 1.5° at 80 MHz)
and decl./North-South direction (= 90°). The width of the response pattern of the GRIP
in declination is nearly independent of frequency. This implies that a plot of the GRIP
data (i.e. the time profile) for observations in the transit mode is essentially the ‘East-
West beam’ of the array with an amplitude proportional to the strength of the emission
from the ‘whole’ Sun, weighted by the antenna gain in that direction. The integration
time is &~ 250 ms and the observing bandwidth is ~ 2 MHz, same as GRAPH. The radio
source(s) responsible for the circularly polarized emission observed with the GRIP are
identified using the two-dimensional radioheliograms obtained with the GRAPH around
the same time. GLOSS has a very broad response ~ 90° x 5° (R.A. x decl.) and the
Sun is a point source for the latter. The integration time is ~ 100 ms and the observing
bandwidth is =~ 300 kHz at each frequency. The width of the response pattern of the
GLOSS in R.A. (i.e. hour angle) is nearly independent of frequency. The Sun is a point
source for both the GRIP and the GLOSS. All the above instruments observe the Sun
everyday during the interval ~ 4 — 9 UT. The minimum detectable flux density of the
GRAPH, GRIP and GLOSS are ~ 20 Jy, 200 Jy, 3000 Jy, respectively. The optical data
were obtained with the Large Angle and Spectrometric Coronagraph [Brueckner et al.,
1995] onboard the Solar and Heliospheric Observatory (SOHO), COR1 coronagraph and
195 A Extreme-UltraViolet Imager (EUVI) of the Sun-Earth Connection Coronal and
Heliospheric Investigation [Howard et al., 2008] onboard the Solar TErrestrial RElations
Observatory (STEREO), and in 193 A with the Atmospheric Imaging Assembly [Lemen

et al., 2012] onboard the Solar Dynamics Observatory (SDO).
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Fig. 5.1: Dynamic spectrum of the solar radio emission observed with the GLOSS on 15 March
2013 during 06:15 - 08:15 UT in the frequency range 85 — 35 MHz. The stationary emission
during the interval =~ 06:30 - 08:10 UT and the drifting emission during ~ 06:55 - 07:50 UT
correspond respectively to the type IVs and type IVm bursts mentioned in the text. The two
‘white’ horizontal lines indicate 40 MHz and 80 MHz portion of the spectrum. The other
horizontal line like features noticeable in the spectrum, for eg. near ~ 55 MHz, ~ 65 MHz, etc.
are due to local radio frequency interference (RFI). The two slanted ‘black’ lines indicate the
approximate interval over which the type IVm burst was observed at different frequencies.
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Fig. 5.2: Spectral profile of the type IVm burst in Figure 5.1 at ~ 06:55 UT. The gaps in the
profile near ~ 55 MHz, ~ 65 MHz, etc. correspond to the frequency channels affected by RFI.

Figure 5.1 shows the dynamic spectrum obtained with the GLOSS on 15 March
2013 during the interval 06:15 - 08:15 UT in the frequency range 85 — 35 MHz. Two
types of enhanced radio emission with differing spectral characteristics are simultaneously
noticeable in the spectrum: 1) a weak stationary continuum during the period ~ 06:30 -
08:10 UT with fine structures, and 2) a comparatively intense patch of continuum drifting
from 85 MHz to 35 MHz during the period ~ 06:55 - 07:50 UT. The fine structures in the
background of the latter are most likely part of the ongoing stationary continuum during
the same interval. The stationary and the drifting continuum described above are the
typical spectral signatures of the type [Vs and type IVm bursts in the solar atmosphere,
respectively [Stewart, 1985]. The average duration (7) of the type IVm burst in Figure
5.1 increases with decreasing frequency. The increase in the temporal width with decrease
in frequency of the region enclosed between the ‘black’ lines from 85 MHz to 35 MHz in
the spectrum indicates this. The typical widths (i.e. duration) are 7 ~ 25 min and 7 ~
45 min at 85 MHz and 35 MHz, respectively. These are consistent with the statistical
results on the duration of type IVm bursts reported by Robinson [1978a]. The onset of
the burst at 85 MHz is ~ 06:55 UT and at 35 MHz is ~ 07:05 UT.
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Fig. 5.3: Time profile of the Stokes I and Stokes V emission observed with the GRIP at 80
MHz on 15 March 2013 in the transit mode. The duration of the observations correspond
approximately to the width of the response pattern of the GRIP at 80 MHz in the East-West
direction. The overplotted smooth line is the polynomial fit to the observations.
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Fig. 5.4: Time profile of the Stokes I and Stokes V emission observed with the GRIP at 40
MHz on 15 March 2013 in the transit mode. The duration of the observations correspond
approximately to the width of the response pattern of the GRIP at 40 MHz in the East-West
direction. The overplotted smooth line is the polynomial fit to the observations.
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Figure 5.3 shows the time profile of the Stokes I & V radio emission from the solar
corona at 80 MHz as observed with the GRIP on 15 March 2013. Similar observations
at 40 MHz are shown in Figure 5.4. The observations were carried out in the transit
mode and hence the observed time profile and their duration essentially corresponds to
the East-West response pattern of the GRIP. The peak flux densities, estimated using
the polynomial fit to the observations (see the overplotted smooth line in Figures 5.3 and
5.4), are &~ 170,000 Jy (Stokes I) and ~ 50,000 Jy (Stokes V) at 80 MHz, and ~ 181,000
Jy (Stokes I) and 62,000 Jy (Stokes V) at 40 MHz. These values correspond mostly to
that of the type IVm burst alone since we had subtracted the corresponding mean flux
densities of the background type IVs burst fine structures using GRIP observations of the
same outside the type IVm burst period. The respective values for the type IVs bursts are
~ 110,000 Jy (Stokes I) and ~ 53,000 Jy (Stokes V) at 80 MHz, and ~ 117,000 Jy (Stokes
I) and =~ 61,000 Jy (Stokes V) at 40 MHz. That the flux density of particularly the Stokes
I emission for the type IVs burst is a significant fraction of that of the type IVm burst in
the present case is noticeable from their contrast with respect to the background in Figure
5.1 also. The 80 MHz flux densities are consistent with that reported earlier for type IVm
bursts at similar frequency [Kai, 1969]. The spectral index (a) between 40 MHz and 80
MHz using the above Stokes I flux densities is & =~ —0.1. Since the non-thermal spectral
index is generally < 0 [Kraus et al., 1986, Subramanian and Sastry, 1988], the above value
a ~ —0.1 indicates that the observed emission in the present case is of non-thermal origin.
The estimated degree of circular polarization (dcp) of the type IVm burst in Figures 5.3
and 5.4 are ~ 0.29 + 0.1 at 80 MHz and ~ 0.34 + 0.1 at 40 MHz. Note that due to
instrumental limitations, we observed only |V| with the GRIP and hence dcp = |V|/I in

the present case.

The above radio events were associated with a M1.1 class GOES soft X-ray flare
during the interval ~ 05:46 - 08:35 UT with peak at ~ 06:58 UT, a 1F class Ha flare

during the interval ~ 06:13 - 08:33 UT with peak at ~ 06:37 UT from the active region
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AR 11692 located at N11E12 on the solar disk!, and a ‘halo’ CME?. Figure 5.5 shows
the composite of the GRAPH radioheliogram at 80 MHz, the SOHO-LASCO C2 image
and the SDO-AIA 193 A image, all obtained around = 08:00 UT. Since the observations
were during the type IVs burst period in Figure 5.1, the discrete radio source near the
disk center is most likely the source region of the type IVs burst. Its peak brightness
temperature (7}) is ~ 3 x 108 K. In the present chapter, the discussion is limited only to
the type IVm burst. Unfortunately, there was no GRAPH observation during the type
I[Vm burst in Figure 5.1. The discrete source close to the limb in the North East quadrant
in Figure 5.5 is presumably weak non-thermal radio noise storm activity often observed
near the location of a CME in its aftermath [Kerdraon et al., 1983, Kathiravan et al.,

2007]. The peak Ty, of the source is ~ 107 K.

From the movies of the ‘halo” CME, we find that the its LE was first observed in
the STEREO-CORIB field of view (FOV) around =~ 06:15 UT at r ~ 1.6 R,. Later,
at the onset time of the type IVm burst at 85 MHz around ~ 06:55 UT (Figure 5.1),
the LE was at r ~ 3.5 R,. This gives a projected linear speed of ~ 551 km s~! for the
CME LE. The SOHO-LASCO height-time (h-t) measurements indicate that the CME LE
was located at r &~ 4.1 Ry around ~ 07:12 UT?. These values are consistent with those
extrapolated using the STEREO-COR1B measurements. The projected linear speed of
the ejecta that moved outwards behind the CME LE observed in the STEREO-COR1B
FOV (see Figure 5.6) was estimated. The centroid of the ejecta was at r ~ 1.6 R during
its first appearance at &~ 06:45 UT. Ten minutes later, i.e. at 06:55 UT close to the onset
time of the type IVm burst at 85 MHz, the ejecta was at r = 1.9 Ry (see Figure 5.6).
The above h-t measurements give a speed of ~ 348 km s~! for the ejecta. This is nearly
the same as the speed estimated using SOHO-LASCO C2 observations of the same ejecta
during ~ 07:24 - 08:24 UT (see Figure 5.5). It appears from Figures 5.5 and 5.6 that the

lswpc.noaa.gov/warehouse/2013.html
Zumbra.nascom.nasa.gov/lasco/observations/halo/2013/130315
3cdaw.gsfe.nasa.gov



5.4. Observations 183

ejecta is close to the plane of the sky for both STEREO-CORI1B and SOHO-LASCO C2.

The close agreement between the measured projection speeds of the CME LE and
the ejecta with the above two instruments indicate that the ejecta moved at the same angle
to the Sun-Earth and Sun-STEREO-B lines. As STEREO-B and Earth were separated
by an angle of about 140° at the time of the event, we estimate this angle to be ~ 70°.
So the angle between the ejecta and the plane of the sky for STEREO-COR1B or SOHO-
LASCO (2 is about 20°. Note that any error in the position/size of the type [Vs burst in
Figure 5.5 due to ionospheric effects and/or scattering (irregular refraction due to density
inhomegeneities in the solar corona) is expected to be minimal (=~ +0.2 Ry) because: 1)
positional shifts due to ionospheric effects is expected to be < 0.2 R at 80 MHz in the
hour angle range + 2h [Stewart and McLean, 1982]. The local noon at Gauribidanur on
15 March 2013 was around & 07:00 UT and the GRAPH observations described above are
within the above hour angle range; 2) the effects of scattering are considered to be small
at 80 MHz compared to lower frequencies [Aubier et al., 1971, Bastian, 2004, Ramesh
et al., 2006b]. The results from high angular resolution observations of the solar corona
that discrete radio sources of angular size ~ 1" — 3’ are likely to be there in the solar
atmosphere from where low frequency radio radiation originates [Kerdraon, 1979, Lang
and Willson, 1987, Willson et al., 1998, Ramesh et al., 1999b, Ramesh and Sastry, 2000,
Ramesh and Ebenezer, 2001, Mercier et al., 2006, Kathiravan et al., 2011, Ramesh et al.,
2012] also constrain scattering; 3) the positional shift of discrete solar radio sources due
to scattering is expected to be < 0.2 R, at 80 MHz [Riddle, 1974, Robinson, 1983].
Ray tracing calculations employing realistic coronal electron density models and density
fluctuations show that the turning points of the rays that undergo irregular refraction
almost coincide with the location of the plasma (‘critical’) layer in the non-scattering case
even at 73.8 MHz [Thejappa and MacDowall, 2008]. Obviously the situation should be

better at 80 MHz.
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C2:2013/03/1508:00  AlA 193: 03/15 08:00

Fig. 5.5: A composite of the 80 MHz GRAPH radioheliogram of the type IVs burst observed
on 15 March 2013 around ~ 08:00 UT (contours in white colour) and the SOHO-LASCO C2,
SDO-AIA (193 A) images obtained close to the same time that day. The discrete source of
radio emission near the disk center is the type IVs burst mentioned in the text. The ‘white’
circle (radius = 1 Rg) at the center indicates the solar limb. The bigger, concentric ‘grey’ circle
(radius &~ 2.2 Rg) represents the occulting disk of the SOHO-LASCO C2 coronagraph. Solar
North is straight up and solar East is to the left in the image. The white light feature marked
‘C’ is the CME core like ejecta mentioned in the text.
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Fig. 5.6: STEREO-CORI1B pB difference image obtained on 2013 March 15 around 06:55 UT.
The subtracted reference image was observed at 06:05 UT prior to the CME onset. The region
marked with a rectangular box is used for measuring the density of the CME ejecta. The ‘grey’
circle (radius &~ 1.4 Rg) represents the occulting disk of the coronagraph. The asterisk within
the rectangular box marks the same feature (ejecta) marked ‘C’ in Figure 5.5.
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5.5 Results and analysis

5.5.1 Emission mechanism

The type IVm burst in the present case is most likely associated with the CME core
like ejecta behind the CME LE because: 1) the CME LE was located at a large radial
distance (r ~ 3.5 Rg) at the onset time of the type IVm burst at 85 MHz. The above
value is close to the outer limit of the radial distance up to which the type IVm bursts
have been observed [Smerd and Dulk, 1971, Robinson, 1978a]; 2) the location of the ejecta
(r = 1.9 Rg) close to the onset of the type IVm burst at 85 MHz around ~ 06:55 UT
(see Figure 5.1) is consistent with the statistical estimate of the radial distance of the
type IVm bursts during their onset at 80 MHz [Smerd and Dulk, 1971]; 3) no other bright
moving structures were noticeable in the STEREO-COR1B FOV during ~ 06:55 - 07:50
UT over r < 2 R, the interval over which the radio emission was observed in Figure 5.1;
4) based on a statistical study of the type IVm bursts at 80 MHz, Gergely [1986] had
earlier concluded that majority of the type IVm bursts move out with the ejecta behind

the CME LE.

Though optically thin gyro-synchrotron emission from mildly relativistic electrons
and second harmonic plasma emission have been suggested as possible mechanisms for
the type IVm bursts, It is found that the former is the most likely process in the present
case because: 1) in the presence of a medium, the gyro-synchrotron emission is strongly
suppressed at frequencies < 2f,, where f, is the plasma frequency [Wild and Smerd, 1972,
Dulk, 1973, Melrose, 1985]. To verify this, we used the pB measurements obtained with
STEREO-CORI1B to estimate the total coronal electron density (i.e the density of the
background corona and the CME together) at the location of the ejecta at ~ 06:55 UT
[Wang and Davila, 2014]. The value is &~ 7 x 10° ecm™3. This corresponds to f, ~ 24
MHz. This implies that if the type IVm burst of 15 March 2013 had been due to gyro-

synchrotron emission, it should have been suppressed at frequencies S 48 MHz at ~ 06:55
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UT. The present observations are consistent with this. The spectral profile of the type
I[Vm burst in Figure 5.2 clearly shows a reduction in the observed intensity at frequencies
< 52 MHz. However at later times the burst is observable at lower frequencies (see Figure
5.1). This is because the ejecta had moved outward in the solar atmosphere as well as
expanded in size with time (see Figures 5.5 and 5.6). As a consequence there is a gradual
decrease in the total density at the location of the ejecta and hence the cut-off frequency
for gyro-synchrotron emission. Probably this shift in the cut-off towards lower frequencies
with time is also responsible for the observed drift of the type IVm burst in Figure 5.1.
Note that the total density when the ejecta was first observed in the STEREO-COR1B
FOV around ~ 06:45 UT at r ~ 1.6 Ry was ~ 15 x 10° cm 3. Comparing this with the
corresponding measurements at =~ 06:55 UT, we find that the ejecta had moved a radial
distance of ~ 0.3 R in &= 10 min and the total density during that period had decreased
by about a factor of two. Note that the densities of the other rising structures (above
the occulter of the coronagraph) of the CME like the ‘legs’ and the frontal loop which
are comparitively fainter (see Figure 5.6) are < 7 x 10° cm™3. This indicates that the
corresponding f, < 24 MHz. Therefore if the type IVm burst had been due to any of
the aforementioned structures of the CME, the reduction in the intensity of the burst at
~ 06:55 UT should have been at lower frequencies than ~ 52 MHz. But this is not the
case; 2) the estimated dep is larger compared to that for reported for type IVm bursts
due to second harmonic plasma emission [Gary et al., 1985]; 3) the spectral index of the
type IVm burst between 40 MHz and 80 MHz as estimated from the GRIP observations
is @ ~ -0.1 (see Section-5.5.2). This is nearly the same as the expected spectral index
for gyrosynchrotron emission over the frequency range 38.5 — 73.8 MHz [Gopalswamy and

Kundu, 1990].
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5.5.2 Estimation of spectral index and energy spectral index

It is known that flux density S(f) of a source is related to the frequency f and spectral

index « as follows [Kraus, 1973]

S(f) o< f® (5.1)

Using the equation 5.1, the following equation can be obtained,

s _ (5 o

Where, S(f1) and S(f2) are the observed flux densities at two different frequencies

f1 and f, respectively. Rewritting the equation 5.2 gives,

o — In S(f1) —InS(f2) (5.3)

Infi —Info

By using the spectral index, the electron energy spectral index / power law index §

is estimated using the equation 5.5 [Dulk, 1985, White et al., 2011].

a = 1.20 — 0.900 (5.4)
Re-writing the equation 5.4,
1.20 — «
0= ———— 5.5
0.90 (5:5)

In the present case, the power-law index ¢ can be estimated from the radio flux
spectral index («) through equation 5.5. The estimated spectral index was o &~ —0.1 and

this implies 0 ~ 1.4.
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5.5.3 Estimate of the magnetic field

In the case of optically thin non-thermal gyro-synchrotron emission, the dep and B are

related as follows [Dulk, 1985]:

f —0.7824-0.545c0s60
) (5.6)

dep = 1.26 x 1003561 ()~0-07Leos? (_
/B

where, dcp is the degree of circular polarization, ¢§ is electron energy spectral index, 6 is
the viewing angle (i.e angle between the direction of magnetic field and line of sight), f is
the frequency of observation [MHz], fp is gyro frequency [~ 2.8 x B], B is the magnetic
field [Gauss], 7, is the optical depth. By knowing the dep and other parameters, magnetic

fields are estimated. Rewriting the Equation 5.6 for B.

B=- w10 (5.7)
2.8

where,
logio(dep) — 0.0350 + 0.071 cosf — 0.1004
€Tr =

0.782 — 0.545 cosf (5.8)

The angle between the ejecta and the plane of the sky in the present case is ~ 20° (see
section 5.4). This indicates that the ejecta is nearly normal to the LOS and the associated
field lines are likely to be radial. So we assumed the viewing angle between the LOS and
the magnetic field in the type IVm burst source region to be the same as the positional
angle from the LOS to the ejecta. Hence 6 ~ 70° (see section 5.4). Substituting for the
different parameters in equation 5.7 and 5.8, the magnetic field strengths are calculated.
The magnetic field strength (B) at 80 and 40 MHz was ~ 22+ 04 G ~ 1.4+ 02 G
respectively. The corresponding radial distances are most likely r ~ 1.9 R (80 MHz)
and 7 ~ 2.2 R, (40 MHz). The magnetic fields are estimated from the location of the
ejecta (r ~ 1.9 R) during the onset of the type IVm burst at 85 MHz (~ 06:55 UT),

the projected speed of the ejecta (=~ 348 km s71), and the onset of the type IVm burst
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at 35 MHz (= 07:05 UT). The dep and the B values are consistent with the results of the
model calculations reported by Robinson [1974] for # a~ 70°. The sense of polarization
is in the e-mode. Gary et al. [1985] had remarked that gyro-synchrotron emission is a
possible mechanism at 80 MHz if conditions like B ~ 2.8 G at r =~ 2.5 R are satisfied.

The above estimates of B at 80 MHz in the present case agree reasonably with this.

5.6 Conclusions

Low frequency (< 100 MHz) radio imaging, spectral and polarimeter observations of the
type IVm burst and type IVs burst that occurred simulatenously on 15 March 2013 in
association with a ‘halo” CME and a M1.1/1F class soft X-ray/Ha flare are reported. Our
results indicate that the type IVm burst is likely due to optically thin gyro-synchrotron
emission from the non-thermal electrons in the CME core like ejecta behind the CME
LE. The estimated magnetic field strength near the type IVm burst source region is
B ~224+04Gand~ 1.440.2 G at 80 MHz and 40 MHz respectively. The corresponding
radial distances are r ~ 1.9 R, (80 MHz) and r ~ 2.2 Ry (40 MHz). The following
results mentioned in the literature indicate that the above values of B are plausible: 1)
Dulk et al. [1976] estimated the average field strength to be in the range ~ 3.1 — 0.7
G over r ~ 1.8 — 3.1 Ry by assuming gyro-synchrotron mechanism for similar CME
associated non-thermal radio continuum; 2) Stewart et al. [1982] reported B > 0.6 G at
r ~ 2.5 Ry for the type IVm burst observed by them at 80 MHz in association with the
CME core. The authors had attributed the radio emission to be either at the fundamental
or the second harmonic of the plasma frequency. Note that if the density requirements
for particularly the second harmonic plasma emission are nearly the same as that for
the gyro-synchrotron emission, then it is possible that the corresponding B values could
be similar [Dulk et al., 1976]; 3) Gopalswamy and Kundu [1989a], Bastian et al. [2001]

evaluated B ~ 1.5 G at r = 1.5 R based on similar non-thermal radio continuum due to
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gyro-synchrotron emission from the associated CMEs; 4) Ramesh et al. [2010] computed
the magnetic field in a coronal streamer at r =~ 1.7 R to be ~ 5 G, through observations
of polarized radio emission from the associated radio source at 77 MHz. This is nearly
the same as the estimated B in the present case. The fact that the CMEs are density
enhancements similar to the streamers could probably be a reason for this; 5) Tun and
Vourlidas [2013] showed that B ~ 5 — 15 G for the type IVm bursts observed by them at
r~ 1.7 Ry. The authors had shown that the bursts are likely due to optically thin gyro-
synchrotron emission from the mildly relativistic non-thermal electrons in the magnetic
field of the associated CME core; 6) Ramesh et al. [2013] estimated B ~ 4 G at r =~ 1.6 R
for the type IVm radio bursts due to second harmonic plasma emission from the enhanced
electron density associated with the ‘leg’ of the corresponding CMEs. Considering that
the coronal magnetic field associated with the active regions have a range of values [Dulk
and McLean, 1978, Ramesh et al., 2003, 2011b, Sasikumar Raja and Ramesh, 2013], the
different estimates mentioned above can be regarded as reasonable. Given the paucity of
the coronal magnetic field measurements, particularly in close association with a CME;,
the results indicate the usefulness of the contemporaneous observations of the solar corona

in white light and radio frequencies particularly over r S 2 Rg.
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Chapter 6

Scattering studies of the solar corona

6.1 Introduction

One of the observational evidences of scattering in radio astronomy is an apparent in-
crease in the angular diameter of a distant radio source when its radiation passes through
a scattering medium present along the observer’s line of sight (LOS). Random fluctua-
tions in the spatial distribution of the electron density in the medium introduce irregular
variations in the refractive index which lead to scattering of radio waves. Spacecraft ob-
servations prove that solar wind is a turbulent plasma which results in fluctuations in
all plasma parameters such as electron density, plasma flow velocity and magnetic fields.
Turbulent characteristics vary systematically with heliocentric distances [Spangler and
Sakurai, 1995]. Propagating radio waves in the solar corona undergoes refraction, reflec-
tion, scattering due to the the nonuniform distributions of the electron densities from point
to point. During the propagation of radio waves in such a medium, the above mentioned
phenomenon modulates the structure of the actual distant cosmic source or spacecraft
beacons. Such a modulation gives the important information of the solar corona/solar

wind. There were many attempts to estimate the modulated structure function in solar
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wind. Coles and Harmon [1989a] described about such techniques briefly. It is known that
the density variation from point to point in the solar corona causes variations in refrac-
tive index of the medium and those fluctuations are represented using the wave structure
function, D(s). Wave structure function of the solar corona is estimated using different
techniques. Few of them are: spectral broadening, angular broadening, spacecraft beacon
phase scintillation, interferometer phase scintillation, and intensity scintillation. Wave
structure function is related to the density fluctuation spectrum in the form of a linear
transformation and estimation of the former is the more precise than the latter. Some of
the different techniques used to estimate the mutual coherence function, and the structure

function are discussed briefly in the subsequent sections.

The mutual coherence function, which a radio interferometer measures, is directly
related to the wave structure function of the scattering medium which, in turn, is related
to the spatial spectrum of the electron density inhomogeneities there [Coles and Harmon,
1989a, Armstrong et al., 1990, Anantharamaiah et al., 1994]. Note that radio interfer-
ometer measurements (on a baseline of length s) of a celestial source viewed through a
turbulent medium is affected by density inhomogeneities of scale size s. The other ra-
dio astronomy observational techniques using which the spatial spectrum of the electron
density inhomogeneities can be studied are spectral broadening, phase scintillations, and

intensity scintillations [Armstrong et al., 1990, Bastian, 1994].

The angular scattering of radio waves caused by inhomogeneities in the electron
density distribution over the heliocentric distance range r ~ 10 — 60 R, has been studied
since 1952 at frequencies S 100 MHz using occultation observations of the Crab nebula
over interferometer baselines < 3 km [Machin and Smith, 1952, Hewish, 1955, Bolton et al.,
1958, Vitkevich, 1958, Slee, 1959, Hogbom, 1960, Gorgolewski et al., 1962, Erickson, 1964,
Bazelyan et al., 1970, Harries et al., 1970, Sastry and Subramanian, 1974]. Crab nebula
lies close to the plane of the ecliptic and its line of sight passes as near as r ~ 5 R around

15 — 16 June every year. The variation of the scattering with r and increase in the angle
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of scattering with wavelength were some of the main results which emerged out of these
observations. It was also noted that the anisotropy in scattering on spatial scales < 3 km,
estimated from the axial ratio of the angular broadened images, was 50% more during

solar maximum as compared to the solar minimum [Ward, 1975].

Two dimensional images of the angular broadened Crab nebula were first produced
using aperture synthesis techniques using Culgoora radio heliograph by Blesing and Den-
nison [1972] at < 200 MHz. Other than the Crab nebula, using Very Large Array (VLA)
study of angular broadening of the radio sources 3C279 was carried out by Armstrong
et al. [1986, 1990]. Also Cornwell et al. [1989] reported observations of the 3C279 with high
time resolution when the line of sight passed close to the Sun and established coherence
properties of the corona. Brief review of the angular broadening and other methods to
measure the structure function of the turbulent medium was reviewed in Coles and Har-
mon [1989a], Anantharamaiah et al. [1994]. Similar observations of other radio sources
with the VLA at comparatively higher frequencies and over the range r ~ 2 — 13 R,
were reported by Armstrong et al. [1990], Anantharamaiah et al. [1994]. The observations
were sensitive to spatial scales in the range ~ 1 — 35 km. VLBI observations of angular
broadening, sensitive to spatial scales ~ 200 — 2000 km over the range r ~ 18 — 243 R,

were reported by Sakurai et al. [1992].

The spatial scales of the corresRecently Subramanian and Cairns [2011] used the
above model to address the angular sizes of the radio sources embedded in the solar
corona at a typical frequency of 327 MHz. They had extrapolated the model in the
sunward direction to r < 2 Rg in a straightforward manner. The results indicate that
discrete sources of size S 10" can be observed in the solar corona at the above frequency.
But observations reported by Lang and Willson [1987], Zlobec et al. [1992], Mercier et al.
[2006] indicate that the smallest observable angular size of the coronal radio sources at
frequencies ~ 327 MHz is ~ 40". Note that the angular resolution in the observations

reported by the above authors was ~ 4. Source sizes estimated from majority of the
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high angular resolution observations at low frequencies (=~ 30-100 MHz) also seem to be
limited to 2 60" [Willson et al., 1998, Ramesh et al., 1999, Ramesh and Sastry, 2000,
Ramesh and Ebenezer, 2001, Ramesh et al., 2012]. This is consistent with the reports on
the minimum observable source sizes in the above frequency range [Riddle, 1974, Bastian,
2004, Cairns, 2004]. In view of the non-availability of estimates of C%(r) over smaller
spatial scales at present, and presuming that relevant spatial scales to understand the
angular broadening of discrete sources embedded in the solar corona are < 10 km [Bastian,

1994], an independent estimates of C%(r) on smaller spatial scales were obtained.

6.2 Motivation

As mentioned previously, direct measurements of magnetic field strength in the corona
2 0.2 R are not available. The magnetic field strength in the corona is found from
the extrapolation of optical measurements of photospheric fields. Coronal magnetic field
measurements reported by Lin et al. [2000] from observations of the Stokes V profiles of
the coronal emission line Fe XIIT (A = 1074.7 nm) resulting from the longitudinal Zeeman
effect was ~ 10 and 33 G above active regions at heights of 0.12 and 0.154 R, respectively.
High resolution circularly polarized observations in the frequency range 1 — 20 GHz are
routinely used to measure the magnetic field strength above active regions at ~ 0.05 R
[Kakinuma and Swarup, 1962, Gelfreikh, 2004, Ryabov, 2004, White, 2004]. The radio
emission from the ‘undisturbed’ Sun, coronal streamers, and coronal holes at heights
2 0.2 R, lies at frequencies < 100 MHz. Thermal nature of the radiation was recognized
by Smerd [1950]. Also it was never pointed out that the direct measurements of the
strength of the magnetic fields exist in the outer corona. The polarization characteristics
of the continuum radiation from the ‘undisturbed’ Sun never been attempted [Sastry,
2009]. Magnetic field strengths estimated using the circularly polarized thermal radio

emission from solar coronal streamers were 5+ 1 G and 6 + 2 G at 1.7 and 1.5 R,
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respectively [Ramesh et al., 2010]. Sastry [2009], using the Haselgrove equations from
the radio ray propagation technique in an anisotropic medium, the dcp of the thermal
radio emissions at low frequencies in the corona was estimated. Given methodology can
be used to determine the weak magnetic field strengths directly by knowing the dcp at

low frequencies and it is briefly reviewed here.

The anisotropy in the corona is due to the presence of the magnetic fields in it.
When an unpolarized radio radiation propagates through such a medium, the radiation
splits into two modes as mentioned previously: o-mode and e-mode due to the difference
in the optical depths which arises due to the prevailing magnetic fields. The ray paths
of these two modes are found using the magneto-ionic theory assuming the cold plasma
approximation. It is known that in an inhomogeneous anisotropic medium, the energy
associated with electromagnetic waves does not travel in the direction of the wave normal
even in the case of plane waves but in a different direction called the ray path. The ray
refractive index of the solar corona at a low frequency varies from zero (at the level where
the plasma and observing frequencies are equal) to unity (at a large distance away from
the Sun). Therefore the ray paths are curved instead of straight lines. By knowing the
propagated energy along the ray path and the integrated absorption coefficient along the
path, the total optical depth of either of the modes can be estimated. Note that the ray
refractive index is not known a priori but information on the phase refractive index, which
is a function of the position and direction of the wave normal can be derived from the
Appleton-Hartree equation. A set of differential equations to determine the rate of change
of the wave normal direction along the ray path in terms of the phase refractive index
and its derivatives were derived by Haselgrove [1955], Haselgrove and Haselgrove [1960],
Haselgrove [1963]. The Haselgrove equations in two dimensions were used to derive the
one-dimensional brightness distribution of the outer corona at a frequency of 30 MHz for
the two circular modes [Golap and Sastry, 1994]. Different modelings and observations

confirm that the structure of the magnetic field consists of open field line connections
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between the solar surface and the heliosphere.

The expected magnetic field strengths in the ‘undisturbed’ corona at heliocentric
distances (1.5 Ry, S R < 3 R) are estimated from average of the field strengths [Spangler,
2005]. He also used the Faraday rotation technique on extragalactic radio sources at
various times in the heliocentric distance range 6 R SRS 10 Re. The average field
strength at a distance ~ 6.2 R measured by him was 40 mG. Pétzold et al. [1987], used
the Faraday rotation measurements using the Helios spacecraft in the heliocentric distance
range 3 Ry S R S 10 Re. The estimated field strength at 6.2 R. was 57 mG. By using
the Newkirk density model and assuming the reference magnetic field given by Spangler
[2005] the magnetic fields were estimated using the expression 6.1 which was given by

Dulk and McLean [1978].

. B,

B(R) = ; (6.1)

(R —1]*5 "
Using the methodology described by Sastry [2009], brightness temperatures of the o-mode

(T¢Y) and e-mode (T¢) were estimated. The corresponding dcp was also estimated using

the equation 6.2.
Ty =17

derll = 77
b b

x 100 (6.2)

In the heliocentric distance range of 1.5 Ry S R S 3 R, the plasma frequencies in
the corona vary from 30 to 10 MHz according to the Newkirk [1961] model with D = 1
(see section 1.12). The distribution of the degree of polarization is calculated at each of
the three frequencies 10, 20 and 30 MHz from the center to the limb in the equatorial
plane of the ‘radio” Sun. The field strength at each frequency is varied from 100 mG
up to 1600 mG. Note that in this methodology, the model of Spangler [2005] was used
to determine the reference field alone whereas in the dcp calculations, the equation 6.2
was used. The maximum value of dcp at all the three frequencies occurs in the central
regions of the ‘radio’ Sun. The dcp increases with field strength at all the frequencies

and for the same field strength the dcp increases with decreasing frequency. It is possible
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that field strengths of &~ 200 mG can be detected from low frequency circular polarization

observations of the ‘undisturbed’ Sun.

The magnetic field strength in the corona above active regions, estimated from radio
burst observations, decreases from 1—8 G at 1.6 R t0 0.3—0.9 G at 2.5 R, [Vrsnak et al.,
2002]. The enhanced radio radiation emitted by coronal streamers with density larger by
a factor ~ 5 compared to the ‘undisturbed’ Sun at heliocentric distances of 1.5 — 2.5 R,
which lies in the frequency range 80 — 20 MHz. A computation of the distribution of the
dep across the ‘radio’ Sun by uniformly increasing the density (D > 1 in the Newkirk
model) over the entire corona revealed that the dcp variations will be significant only
at distances away from the center at frequencies around 80 MHz, for any magnetic field
strength. The distribution of the dcp at 80 MHz across the ‘radio’ Sun with a streamer
incorporated at the limb was computed. For the Newkirk electron density model the
distribution of dcp across the radio Sun is found to depend on the factor by which the
density increases in the region of the streamer, orientation of the axis of the streamer, the
strengths of the fields in the ambient and streamer regions, and the size of the streamer.
The axis of the streamer is placed in the equatorial plane and the dcp was calculated at
various distances from the center to the limb. The field strength is varied from 1 to 4
G at the 80 MHz plasma level in the streamer and a small ambient field strength ~ 300
mG. The assumed azimuth and width of the streamer were 65° (almost the solar limb)
and 10’ respectively. It was noticed that comparison of the brightness distributions with
and without streamer shows that the width of the ‘radio’ Sun increases considerably in
the presence of the streamer. The dcp attains the maximum value close to the half-
power point, i.e., where the brightness temperature of the o and e-mode (7 and TY)
radiations become equal to half of their peak values, and increases with the field strength.
Finally it is found that the dcp of the streamer increases with decreasing frequency for
any magnetic field strength. From these results, it follows that when the location of the

coronal streamer is near the limb of the ‘radio” Sun the effect of the magnetic field is
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maximum at frequencies around 80 MHz and its strength can be estimated by measuring

the dcp of the emitted radio frequency thermal radiation.

Magnetic field lines in coronal holes are believed to be open from the base of the
corona. But there are no estimates of the magnetic field strength in the outer coronal
holes. Since there is no limit to the size of the coronal holes and a coronal hole can occupy
a large fraction of the disk, by assuming the size of the coronal hole 10" and the axis is
placed in the equatorial plane of the Sun with an azimuth of 65° (i.e. close to the solar
limb similar to the streamer case) the magnetic field strength was estimated. The field
strength in the ambient corona is set to a small value of ~ 300 mG. But in the case
of coronal hole magnetic field was varied in the range =~ 1 — 2 G. The distribution of
the dcp at 80 MHz was also computed by assuming the Newkirk density model. From
the computations it was found that the values of the dcp in the case of the coronal hole
are relatively larger than those of the coronal streamer for the same field strengths. It
was noticed that, in the case of the coronal streamer the dcp increases with decreasing
frequency of observation. Therefore it is clear that the strength of the magnetic field can

be estimated by measuring the dcp of the thermal radiation from the coronal holes.

The dcp of the thermal radiation due to the presence of the magnetic field in the
direction of any point on the Sun and at any frequency depends on the magnitude of
absorption coefficient/total optical depth at various points in the path of the radiation,
in the absence of the magnetic field, in that direction. The presence of the magnetic
field modifies in such a way that the absorption coefficients/total optical depths of the
ordinary and extraordinary radiations may differ resulting in difference of the o and e
brightness temperatures. Therefore the emergent radiation will be circularly polarized.
At frequencies greater than 80 MHz, the central thermal optical depth of the corona, in
the absence of the magnetic field, is already large [Smerd, 1950, Sheridan and McLean,
1985]. Therefore any change in the optical depths due to the presence of the magnetic

field has little or no effect on the brightness temperature of the o and e-mode radiations,
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resulting in negligible dcp values. However, in the direction away from the center of the
Sun, the thermal optical depth in the absence of the magnetic field reduces considerably.
Therefore, in the presence of the magnetic field, the difference in the optical depths of o and
e radiations can become large causing the emerging radiation to be circularly polarized.
At frequencies less than 30 MHz, the central thermal optical depth of the corona, in
the absence of the magnetic field, is small [Bracewell and Preston, 1956, Sheridan and
McLean, 1985]. Hence the circular polarization effect due to the presence of the magnetic
fields can be seen even in that direction. These are the reasons for the occurrence of
maximum dcp in the central directions at low frequencies and also for the increase of dep

with decreasing frequency.

Therefore, direct magnetic field measurement in the middle corona using the low
frequency radio observations are possible. Initial motivation behind Crab nebula obser-
vations in the present case is to infer the magnetic field associated with density enhance-
ments/irregularities in LOS to the Crab nebula at various distances from the Sun [Ramesh
et al., 2001b, Ramesh and Sastry, 2005, Sastry, 2009]. These enhancements/irregularities
may be streamers or CMEs or irregular density distribution in the solar atmosphere.
When Crab nebula radiation passes through such clumps/irregularities, there may be a
possible circular polarization either due to the splitting of randomly polarized or linearly
polarized radiation into oppositely polarized magneto-ionic modes (o-mode and e-mode)
as mentioned. In the above discussion it is explicitly mentioned that by knowing the dcp
in the corona, magnetic field strength can be estimated directly. Hence, the Crab nebula
occultation observations were carried out in polarimetric mode. But we did not detect
any deflection in Stokes V channel (see Figure 6.7). It is possible that the strength of the
associated circular polarization is too weak to detect. However, the observations lead to

the scattering studies of the solar corona which is discussed in the following sections.
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6.3 Estimation of the structure function

Occultation of natural radio sources like pulsars, supernovae remnants and extra galactic
radio sources by the solar corona, is considered as a situation of a plane wave interaction
with the scattering medium (solar corona/solar wind). In some cases if the radio source is
within the corona then spherical diverging radiation is assumed. In the present case Crab
nebula occultation technique is used to estimate the structure function so the plane wave
approximation is assumed. Figure 6.1 shows the thin screen scintillation model. Initially,
a plane wave which travels from a distance source (star) passes through a turbulent solar

wind and due to the inhomogeneous density fluctuation in it the plane wave gets crumpled.

Large scale variations shown in the Figure 6.1 correspond to the refractive scintilla-
tions and the small scale fluctuations correspond to the diffractive scintillations. Diffrac-
tive scintillations cause the angular broadening of the radio sources and the spectral cor-
rugation of the radiation from the pulsars [Spangler, 2009]. Large scale gradients which
correspond to the refractive scintillations cause the source position wandering in the sky.
Note that diffractive scintillations are strong function of irregularities of the power law
index () and the measurements of v are consistent with spacecraft observations. The
density inhomogeneities in a turbulent medium can be characterized by their spatial power

spectrum

Psn(k) = C3(r)k=" (6.3)

where on is the fluctuating part of the electron density and k is the wave number. The
latter is in the range k, < k < k;, where k, and k; are the reciprocals of the outer (largest)
and inner (smallest) spatial scales of the density inhomogeneities [Rickett, 1990]. The
spectrum is characterized by two parameters, the power-law exponent 5 (2 < § < 4) and
the normalization constant C%(r). The latter is an indicator of the level of the density
fluctuations (turbulence). Using VLBI observations of phase scintillations, Spangler et al.

[1996] found that C%(r) = 1.8 x 101%(r/10)7%% over the range 10 Ry S 7 < 60 Re. The
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Fig. 6.1: The Figure shows the geometry of the thin-screen scintillation model. A
plane wave from the distance celestial sources incident on a scattering medium (like solar
wind /interplanetary medium, interstellar medium or Earth’s ionosphere), the plane wave gets
distorted due to the small scale irregularities (inner scales) and large scale irregularities (outer
scales) are also shown.

above equation is valid for the Kolmogorov spectrum (3 = 11/3) and its units are m=2%/3.

In order to determine the quantity C% in the solar corona, different techniques are used

so far and some of which are discussed briefly in the following sections.

6.3.1 Intensity scintillations

Earlier days, by observing the intensity scintillations of the natural radio sources, the
turbulent spectrum was measured [Hewish et al., 1964, Cohen and Gundermann, 1969,
Ekers and Little, 1971, Scott, 1978, Scott et al., 1983, Tyler et al., 1981, Coles and Harmon,

1989b]. The radiation from a compact radio sources is scattered in passage through a solar
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wind and produces a diffraction pattern on Earth which causes the intensity scintillations.

6.3.2 Angular broadening

The angular and spectral broadening techniques measure the loss in the spatial or tempo-
ral coherence suffered by a coherent plane wave propagating through a scattering medium.
By knowing correlation flux density when the radiation pass through a scattering medium
and true correlation flux density, the mutual coherence function is measured which is
Fourier transformation of the angular spectrum. Using the mutual coherence function the
structure function of the scattering medium is measured. Angular broadening measure-
ments have been made on extra galactic radio sources, sources of molecular masers and
pulsars. The mutual coherence function, I'(s) is defined as (E(p)E*(p+s))/{|E|?), Where
p is the position of the antenna and s is the baseline length between the two antennas

(see section-6.8). Angular broadening measurements due to the solar wind is carried out

by Hewish [1955].

6.3.3 Spectral broadening

Spectral broadening is an alternate technique to angular broadening to estimate the struc-
ture function. When the medium is moving with respect the observer the received signal
will be broadened into a spectrum which is a Fourier transformation of temporal autocorre-
lation function. Using the function the structure function is estimated. Such observations
have to be done using a single dish antenna to study the effect of scattering medium over
a temporal coherence wave [Scott et al., 1983]. If the medium is moving with velocity V
with respect to the observer the received signal will be broadened into a spectrum P(f)

whose Fourier transformation is the temporal autocorrelation function I'(7).

L(r) = (E(p)E"(p+ 9))/{| E*) (6.4)
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Since s = V', I'(7) is related with the I'(s) the structure function is estimated using the
formula 6.5,

D(s=V7)==2In[F[P(f)]] (6.5)

where, ‘F’ indicates the Fourier transformation and

FIP(f)] = T(7) (6.6)

6.3.4 Phase scintillations

For the scales greater than ~ 100 km the correlation number becomes comparable to the
estimated errors. Therefore, angular and spectral broadening techniques fail to estimate
the mutual coherence function precisely. However, the mutual coherence function is mea-
sured by estimating the phase fluctuations using single dish coherent beacons. By com-
paring the phases of the dual frequency signals transmitted through a scattered medium

using a spacecraft coherent beacons, the D(s) is estimated [Woo and Armstrong, 1979].

6.3.5 Very long baseline interferometry (VLBI)

The structure function, D(s) measurements are possible using a very long baseline in-
terferometer (VLBI) observations of a point source. In VLBI measurements differential
phase (A¢,(s)) of interferometer approaches a geometrical phase (¢(p) — ¢(p + s)) due
to the large baseline length. By knowing the phase fluctuations, the structure function
D,(s) = [{[A¢o(5)]?)] is estimated. The estimated D,(s) is approximately equal to the
structure function D(s). Diffractive scintillation phenomenon is observable in the case of
pulsars because of finite angular size of the sources quenches the scintillations [Spangler,

2009, p.35).

Also the structure function is estimated using echoes of the radar observations.
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Such estimates were made by observing the Venus using the Arecibo radar observations
[Harmon and Coles, 1983]. Note that spectral broadening technique is limited to the
scales = 0.1 — 100 km. Phase scintillation measurements useful for the scales which are
greater than 100 km. Using the VLBI it is possible to estimate the scale lengths in the
range 100 — 1000 km. To estimate the structure functions of the medium, pulsars are
preferable because of their compact sizes. Although the disadvantage of using pulsars is
their poorly known distances in the ISM and also the galactic ionized hydrogen which
is interposed on the line of sight and causes the drastic changes of the strength and
properties of the angular broadening. Also intrinsic variability of pulsar makes analysis of
the interferometer data complex. Therefore, sources of invariable flux density (like Crab

nebula) are preferable for angular broadening measurements.

6.4 Leblanc density model

Density models in the middle corona are discussed in section-1.12 and note that those
models are not suitable in the outer corona. In interplanetory space in-situ measurements
of electron density were made by Bougeret et al. [1984] from 0.3 to 1 AU. They used
the observations from the Helios 1 and 2 spacecraft and derived the density model. This
model is reliable since it is derived directly from the observations. Leblanc et al. [1998b]
derived an electron density model in the ecliptic plane from corona to 1 AU. The density
model is based on the observations from 13.8 MHz to few kHz using the WAVES aboard
the spacecraft of WIND. From the observations of type III bursts at each frequency the
electron densities are estimated along the trajectory of the burst. In this model, it is

assumed that the electron density from low corona to 1 AU is

Ne=ar?+br*+cr " (6.7)
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In the above equation the density fall off is steeper close to the Sun than the outer
corona, which is in agreement with density measurements in the corona. The term 72
is dominant from few tens of Ry to and beyond 1 AU distance. The coefficient a is
fixed by the density measurements obtained using WIND i.e N, at 1 AU. In the corona
~ 1.3 — 3 R, observations shows the variation of N, ~ r~% [Newkirk, 1967, Saito et al.,
1977]. In the first approximation, the coefficient ¢ is determined by N, which corresponds
to the highest observing frequency (i.e usually 13.8 MHz). The other term also added
which is proportional to r=* to improve the transition between the corona and solar
wind. The coefficient b is derived from the best least square fit of all the data points and
simultaneously c is also improved. The density is calculated at every height in the solar

corona using the equation-6.8. Figure 6.2 shows the variation of the electron density in

the 1.8 — 215 R,

N,=33x10° R?+41x10° R*+80x 10" R% cm™3 (6.8)

where R is the radial distance from the Sun in units of R.,.

Ne=72R?+195x10°* R*+81x107" R %cm™ (6.9)

Note that in equation 6.9, R is in units of AU (1 AU = 215 R). The estimated electron
density model using these equations are very well agreement with the model of Bougeret

et al. [1984] and Issautier et al. [1997].

6.5 Crab nebula occultation

Crab nebula (radio source IAU No. 05N2A or 3c144 or Taurus-A) is a supernovae remnant
and a strong radio source at lower frequencies. It has a constant flux density over a long

time. Crab nebula is occulted by the solar corona in mid of the June, every year. First
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Fig. 6.2: The Figure shows the Leblanc density model which gives the electron density from
1.8 — 215 R range.



218 Chapter 6. Scattering studies of the solar corona

Sun
Ecliptic

AN Y,
X\/ U\V \\
.

Declination

|
22.5 / / /
Jransa |

04:59:46 05:35:04  06:00:00
June 7 June 15 June 21

Right Ascention

Fig. 6.3: Figure shows the geometry of the Crab nebula occultation by the solar corona/solar
wind occurs in mid June of the every year. On 15 and 16 June 2011, Crab nebula has the
elongation of ~ 5 R which is the closest to the solar disk.
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2011/06/15 06:54

Fig. 6.4: The position of the Crab nebula in different days of June 2011 which was over plotted
on the LASCO C3 image observed on 15 June 2011 at 06:54 UT is shown in the Figure. The ‘red
stars’ in the Figure shows the location of the Crab nebula in different days of June. The left and
right most ‘red stars’ were the locations of Crab nebula on 10 and 21 June 2011 respectively.
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time this was observed by Machin and Smith [1951]. Many others studied the Crab nebula
occultation phenomenon for several years [Hewish, 1955, Bolton et al., 1958, Slee, 1959,
Hogbom, 1960, Erickson, 1964, Sastry and Subramanian, 1974, Ramesh et al., 2001b].
Right ascension (RA) of the Crab nebula is 05 : 35 : 04 and Declination (Dec) is 22°.
Since the RA and Dec of the Crab nebula is close to ecliptic and therefore the solar
corona occults the Crab nebula at 5 R distance. The angle between the Sun and Crab
nebula (solar elongation) decreases and reaches to 5 R and then increases. The Figure
6.3 shows the geometry of the Crab nebula occultation in different days of June/at various
distances in corona. The Figure 6.4 shows the location of the Crab nebula in different
days of the June with respect to the solar disk. Note that the red stars superposed on
the LASCO C3 image was the location of Crab nebula in different days of June. The
expression given by Baars et al. [1977] for Crab nebula to estimate the flux density was
not accurate at meter wavelengths. However Braude et al. [1970] has given the equation,
which is efficient in finding the actual flux of it. The actual flux of the Crab nebula using

the equation 6.10 found is 2015 Jy at 80 MHz.

109 Staus = —0.182 — 0.27 log f, f > 30 MHz (6.10)

109 Staus = —0.650 — 0.83 log f, f < 30 MHz (6.11)

In Gauribidanur Radio Observatory (GRO), Gauribidanur, India, observations of the
Crab nebula occultation was carried out at 80 MHz. The Crab nebula occultation was
observed in the years 2011, 2012 and 2013. Crab nebula was not seen during 2012 due to
the ‘disturbed’” Sun. The fortuitous lull of Sun enabled us to observe the occultation in the
year 2011 and 2013. Scattering effects of the solar corona by using the observations of the
Crab nebula occultation in 2011 and 2013 were studied. From the obtained correlation
counts with the array described in the following sections, the source sizes were estimated

in the turbulent plasma. The turbulent plasma broadens the distant cosmic sources which
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is useful in understanding the inner heliosphere. Angular broadening of the radio sources

causes the decrease/vanish of the fringes obtained with the suitable interferometric arrays.

6.6 Instrumentation

The observations reported were carried out in the meridian transit mode at 80 MHz during
June 2011 and 2013 at the GRO [Ramesh, 2011]. The schematic diagram of the array used
to observe Crab nebula occultation is shown in the Figure 6.5. Note that the array consists
of three groups (A, B and C) of antennas. Each group consists of eight log periodic dipole
antennas (LPDs) and within a group each antenna was separated by a 10 m distance
[Ramesh et al., 1998]. In group A, antennas were mounted in 0° (i.e. arms of the LPDs
were mounted along North-South direction) whereas antenna arms in group B and C are
mounted in 90° (arms of the LPDs were mounted along East-West direction). Such array
gives a half-power beam width of ~ 3° x 90° (R.A. x Dec.) for the response pattern of
each group. The effective collecting area (A.) of each LPD is a2 0.6 x A%, where \ is the
wavelength of observation. The minimum detectable sensitivity is &~ 200 Jy. The signal
transmission network, analog receiver chain and the digital back end receiver used were all
similar to that described in Ramesh et al. [2006b, 2008]. The outputs of group A, B and
C are brought to the lab and down-converted to 10.7 MHz called intermediate frequency
(IF') using the analog receiver. Since IF bandwidth is 1 MHz, the signal was sampled at
2 MHz rate and correlated using the digital correlator, which is similar to the one used in
GRIP/GRAPH [Ramesh et al., 1998]. Integration time of the observations were 1s. Note
that the correlation between group B and C corresponds to the total intensity/Stokes I
observation and the correlation between group A and C gives information on circularly
polarized intensity /Stokes V. From the Figure 6.5 it is clear that polarimetric observations
(Stokes I and V) are carried out over long baseline length, which is &~ 1600 m. Therefore

interference fringe separation is ~ 8 for both Stokes I and V observations at 80 MHz.
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Fig. 6.5: Schematic diagram of antenna array used for Crab nebula occultation is shown in the
figure. There are three groups: In group A the arms of the antennas are aligned in 0° orientation
(i.e. North-South direction) and in group B and group C the arms of the antenna are oriented
in 90° (i.e. in East-West direction)

The above angular resolution indicates that contribution from the ‘background’ corona
during observations of the Crab nebula when the latter is close to the Sun will be very
minimal since the average half-power diameter of the ‘radio Sun’ at 80 MHz is large, ~ 40’

[Sheridan and McLean, 1985, Thejappa and Kundu, 1992, Ramesh et al., 2006a]. Hence

the ‘background’ corona gets resolved out.

6.7 Observations

Using the described array, polarimetric observations (Stokes I and V) of the Crab nebula
were carried out in June, 2011, 2012 and 2013. Note that the observations were carried
out at 80 MHz without disturbing the observational system during the occultation. How-
ever because of the solar activity Crab nebula was not seen in the observations of year
2012 as mentioned. Note that Crab nebula can be considered as a point source for the
present observations since its angular size (S 4') is smaller than the interferometer fringe
separation [Kraus, 1966]. The interferometer record of 2 June 2013 in Figure 6.6 is typical
of the pattern obtained with our setup on days when Crab nebula is well separated from
the Sun. The absence of fringes on 14 June 2013 is due to the large angular broadening
(as a result of pronounced scattering) suffered by the radio radiation from the Crab neb-

ula as it comes close to the Sun. The Figure 6.7 shows the total amplitude of the Crab
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Fig. 6.6: Radio interferometer observations of the Crab nebula at 80 MHz during its transit over
the local meridian in Gauribidanur on 2 June 2013 and 14 June 2013 is shown in the Figure.
The interferometer baseline length was ~ 1600 meters and oriented in the East-West direction.
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Fig. 6.7: Radio interferometer observations of the Crab nebula at 80 MHz during its transit
over the local meridian in Gauribidanur on 10 June 2013 is shown in the Figure. The top and
bottom panels correspond to the observations of Stokes I and V respectively. Note that the
interferometer baseline length was ~ 1600 meters.
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Fig. 6.8: Variation of peak-peak amplitude of the interference fringes of a calibrator source
(Virgo A) during different days of June in 2011 and 2013 is shown in the Figure. This plot
shows the instrumental stability and consistence of the correlation counts in both years during
the period of occultation observations. Note that the “*” and ‘squares’ indicated the observation
of Virgo A on 2011 and 2013 respectively.
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Fig. 6.9: Observed flux densities of the Crab nebula on different days during its occultation by
the solar corona. The period before and after June 15th corresponds to the ingress and egress,
respectively. The plots marked ‘o’ and ‘*’ correspond to measurements during June 2011 and
June 2013, respectively.
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nebula observations carried out on 10 June 2013 in both Stokes I and V modes. The
total amplitude of Stokes I and V channels are estimated using the method described in
section 2.11. Note that the top and bottom panels corresponds the total intensity/Stokes
[ and circularly polarized intensity/Stokes V time profiles respectively. None of the day,
deflection in Stokes V channel was noticed during the two years of observations. Probable

reason could be the intensity of circular polarization may be too weak to detect.

The data obtained were corrected for gain and phase errors using observations on
Virgo A (M87, 3¢274; R.A. ~ 12"31™, Dec. =~ 12°), another point source. The observed
correlation counts of the Virgo A is shown in the Figure 6.8 which shows the instrumental
stability and consistency of the observational setup during the occultation. Figure 6.9
shows the flux density of Crab nebula on different days during June 2011 and 2013. The
corresponding separation from the Sun, and the flux density values are listed in columns
2, 3a and 3b in Table 6.1, respectively. It is obvious that the radio radiation from Crab
nebula undergoes increased scattering as it approaches the Sun. While there is a steady
decrease in the flux (from the pre-occultation value of ~ 2015 £ 100 Jy) from 10th June
(r = 23 Rg) during the ingress in 2011, the decrease is noticeable from 8th June onwards
(r ~ 30 Ry) in 2013. A similar situation can be noticed during the egress also. While
the pre-occultation value is reached around 21st June (r ~ 21 Rg) in 2011, it is only
around 23rd June (r &~ 29 Ry) in 2013. No fringes were observed during 12 — 18 June
in both 2011 and 2013. In terms of distance of the Crab nebula from the Sun, it is
r ~ 15 R on 12th June (ingress) and r ~ 10 R on 18th June (egress). This is consistent
with the theoretical predictions of Bastian [2004] for the interferometer baselines and the
heliocentric distances over which a background radio source will be resolved at 80 MHz
due to angular broadening by the solar wind turbulence. The Sun was ‘undisturbed’
and no strong radio bursts were reported during our observing period!. Also there are

no other strong radio sources at other declinations in the same R.A. range as the Crab

1www.swpc.noaa.gov
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nebula, which otherwise might contribute through the wide response pattern (=~ 90°) of

our antenna system in declination.

6.8 Scattering measurements of the solar corona

A two-element correlation radio interferometer of baseline length ‘s’ measures the time
averaged spatial covariance of the electric field corresponding to the electromagnetic wave
incident on the two antennas. It is defined as the visibility V' (s). For a spatially coherent
source of radio waves (point source), the normalized visibility is referred to as the mutual
coherence function, i.e. T'(s) = V(s)/V(0). In the present case, V(o) was taken to be
the observed flux density of the Crab nebula when it was far (r < 40 Ry) from the Sun,
i.e. the pre-occultation value. An inspection of Figure 6.9 indicates that the flux density
of Crab nebula remained nearly constant close to the above heliocentric distance range
in both June 2011 and June 2013 implying that angular broadening due to scattering by
electron density inhomogeneities there was negligible. In the presence of an intervening
scattering medium, we have I'(s) = e P2 where D(s) is the structure function of the
phase perturbations caused by the density inhomogeneities in the medium, i.e. the solar
wind in the present case [Prokhorov et al., 1975, Ishimaru, 1978, Coles and Harmon,

1989a, Armstrong et al., 1990]. From the above set of expressions we can write,

D(s) = —2logl'(s) = —2log [V (s)/V (0)] (6.12)

Our interest is to estimate the values of C%(r) at different heliocentric distances.
Note that scattering depends quantitatively on whether the wavefront is planar (1-D) or
spherical (3-D). While the latter formalism (3-D) is adopted for a source embedded in the
scattering medium, the former (1-D) applies to the case of a plane wave from a distant

source trans-illuminating the scattering medium. The present set of observations belong
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Fig. 6.10: The Figure shows the variation of inner scale length in the solar atmosphere. These
values are calculated using the equation 6.14.

to the second category. Following Coles et al. [1987], Bastian [1994], Subramanian and

Cairns [2011], we write:

0 _An? 2 (0 N.2\27 (a—2 2
D(s,r) = I(1—a/2)Cx(r)riXli(r)* s (6.13)
OR 2
I = o84 km (6.14)
Ne(R) em™3

where [; is the inner spatial scale of the electron density inhomogeneities in meters
[Coles et al., 1987, Thejappa and MacDowall, 2008], n(r) is the background electron

density in the solar atmosphere in units of cm =3, 7, ~ 2.8 x 107! m is the classical electron
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radius, A is the wavelength of observation (= 3.75 m in the present case), I'(1 — a/2) is
the Gamma function of argument 1 — «/2, and o = f —2 (0 < a < 2). Assuming the
model of Leblanc et al. [1998a] for n(r), the inner scales length (I;(r)) was found and the
values are ~ 10— 100 km in the range r ~ 10— 100 R, from the Sun. The Leblanc density
model was assumed because it is valid in the range r ~ 2 — 215 R, from the Sun and the
present observations correspond to the range r ~ 10 — 60 Ry, (see Figure 6.9). Note that
equation 6.13 is applicable only in the limit s << [;(r) as in the present case. Integrating

equation 6.13 over the thickness of the scattering medium as mentioned in Sakurai et al.

1992],

2

D(s,r) = %;;4ﬂ(1-(1/2)r§A2h<r)a2s2u/ﬁczg(7J)dr' (6.15)

Since the electron density decreases radially outward in the solar corona, the princi-
pal contribution to [ C%(r')dr’ in equation 6.15 comes from the region around r = R, the
heliocentric distance of the point of closest approach of the line of sight to the Crab nebula
(the impact parameter), on any given day [Spangler and Sakurai, 1995]. There were no
transient changes in the angular broadening, related to the possible presence of either a
corotating interaction region [Ananthakrishnan et al., 1980] or an interplanetary shock
wave [Woo and Schwenn, 1991] or a coronal mass ejection [Woo, 1997, Ramesh et al.,
2001a}, during our observing period. Also the Sun was ‘undisturbed’. So we made the
simplifying assumption that the turbulence is spherically symmetric. Following Spangler

and Sakurai [1995] and substituting [ C} (r')dr’ = SC}(r)R, in equation 6.15 gives,

D(s,r)2%

2 —_
ON ) = S Rt () 25T (1 = a)2)

(6.16)

An inspection of Figure 6.9 indicates that the reduction in the flux density of Crab

nebula occurs primarily when the latter is within » ~ 25 R; from the Sun. Assuming
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[ =~ 3 based on earlier interferometer observations on baseline lengths nearly the same as
that used in the present work [Coles and Harmon, 1989a, Anantharamaiah et al., 1994,
Bastian, 1994, Anantharamaiah et al., 1995, Subramanian, 2000] and substituting r., {;(r)

and A\ in meters, we get

C%(r) =1.65 x 10*°D(s,r)R, 'l;(r)s™? m™° (6.17)

Estimated C%(r) for different days in the month of June 2011 and June 2013 from
the values of D(s,r) obtained using equation 6.12, and the corresponding values of /;(r)

and Ry. The same, after converting to units of m=20/3

, are listed in Columns 4a (June
2011) and 4c (June 2013) in Table 6.1. The C%(r) assuming 8 = 11/3 (i.e. Kolmogorov

spectrum) was also estimated. The corresponding equation in this case is,

C2(r) = 8.34 x 10®D(s,7)R;1;(r) /3572 m™20/3 (6.18)

20/3

The estimated values, which are straightaway in units of m™"° are listed in

Columns 4b (June 2011) and 4d (June 2013) in Table 6.1.

Figure 6.11 shows the variation C%(r) on different days in the month of June 2011
and June 2013. The values in June 2013 are higher than those in June 2011 by about an
order of magnitude. Combining this with the larger reduction in the flux density of the
Crab nebula in June 2013 compared to June 2011 for the same heliocentric distance in the
range © < 25 R (Figure 6.9), and the enhanced 10.7 em flux in June 2013 compared to
June 2011, it was noted that the scattering is probably more pronounced during periods
of increased solar activity. This is consistent with the results reported earlier based on
similar observations by Slee [1966], Ward [1975] that scattering varies with the phase of
solar cycle. In Figure 6.11 it was also shown C%(r) values obtained using the model of

Spangler et al. [1996] over the same distance range obtained using the equation 6.19.
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C%(R) = 1.8 x 10'°(R/10R,) 3% (6.19)

Note that due to the solar wind variability the power law index varies with R from
-3.66 to -4. However, it is noticeable that the estimates are higher by ~ 5 — 6 orders of
magnitude. On the other hand, if one assumes § = 11/3, the estimates are higher by

~ 1 — 2 orders of magnitude only (see Figure 6.12).

The mean square angular deviation ({6?)) of a ray propagating in a turbulent medium

like the solar atmosphere in the limit s << [;(r) is [Bastian, 1995],

(2m)% r2N1C% (r) Az
8l (r)2—o

0%y =T(1 —a/2) (6.20)

Refractive index () of the medium is estimated using equation 6.21 for different

ﬂ:m—f—fi (6.21)

where f is the frequency of observation in (MHz). Plasma frequency of the coronal

plasma frequencies.

layer close to the location of observation of Crab nebula is estimated using the equation

6.22

fp =8.97 x 10* x /N.(R) MHz (6.22)

and Az is the thickness of the scattering medium. An inspection of Figure 6.9
indicates that a decrease in the flux density of the Crab nebula (due to scattering by
density inhomogeneities) is noticeable only when it is within the heliocentric distance
r ~ 25 Rg. So we assumed Az ~ 50 Ry in the present case. p ~ 1 since the plasma

frequency (f,) is much smaller (< 1 MHz) compared to the frequency of observation (f
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= 80 MHz) in the range r ~ 10 — 60 R discussed in the present case [Leblanc et al.,
1998a]. Substituting for the different parameters in equation 6.20 for the 8 = 3 case, 0
on different days during June 2011 and June 2013 was calculated. The results are listed
in Columns 5a and 5c in Table 6.1. The values are consistent with that reported earlier
by Slee [1966], Harries et al. [1970] for similar observations at 80 MHz. The results for
p = 11/3 case are listed in Columns 5b (June 2011) and 5d (June 2013) in Table 6.1.
Note that in order to get a dimensionless values for (6?) in equation 6.20, the values of
C%(r) were substituted in units of m~=% and m=2%/3 for the 8 = 3 and 8 = 11/3 cases,

respectively.

Figures 6.13 show the variation of (f) on different days in the month of June 2011
and June 2013, for the 5 = 3 case. The results for the § = 11/3 case is shown in Figure
6.14. The angular deviation seems to be slightly larger in June 2013 compared to June
2011 This is likely due to the higher values of C%(r) in June 2013 as compared to June
2011 in both the = 3 and 5 = 11/3 cases. In Figures 6.13 and 6.14 we have also shown
the (6) values obtained using the empirical relationship for angular broadening 50 x (\/r)?
derived by Erickson [1964] based on similar occultation observations of the Crab nebula
by the solar corona. On an average, the latter seems to be slightly higher compared to
our estimates for both the § = 3 and § = 11/3 cases. It is possible this discrepancy could
be due to the reason that the observational data used by Erickson [1964] was obtained
during 1961-1962, close to the maximum of a comparatively stronger solar cycle 19. The
larger values of (#) in 2013 compared to 2011 and the correlation with the enhanced 10.7

cm flux in 2013 is consistent with the above argument.
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Fig. 6.11: Variation of the level of the turbulence in the near-Sun solar wind in the line of sight

to the Crab nebula, with heliocentric distance (5 = 3 case).
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Fig. 6.12: Variation of the level of the turbulence in the near-Sun solar wind in the line of sight
to the Crab nebula, with heliocentric distance (8 = 11/3 case).
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Fig. 6.13: Variation of the mean angular deviation (f) of the radio radiation from the Crab
nebula with heliocentric distance (5 = 3 case).
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Fig. 6.14: Variation of the mean angular deviation (f) of the radio radiation from the Crab
nebula with heliocentric distance (5 = 11/3 case).



Table 6.1: Parameters estimated from the occultation observations of the Crab nebula

Day | r Flux C% (m=20/3) (6) (arc min)

in density (Jy) | 2011 2011 2013 2013 | 2011 | 2011 | 2013 | 2013

June | (Rg) | 2011 | 2013 | =3 | p=4 | p=3 | p=4 | =3 |p=4|p=3]| =4
(1) | 2) | Ba)| 3b) | (4a) | (4b) | (4c) | (4d) | (5a) | (5b) | (5¢) | (5d)
2 53 | 2015 | 2014 0 0 1.84e12 | 3.49e07 | O 0 0.04 | 0.03
3 49 - - - - - - - - - -
4 45 - 1979 - - 9.96e13 | 1.40e09 - - 0.26 | 0.17
) 42 1 2015 | 1980 0 0 9.65e13 | 1.45e09 0 0 0.26 | 0.18
6 38 - 1984 - - 8.41el3 | 1.37e09 - - 0.26 | 0.18
7 34 | 2010 | 1932 | 1.10el13 | 2.35e08 | 2.55e14 | 3.98e09 | 0.11 | 0.07 | 0.45 | 0.31
8 30 11989 | 1701 | 6.89el13 | 1.33e09 | 1.20el5 | 1.73e10 | 0.27 | 0.18 | 0.96 | 0.66
9 26 | 1989 | 1649 | 6.87el3 | 1.45e09 | 1.44elb | 2.24e10 | 0.28 | 0.19 | 1.12 | 0.76
10 23 | 1622 | 1492 | 1.56el5 | 2.69¢e10 | 2.25el5 | 3.73e10 | 1.26 | 0.86 | 1.48 | 1.01
11 19 | 1544 | 1125 | 1.95el5 | 3.72el10 | 4.66el5 | 8.15e10 | 1.53 | 1.04 | 2.26 | 1.54
12 15 - - - - - - - - - -
13 12 - - - - - - - - - -
14 8 - - - - - - - - - -
15 6 - - - - - - - - - -
16 ) - - - - - - - - - -
17 7 - - - - - - - - - -
18 10 - - - - - - - - - -
19 14 | 1361 | 1518 | 2.95el5 | 6.70e10 | 2.05el5 | 4.83el10 | 2.16 | 1.48 | 1.84 | 1.25
20 17 ] 1596 | 1596 | 1.68elb5 | 3.41el0 | 1.68el5 | 3.41el10 | 1.48 | 1.01 | 1.48 | 1.01
21 21 | 1936 | 1622 | 2.39e14 | 5.16e09 | 1.56el5 | 2.80el0 | 0.56 | 0.38 | 1.30 | 0.89
22 25 - 1753 - - 9.58e14 | 1.61e10 - - 0.97 | 0.65
23 29 11989 | 1936 | 6.88el3 | 1.37e09 | 2.40el4 | 4.21e09 | 0.27 | 0.19 | 0.48 | 0.33
24 33 | 1963 - 1.50e14 | 2.54e09 - - 0.36 | 0.25 - -
25 37 1 1910 - 3.33el4 | 4.82e09 - - 0.49 | 0.34 - -
26 40 |1 1984 | 1910 | 8.42e13 | 1.31e09 | 3.33e14 | 4.51e09 | 0.25 | 0.17 | 0.47 | 0.32
27 44 11963 | 2015 | 1.51el4 | 2.07e09 0 0 0.31 | 0.21 0 0

8€ET
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6.9 Conclusions and summary

Based on two-element radio interferometer observations of the occultation of the Crab
nebula by the solar corona during June 2011 and June 2013 at 80 MHz, the level of the
coronal turbulence C%(r) in the heliocentric distance range r &~ 10—60 R, was estimated.
The spatial scale of the density inhomogeneities probed were ~ 1.6 km, corresponding to
the length of the interferometer baseline. Estimates of C%(r) for the 3 = 3 case are higher
by ~ 5 — 6 orders of magnitude compared to the similar values reported previously for
larger spatial scales (~ 200 —2000 km) from VLBI observations over the same heliocentric
distance range [Spangler and Sakurai, 1995]. For g = 11/3, our estimates are higher by
~ 1—2 orders of magnitude. This indicates that C%(r) varies with the spatial scale of the
density inhomogeneities irrespective of the power law index of their spatial spectrum. This
could likely be the situation since: 1) according to Little [1971], the small scale density
inhomogeneities form a distribution distinct from that of the larger scale inhomogeneities,
2) Armstrong et al. [1990] had noted that the mean axial ratio of angular broadened
images on short baselines (< 3 km) is different from that on the long baselines (~ 3 — 30
km); 3) based on simultaneous observations of density inhomogeneities on smaller spatial
scales (= 1 — 30 km) with the VLA and larger spatial scales (~ 200 — 2000 km) with the
VLBI, Grall et al. [1997] concluded that the latter could not have come from the structure
that has the same anisotropy as was observed with the VLA. Therefore it seems likely
that the model of Spangler et al. [1996] might be applicable only in situations where the
spatial scales are ~ 200 — 2000 km. We also find that the C%(r) varies with the phase
of the solar cycle. In the present estimates for June 2013 are higher compared to those
for June 2011. This correlates with the enhanced solar activity in June 2013 compared
to June 2011, as revealed by the 10.7 cm solar radio flux. Also estimates of the angular

deviation () during the corresponding epochs show a similar trend.
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Chapter 7

Cross-polarized log-periodic dipole
antenna system to study the solar

Corona

7.1 Introduction

According to IEEE standards antenna is a means for radiating and receiving the radio
waves. Although antenna can be of any shape, different requirements demand antennas
of different kind and specifications. To design any antenna for a required purpose, the
parameters have to be considered such as the material characteristics. The material has to
be rigid to sustain the shape at all environmental conditions, free of oxidation or corrosion.
It is preferred that the designing of an antenna has to be of low cost and weight and easy
to fabricate. Different structures of antenna has different state of polarizations: linear,
circular and elliptical. State of polarization of antenna is decided by current distribution
in the antenna elements. If the current distribution is along one axis then it is said to be

linearly polarized, and if there exists two orthogonal current distribution with 90° phase

251



252 Chapter 7. Cross-polarized log-periodic dipole antenna

shift then antenna radiation can be circularly polarized [Huang and Boyle., 2008, pp.122].
Circular polarization will be elliptically polarized when there exists two orthogonal current
distributions that are not in equal amplitudes. Therefore the linear, circular polarizations

are special cases of elliptical polarization.

Linearly polarized antennas are preferred to measure the precise circular polariza-
tion and circularly polarized antennas to measure the linear polarization. Yagi-Uda an-
tennas, simple log-periodic dipole antennas are linearly polarized. Circularly polarized
radio radiation in the VHF range (30-300 MHz) can be received /transmitted using helical
antennas, conical log-spiral antennas, cross-polarized Yagi-Uda antennas, cross-polarized
log-periodic dipole antennas, etc. In some situations, where wider frequency coverage
(10:1 or even more) is required, cross-polarized log-periodic dipole (CLPD) antennas are
generally used. A CLPD consists of two linearly-polarized log-periodic dipole (LPD) an-
tennas [Duhamel and Isbell, 1957] fixed to a common axis in a mutually orthogonal fash-
ion. Log-periodic antennas are widely used in the field of radio astronomy, particularly
where simultaneous multi-frequency observations of radio emission from the celestial radio
sources are required [Erickson and Fisher, 1974, Boischot et al., 1980, Maan et al., 2013].
For example, in the case of solar corona, radio emission at different frequencies originate
at different levels in the atmosphere. To obtain data on the activities related to a solar
flare, which leads to the generation of transient radio emission almost around the same
time at different levels in the solar corona, simultaneous multi-frequency observations are
required [Ramesh et al., 1998]. However, the typical isolation between the two mutually
orthogonal LPDs in the commercially available CLPDs is less, ~ -20 dB [Pivnenko, 2006].
Because of this limit, an understanding of the polarization characteristics of the weak sig-
nals from celestial radio sources can be limited. Note that a 90° hybrid is generally used in
conjunction with the CLPD and the polarization strength is measured from the difference
of the two outputs of the CLPD. The problem here is that the outputs from either LPD

in a CLPD responds to the total intensity. So the observer encounters the problem of
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measuring a small difference between two much larger quantities similar to polarization
observations with circular feeds [Thompson et al., 2007]. Though dual-polarized antenna
designs offering improved isolation have been mentioned in the literature, they are pri-
marily at frequencies > 1 GHz [Pivnenko, 2006, Tran and Yagoub, 2007]. Our interest is
to observe the polarized radio emission from the solar corona with high accuracy at low
frequencies and use it to estimate the solar coronal magnetic field, one of the holy grails in
solar astrophysics. Hence this paper is presented to achieve this goal. Note that low fre-
quency radio emission originates from regions of the solar atmosphere where observations

in white light and other regions of the electromagnetic spectrum are presently difficult.

7.2 Design and fabrication of the CLPD

7.2.1 Design of the LPD

In order to design a CLPD, first LPD has to be designed with required specifications. A
step-by-step procedure for designing a LPD was first described by [Carrel, 1961]. In our
efforts to construct a CLPD, we used the inputs mentioned in the above reference and
fabricated a LPD. Figure 7.1 shows the schematic design of a LPD. It can be shown that
the apex angle « is related to the length (L,,) of the adjacent arms and the spacing (.S,,)

between them as [Kraus, 1950, Balanis, 2005],
L, =L, + S, tana (7.1)
Also, as mentioned previously, the length of the adjacent arms and the spacing between

them follow the relationship,

L
ntl oyl — (7.2)

where k is a constant called scaling factor (see section 2.2).
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Direction of
radiation
won__

Fig. 7.1: Schematic design of a LPD. The direction of radiation is towards the direction of
decreasing arm length.

Fig. 7.2: Re-generated plot of the optimum design curve which is used to design the LPD.
Original image credit: Kraus [1950]
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Using equation 7.1 and by fixing the value of «, the length of the adjacent arms
and the spacing between them are calculated iteratively. By knowing any of the two
parameters: k, a and spacing in wavelength (s)) third one can be obtained using the
optimum design line and gain values. The optimum design line is shown in the Figure
7.2. By making use of the optimum design curve of a LPD, the directional gain (G) of
the LPD can be decided as a function of apex angle («), inter-arm spacing (5) and the
scale factor k. In the present case, parameters were chosen as: G = 8 dBi, o = 21°, k =
1.14, Sy, = S/A = 0.08. In practice, by using the optimum gain curve, we can choose k for
a required gain or vice-versa. The relationship between the bandwidth or the frequency

ratio of a LPD is
F= fmaa:/fmin (73)

where f,... and f,.;, are the expected maximum and minimum operating frequencies of
the LPD and the design parameters are related as,

KN =F (7.4)
Equation 7.4 can be rewritten as follows

_ log(F)
log(k)

N

where NN is the number of dipoles. Once the values of k and F' are decided, the number

of possible arms can be obtained using equation 7.5.

7.2.2 Design and fabrication of the CLPD

It is aimed to design a CLPD for its operation in the frequency range ~ 65 — 95 MHz
since the existing radioheliograph at the GRO, operates primarily at 80 MHz [Ramesh

et al., 1998, 1999, 2006, Ramesh, 2011]. The number of arms generally vary with the
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frequency coverage of the antenna and in the present case, it was decided to fabricate
the LPD with 4 arms, based on the values of F' and k which are discussed above. The
lengths of the different arms and inter element spacing of the LPD was calculated for
the above frequency range and are tabulated in Table 7.1. The arms were designed using
commercially available hollow cylindrical aluminium pipes of whose diameter ~ 13 mm
and they were fixed in pairs to two identical hollow rectangular aluminium pipes, (called as
the booms) separated from each other by a non-conducting spacer in a criss-cross fashion
as shown in Figure 7.1. The inter-boom separation (D) was calculated using the following

equation [Wakabayashi et al., 1999].

(7.6)

d

2v/2D
Z, = 138 logio (L>

where Z, is the characteristic impedance of the LPD and d is the width of each boom. In
Figure 7.3, the d and D are shown which has to be carefully decided to design a CLPD

to avoid mechanical and electrical characteristics.

Initially characteristic impedance (Z,) was assumed to be 50  and substituting the
other values in equation 7.6, it was found that D ~ 2 cm. The two booms act like a
2-conductor transmission line. They were ‘shorted’ at one of their ends, close to where
the arms with the longest length are fixed. The distance between the latter and the ‘short’
(stub) is ~ 29 cm. This is 1/4™ of the length L, of the longest arm in the CLPD, i.e.
quarter wavelength loop which are shown in Table 7.1. The output was tapped using a RF
coaxial cable connected to the other end of the two booms (close to where the arms with
the shortest length are fixed). While the center conductor of the RF coaxial cable was
connected to one of the booms, the shield (i.e. the ‘ground’) of the cable was connected
to the other boom and the coaxial cable was drawn through the latter as described in
Carrel [1961]. The ‘shorting’ of the two booms minimize the impedance mismatch that

arise when directly connecting the ‘unbalanced” RF coaxial cable to the ‘balanced” LPD.
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Fig. 7.3: Cross section view of the CLPD is shown in the Figure. The dark thick lines are the
antenna arms and the white colored rectangles are the aluminium flats (booms).
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Fig. 7.4: A view of the low frequency CLPD designed and fabricated at the Gauribidanur radio
observatory.

The approximately quarter wavelength of the coaxial cable in the boom acts as a ‘balun’
by presenting a high impedance to any common mode current [Kraus, 1950, Balanis,
2005]. Two LPDs with the above specifications were fabricated and combined them in
a mutually orthogonal fashion to form a CLPD. Also the isolation of the CLPD was
measured as discussed in section-7.3 and found that it is about ~ -20 dBm, nearly the

same as that of a commercial CLPD mentioned earlier.

It has been suggested that the isolation can be improved by decreasing the inter-
boom spacing D to ~ 1/100"" of the arm length [Pivnenko, 2006]. So, it was designed
a LPD/CLPD with D ~ 5 mm (smaller than even 1/100%" of the shortest arm length in
Table 7.1). Using commercially available rectangular aluminium flats as the booms instead

of the rectangular hollow aluminium pipes mentioned above. All the other specifications
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Table 7.1: Antenna Specifications

SNo L, S,  Frequency
(cm) (cm)  (MHz)

1 79 - 95
2 90 29 83
3 102 31 74
4 116 36 65

including the characteristic impedance were the same. The new CLPD mentioned above
is shown in Figure 7.4. The RF cable was enclosed inside a small aluminium pipe fixed
by the side of the aluminium flat that was ‘grounded’. The isolation was measured to
be < -30 dBm. The details of the isolation and the other measurements carried out
with the above CLPD are described in section-7.3. Trial observations with the CLPD are

mentioned in section-7.5.

7.3 Measurement of antenna parameters of CLPD

After designing the antennas many characteristics of the antenna has to be studied. In this
section, few antenna parameters like VSWR, radiation patterns, gain etc are measured
for the designed CLPD. Measurement of the different antenna parameters are discussed

as follows.

7.3.1 VSWR measurements

Important characteristic of an antenna is impedance matching. Reflection coefficient,
return loss and VSWR are the terminologies which represents the similar property. These
terms describe whether the load of the antenna matched with the transmission line so

that the loss of the signal will be minimal. A complex quantity-reflection coefficient (I'),
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return loss (L,;), voltage standing wave ratio (VSWR) are given in equations 7.7, 7.8 and

7.9 respectively.

Za - Zo
= 7.5 7, (7.7)
Ly = —20logio(|T) (7.8)
14T
VSWR = 1 (7.9)

It is required for certain applications that L,; has to be > 10 dB or VSWR should be < 2.
The VSWR of the LPD/CLPD antenna mentioned above was measured using a vector
network analyzer. The values were found to be < 2 for both the LPDs in the frequency
range of ~ 68 — 84 MHz (see Figure 7.5). The VSWR remained nearly the same even
after combining the two LPDs to form a CLPD. Due to the radio frequency interference
generated by FM transmissions (88 — 108 MHz) the higher frequency cut-off in our VWSR

measurements were limited to ~ 84 MHz.

7.3.2 Radiation pattern measurements

Field or power response of the antenna for all azimuthal angles at any fixed distance
is called radiation pattern. If the antenna is linearly polarized, it always describes the
terms E-plane and H-plane. E-plane is a plane containing the electric field vector and the
direction of the maximum radiation. Similarly H-plane is a plane which contains magnetic
vector and the direction of maximum radiation. Always E-plane will be in the plane of
the antenna arms mounted and H-plane will be perpendicular to that. However radiation
pattern is classified in to three distinct regions: (1) far-field radiation pattern (2) near
field pattern and (3) reactive near field pattern. The radiation pattern measurement of

far-field and near field patterns are described in the following sub-sections.
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Fig. 7.5: VSWR of the CLPD in Figure 7.4.
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7.3.2.1 Far field radiation pattern measurements

The region in which the angular field distribution is independent of the distance, then
it is said to be a far-field (Fraunhofer region) region and the pattern in this region is
called far-field radiation pattern. To measure the far field radiation pattern, the receiver
antenna and the transmitter antenna were mounted at the height of ~ 3 m above the
ground level. The antennas were separated by a distance of &~ 3 m consistent with the
theoretical minimum observation distance for far-field measurements. The equation to

measure the radius of the far-field region is shown in the equation 7.10

rir 2 207 /A (7.10)

where [ is the length of the longest dipole in the CLPD and A is the wavelength of the
transmitted signal [Balanis, 2005]. At 80 MHz, r;; ~ 3 m for [ ~ 2.32 m (see Table
7.1). The signal was transmitted using a CLPD and the same was received by the arms
of a LPD in the same plane. The measurements were carried out for different angle by
rotating the transmitting LPD in the azimuth direction. This corresponds to the E-plane
measurement. By mounting the transmitting and the receiving antennas in the vertical
direction, the measurements were repeated which correspond to the H-plane measurement.
Figure 7.6 shows the E-plane and H-plane far field patterns at 80 MHz for the CLPD in
Figure 7.4. The half power beam width (HPBW) in the E-plane and H-plane are 6 ~ 60°
and ¢ ~ 120, respectively. The test was repeated at different frequencies and found that
the E-plane and H-plane widths are similar. The above beam widths correspond to a solid
angle, () = ¢ ~ 2.2 sr. From this, the directional gain of the antenna with respect to an
isotropic radiator is calculated using equation 7.11. The estimated gain is approximately
7.6 dBi.

G = 10logyo(47/2) (7.11)
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Fig. 7.6: Measured far field pattern of the CLPD is shown in Figure 7.4 at 80 MHz. The upper
and lower panels correspond to the E-plane and H-plane, respectively.

Also the effective collecting area (A.) of the one of the antenna of the CLPD is given in

equation 7.12 and the estimated collecting area is ~ 0.6\?,

A, = (G/4m)\? (7.12)

The various parameters of the CLPD are listed in Table 7.2. Note that little asym-
metry in the E-plane and H-plane far field patterns in Figure 7.6. The presence of residual
common mode currents could be a reason for this. They may be rejected to a large extent

by adding clamp-on ferrite chokes to the coaxial cable.
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7.3.2.2 Near field radiation pattern measurements

The region between the reactive near field and far field region is called the near field region
or Fresnel region. Note that reactive near field region is the portion of near field region
provided, it immediately surrounds the antenna where the reactive field predominates.

The reactive near field region may be estimated using the formula-7.13

R < 0.62¢/(1/\) (7.13)

To obtain the radiating near field pattern, CLPD is mounted on a pole at a height of
~ 3 m above the ground level and CW signal was transmitted from one of the LPDs
in the CLPD. Using a monopole antenna, the signal strength was measured at different
distances in the radiating near field range, i.e. 0.62\/m S rap S 202/, from the apex
of the CLPD and also for different azimuth angles in the range 0° — 180°. At 80 MHz, the
radiating near field is in the distance range 1 m S 7,y S 3 m for [ &~ 2.32 m (see Table
7.1). The test was repeated for the same set of distances and angles by transmitting the
signal through the other orthogonal LPD. The results were similar. Figure 7.7 shows the
E-plane and H-plane radiating near field patterns at 80 MHz for the CLPD in Figure 7.4.
One can notice that the measured power varies with the distance in the radiating near

field range as expected.

7.3.3 Isolation measurements

By using the same set-up used to measure the far field pattern, cross-talk and isolation of
the designed CLPD is estimated. The transmitting LPD was mounted in the horizontal
orientation (0°) and the signal was received by both 0° and 90° oriented arms of the
CLPD. In principle, the signal has to be received in only the 0° oriented arms of the

CLPD. However, a finite amount of the signal was received in 90° oriented arms of the
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Fig. 7.7: Radiating near field pattern of the CLPD in Figure 7.4 at 80 MHz. The upper and lower
panels correspond to the E-plane and H-plane, respectively. The numbers 1, 1.5 and 2 m in the
rectangular box indicate the distances from the apex of the CLPD at which the measurements

were obtained.
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Fig. 7.8: Isolation between the orthogonal LPDs in the CLPD with inter-boom spacing D = 5
mm (‘squares’) and D = 2 cm (‘circles’) at 80 MHz.
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Fig. 7.9: Measured values of isolation (for an azimuthal angle of 0°) at different frequencies for
the CLPD in Figure 7.4 (inter-boom spacing D = 5 mm).
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Table 7.2: Calculated parameters of the CLPD
S.No Parameter Value

1 HPBW in the E-plane (0) ~ 60°

2 HPBW in the H-plane (¢) ~ 120°

3 Solid angle (2) A~ 2.2 sr
4 Directional gain (G) ~ 7.6 dBi
5

Effective collecting area (A.) = 0.6)\?

CLPD. This is due to the cross-talk between the two orthogonal LPDs in the CLPD.
The difference in the signal strength received by the two orthogonal LPDs in the CLPD
which is a measure of the isolation. The measurements were repeated for different azimuth
angles and the results are shown in Figure 7.8 for a frequency of 80 MHz. The two plots
correspond to the CLPD designed with inter-boom spacing (D) of ~ 2 cm and ~ 5 mm
mentioned earlier. While the isolation is &~ -15 dBm for the former, it is < -30 dBm for the
latter. The variation of isolation with frequency is shown in Figure 7.9. Also isolation was
estimated in an independent manner by transmitting the CW signal through one of the
LPDs in the CLPD which is shown in Figure 7.4 and measured the received power near
the other LPD using a monopole. The results obtained were similar to that in Figure 7.8.
Note that the isolation bandwidth depends on the extent to which the residual common
mode currents (see section-7.3.2.1) are rejected. It is possible that the limited bandwidth

in Figure 7.9 could be due to the presence of such weak currents in the system.

7.4 'Two element interference polarimeter

Two CLPDs similar to Figure 7.4 were designed and mounted with a separation of ~ 40 m
in the East-West direction. The CLPDs were at a height of ~ 3 m above the ground. They
were mounted vertically in such a manner that the length of the arms gradually increase

from the top to the base. The schematic diagram of the antenna set-up is shown in Figure
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7.10. RF output from the LPDs A, B, C and D were transmitted to a receiver room (about
500 m away) via low loss coaxial transmission lines buried under the ground at a depth
of ~ 1 m to minimize the phase variations. The set-up was operated as a correlation
interferometer in the transit mode. The interferometer technique has the advantage of:
1) minimizing the contribution from the galactic background radiation and thereby the
emission from discrete sources can be observed with better contrast; 2) spurious effects
due to ground radiation are less [Morris et al., 1964]; and 3) calibration of the observations
is also relatively simpler [Weiler, 1973, Sault et al., 1996, Ramesh et al., 2008]. In Figure
7.10, the multiplications A x C' and B x D respond to the total intensity (Stokes I) and the
multiplications B x C' and A x D respond to the circularly polarized intensity (Stokes V).
In principle, the multiplications A x C' and B x D record only 50% of the total intensity.
Since the situation is the same for observations on the target as well as the calibrator
sources, the error will be minimal. Note that our interest is primarily on observations of
the Stokes V emission from the solar corona since Stokes Q and U that contain information
on the linear polarization of the signal, are considered to be extremely small at frequencies
< 100 MHz, particularly over observing bandwidths < 1 MHz. The Faraday rotation of
the plane of linear polarization (during transmission through solar corona and the Earth’s
ionosphere) is considered to cancel the linear polarization generated at the source when
the emission is summed over the observing band [Grognard and McLean, 1973|. There
are reports of observations of high levels of linearly polarized radio emission from the Sun
at frequencies < 100 MHz, specifically over narrow bandwidths in the range of ~ 0.1 — 10
kHz [Bhonsle and McNarry, 1964, Chin et al., 1971]. This needs to be verified. Note that
the interferometer method of measuring the Stokes V intensity described above differs
from the conventional technique where a four-port 90° hybrid is used in conjunction with
a crossed dipole feed to extract the Stokes V from the difference of the two outputs from
the hybrid. This method is also less sensitive to the cross-talk that arises in a hybrid

[Cohen, 1958]. The analog and digital correlator receiver system used for the observations



270 Chapter 7. Cross-polarized log-periodic dipole antenna

N

A
\J

40m

Fig. 7.10: Schematic of the two element interferometric polarimeter set up using the CLPDs at
the Gauribidanur observatory.

is similar to that described in section-2.7 and Ramesh et al. [1998].

7.5 Observations of the solar corona

Observations of the solar corona is carried out and other unpolarized strong radio sources
with constant flux density over a period of time (called calibrator sources) in both Stokes
I and V using the above set-up. The frequency of observation was 80 MHz and the
bandwidth was ~ 1 MHz. Both the Sun and the calibrator sources can be treated as ‘point’
sources since the fringe spacing or the first-null beam width (FNBW) of the interference
pattern at the above frequency is broad (& 5°). Figure 7.11 shows the observations of
the circularly polarized radio emission from the Sun on 5 October 2012 with the above
set-up. The emission is primarily due to the presence of a noise storm source in the
solar atmosphere which is known to be circularly polarized [Elgargy, 1977, Ramesh et al.,
2011, 2013]. Contribution to the Stokes V emission from the ‘undisturbed’ background

solar corona is expected to be relatively small, particularly at 80 MHz [Sastry, 2009].
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Fig. 7.11: Stokes I and V emission observed from the solar corona at 80 MHz on 5 October 2012.
The top and the lower panel corresponds to Stokes I and V observations, respectively.

We would like to mention here that the effect of the instrumental circular polarization in
our observations can be considered to be very small since the deflection in the Stokes V
channel while observing some of the strong unpolarized calibrator sources was less than

the 30 level, where o is the rms noise in the system.

7.6 Future scope and applications of the CLPD

Since the designed CLPD operates in the frequency range of ~ 68 — 84 MHz with VSWR
< 2 and isolation < -30 dBm between the two mutually orthogonal LPDs that consti-
tute the CLPD. Trial observations indicate that the antennas can be used to effectively

observe the circularly polarized radio emission from the solar atmosphere with minimal



272 Chapter 7. Cross-polarized log-periodic dipole antenna

instrumental polarization. It is possible that the CLPD described can also be used to
transmit and receive circularly polarized radio waves by making use of the hybrid net-
work, in applications involving transmission through the Earth’s ionosphere which may
produce rotation of the wave polarization (particularly at low frequencies). Note the po-
larization arriving at the receiver from a linearly-polarized transmitting antenna may be
practically unpredictable due to reasons mentioned earlier. The compact size of the CLPD
described also makes them suitable for use as a primary antenna (feed) that illuminates
a parabolic reflector [Smith, 2001]. We intend to extend the bandwidth of the CLPD and
simultaneously observe radio emission from different levels in the solar corona, with an

array of CLPDs.
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Chapter 8

Summary and conclusions

The solar atmosphere can be broadly classified into four distinct regions - the photo-
sphere, the chromosphere, the transition region and the corona. The photosphere is
mainly observable at visible wavelengths, whose temperature is around ~ 5800 K. Above
the photosphere, a pink colored layer with thickness of ~ 2000 km is called the chromo-
sphere. In the chromosphere and transition region (a thin layer above the chromosphere)
the temperature gradually raises and ~ 10* to 10° K respectively. Above the chromo-
sphere and transition region, a tenuous plasma called solar corona, with temperature of 1
MK exists which extends outward and mix with inter-planetary media. The solar atmo-
sphere is further divided into three layers: (1) lower corona which < 1.2 Ry, (2) middle
corona which extends from 1.3 — 3 R, and (3) outer corona starts above 3 Ri. The Sun
and solar atmosphere can be observed at almost all wavelengths using different observing
techniques. FEach wavelength of observation corresponds to different layer of Sun. For
example photosphere is observable at visual wavelengths, chromosphere is observable at
H,, and microwave frequencies. Solar corona may be observed at soft X-ray (SXR), Hard
X-ray (HXR), Extreme Ultra Violet (EUV) and radio frequencies. Ground based white

light observations of solar corona is possible only during total solar eclipse which is a rare
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phenomenon. Using coronagraphs the solar corona can be observed, in which photosphere
is artificially occulted by a disk. Such observations has to be carried out from the space
in order to avoid the scattering effects due to the Earth’s atmosphere. Microwave and
radio observations of the chromosphere and corona can be carried out from ground, X-ray
and UV has to be carried out using a space borne instrumentation, since the Earth’s
atmosphere is opaque for these wavelengths. It is known that electron density decreases
in the solar corona with increasing height. According to the dispersion equation, in a
isotropic media different frequencies of observation correspond to different heights in the

solar corona. Lower the frequency of observation higher the corona can be observed.

Low-frequency observations of the solar corona give many clues in understanding
the long standing mysteries like coronal heating, coronal magnetic fields, coronal seis-
mology, coronal mass ejections, solar influence on the space weather and Earth’s climate
etc. Also radio observations are useful in order to predict the sudden power grid dis-
ruptions, damages of satellites/spacecrafts, telecommunication/radar jams, geomagnetic
storms, auroras, etc. Such kind of observations are possible from ground with low cost
interferometric techniques. Since it is not possible to build a continuous large aperture
size telescopes, interferometric techniques are used in which one can synthesize the aper-
ture to improve resolution and sensitivity. Such kind of interferometric arrays build with

broad band antennas are suitable to observe the solar corona.

Magnetism plays a crucial role in evolution and dynamics of a solar corona. But,
there is no direct method to estimate the magnetic field in the solar corona. Zeeman effect
and Hanle effect are used to estimate the magnetic field of the photosphere and chromo-
sphere respectively but not in corona. So estimation of the magnetic fields are highly
difficult and it is essential to understand the mysteries of the corona. At radio frequencies

magnetic fields can be estimated using the polarization observation of the corona. At me-
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ter wavelengths linear polarization get canceled out due to the Faraday rotation of solar
corona and Earth’s ionosphere. So in very high frequency (VHF) band i.e., 30-300 MHz,
only Stokes I and V measurements are possible from the ground. From the Stokes [ and V,
the degree of circular polarization (dcp) can be calculated, from which magnetic fields are
estimated by adopting different techniques. With this motivation we build a polarimeter
(henceforth Gauribidanur Radio Interference Polarimeter, GRIP) in Gauribidanur Radio
Observatory (GRO), which is 100 km from Bangalore, India. Longitude of the place is
77°27'07" East and latitude is 13°36'12” North.

GRIP consists of 40 linearly polarized log periodic dipole (LPDs) antennas along
East-West direction with every adjacent antenna is separated by 10 m. The frequency of
operation of LPD is 30-150 MHz. LPDs characteristic impedance is 50 €2 with VSWR
< 2.5 in the frequency of operation. Effective collecting area of the individual LPD is
~ 0.6A% and the directional gain is 7 dBi. Half power beam width of the antenna in
E-plane (along the arms of LPD) and H-plane (perpendicular to arms of the LPD) are
75% and 105° respectively, which enables to carryout the observations of the Sun through
out the year for all declinations. In GRIP there exists a 5 groups and each group consists
of 8 antennas. Length of each group is 70 m and the total length of the GRIP is ~ 400 m.
Output of each LPD taken from top side of the antenna using coaxial cable, which passes
through a hollow aluminum square shaped boom of LPD. The RF signal from antenna
pass through a high-pass filter (cut-off frequency is 50 MHz) and then amplified using a
pre-amplifier (with gain 28 dB). The signals from 8 antennas are brought to the group
center using a 50 m cable and added using a 8-way power combiner. The 8-way power
combiner outputs of group 1 and 2 are added using a 2-way combiner and then amplified
using a wide-band amplifier called a group amplifier (with gain 34 dB). In the same fash-
ion, the group 4 and 5 are combined and amplified with a group amplifier. The former

combination forms a major group A and the latter one is called a major group C. In
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group 3, output of 8 antennas are added using a 8-way combiner and then amplified using
a group amplifier and the output is named as B. Note that in the present configuration,
the major groups A and C outputs are contributed by 16 antennas where as group B is
by 8 antennas. The LPDs in group A are oriented in 0° (arms of the LPD are oriented
in North-South fashion) and in the case of group B and C, the LPDs are mounted in 90°
orientation (arms of the antennas are oriented along East-West direction). The signal
from A, B and C are brought to the receiver building using a low-loss RF cables which
are about 500 m in length and buried under ground at around one meter depth to avoid

fluctuations of phase due to temperature gradient.

The RF signals from group A, B and C are processed separately in the receiver
room. Firstly, signals are high-pass filtered and then amplified to ~ 28 dBm. The ampli-
fied output is further up-converted using a mixer to 170 MHz (intermediate frequencies,
[F1) using a variable local oscillator. Output of the mixer is further amplified and pass
through a band-pass filter with a center frequency (f.) of 170 MHz and bandwidth of 4
MHz to suppress the signal at other frequencies. The signal is then down-converted to
10.7 MHz (IF2) using a fixed frequency mixer and second local oscillator (LO2) of fre-
quency of 180.7 MHz. The output is further amplified and pass through a band-pass filter
with f.~ 10.7 MHz and bandwidth of 1 MHz. The output voltage of the analog receiver
is maintained (V},) ~ 100 mV. The IF signal from every receiver is further divided into
in-phase (cosine) and quadrature (sine) components using a analog quadrature hybrid and
those are finally given to the digital correlator. The digital receiver does the correlations
of all channels, which has custom-built chips that use CMOS gate array technology. The
correlator accepts inputs from antennas and give four complex correlations. The IF signals
of each channel is separately quantized to two levels, then sampled with 2 MHz to avoid
aliasing effects. The sampled signal is correlated and counted the number of correlation

counts using a counter. The stored output in memory over an integration cycle of 256 ms
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is read to the personal computer.

The correlated output between B and C gives the information of total intensity
(Stokes I) and A and C corresponds to the circularly polarized intensity (Stokes V). The
collecting area of the group B is ~ 5\? and group A or C is ~ 10\2. The calculated
minimum detectable flux (50 level ) of the array for both Stokes I and V is ~ 0.05 sfu
(1 sfu = 107% Watts m~2 Hz !). Baseline length of the phase centers of the group B
and any major group is 120 m so that angular resolution (1.8°) and collecting area (12
M%) for both Stokes I and V are same. Half power beam-width (HPBW)/ field of view
(FOV) of group A or C is ~ 1.3° and for group B ~ 2.6°. Since HPBW of the group A
and C is within the HPBW of group B, correlated output of A and B or B and C will
not produce any artifacts in the correlation interferometry. In such interferometers to
observe the polarized radio emission precisely from the Sun and other celestial sources,
the instrumental errors has to be minimized. In order to do that, the RF cables used in
the GRIP were maintained with equal lengths for all channels to avoid gain variations.
The phase equalization of the RF cables was done and maintained constant for all the
channels to suppress the coherence loss. Observations of the randomly /linearly polarized
sidereal sources give deflection in Stokes I where as no deflection in Stokes V. During the
solar activity the deflection in both Stokes I and V is often observed with the GRIP. Such
observations proves that the instrumental errors of the GRIP was minimal. The actual
flux density of the solar corona was found with the observations of the calibrator sources
whose flux density is constant over a long period. Since dcp is proportional to the the
magnetic field of corona, by using different methodologies the magnetic field of the solar

corona is estimated.

Signature of the weak, transient energy releases in the solar atmosphere related to

the non-thermal emissions are frequently observed at low-frequencies. Such kind of tran-
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sient weak energy observations which are related to the flares were reported at SXR, HXR,
EUV, microwave and radio wavelengths. Depending on the energy released, the events
were classified as microflares and nanoflares which was postulated by Parker. According
to Parker, larger flares are superposition of the microflares and microflares are the super-
position of the nanoflares. A typical large flare energy release is ~ 10?3 erg. If the solar
flare energy is in the range of 10%6 — 10?® erg, then associated flares are called microflares
and if the energy range is 10 — 10?® erg then they are defined as nanoflares. Earlier
reports says that large flares are reported in SXR, HXR and EUV wavelength regimes,
where as microflares are detected in SXR and EUV, and nanoflares in EUV only. Recently
signature of the weak energy events are reported even in microwave and radio regimes. It
is suspected that microscopic magnetic reconnection processes exist virtually everywhere
on the solar surface, which can reveal themselves as tiny non-thermal transients. In this
scenario, noise storms are often observed using GRIP in both Stokes I and V. The noise
storms are the broad-band continuum emissions lasting for few hours to days over which
narrow-band short duration (0.1-1 s) spikes (called type I bursts) were superposed. These
emissions are highly circularly polarized and circular polarization arises due to the prop-
agation effects in the solar corona in the presence of magnetic field. These bursts are
considered to be evidence of successive electron accelerations unlike the transient accel-
eration associated with flares. The radiation is due to the fundamental plasma emission
due to the coupling of the Langmuir plasma waves and low-frequency waves (either lower-
hybrid or ion-acoustic). The type I bursts are related to the non-flaring sunspot active
regions and point to an exceedingly restless corona even during the non-flaring times.
Such kind of signatures occur in many small steps and the cumulative effect is the ‘grad-
ual’ evolution of the solar corona. Analysis of the few such noise storms observed using
the polarimeter reveal that the energy correspond to the each burst is around 10%' erg
which is 1072 times of the large flare. These are the weakest energy release events in the

solar atmosphere reported till date and they are called ‘picoflares’. The occurrence rate
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of the narrow-band bursts are ~ 1 s!, so the power emitted by the type I bursts in our
observation was & 10*' erg s™'. The distribution of the number of bursts (dN) in the flux
density range of S to S + dS follows a power law. The estimated index of the power-law
() is ranging from ~ —2.2 to —2.7. From the EUV, UV, and X-ray observations, it
was found that v is ~ —2.3 for the events with the energy range ~ 10?4 — 102, [Litvi-
nenko, 1994] showed that the weak events with v < —2 can be explained by assuming
the reconnecting current sheet model for energy accumulation and release. So the type
I bursts originate due to the small-scale reconnections in the solar atmosphere with low
energy. Also Crosby et al. [1996] suggested that flare-like energy released in the active
region is necessary condition for the onset of the type I bursts. Mercier and Trottet [1997]
reported the v =~ —3 for type I bursts at 164, 237 and 327 MHz. Such results are justified
because of the high flux density of the events (=~ 107 Jy) where as using polarimeter we
observed the events whose flux density is ~ 10* Jy. Observed brightness temperature of
the events are ~ 10° K. Magnetic fields estimated near the source region was in the range

of ~ 200 — 900 mG.

Whether the observed picoflares will contribute for the coronal heating or not? In
this regard several authors pointed out that the corona maintaining high temperature due
to the magnetic flux emergence on the plasma. For example, Spicer et al. [1982] predicted
coronal heating prior to the onset of the type I storms. Melrose et al. [1980] pointed
out that the required level of low-frequency turbulence for the generation of the type I
emission is likely to be present in the region where the corona is heated. Raulin and Klein
[1994] mentioned that the common features in the time profile of SXR brightenings and
noise storms point to a physical link between the heating of the plasma in the active region
and the noise storm emission. However to heat the corona required power is 10?7 — 10?8
erg s~ 1. In the present observations the estimated power of the noise storms are smaller

(~ 10% erg s7!). Tt is possible that given type I bursts are one of the weak energy releases
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in the corona mentioned by Aschwanden [2004], and all these weak events together heat

the solar corona.

Direct measurement of the magnetic field in solar atmosphere is not there till now.
But there are indirect methods to estimate the magnetic field in the solar atmosphere
as mentioned earlier. Polarization measurements are one of the methods to estimate the
magnetic field in the atmosphere. Magnetic field of the type III bursts was estimated in
different approaches at 80 MHz plasma layer. In general type III solar radio bursts are the
signatures of the accelerated electrons streaming outward through the corona and inter
planetary medium aftermath of flares and weak chromospheric brightenings. The electron
streams along the open magnetic field lines with speeds ~ ¢/3 will cause type III bursts.
The radio emission occurs in the following two step process: (1) the excitation of the high
levels of plasma oscillations (Langmuir plasma waves) by the propagating electron streams
and (2) subsequent conversion of these Langmuir waves into electromagnetic waves at the
fundamental (F) and the second harmonic (H) of the local plasma frequency. The coa-
lescence of the two Langmuir plasma waves produces the H emissions. Depending on the
drifting speeds of the radiation type III bursts are identified in the spectrum observed
using existing spectrometers at GRO, Gauribidanur LOw-Frequency solar Spectrograph
(GLOSS) and the Compound Astronomical Low-cost Low-frequency Instrument for Spec-
troscopy and Transportable Observatory (CALLISTO). Type III bursts has the drifting
speed from high to low frequencies is ~ 100 MHz s~!. These bursts occurs from ~ 1 GHz
- 10 kHz, corresponding distance range extends from lower corona to beyond the Earth’s
orbit. Type III bursts can occur in general as isolated bursts, groups or storms. These
bursts are classified based on the life time of the occurrence of the bursts. Isolated bursts
occur as a single spike whose life time is of few seconds. If such type of bursts occurs as
a bunch which lasts for few minutes they are called type III groups and if it continues for

hours they are called type III storms.
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It is believed that each burst corresponding to the beam of the electrons streaming
outwards in the diverging open magnetic field lines. Such kind of occurrence of non-
thermal bursts is the clear evidence of the particle acceleration during the event. Type
[T bursts are weakly, circularly polarized with dep ~ 0.15, however few bursts which
are identified due to the F emissions have dep ~ 0.5. Harmonic emissions in general are
observed at low-frequencies. The net dcp of the type III bursts observed in the source
region are the ordinary o-mode for the escaping radiation. Polarization observation of the
H emissions are the better diagnostic tool to estimate the solar coronal magnetic field.
Both F and H emissions of type III bursts are observed if the events are near to the center
of the solar disk. Elsewhere emission should be purely harmonic, because F emission is
more directive than the H emission. According to the Caroubalos and Steinberg [1974],
the ground-based observations of the type III radio bursts associated with the Sunspot
regions located < 70° to either East or West of the central meridian of the center of the
solar disk are primarily H emission. The directivity of the F emission component has a
limiting directivity of £65° from the central meridian of the Sun at 80 MHz. Therefore if
the heliographic solar longitude of the event is < 70° and the dep is ~ 0.15 then emission
is purely H component. Under such circumstances the magnetic field near the source

position was calculated.

The group of type III bursts are quasi-periodic in nature. Such kind of quasi-
periodicities are also a diagnostic tool of estimating the coronal magnetic field. The
quasi-periodicity or pulsation refers to the quasi-periodic amplitude variations in the time
profile of the observed radio flux density at a observing frequency. Associated physical
mechanisms have been classified into the three categories: (1) modulation of the emission
by coronal loop oscillations, (2) intrinsic oscillations of the emission created by oscilla-

tory wave-wave interactions and wave-particle interactions, and (3) modulation of the
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electron acceleration/injection process responsible for the emission. The point (2) can
be ruled out because such kind of emission occurs primarily for the fundamental o-mode
and harmonic extra-ordinary (e-mode) emissions, where as in the present work harmonic
o-mode emissions are considered. According to the Kliem et al. [2000], the temporal vari-
ations in the radio burst flux are caused by modulations of the particle acceleration by
the highly dynamic reconnection process. A similar model, quasi-periodic reconnection
and particle injection, was reported by Zlotnik et al. [2003]. It is known that even a
very small (= 2%) quasi-periodic modulations of the magnetic field is sufficient for the
periodic electron acceleration. Many authors reported that such kind of modulations are
related to the magneto hydrodynamic (MHD) oscillations. Based on the above discussion
by knowing the periodicity of the quasi-periodic bursts the alfvén speeds and magnetic

fields are estimated.

Interestingly, the estimated magnetic field in both methods yields consistent results.
For example, on 20 September 2012, estimated magnetic fields using the dcp and quasi-
periodicity were ~ 4.7 + 1 and ~ 4.8 + 0.3 G respectively. The empirical relation given
by Dulk and McLean [1978] gives the magnetic field of 3.1 G at 1.3 Ry. The results
estimated using these methods has reasonable agreement with the earlier reports. For
example, at 77 MHz estimated magnetic field was B ~ 5+ 1 G reported by Ramesh et al.
[2010] for the sources associated with the coronal streamers at 1.5 Rg. Lin et al. [2004]
has measured B ~ 4 G at 1.1 R using the Zeeman splitting observations of the Fe XIII
1075 nm coronal emission line from the active region which is close to the limb. Such
kind of radio observations indicated the significance of the low-frequency observations to
estimate the coronal magnetic field in the middle corona (1.2 < r < 2 Ry). Note that

such kind of measurements at other wavelength bands are currently difficult.

Type IV bursts are broadband quasiéAScontinuum features that occur during the
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decay phase of large solar flares. They were first reported by Boischot [1957] at meter
wavelengths. The bursts are considered to be an useful tool to understand the solar terres-
trial relationship because of their statistical association with energetic particles detected
in the Earth environment. But they are not as common as the other radio bursts from the
Sun. Imaging observations at metric wavelengths tend to show that most type IV bursts
are stationary in the corona. A subclass of type IV bursts, known as moving type IV, is
of great interest because they are seen to move in images at speed similar to speeds of the
mass ejections in the solar atmosphere. But they are difficult to separate from stationary
type IV events just from their spectral characteristics alone. Moving type IV bursts are
predominantly a low-frequency phenomenon, occurring at frequencies below 100 MHz,
The enhanced continuum emissions other than the noise storms are called type IV bursts.
Type IV and noise storms looks alike but different in few characteristics discussed as fol-
lows, duration of the former is few minutes to hours where as the latter continued for few
hours to days. Type IV bursts are observable over all frequencies (broad-band continuum
emissions) with a smoothly varying continuum with free of type I and type III bursts
superposed over the continuum unlike the noise storms. These bursts are associated with
the microwave outbursts where as noise storms are observable only at meter-wavelengths.
On 15 March 2013, a moving type IV bursts which was associated with a coronal mass
ejection was recorded in Stokes I and V using GRIP. The observations were carried out at
80 and 40 MHz. Peak flux density of the event in Stokes I and V were ~ 170,000 Jy and
50,000 Jy respectively at 80 MHz. Simultaneously observed peak flux density of the event
in Stokes I and V at 40 MHz were ~ 181,000 Jy and 62,000 Jy respectively. Calculated
dep of that event for 80 and 40 MHz were ~ 0.294+0.1 and 0.344+0.1. Brightness temper-
ature of the event by assuming the source sizes of the event ~ 4’ was of the order of ~ 10”
K. Since the event is observed in two different frequencies, spectral index was calculated.
The spectral index found for that event was —0.1. Spectrogram obtained with GLOSS

reveal that the recorded event was a moving type IV burst. Assuming the emission mech-
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anism of the type IV bursts observed is due to the gyrosynchrotron emission mechanism
based on the spectral index estimates, the associated magnetic field was estimated using
the corresponding equations mentioned in the literature [Dulk and Marsh, 1982, Dulk,
1985]. The values at 80 and 40 MHz were 2.2 + 0.4 G and 1.4 + 0.2 G respectively. The

estimated magnetic fields were agreeing with the earlier reports.

Propagation of the radio waves in the solar corona get scattered due to the non-
uniform distribution of the electron density from point to point. The radio waves undergo
irregular refraction which modulates the radio structure of the actual distant cosmic source
when the latter is observed through the solar corona. Such a modulation gives information
about the density distribution in the solar corona. Crab nebula (Taurus-A) is a supernova
remnant and a strong radio source at lower frequencies with constant flux density. It gets
occulted by the solar corona during the mid-June in every year. This phenomenon was
first time observed by Machin and Smith [1951]. Later Hewish [1955], Slee [1959], Blum
and Boischot [1957], Bolton et al. [1958], Sastry and Subramanian [1974], Ramesh et al.

[2001] observed the occultation at longer wavelengths.

Right ascension (RA) of the Crab nebula is 05 : 35 : 04 and Declination (Dec) is
22¢°. Note that the above values are close to the ecliptic. Due to the movement of the Sun
in both RA and Dec, the distance between the Sun and Crab nebula decreases to ~ 5 R,
during June 15 of every year. Polarimetric observations of the Crab nebula occultation
at 80 MHz was carried out in June, 2011, 2012 and 2013. It was expected that when the
Crab nebula radiation passes through the density irregularities of the corona there may
be a possibility of circular polarization, because of the splitting of the randomly /linearly
polarized radiation into magneto-ionic modes. However there was no deflection seen in
Stokes V channel but the observations lead to scattering studies. Crab nebula was not

identified in the observations of occultation during 2012, due to the strong solar activity.
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The fortuitous lull of Sun enabled us to observe the same in the year 2011 and 2013. During
2011 and 2013, flux density of the Crab nebula is decreased when it approached the solar
disk and increased when it moves away. Using those observations, the level of the coronal
turbulence (C% (7)) over the range 10 Ry S 7 < 60 Ry, was estimated on a baseline length
of =~ 1.6 km, are larger than the similar estimates from VLBI observations on baseline
lengths ~ 200 — 2000 km. Based on the estimated C%, values, angular broadening of the
Crab nebula at those distances were estimated. Both C% values and angular broadening
measured using this technique are compared with the empirical relations. It was found
that the estimates of C%(r) for the 3 = 3 case are higher by &~ 5 — 6 orders of magnitude
compared to the similar values reported previously for larger spatial scales (=~ 200 — 2000
km) from VLBI observations. For § = 11/3, the estimated are higher by ~ 1 —2 orders of
magnitude. Also the angular broadening estimates are matching with the earlier empirical

equations.

Better understanding of the Universe is only possible with the improved instrumen-
tation. While developing the instruments, efficiency, lifetime, compactness, cost etc have
to be considered. At GRO, the basic antenna element used in heliograph (Gauribidanur
RAdio HeliograPH, GRAPH), GRIP, GLOSS etc is log-periodic dipole antenna, which is
a linearly polarized antenna. GRAPH gives the two-dimensional maps of the solar corona,
GRIP measures the dep of the event and spectrograms of the solar corona is made with
GLOSS and Callisto instruments. To measure the polarization of the weak bursts one
need the polarimeter with improved sensitivity, resolution and less instrumental errors.
Always interferometric arrays suffers with gain variations, phase fluctuations, off axial ef-
fects etc. Such variations are different for different channels since the hardware used (RF
amplifiers, RF filters, RF cables, analog and digital receivers etc) are different. In order
to minimize such effects one has to calibrate the instrument thoroughly. Unfortunately
there are no circularly polarized calibrator sources available in the GRO in the frequency

of operation. So we intend to build Cross-polarized Log Periodic Dipole (CLPD) antenna
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in which, two linearly-polarized log-periodic dipole (LPD) antennas are fixed to a common
axis in a mutually orthogonal fashion. Circularly polarized radiation in VHF band can be
received /transmitted using helical antennas, conical log-spiral antennas, cross-polarized
Yagi-Uda antennas, CLPDs etc. In situation where 10:1 or even more wider bandwidth is
required, CLPD are preferred. Log-periodic antennas are widely used in the field of radio
astronomy, particularly where simultaneous multi-frequency observations of radio emis-
sion from the celestial radio sources are required. Since different frequencies originates
at different heights in the solar atmosphere, CLPD is preferred to observe the polarized
radio emissions. However, in commercially available CLPD the isolation is ~ —20 dBm.
Because of such CLPDs, polarization characteristics of the weak cosmic signals can be
limited. Though, dual polarized antenna designs with improved isolation exists, they are
primarily at frequencies > 1 GHz. Our aim is to observe the polarized radiation from
the solar corona with high accuracy at meter wavelengths and use them to estimate the

coronal magnetic field.

Since GRAPH is operating at 80 MHz, we intend to design CLPD which works in the
range =~ 65 — 95 MHz. To begin with we designed LPD with inter-boom spacing of 2 cm.
Using such two LPDs, a CLPD was fabricated and found that the isolation was ~ —20
dBm. Experimentally, it was found that isolation not improves by shifting the vertical
arms of the CLPD with respect to the horizontal arms (by maintaining apex angle). It
has been suggested by the Pivnenko [2006] that isolation can be improved by decreasing
the inter-boom spacing to 1/100th of the arm length of the antenna. For such kind of
design aluminum flats are used instead of the rectangular hallow aluminum pipes. The
output of the antennas was taken from the top using a co-axial cable, which was passing
through a aluminum pipe fixed to grounded boom of the antenna. After maintaining the
inter-boom spacing of 5 mm, the isolation improved to < —30 dBm. We measured the

voltage standing wave ratio (VSWR) of the designed CLPD using vector network ana-
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lyzer. The values are found < 2 for both the LPDs in the frequency of 68-84 MHz after

combining them to form a CLPD.

Far-field (Fraunhofer region), near-field (Fresnel) radiation patterns and isolation
measurements of the antennas were carried out. To measure far field pattern, the re-
ceiving and transmitting antennas were mounted on a pole at a height of ~ 3 m above
the ground level. The transmitting and receiving antennas are separated by a 3 m dis-
tance which is a theoretical minimum far field distance. The signal was transmitted using
a CLPD and the same was received by the arms of the LPD in the same plane. The
measurements were taken for all the azimuthal angles by rotating the transmitted an-
tenna. This corresponds to the E-plane measurements. With the same setup by keeping
the transmitting and receiving antennas in vertical directions the experiment is repeated.
Such measurement corresponds to the H-plane pattern. Half power beam width of the
antenna in both E-plane and H-plane are ~ 60° and 120° respectively. Measured beam-
widths correspond to a solid angle of 2.2 sr. From solid angle, calculated directional gain
was ~ 7.8 dBi and the effective collecting area of the antenna was ~ 0.6A%. Near field
measurements were performed by mounting a CLPD on a pole at a height of =~ 3 m above
the ground level and the test (CW) signal was transmitted from one of the LPD of the
CLPD. Using a monopole antenna the signal strength is measured at different distances
in the radiating near field range from the apex of the CLPD and also for different az-
imuthal angels in the range 0° — 180°. At 80 MHz, the radiating near field region range
calculated theoretically was 1 < 7,y < 3 m. In this fashion both E-plane and H-plane
near field radiation pattern measurements were carried out and the variation of the power

with distance was observed as expected.

By using the similar setup used for far field measurements cross-talk levels and

isolation was measured as follows. The transmitting LPD was mounted in horizontal ori-
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entation (0°) and the signal was received by both the 0° and 90° oriented arms of the
CLPD. In principle one has to receive signal only in the 0° oriented arms of the CLPD.
However, a finite amount signal was received in the 90° oriented arms also. This is called
cross-talk between the two orthogonal LPDs in a CLPD. Difference in the signal levels of
the two LPDs in a CLPD is called isolation. Such kind of measurements were carried out
for both the 2 cm and 5 mm CLPD. The isolation for former case was ~ —15 dBm and

for the latter was S —30 dBm.

Two similar CLPDs were fabricated and mounted them in 40 m apart in East-West
direction. The antennas were mounted to a pole at 3 m height above the ground. The
antennas are mounted such that the length of the arms in increasing fashion from top
to the base. The RF signals from the antennas (2 from each CLPDs) are transmitted
to the receiver room using a low-loss coaxial cable which are buried under the ground at
1 m depth to avoid the phase variations. Using the analog receivers similar to the one
used in GRIP the signals are down-converted. The intermediate frequency signal whose
bandwidth is 1 MHz is sampled with 2 MHz rate and correlated using the digital correlator,
which is similar to the one used in GRIP. The signal from the 0° oriented antenna (arms
along East-West direction) of the two CLPDs was correlated which corresponds to Stokes
[. Similarly correlation of the 0° oriented signal from one CLPD and 90° orientation of
other CLPD give the information of the Stokes V. Literally observed intensities are the
50% of the intensity, since this is the case for the calibrator sources, the error will be
minimal after calibration of the target source. Linear polarization measurements are not
possible to measure because of the Faraday rotation which is mentioned earlier. Stokes I
and V can be measured using the 4 port quadrature hybrid in conjunction with the crossed
dipole feed. Polarization measurement with latter techniques will be affected by the cross-
talk due to the quadrature hybrid but not the former technique. Using the established

two-element correlation interference polarimeter, observations of the solar atmosphere was
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carried out and noise storms as well as few radio bursts were successfully recorded in both
Stokes I and V at 80 MHz. Because of the compact structure of the CLPD makes them
suitable to use as a feed that illuminate the parabolic reflector. It is also possible that the
CLPD described can be used to transmit /receive circularly polarized waves in applications
involving especially transmission through the Earth’s ionosphere which may produces the
rotation of the plane of the polarization. In future we intend to design the CLPD in wider
bandwidth so that simultaneously observe the radio emission from different layers in the

solar atmosphere, with the array of CLPDs.

8.1 Future scope

Ancient civilization began to understand the Sun many centuries back. In last few decades
many space born instruments at different wavelengths with sophisticated technology were
developed. Even then it is required to setup high resolution and sensitive telescopes
along with innovative research to resolve the uncleared issues of the Sun. Few of the
outstanding research issues which are not clearly known are listed below: coronal heating
mechanism, coronal-seismology, coronal magnetic fields, helio-seismology, solar influence
on space weather and Earth’s climate changes, solar cycle, origin and driver mechanisms
of the solar flares, coronal mass ejections, emission mechanism and evolution of radio
radiation from the solar corona, polarization properties of the solar events at different
wavelengths, turbulence/scattering properties of the solar corona, propagation of radio
waves in the solar corona, precise density models, properties of the thermal emissions,
chromospheric heating mechanism etc. Some of the scientific/technical goals to be done

using the low-frequency radio observations of the solar corona is discussed below.

It is known that radio bursts are the frequently observed events in the solar atmo-
sphere. However their origin, propagation, emission mechanisms, their different character-

istics and their association with CMEs are not fully known. These bursts provide the clue
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in understanding the many mysteries of the corona. Polarization properties of these events
are useful in understanding the plasma characteristics and magnetic field information. By
using the imaging, spectroscopic and polarization observations of these bursts at meter
wavelengths, different phenomenon of the radio bursts have to be studied thoroughly.
Also, it is believed that the CMEs originate at chromospheric levels and propagates to
heliospheric distances. The driver mechanism, propagation effects in plasma, kinematics
and dynamics of the CMEs are not clear. Therefore the CMEs have to be studied by
making use of different radio instruments along with the space based observations. A rig-
orous research on the discussed aspects can be further continued using the instruments:
GRIP, GLOSS and GRAPH. Also by developing the designed cross polarized log periodic
dipole antenna with larger bandwidth and improved isolation, two-dimensional polarized
imaging instrument has to be developed. Note that such facility at these frequency of

operation is not available at present.
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