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Lecture Summary.




A Brief Introduction to the Radio Spectrum!



The Electromagnetic (EM) Spectrum

An overview of the EM spectrum; adapted from Hdhggics
Volume 2, Chapter 4, by Tim Bastian.

Commercial AM radio band lies in the LF-MF rangaedahe
FM band lies in the VHF part of the spectrum.
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The Radio Spectrum

Frequency Band Definition | Frequency Rang? WavelengtRange Band Designations

ELF - Extremely Low Frequengy < 300 Hz > 1,000 km
ULF - Ultra Low Frequency 300 Hz - 3 kHz 1,000 kmDOIkm
VLF - Very Low Frequency 3 kHz - 30 kHz 100 km - 1k
LF - Low Frequency 30 kHz - 300 kH 10 km -1 km
MF - Medium Frequency 300 kHz - 3 MH¢ 1km-100m
HF - High Frequency 3 MHz - 30 MH2z 100 m-10m
VHF - Very High Frequency 30 MHz - 300 MH 10m-1m

UHF - Ultra High Frequency 300 MHz - 3 GHz 1 m-100 mm

P (sometimes) = 300MHz - 1 G
L=1GHz-2GHz
S=2GHz-4GHz
C=4GHz - 8 GHz
SHF - Super High Frequency 3 GHz - 30 GH 100 mmmi® |X =8 GHz - 12 GHz
Ku-12 GHz - 18 GHz
K=18 GHz - 26 GHz
Ka =26 GHz - 40 GHz
Q =30 GHz - 50 GHz
U =40 GHz - 60 GHz
V =50 GHz - 75 GHz

E =60 GHz - 90 GHz
W =75 GHz - 110 GHz
F =90 GHz - 140 GHz
D =110 GHz - 170 GHz

An overview of the radio spectrum by band, fregyerange,
wavelength range, and band classification.

EHF - Extremely High Frequengy 30 GHz - 300 GHz




What is Occultation?

(Who can tell me?)



Solar Occultation During a Full Eclipse

An occultation occurs when one object is hidderabgther tha
passes between it and the observay, when an apparentl
larger body passes in front of an apparently smahe.

The total solar eclipse
2006 clearly displaying
the faint solar corona i
all its glory. Image
taken from Bisi, Ph.D.
Thesis, 2006; courtesy
of Dr. Richard A.
Fallows (currently at
ASTRON in The
Netherlands).




Planetary Occultation Measurements.



Jupiter’s lonosphere

The classica

Taken from [EEBIe]eJel[sI@Siqlli

~ Hinsonet . . |
al., 1998. In signa
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was
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Figure 1. Schematic of Voyager 2 occultation by Jupiter. Solid line shows “ray path” followed by atm (O p h ere
radio signals propagating from spacecraft to Earth. Impact parameter a, radius at ray periapse
r, and spacecraft-to-planet distance D are measured from the local center of curvature of Jupiter, | ONnos h ere

which is also the coordinate origin. p "



Jupiter and lo
According to the literature, lo is acted upon hy»aB force vnich

tends to try to propel it out of the Jovian system.addition, its
motion about Jupiter puts it through the lo plagoras at Jupite
which carries two billion kilowatts of power intdhgé Joviar
lonosphere. The energy source for these processdsom
Jupiter's relatively-fast rotation. This is an snal planet-satellite
coupling.

Figure: The lo flux
tube (IFT) and Its N\ L_EMISSION CONES

| ~ o FOR
associated decametrigiig \  /DECAMETRIC RADIATION ||
. JUPITER | / 10 4

emission cones —to [N VOAGER ||
scale (Belcher, 1987) RS gl
See Belcher, 1987

for further information
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Jupiter and Callisto

Electron density profiles were obtained at Calligstng data fron
the Galileo spacecraft with the radio occultatieahinique. Ther
were five occultations by Callisto providing eighisable
observing opportunities (entrance and exit obseEmwal.

The detection of an ionospheres which were caledlas bein
generated by the photo-ionisation and electron-aghpanisation
of the neutral gasses at the surface.

Detectable ionospheres were only when the side hrchwthe
moon Is travelling (the ramside) was in sunlighticlhsuggest:
the need for both photo-ionisation and the impéet plasma ont
the upper atmosphere of the moon.

Results were obtained from the Galilleo spacecrate
Kliore et al, 2002 for further information.




Saturn’s lonosphere and Atmosphere
From radio occultation

measurements of the Pioneg PIONEER SATUN
:* = ENTRY, SZA_= 89.20,
11 flyby of Saturn on 01 o o, SZA- 2045,

LAT =9.7%s

September 1979, the
lonosphere and uppe
atmosphere were measured.
Revealed that the primar
electron density peak of the
lonosphere was at a height ¢

EQUATORIAL RADIUS, km

0 2000 6000
3

1,800 km with a density ELECTRON DENSITY, an
@ Saturns electron density between equatc
around 11,400 c radii of 60,000 km and 70,000 km. The s

For further information, seeurve is From entry data into occultation anc

Kliore, et aI., 1980 (figure dashe.d curve is Ia} |_3rofile. obtaingd from exit
by using an artificial drift function; not to |

also taken from here). used for magnitudes of electron den:



Saturn and Titan, and Venus’ lonosphere

Saturn’s largest moon, Titan, occulted a brighhgig-type stal
designated 28 Sgr on 03 July 1989.

Strong scintillations were recorded In the stetiginal throughou
the occultation which are attributed to the refkazindex change
In Titan’s atmospheree(g.Hubbardet al, 1988).

An extensive discussion on this stellar occultatisngiven by
Hubbardet al.,, 1993.

Initial observations of the night-side ionosphefeVenus were
possible through radio-occultation measurements thieé Pionee
Venus Orbiter Spacecraft. See Kli@teal, 1979.

What about the Earth...




Earth’'s Atmosphere: GPS Radio Occultations
From Kursinskiet al, 1997. Allows for the derivation

of atmospheric profiles.
Momentum and energy
within the atmosphere is
transported by small-sca
ocslcunalie waves which contribute 1
the middle atmospheric

Figure 1. Instantaneous occultation geometry for the Global

Positioning System (GPS) and low Earth orbiter (LEO) satel- structure and CirCUIatiOn

lites defining variables for the derivation of o and a from Dop-
ler shift, aft position, and ft velocit - - .
Erzrm se r:ts. spacecraft position, and spacecraft velocity meas the h Y ght is Imp ortant.

Radio occultation observations provide a high eattresolutio

measure and sensitivity to density and tempergterarbation:
(from waves) and turbulence used to characterigpgpties in le
atmospheres of Venus, Jupiter, Titan, Uranus, agptithe. Se
Kursinskiet al, 1997 and references therein, for further de




What i1s Scintillation?

(Again, who can tell me?)



Scintillation and Quasars
George Gamow, “Quasar”, 19¢

Twinkle, twinkle guasi-star
Biggest puzzle from afar
How unlike the other ones
Brighter than a billion suns.
Twinkle, twinkle quasi-star
How | wonder what you are.

Quasar 3C 273 as imaged by
the Hubble Space Telescope's

Advanced Camera for Surveys. ;

Image is courtesy of NASA, A. Martel (JHU), H. Fof@HU), M. Clampin (STScl), G
Hartig (STScl), G. lllingworth (UCO/Lick Observatgr the ACS Science Team and ES.




Interplanetary Scintillation (IPS)
Telescopes/Arrays



EISCAT, ESR, and MERLIN (224 MHz-~6GHZz)
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Above: The European Incoherent SCATter radar (EM5GAhd EISCAT Svalbard Radar (ESF
radio telescopes from left-to-right: Tromsg, Norwk/M. Bisi, October 2003);
Kiruna, Sweden (M.M. Bisi, May 2003); Sodankylal&nd (ttp://www.eiscat.com/sodan.him
and the ESR 42m in the foreground and steerable 32m
in the background (M.M. Bisi, May 2005).

Left: The Multi-Element Radio-
Linked Interferometer Network
(MERLIN) Mkla (Lovell) radio
telescope at Jodrell Bank (near |
Manchester, England); and '
Right: The MERLIN MKII radio
telescope also at Jodrell Bank
(M.M. Bisi, May 2004).




The LOw Frequency ARray (LOFAR) (1)

S P ML PO B R _‘%
LOFAR Core High-Band Antenna (top) an

LOFAR Core Low-Band Antenna (bottom)

both with Dr. Richard A. Fallows

(~ 5’ 52" tall) in for size comparison.

LOFAR superterp (top) and
LOFAR Chilbolton (bottom).




LOFAR core In The LOFAR (2)
Netherlands with

stations around The

Netherlands and

International

Stations in Germany

(5), France (1),

Sweden (1) and in

the UK (1). The

stations shown in i L e

The Hague /

green are completdis "

- Essen
and operational  [Eas S )
p j " "\ Brussels /% O = bEE elar
’::\J + _— L\\ 25 . (L,‘{

depicts stations tha . w M

are under e S, e
construction as of &
March 2013.
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LOFAR (3)
Frequency agile system over two primary observiagds of

10 MHz to ~240 MHz split into 10 MHz to 90 MHz (LBAand
110 MHz to ~240 MHz (HBA) with two antenna types.
Ample collecting area with plenty of combinationfsnaulti-site
observations with the International Stations oweaglbaselines.
Experimentation with beam modes to enable band hi
encompassing 80 MHz to ~the entire observing frequeange!
Possibilities of ~5° angular resolution in three-dmaional (3-D)
tomographic reconstructions look plausible with LAB¥data.
The Murchison Widefield Array (MWA) in Western Aualia
could match (or possibly exceed) the number of mfag®ns pel
day but will not offer the multi-site observationsSLOFAR.
Kilpisjarvi Atmospheric Imaging Receiver Array (KRA)

based on LOFAR technologx located '|ust Inside Aich



Japan, India, and other IPS Arrays/Telescopes

The Solar Terrestrial Environment Laboratory (STB).antennas of Fuji (top left), Sugadair
(top middle), (new) Toyokawa (top right), (old) dkswa (bottom left),
and Kiso (bottom middle); and the Ootacamund (ORiglio Telescope (ORT) (bottom rig

(Courtesy ohttp://stesun5.stelab.nagoya-u.ac.jp/uhf_ant-e,lBM. Jackson, and P.K. Manoharan).

Others also include: MEXART, Mexico; Pushchino, asUTR-2, Ukraine;

and the Murchison Widefield Array (MWA), Australia.
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



An Introduction to IPS
and Basic IPS Theory.



An Introduction to IPS (1)

‘ : _;-. : Density irregularities carried out by Radio signals received at eaq
C zSolar wind modulate signal from site are very similar except fc
T ... distant radio source :
: a small time-lag.

The cross-correlation functiol

can be used to infer the solat

wind velocity(s) across the lir
\of sight (LOS).

(Not to scale)

- 2002/01,/06 12:54

Hubble Deep Field — HST (WFPC2) 15/01/96 — Courtddy.dNilliams and the HDF Team and NASA

IPS is most-sensitive at and around the P-Poitlieof. OS to the Sun and is only sensitive to
component of flow that is perpendicular to the L@$5 variation in intensity of astronomic

radio sources on timescales of ~0.1s to ~10s shathserved.
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



An Introduction to IPS (2)



An Introduction to IPS (3)

Scintillation index, m, is a measure of level abwience.
Normalized Scintillation indexg = m(R) / <m(R)>.

e g>1® enhancement ind\e.
e g»1® ambient level Ode%

(Courtesy of
Prof. P.K. Manoharan.)

Scintillation enhancement with respect to the amtiand identifies the presence of a regiotl

of increased turbulence/density and possible CNMEathe line-of-sight to the radio source.
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



An Introduction to IPS (4)

An example power spectrum from an observation 8f\W#th
its key features marked.

- Plot courtesy of Dr. Richard A. Fallows, ASTRON)elNetherlands.




An Introduction to IPS (5)

The abllity to distinguish between streams of ddfg velocity
Improves as the parallel baseline lendgdj,( increases betwe:
two observing sites; Iff,,,) Is long enough, streams with differ
velocities appear as wideeparated peaks In the (tempo
cross-correlation function.

The height of the maximum cross correlation de@gas parall
baseline length increases since density pattenmgasawith tine.




Basic IPS Theory

- Hewish, A., “A user's guide to scintillation”, Jmal of Atmospheric and Terrestrial Physic
51, pp.743-750, 1989.

Abstract:
Scintillation methods and the theory underlyinghgtation methods are reviewed.
Consideration is given to diffractive and refraetscintillaton and describing irregular mec
Application of scintillation are discussed, inclngiionospheq, interplanetary, and interste

scintillation and scintillation and source size.
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Basic IPS Theory (1)
Distant, compact, astronomical radio source obseatdérequeng

f —assume plane incident waves on the solar windaasdme a
source power Is in a single point.

Consider scattering by a single thin screen: asssoh@ Winc
varies in density byN around mean densitgN>.

Mean refractive index (from Maxwelljt = 1 — {42,

Variation in refractive index:n = Ne/(8 2 ;m,f%); providec
thatf >> plasma frequendy.

The phase variation in a scattered wave Iin the salad can be
assumed to astlapproximation thatN N2

The phase variation between different parts ofteced wave
Increases aNl increases, and decrease$ iagreases.

Next, consider the effect of a single thin screenwhich the

electron densitz varies sinusoidallz Swith wavenlelrer...




Basic IPS Theory (2)

An incident plane wave (wavenumberfalling onto the x-plane.

Figure shows the scintillation by a sinusoidal

Esanging

screen: “weak scattering” (left) << 1 radian, and strong
scattering” (right) >> 1 radian; IPS becomes very comple;
strong scattering and generally only when the wseaktering
regime applies do we use results from observatdihissS.




Basic IPS Theory (3)
Providing the maximum variation in phase << 1

radian [e.

within the weakscattering regime), the effect of the screen
Introduce a pair of additional waves (of complexpatndei /2)
propagating at angles of= +sin-1(K/k) to the “average” wave.
If K << K, that Is, the scattering screen wavelength is nguehte
than the wavelength of the incident radio waves:HK/K).

If the waves come from a point source at infinigtahce, them@an
observer looking through the screen from close woould seelte

source flanked by a pair of weak images displagec
The diffraction pattern (in intensity, or amplityo
plane “below the screen will result from the mutua

of the three waves and will exhibit sinusoida

foom it.

across an
Interferen:
gaans ir

amplitude and phase with wavenumBei(Hewish, 1989).

Thus, the diffraction Eattern has same scale eﬁrmting sceen



Basic IPS Theory (4)
Staying with the single sinusoid

scattering screen, then the scrt
has wavenumber K, and
wavelength: = 1/K.

If screen Is moving across the r
path for the observation at spe
V, then the diffraction pattern wi
also be moving across a recei

Solar Wind V —— “below” the screen at spead
The receiver will record a timearying intensity with peaks eve

1/KV seconds.

Observing the same source with two telescopes mignsime
difference at which peaks are observed can be tasddtermine
V, which together with the time interval betweenksegivesK.




Basic IPS Theory (5)

However: the turbulence in the solar wind is nairaple, sing,
sinusoidal screen, and real radio sources are auiniqda rarely
perfectly point-like.

So, the next step Is to look at a compact radiocsgoas viewe
through a screen which has random phase changes.

For weak scattering, the spatial scale of flucareicast byhe
phaseehanging screen is the same as the spatial scatbe
Irregularities in the screen.

Phase change along pdtithrough screen: = 2 / 'n dz then
the thin diffraction screen imparts random phas#atians to he
emerging wavefront (amplitude initially unchanged).

As the wavefront continues In thedirection, the interferenc
leads to the formation of a spatial intensity patte




Basic IPS Theory (6)

At low frequencies and i
the weak-scattering limi
the Intensity spectrur
reduces to the pha
spectrum multiplied by th
Fresnel filter.

The physical condition
for this case are that ti
scattered waves Interfe
only with the unperturbe
(bulk-refracted) inciden
wave and not witl
themselves.



Basic IPS Theory (7)

At low frequencies and in the weak scattering lirthe intengy
spectrumP |, = 4sin¥(K?z/2k)P ,, whereP , is the phas
spectrum which follows the spectrum of refractingax.

If the scattering screen, and thus the resultiignsity patten
itself, drifts across the ray path, then it will bleserved aa time
series In signal power.¢. as amplitude variations).

The solar wind Is a three-dimensional @3-structure, so rad
waves from a distant compact radio source haveedagsougt
many scattering screens on their way from the sotwcwherse
they are detected at the receiver.

The assumption that the scattered waves interfele with the
unperturbed (bulkefracted) Incident wave and not w
themselves Is known as the Born approximation.




Basic IPS Theory (8)

In weak scattering along with the Born approxinmatithe resuff
of scattering from each Individual screen can beatéc
iIndependently of each other.

Thus, the Intensity pattern observed at the recas/éhe linar
sum of the Intensity patterns generated by alltecag event
along the ray path; this does NOT hold true faorsgrscattering.
The ray path passes through extended regions ofstia

atmosphere (so

ar wind structure) and propertiesaddr winc

may (and indeed will) differ greatly.

The ray path Is

nearest to the Sun near its “cemnel furthes

away at the ends.

The near-Earth

regions of the ray path may not slhiay-

developed intensity variations.




Basic IPS Theory (9)

This leads to the observed
Intensity spectra; correlation
functions are weighted sums of
spectra/correlation  functions
cast by each of the scattering
events.

We can (in principle) take
account of weighting and
reconstruct properties of each
scattering screen from the
observed Intensity spectra
and/or correlation functions.



Basic IPS Theory (10)

The degree of variation
Intensity seen Iin a time ser
generally expressed
scintillation index, m, as:
m = <(l(t) — <I>)>/<I> 2
where I(t) Is the sourc
Intensity observed at time,
and<I|> Is the average sour
Intensity over the observatior
The value of the scintillation index depends pipady upon: he
distance from the Sun (refractive index and thussphvariatioh
the source structure (at 928 MHz, sources wider tHa5” do not
scintillate); the observing frequency; and the isalend density.




Basic IPS Theory (11)




Basic IPS Theory (12)

The time lag
for the peak
of the cross-

correlation
Spectral power contains information on fqnctlon
Irregularity scale-size distribution (and thus gives
on solar wind density). information
on the solar-
wind
outflow
speed and
the %2 power
The height of the cross- time lags
correlation function peak The width of the auto- (Skew of
provides information on correlation function depends oriunction)
de-correlationg.g.by the spatial scale of irregularitie©V'9€
Altven waves. and solar wind speed. Information
on the
spread in
velocity(s).



Basic IPS Theory (13)

IPS Power Spectru

Dual-frequency IPS

The Fresnel filter acts as a high-pass filter ating wave- numbers below the Fres
spatial frequency, ;q For observing frequencies of 1,420 MHz21 cm)/928 MH:
(~32 cm)/500 MHz (~-60 cm), the maximum scale-siz@regularities at a “thin screen” «
scattering at 1AU distance from the Earth1§7 km/~219 km/~300 km, respectively.



Some Recent IPS Results and
LOFAR Technical Advances.



IPS with LOFAR: The First CME Detection

- R.A. Fallows, A. Asgekar, M.M. Bisi, A.R. Breen, ter-Veen, and on behalf of the LOFA
Collaboration, “The Dynamic Spectrum of InterplargtScintillation: First Solar Wind
Observations on LOFAR”, Solar Physics “Observatiand Modelling of the Inner
Heliosphere” Topical Issue (Guest Editors M.M. BRIA. Harrison, and N. Lugaz),
285 (1-2), 127-139, 2013.

- Bisi, M.M., S.A. Hardwick, R.A. Fallows, J.A. Dasg, R.A. Harison, E.A. Jensen, H. Morg:
C.-C. Wu, A. Asgekar, M. Xiong, E. Carley, G. Maih]. Gallagher, A. Kerdraon,
A.A. Konovalenko, A. MacKinnon, J. MagdalenH.O. Rucker, B. Thide, C. Vockst al,
“The First Coronal Mass Ejection Observed with itk Frequency ARray (LOFAR)”,
Submitted to The Astrophysical Journal Supplemgrtaries, June/July 2013
(and references therein).



The First CME with LOFAR ...

Observations of J125@57 (3C279) detecting a CME w
LOFAR on 17 November 2011 and (briefly) its compan so fa
with other remote-sensing observations and modgllin

11+

Fully-consistent Resu | [ e e oo oy



And more...



Preliminary LOFAR and EISCAT IPS Comparison

Collaborative work with

Dr. Richard A. Fallows,
ASTRON, The Netherlands




LOFAR Full Core IPS Dynamic Spectrum

Two separate successive observations of IPS wdlp reource
3CA48; strong scatter seen at progressively-lovaespuencies.




KAIRA lonospheric Scintillation

At low frequencies, the refractive effects starttogdominateat
times. Courtesy of Derek MacKay/Richard Fallowsy &AIRA.




A Brief Introduction to IPS
Three-Dimensional (3D)
Tomographic Reconstructions and
Examples of their Usage.

This 3-D tomographic technique was developed byHernard V. Jacksoet al, at the
University of California, San Diego (UCSD), andhiso available at NASA's CCMC. Fo
further details see Jacksenal, “Inclusion of Real-Time in-situ Measurementsitie
UCSD Time-Dependent Tomography and Its Use as ecist Algorithm”, Solar Physics

285 (1-2), pp.151-165, doi:10.1007/s11207-012-04,02013, and references therein.



| 3-D Reconstructions (1)
Heliospheric Computer

Assisted Tomography
(C.A.T.) analyses:
line-of-sight
weighting values for
each sky location.

STELab IPS.

14 July 2000: 00:00h-23:59nh.




3-D Reconstructions (2)

Transients (CMEs and smallscale features) as well as stre
and corotating Interaction region (SIR/CIR) structuresn cae
reconstructed in terms of density and velocity gsam iteratie
process of fitting a solar wind kinematic modelr{serving mas
and mass flux) to the IPS data.

The resolution of the B reconstructions will be dependent on
number of lines of sight availablege. the number of IPS da
points on the sky and their even distribution.

Whole heliosphere reconstructions (out to arour®@J3from the
Sun) are possible with near-all-sky coverage.

These reconstructions have the abllity to run faracast modé¢o
enable space-weather forecasting.




Periods Looked at Here...

2004/11/04-2004/11/08 SOlar and Heliospheric Olsery —
Large Angle and Spectrometric COronagraph (SOHO{L@%
Halo and West-limb CME events leading to
large geomagnetic storms at Earth (just followimg peak of
solar maximum) — Ooty IPS data.

2008/06/02-2008/06/08 SOHO|LASCO CME (around the
declining phase to solar minimum) — STELab IPS data.

2007/04/20-2007/05/20 Co-rotating solar-wind vdiesi
(around the declining phase to solar
minimum) — EISCAT IPS data




2004/11/042004/11/08 SOlar and
Heliospheric Observatory — Large Angle
and Spectrometric COronagraph
(SOHO|LASCO) Halo and Westimb CME
events leading to large geomagnetic stormn
at Earth (just following the peak of solar
maximum) — Ooty IPS data

- Bisi, M.M., R.A. Fallows, P.K. Manoharan, G.D. Dan, B.V. Jackson, J.M. Clover,
P.P. Hick, A. Buffington, and A.R. Breen, “Solar Mdiand CME Studies of the Inner
Heliosphere Using IPS Data from ORT and EISCATHPRB" Asia-Oceania Geophysica
Society General Assembly, Advances in Geoscientasme 21: Star & Terrestrial Scienc

(2008), Chapter 3, pp.33-49, 2010.

- Bisi, M.M., B.V. Jackson, J.M. Clover, P.K. Manala, M. Tokumaru, P.P. Hick, and
A. Buffington, “3-D reconstructions of the eaftNevember 2004 CDAW geomagnetic stor
analysis of Ooty IPS speed and density”, Annales Geophysicae, 27, pp.4-4489, 200¢




November 2004 SOHO|LASCO C2 Events

2004/11/04 — 09:54 UT.
2004/11/04 — 23:30 UT.

2004/11/06 — 01:32UT.
2004/11/06 — 02:06 UT.
2004/11/07 — 16:54 UT.

Taken from the Dr. Gareth Lawrence SOHO|LASCO CMEldcated at:
ftp://lasco6.nascom.nasa.gov/pub/lasco/status/LASCNIE List 2004



November 2004 Earth Geomagnetic Storms

2004/11/08 geomagnetic storm — probably caused
by the 2004/11/04 CMEs - the
first Magnetic Cloud.

2004/11/10 geomagnetic storm — probably caused

by the 2004/11/06 and 2004/11/07 CMEs — the
second Magnetic Cloud.

Taken primarily from the LWS-CDAW WG1 geomagnetiorsns table.




Ooty IPS 3-D Reconstructions




2008/06/022008/06/08 SOHO|LASCO CME
(around the declining phase to solar
minimum) — STELab IPS data

- Bisi, M.M., B.V. Jackson, P.P. Hick, A. Buffingtpd.M. Clover M. Tokumaru, and K. Fujik
“Three-Dimensional Reconstructions and Mass Deteaitron of the 2008 June 2 LASCC(
Coronal Mass Ejection using STELab Interplanetampt8lation Observations”,
The Astrophysical Journal Letters, 715, pp.L104-&,10
doi:10.1088/2041-8205/715/2/L104, 2010.



SOHOI|EIT and SOHO|LASCO Images

SOHOIEIT/LASCO C2 SOHOI|LASCO C2 SOHOJ|LASCO C3
Composite Images Difference Image Difference Image

SOHOJ|LASCO Height-Time Plot (bottom) — All imagesutiesy of CDAW CME Catalogue.



STELab IPS 3-D Reconstructions (1)



STELab IPS 3-D Reconstructions (2)

STELab reconstructed isolated ICME portion at atbOrY AU (left) and 0.9 AU (right).

CME mass from CDAW CME List (LASCO) =4.7 x ¥y (CDAW);
CME mass from STEREO COR-1A = 7.5 x4 (Robbrechet al, 2009);
CME mass from STEREO COR-2A = 3.5 x!11§ (Robbrechet al, 2009);
ICME mass from STELab 3-D reconstruction near O¥-A6.1 x 10°q;
ICME mass from STELab 3-D reconstruction near 09-A1.4 x 13%g (Bisiet al, 2010);
(Excess mass above the ambient is what is beingrshe the CME/ICME mass).




2007/04/262007/05/20 Cerotating solar-wind
velocities (around the declining phase to
solar minimum) — EISCAT IPS data

- Bisi, M.M., B.V. Jackson, A.R. Breen, G.D. DorrjadR.A. Fallows, J.M. Clover, and P.P. Hi
“Three-Dimensional (3-D) Reconstructions of EISCIWIS Velocity Data in the Declining
Phase of Solar Cycle 23", Solar Physics “Remotesfagrof the Inner Heliosphere”
Topical Issue (Guest Editors M.M. Bisi and A.R. &n¢ 265 (1-2),
pp.233-244, doi:10.1007/s11207-010-9594-4, 2010.



EISCAT IPS 3-D Velocity Reconstruction



A Brief Introduction to Heliospheric
Faraday Rotation (FR) and Initial Progress
Towards Heliospheric FR Determination.

(Who can tell me what Faraday rotation is?)




Heliospheric Faraday rotation (FR) (1)
FR Is the rotation that occurs as an electromagiietl) wave

traverses a birefringent medium such as the salad-plasma.
Coronal FR from spacecraft beacons at superioruocctpn
(solar occultation) — solar scintillation effectsXaand Ka bands
Attempt to determine the rotation measure (RM) qfodarised
radio source to derive the heliospheric Faradagtiant (FR)
caused by features, such as coronal mass ejectOi&s),
travelling out in the solar wind responsible foraBe Weather &
the Earth along with solar wind interaction regions
Implications for Space-Weather forecasting at taglc

FR along a LOS is the integrated product of thetsda density
(determined using IPS through 3-D tomographic retroation,
or from white-light imagery) and the component b€ tsolar

magnetic field Earallel to the wave vector of tHd wave



Heliospheric FR (2)
As a polarised EM wave from radio source propagttesugh

the birefringent plasmas of the heliosphere andthtsa
lonosphere, the plane of polarisation of the EM eventates as
function of the magnetic field “frozen-in” to thegsima.
Dominant FR signhatures during geomagnetic actwity likely
arise from Earth’s ionosphere plus constant FRefsburce du:
to the Interstellar Medium (IsM); the heliosphecmntributions
for LOFAR/MWA frequencies could be small by comgan.
When a CME, propagating outward from the Sun (IRssumec
radial outflow), crosses the observing LOS to tAgiag source
over a period of time, the FR changes due to fataas in the
electron density and the component of the magieta within
the CME (or solar wind) structure flowing across trtOS — this

IS the heIiosEheric FR comEonent tha’'re afte...



Calibrating FR by Understanding the
lonospheric Contribution for the RM of
Polarised Pulsar Observations

- Sotomayor-Beltran, C., C. Sobey, J.W.T. HesselgldBruyn, A. Noutsogt al, “Calibrating
high-precision Faraday rotation measurements fdFAR and the next generation of low
frequency radio telescopes”, Astronomy & Astrophgsb52, A58, 1-13, 2013.



Heliospheric FR Progress (1)

Observed Faraday depths,
observed €8CH USING 12
observations with LOFAR
Superterp HBA (top and
bottom) and LBA (middle)
with the ionFRmodelled
lonospheric Faraday
depths, ,,,, toward three
pulsars (as labelled) as a
function of time during
sunrise (marked by the
vertical dashed line).
Observations: blue circles
— left-hand axis labels; and
model: red triangles —

right-hand axis labels




Heliospheric FR Progress (2)

For the case of a single polarised source postidi@hind one
or more ionised plasmas that are not emitting E#drradiation
the Faraday depth of the source is equivalenstBM.

The modelled ionosphere RM in each case shown s
approximately the same for each observation (asa®d) with
It resulting in ~5% to ~15% of the RM due to thklls
If you remove the ionospheric RM from the total Riven you
are left with a near-flat and constant RM with @@ a very
small rise into the day side of observations.

Heliospheric RM contribution is likely to be a ftem of the
lonospheric contribution and so will likely only lm=en as
deviation from the generally-flat RM response te teM Iif the
lonospheric contributions are correctly removed.




And more...



More IPS UCSD 3-D Tomography (1)

3-D reconstructions of Carrington rotation (CR) 21lshowing &
CME of interest from 07 March 2012 launched aroQhdOUT.




More IPS UCSD 3-D Tomography (2)

The same period extracted from CR2121 comparinggHfvel
fisheye sky map (left) with that of reconstructed/ Rrom
ambient magnetic fields (right) perturbed by the EM




W

More IPS UCSD 3-D Tdéraaegaphy (3)
Weathe

r Center
(KSWC
). An
Implem
entation
of the
UCSD
IPS
Tomogr
aphy
INCorpo
This strange geostorcausing event Y‘éﬁﬁf& the
driver was missed by most — forecag{es,
modellers, and observers alike (buiealot IPS as shbare witl

UCSD tomography) — likely a combit@§on of CME ankdRC




Lecture Summary.



Bisi Lecture Summary (1)

Both planetary and solar occultation experimentyvipe us al

ability to measure and

learn about the respectwespheres ar

atmospheres, or both (in the case of planets wiatreexist).

IPS Is an extremelpowerful and unique technique for mak
remote-sensing observations of the inner heliogpher

IPS on LOFAR Is progressing very well with good leasolar

wind and CME results,

iIncluding an exact comparigath well-

known EISCAT observations of IPS over multiple fnegcies.

Planning underway for

UCSD tomography wil

_OFAR observations of Heliospe FR.

provide an excellent way oftanbing

magnetic-field values from combined observationsRfand IPS




Bisi Lecture Summary (2)
The basics of the theory behind IPS are coverethenslides.

Observations of IPS allow us to probe the heliosplmver a
wide range of distances from the Sun at almostlaitudes
(depending on the observing frequency and astrozainsopurce
locations on the sky).

There are various forms of scintillation that ocouradio waves
throughout the Heliophysics system and beyond (s
Interplanetary, planetary, ionospheric, stellad smerstellar).

A combination of IPS and heliospheric FR incorpmigathe use
of white-light imager information, could providegpathway to the
remote-sensing and prediction of Incoming magnieic
(namely B) with large implications and potential advances
space-weather forecasting!




And Some Not-So-Random Images...

Than kS fOr I—IStenlng ' I I Some example cross-correlation functions fron
URLS: http://www.spacephysicist.com/ EISCAT-MERLIN multi-site extremely-long
andhttp://ips.ucsd.edu/ baseline (ELB) IPS analyses.



