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Abstract

The Solar-Terrestrial Environment Laboratory (STELab), Japaterglanetary scintillation (IPSYy-level and
velocity measurements can be used to give the extenM& disturbances in the interplanetary medium arising
from the scattering of the radio waves from distant pok&-hatural sources through the intervening medium. In
addition, white-light Thomson-scattering observations from tHar3#ass Ejection Imager (SMEI) have recorded
the inner heliospheric response to several hundred CMEs. The wstkibeel here compares and details the
difference in 3D reconstructions for these two data sets éowdgil-observed 28 October 2003 halo CME seen in
LASCO; this passed Earth on 29 October in the SMEI datheasdame elongations as Ig3evel observations.
The SMEI data analysis employs a 3D reconstruction techniqueolt@ns perspective views from outward-
flowing solar wind as observed from Earth, iteratively fiigtia kinematic solar wind density model, and when
available, including IPS velocity data. This technique improves fheraton of the heliospheric response in SMEI
from other sources of background noise, and also provides theBustr of the CME and its mass. The analysis
shows and tracks outward the northward portion of a loop struofuteis halo CME. We determine an excess
mass for this structure of 6.7x4@ and a total mass of 8.3¥%@in the SMEI analysis, and these are comparable
to values obtained using IPS scintillation-level data aBD aeconstruction technique developed for these data and
applied to this event. In addition, we extend further the application far Hredyses.
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1 I ntroduction

The corona and inner heliosphere experience strong perturbationfldresmand mass-ejection transients. When
directed toward Earth, these may cause dramatic and soméi@masious conditions in the Earth’s environment.
We use remote-sensing observations to study the physics and giopalties of heliospheric structures. We
determine the 3D total mass and energy content of transientsiiMd&ures and compare these results bothiwith
situ spacecraft data and ground-based data. The present studiegrendélypbased on data from interplanetary
scintillation (IPS) observations (Hewisdt al, 1964; Houminer, 1971) from STELab in Japan (Kojima and
Kakinuma, 1987), and from Thomson scattering white-light observatising the Solar Mass Ejection Imager
(SMEI), (Jacksomt al., 2005) and to a lesser extent, observations from space-borne coronagraphs.

Determination of the global properties of a CME, its morphologgl,its motion, requires that most of the
CME be observed throughout the time during its outward motion frorSiine We have developed a tomographic
technique for heliospheric remote-sensing data obtained fromgée observing location that reconstructs the
density and velocity distributions of CMEs. This enables studgiMEs as they propagate through the inner
heliosphere to the Earth. We apply this technique to data from both IPSgB)r&id SMEI.

Section 2 gives a brief description of the tomographic technicgesl with these remote sensing
observations. In Section 3, this technigue is used to intedptatfrom the 28 October 2003 “Halloween storm”
CME, and show superimposed magnetic flux cylinder reconstructions ACE spacecrafih situ data. Section 4
discusses the results of these analyses. Section 5 disthssesrent possibility to determine magnetic fields
remotely in the heliosphere using Faraday Rotation observationsoi¢iide in Section 6.



2 Tomographic 3D Reconstruction Technique

The present UCSD tomography technique reconstructs 3D corotatiilgeadependent solar wind velocity and
density matrices by applying an inversion technique to the IPSSKtil data. On the assumption that structures
change little except for corotation within one solar rotatimiation alone vyields sufficient information for
reconstruction of the quiet corona. In this case, the corotativodel, which assumes that structures to the east
and to the west of the Sun are the same, but viewed from a different peespestiacksast al., 1998).

We also use a time-dependent 3D tomographic model. When a trestsigttire, such as a heliospheric
response to a CME, is observed across a large range ofetofaations, it is in effect viewed from widely
different directions. This changing perspective is exploited to recmstr3D time-dependent solar wind model.

Both the corotating and time-dependent analyses incorporate dhéhéa line-of-sight observations are
dominated by contributions from material closest to the Sun. Howeearxplicit assumptions are made about the
distribution of velocity and density along these lines of sighe ifiversion process begins with an assumed set of
initial boundary conditions for the solar wind model at 15 solai.rbdihe case of the time-dependent model and
the low-resolution SMEI analyses so far, these boundariesetiet & regular time cadence (usually at half-day
intervals centered at 00 and 12 UT). In the initial stage, these lower bimsn@aurce surfaces) are populated with
an unstructured approximation of mass and velocity at that déstesro the Sun. Currently, the model propagates
mass and velocity outward from this source surface to beyortth Bsing a purely kinematic model. The IPS
observations are remotely sensed from as close to the Suh5selongation and outward (the weak scattering
regime at 327 MHz). Each line of sight is carried to as wlista 2 AU from Earth. The highest signal weight from
the observations generally comes from material at the poiibsést approach to the line of sight to the Sun, with
that point being near the Sun in the solar direction and cldsarth beyond about 60° elongation. At the ends of
the lines of sight 2 AU from the Earth, signals from solardwbservations are less than 5% of the average total
values. The 3D model, extends to 3 AU from the Sun, assumes puralyaaifiow, and enforces conservation of
mass and mass flux (Jacksairal., 1998; Jackson and Hick, 2005). Given the initial velocities anditikes on the
inner boundaries, a fully 3D solar wind model over time is propagated throughout thbetiogphere.

Line-of-sight IPS scintillation levels and velocities asngrated from the solar wind reconstructions that
correspond to the appropriate weighting function for the frequencleofRS data used (327 MHz for STELab
observations) and for the SMEI Thomson scattering data. The etiffes between observed and modeled
guantities are projected back onto the source surface, by treaaigsolar wind packet within the 3D model back
to its origin on the source surface. These differences aretosgutiate the initial mass and velocity distributions
on the source surface boundaries in the case of the time-dependertruetions The tomographic inversion takes
place on the inner boundary by iteratively fitting the model toolbeervations until a least-squares minimum of
observations to the model is obtained. When the model does not reptbéusolar wind at large solar distances
accurately enough, source-surface values are altered to ienffrevfit. Convergence is assumed when differences
no longer change by more than a few percent. This usually occurs well Wighimetximum allowed 18 iterations.

Only a few tens of thousand lines of sight from SMEI, and orfigwathousand lines of sight from the
STELab IPS exist in any one given solar rotation. The spatiateangoral resolution is maintained by a set of
Gaussian filters having a 1/é 5 5° latitude and longitude resolution with a 0.35-day temporal cadendde
density structure of the time-dependent SMEI model, and a 1/e 15’ latitude and longitude resolution with a
0.75-day temporal cadence for the velocity structure of the-dimpendent IPS model. This resolution is good
enough to determine the large-scale structure of solar valatity and density. Tests show that a few iterations
erase any specific residue of the initial boundary conditiohs.t&hnique has been used successfully to analyze
solar wind corotating structures (Jacksaral., 1998) and CME-associated velocity and density structures using
both IPS and Thomson-scattering observations (Jackson and Hick, 2€stnkh al., 2006); and these compare
favorably with other techniques used to invert the IPS data (Tokushaky 2003; 2007).

3 The 28 October 2003 CME

Although this CME has been analyzed before (Jacksal, 2006) we present here previously unpublished results.
Figure 1 shows two images of the 28 October 2003 CME obtained tisingASCO C2 and C3 coronagraphs
(Brueckneret al., 1995), and two 3D reconstructed images, one using SMEI with STIPISabelocities, and the
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Figure 1. a) A LASCO C2 coronagraph image of the 28 October 2008 at 11:06 UT. The most prominent structur
the bright material to the south of the Sun thatssociated partially with prominence material. ©héer edge of the field «
view is at 6 Rsb) LASCO C3 coronagraph images obtained at 12:42 UD2®ber 2003. The outer edge of the fielc
view is 30 Rs. The regions to the south and nortlicate locations used to determine columnar diesssfrom the CME
brightnessby subtraction of a prior image not containing ®RIE (images and analysis courtesy of A. Vourlid2804,
private communicationk) SMEI 3D reconstructed brightness image interpdidtem Thomson-scattering derived volumes
An r? density fall-off hadheen removed from the volumes to show structurgicaity from close to the Sun to distant frc

it. The Sun is centered with circles at 45° and &6fhgation indicatedd) IPS g-level 3D reconstructetinage interpolate
from low-resolutiong-level derived volumes at 03:00 UT on 29 Octobed2(the same time as ). We attribute higlg-
level feature to the west as due potentially eitharoise or to signal from the ionospheric shadponse at Earth.

other using IP$-levels and velocities. The halo CME shows a far grdaight structure to the south of the Sun
than to the north in the coronagraph images, while the opposite ia thee SMEI reconstructed images. The halo
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CME shows a far greater bright structure to the south oBthethan to the north in the coronagraph images, while
the opposite is true in the SMEI reconstructed images. TheelEthstructed-level map (Figure 1d) shows this
CME structure to the solar northeast, and another gitgvel structure to the west. Figure 2 shows four 3D
reconstructions of the 28 October 2003 CME. Figure 2a shows theydestginstruction using SMEI Thomson-
scattering observations combined with IPS velocity analysems (Jacksoret al., 2006). Figures 2b and 2d show
this same time period reconstructed from the STELab dR&el data using two different 3D reconstruction
techniques. In Figure 2b, the technique developed by Tokumaru (2003, &@mhines if the CME is loop-
shaped and the IPS data centered at the time indicateckdk ifdtatively to this shape. There are very few IPS
sources to the south during this period of STELab observations, antiutieire there is an extrapolation from
observed sources to the north on this day. In Figure 2d, the UCBBidgae employs IP§-level data and IPS
velocity data to reconstruct the structure at the time given; diece is little IPS information available to the south
at this time, no structure to the south appears in this inmeder that matter, in Figure 1d. The structures to the
north have about the same radial distance in Figures 2a and 2le Bggives an overall view of the CME
heliospheric dense structure as it has expanded outward betveeerbit of Earth and the orbit of Mars. Here, the
CME structure of the dense region observed in the heliosphere appears mdikeloa Figure 2d, the structure is
highlighted above the 10 @mi® level to show the location defining the 3D structure and above wihickxcess
mass for the event is determined. To provide the calibratiothi®event, the same conversion factors used for the
Bastille-day CME (14 July 2000) were used to reconstruct@ME (Jacksoret al., 2002; Jackson and Hick,
2005). To determine excess CME mass, the region above a deviglins approximated by cubes, and the mass
within the total of these cubes is summed. The defined regiordefses an ambient solar wind mass which in
this instance is assumed to be &ra® at 1 AU, and is scaled to higher values (using“adensity fall-off) at
nearer distances to the Sun (Jacketaat., 2006).

Similar to Figure 2d, the masses of the CME and its ensagybe determined by approximating the CME
using cubes, and these mapped from one 3D reconstructed volume toethd-igilure 3 demonstrates how this is
accomplished. Because a CME volume is agtriori defined, the data itself must be used to do this. One
technique developed at UCSD allows the CME extent to be mapmee ireconstructed dataset by measuring all
material present above a certain defined contour, and then sgntimei material within this volume to determine
both the 3D structure and the value of the material containéihwiite volume. In the case of density, the material
above a certain “ambient” density can be highlighted, approximatedt®s, and the mass of the material within
each cube summed after removing tidactor in order to provide a total sum of the materiahimithe volume.
The contour limit also defines the CME volume within this boundauxy this can then be used to determine the
ambient mass within the volume. This volume mapped cube by cube same CME time, but using a different
reconstructed volume, allows the measurement of these smtugels element by element in the other parameter
space. The highlighted density volume can then be applied to the@msneicted velocity map, and for each cube
the mass multiplied by 1/2 34jields a kinetic energy associated with the outward flovihef CME material.
Conversely, in the case of a velocity-defined 3D structureyefoeity volume can be mapped cube by cube to the
density volume to determine a kinetic energy defined by the high velo®&y structure. Both of these methods of
measuring CME extents, and mapping their structure are demonstrdaglire 3. For this CME, the fast shock
measuredn situ by ACE was followed by a high speed cap of material, and firthllyassociated dense structure.
There is not much IPS velocity data available to the souttedEéinth, so here the reconstructed velocitg-tavel
structure in the southern hemisphere is treated with caldimwever, there are many observations to the north for
this CME, and the velocities there do not show as high a speetheveolar north pole as it does in the ecliptic.
Thus, although a cap of high speed material generally prett@deSME, it is unlikely that this high speed is as
extensive to the north as it is near the ecliptic and both toeéstamd east of the structure, which here appears as a
dense loop from the north to the south of the solar equator.

Figure 4 again depicts this 3D reconstructed CME both in gemsitin some portions of Figures 2 and 3, and also
as in brightness observed from Earth in Figure 1d. Superimposedsoretioinstruction (Figure 4b) is the 3D
reconstructed flux rope cylinder measured in AlPEsitu data (from Jensest al., 2006). Other studies have
depicted these same magnetic features in conjunction witGhHe loop-like dense structure (Tokumaaual.,
2003; 2007), but here we show the depicted structure superimposedplagiedi relative to all the other portions
of the CME. It is undeniable that the flux-rope cylinder iastih magnetic reconstructions is oriented at Earth
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Figure 2. a) 3D density reconstruction from Thomson-scatteriDgES observationf the heliospheric response to the
October 2003 CME viewed from 3 AU 30° above thépticlplane and 45° west of the Sun-Eartleliihe Earth is indicate
as a blue circle in its elliptical orbit; the Suy & red circle at the center. Contours are fronetdn® to 30 ecm™ and have
an * density gradient removed (from Jacksaral., 2006).b) STELab 3D reconstruction igrlevel of the 28 October 20(
CME (from Tokumaruet al., 2007). The Earth is depicted on its orbit imebl A histogram gives the range gfevels
depicted in the reconstructiorc) UCSD SMEI 3D density reconstruction of tB8 October CME at a slightly later tir
showing its extent as the main portion of the dgnsi the ecliptic traverses between Earth and Ma@te orbits of all thi
inner planets are shown for scald) UCSD 3D IPS reconstruction of the same event fogslevel data As in the SME
analysis ima), contours are shown upward from 1@m* and have an’rdensity gradient removed from the density anal'
The dense structure to the solar west shown inr€ifjd is not shown in this reconstruction.
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Figure 3. 3D reconstruction of the heliospheric responsén&28 October 2003 CME using SMEI Thompsaattering an
IPS velocity data similar to Figure 2a at 00 UT3thOctober 2003a) andb) The CME density structure above I@m* is
highlighted by cubes, and this structure is tramefeto the 3D IPS velocity reconstruction(b) to mapcube by cube to tt
velocities associated with the dense structtjrandd) The CME velocity structure above 900 krhis highlighted by cube
and this structure is transferred to the 3D IPSsidgmeconstruction ir{c) to map cube by cube to the ddies associate
with the high velocity structure.

like the dense 3D reconstructed heliospheric material. Howélverdense material does not fill the flux rope
cylinder, but is present only at its trailing edge near the Earth.
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Figure 4. a) 3D density reconstruction of the heliospheric resmoto the 28 October 2003 CME vigvigEom 3 AU 30¢
above the ecliptic plane and 45° west of the SutthBme at a time intermediate to those of FiguPasand 2cEarth is
shown as a blue circle in its orbit, Sun by a redie in the center. Contours are from I@m* to 30 écm?® and have an¥
density gradient removed. A portion of the ejectsogiated with a solar prominence is here obseiwvéige south of the St
(Jacksonet al., 2006a).b) Same asa), but with the reconstructed flux rope cylinder frcACE superposed.c) 2D
heliospheric map as seen from Earth. AnOB1UT image of the CME from the LASCO C2 coronagrap superpose
(center) at its appropriate sizel) The flux rope cylinder viewed from behind the Balboking directly towardthe Sur
without perspective. The horizontal line marks deéiptic (from Jensest al., 2006).

4 Results

Table 1 summarizes the mass and energy determinations faatioels UCSD 3D reconstructions shown in
Figures 2d, 3a, and 3c, for the 28 October 2003 CME. Column one of Tgieslthe item measured, column 2
gives the volume enclosed by the contour, column 3 shows its aresssassuming each electron is associated
with 2 x 10?g of material (a 10% helium abundance), and column 4 gives thgydoerthe structure measured
derived from the total mass and IPS reconstructed velocitlesseTmass and energy values are relatively large
compared to some other CMEs that we have measured, and can be ecbmjthr LASCO CME mass



Table 1. 28 October 2003 CME Volume, Mass, and Energy.

ltem Volume Mass Energy
(AU?) (x 10%) (x 10* ergs)

Northern CME structure (IPS — Fig. 2d) 0.18 3.2 (excess) 1.8
4.5 (total)

Total CME dense structure (SMEI — Fig. 3a) 0.41 11.4 (excess) 4.5
14.2 (total)

High velocity region (IPS - Fig. 3c) 0.30 1.0 (excess) 0.8
1.8 (total)

determinations for the same event. The northernmost CME structure @QAS data provides an excess mass of
0.5 x 16% assuming the CME is in the plane of the sky. Instead, vhrge distance were to be at 60° from the
plane of the sky, the excess mass for this portion of the evantivbecome ~1.5 x 1%y (Vourlidas, private
communication, 2004). This same material has an excess mass of @ i the IPS 3D reconstruction, and an
excess mass of 6.7 x 4@ in the SMEI 3D reconstructions (from Jacksbrl., 2006). The total excess mass of
this whole CME inner structure to the north and south of the egisaidr.4 x 1&g measured from the SMEI-
reconstructed volumes. In LASCO C3 observations, the CME roabe south of the ecliptic is 1.4 x'4@if the
material is completely contained in the plane of the sky;ifad@P from the plane of the sky, it has an excess mass
of 1.8 x 108°% (Vourlidas, private communication, 2004). These values companeg(1it4 - 6.7) x 18g = 4.7 x
10"%g of material in the southern hemisphere measured in the SWEteconstructions. Thus, the SMEI
reconstructed data show perhaps a factor of two to three maethan do the LASCO C3 observations in these
preliminary data analyses. Given the approximations in determiititgLASCO and the reconstructed 3D values,
this is a good match, but the difference is of interest sinde thet IPS and the SMEI analyses show somewhat
higher masses than the LASCO C3 observations, and thigediffe is probably outside of the expected
measurement error. Thus, it is likely that a portion of thegxenass measured in the SMEI and IPS observations
is either derived from the ambient solar wind, or from material outsideeafdronagraph field of view.

The average outward motion of the dense material measured iIRShend SMEI 3D reconstructions is
~800 km 8, far slower that the initial shock transit time of 19 hofans average of ~2000 knit;sCliver et al.,
2004) or the speed of the solar wind reconstructed in the higldgg@g of material in front of the ejected mass.
The speeds measurausitu at ACE for this material reach values of up to 1800 RrtSkouget al., 2004), and are
reconstructed using velocity IPS measurements to values > 1508ikrs@me portions of the leading cap of high-
speed ?Gaterial. The mass contained within the high speed sothcap above the 900 krit 8D contour exceeds
1.0 x 107g.

The kinetic energies here (Table 1, final column) are determined voliemet by volume-element, from
one 3D reconstructed volume to the other. Given the 28 October 2083 iuch faster than the ambient wind,
it is pretty certain that the higher speed is indicatif’@n initial energy input responsible for the CME, and that
many of the strong forces at CME initiation are still repreed by this outward fast-moving material. Even so,
measurement of the CME energy at this late stage @vitnat has not been fully explored using the SMEI and IPS
analyses, and these energies may simply be indicative oéitezad outward solar wind flow, especially for slower
events or for this CME as it blends in with the background solar wind.

In Figure 4b, the magnetic field loop structure is entrainedhénoutward flow of the plasma, and must
primarily conform to the plasma outward motion. As long as the lmtadf the dense structure follows the
magnetic field lines, the loop here (shown schematically) nsaithapproximate location determined better than
would result by simply using an extrapolation from ithaitu measurements near Earth. This implies that the loop
continues to the north somewhat more than in the schematic, and mdstHaeply sunward to the south more to
include the slower-velocity material moving outward to the sofitihe Sun. In coronagraph observations, a loop-
like CME is often observed with a three-part structure; ghbrouter portion, a darker void region, and a bright
inner core. In the present case, it is fairly certain thatvioid region is represented by this magnetic flux rope
cylinder, while the dense material forming the north-south Isdpe bright central inner CME core. Here, the size
of the heliospheric structure implied associated with the CBIEeriormous and encompasses most of the
earthward-facing hemisphere.



5 Remotely-Sensed Heliospheric Magnetic Fields

In Figure 4 a magnetic field flux cylinder reconstructed frionsitu spacecraft measurements is depicted, and in
previous studies Dund al., (2005) show a way to extrapolate magnetic fields from the saotéace. However,
until it is possible to remotely view heliospheric magneaatds, the actual shapes of these structures and how they
interact and are associated with the dense and high velocityuses, will remain the province of multi-spacecraft
observations. Faraday Rotation (FR), the changing polarizatime f an electromagnetic wave as it propagates
through a magnetized medium, can probe the coronal and heliospherietindigld. The magnetized plasma of
the solar atmosphere is a birefringent medium through whichaledt right-circularly polarized components of the
electromagnetic wave travel at different speeds. If thenetic field is parallel to the direction of propagation of
the wave, the phase velocity of the right-circularly polarizeahmonent is faster than that of the left. This rotates
the plane of polarization in a right-handed sense along the direction of piopaga

Extracting the magnetic field from FR measurements is a geimally detailed problem. The rotation
anglegp is the integral of the electron density times the magnetic field comppaeallel to the line of sight:

@O A°[n,BedS @)
where/ is the wavelengthy, is the electron density along the line-of-sight inted&landB is the magnetic field
vector. 3D electron densities are obtained using tomographic techniques framdBMEI data.

Magnetic field measurements of the solar corona using ERw@arently infrequent and limited to a few
radio sources (Bird and Edenhofer, 1990; Jergeal., 2005). However, antennas and receivers suitable for
measuring the FR of the solar corona from natural radio sopresently exist (the VLA; see Mancuso and
Spangler, 1999, 2000; and at Effelsberg, see &ial., 1980; or Arecibo, see Bird al., 1985) or are currently
under development (Salahal., 2005) in the Netherlands (LoFAR) and Australia (MWA). The neuesys may
allow a determination of coronal FR within as close as £6f fhe Sun (at 240 MHz), and possibly to elongations
of 60° or more (at 60-80 MHz). The frequency of the probing signal must be above thaimatamma frequency
along the line of sight; this limitation sets the inner boundary of FRuements. The outer boundary is set by the
amount of rotation exceeding the measurement error from the receiviegh®/sensitivity.

As a parcel of coronal plasma moves away from the Sun, linigfaf-sbservations through the plasma
measure different amounts of FR. When such FR data are availigoleding and analyzing these, employing
techniques similar to those used for the 3D reconstructionsliopleric density and velocity, may become as
commonplace for getting vector magnetic fields as theyaréhese other 3D reconstructions. Interpreting these
observations in terms of vector magnetic fields and thesractions with objects imbedded in the plasma (planets,
comets, and interplanetary spacecraft) could potentially trulyugwaize heliospheric physics.

6 Summary

We have developed a tomographic technique that employs heliosgmdtersensing data obtained from a single
observing location, and reconstructs the density and velocitjbdigstm of CMEs. This enables studying CMEs as
they propagate through the inner heliosphere to the Earth. We dppleed this tomographic technique to
heliospheric observations, currently available as observations ff@hed in Japan, and as data taken from SMEIL.
The analyses show several important features and give an accountiegydds and energy of CME structure as it
moves outward into the heliosphere. Combined with magneticdteddrvations from the ACE spacecraft, and the
in situ magnetic field reconstructions near Earth, these observatong one of the best examples of the many
components of a heliospheric CME and its extrapolation from abristances to near Earth. In the case of the 28
October 2003 CME, this is manifest as a huge, energetic dnaregricompasses nearly a hemisphere of the Sun in
the earthward direction, and shows at least a portion of CMie-{bart coronal structure present at the distances of
the Earth. Only when remote-sensing heliospheric observationsgofetinafields are available will the true extent
and global aspect, of CMEs and their interactions with interplanetary bodieswa and understood.
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