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Summary

This thesis is concerned with observations of the innermatnyy UVCZSOHO. An iterative
scheme is introduced which exploits observations of the @adblet at 1031.9 and 1037.6A to
give density, temperature and outflow velocity of th& @ns. The technique is applied to UVCS
observations of the solar maximum corona. The results skew/ dontrast between plasma para-
meters within a streamer and a neighboring region than text & the solar minimum corona.
The non-streamer region hadfdrent conditions from the streamer, but not conditionscigipof a
coronal hole, suggesting that some regions of the coronbestedefined as quiet regions.

A contribution from sunspots in the incident radiation whiexcites the coronal O ions has
a large impact on the intensity ratio of O VI. The study of aéasolar maximum active region
streamer shows that a contribution from sunspots in thet glis& spectrum allows the model to
converge to non-zero outflow velocities at low heights.

A parameter study shows that observefiedences between O VI 1032 and 1037 linewidths is
due to the dferent balance of radiative and collisional components @ diae, a balance sensitive
to outflow velocity and temperature anisotropy. The lindtvigtio serves as an additional constraint
on O VI modelling.

Time analysis shows that significant oscillations exishimintensity of the Ly line. A prefer-
ence toward 7-8 minute oscillations is found. These arepntéed as compressional density waves,
the detection of which provides observational impetus fodeis of coronal heating.

The Solar Probe mission will reach heights as low BRs.4The spectral profiles from a UV
spectrometer aboard Solar Probe are modelled. The insttuwik observe away from the Sun
along a radial direction, and the modelled O VI profiles haspasated collisional and radiative
components, promising excellent solar wind diagnostics.






Commonly Used Abbreviations

CDS - Coronal Diagnostic Spectrometer

CME - Coronal Mass Ejection

DAS - Data Analysis Software (of UVCS)

EIT - Extreme ultraviolet Imaging Telescope

ESA - European Space Agency

EUV - Extreme UltraViolet

FOV - Field of View HAO - High Altitude Observatory
IDL - Interactive Data Language

IMP - Interplanetary Monitoring Platform

IPS - InterPlanetary Scintillation

LASCO - Large Angle and Spectrometric COronagraph
LOS - Line Of Sight

MDI - Michelson Doppler Imager

MHD - MagnetoHydroDynamic

MKIV - Mauna Loa Mark IV Coronagraph

NASA - National Aeronautics and Space Administration
O VI 1032 - O VI 1031.9A spectral line

O VI 1037 - O VI 1037.6A spectral line

pB - Polarized Brightness

POS - Plane Of Sky

SNR - Signal to Noise Ratio

SoHO - Solar and Heliospheric Observatory

SUMER - Solar Ultraviolet Measurements of Emitted Radiatio
TRACE - Transition Region And Coronal Explorer

UV - UltraViolet

UVCS - UltraViolet Coronagraph Spectrometer

V1/e - 1/elinewidth in velocity units

WLC - White Light Channel (of UVCS)






Abstract

The solar wind is heated and accelerated in the inner corbifteaViolet (UV) spectroscopy
of this key region has led to many important discoveries Wwihiave provided essential constraints
on models of coronal energy deposition. Despite such adgnoany aspects of the structure
and dynamics of the inner corona remain unresolved. Thidghe primarily concerned with the
semi-empirical modelling and time analysis of inner cotaiservations made by the UltraViolet

Coronagraph Spectrometer (UVCS) aboard the Solar and sidlimic Observatory (SOHO).

An iterative inversion scheme is introduced which fully gz UVCS observations of the O VI
doublet at 1031.9 and 1037.6A to give the density, tempezatod outflow velocity of the & ions.
In previous semi-empirical modelling of UVCS observatiotie ion density is fixed in proportion
to the electron density. A major contradiction is inheremstich an approach, since the results
of coronal hole semi-empirical modelling have shown overinting evidence for the preferential
acceleration of heavy ions relative to the background ptasihreferential acceleration guarantees
that the ion density will not remain proportional to the ¢len density within coronal holes. Itis
also known that ion abundance is generally enhanced inmnsénesa and that the cores of quiescent
streamers at low heights show a major depletion ¥f iOns. The scheme developed for this thesis
determines ion density directly from the observed O VI istgn independently of the electron
density. This is a powerful new approach to spectroscopiornad observations. The comparison
of ion to electron densities at several heights can shovedaédence of preferential acceleration.
Estimates of ion density and outflow velocity at several hisigyives ion mass flux, which is used

to constrain assumed parameters within the empirical model

Publications based on the analysis and semi-empirical himglef UVCS observations have
concentrated mainly on the solar minimum corona. Semi-gogbimodelling of solar maximum
UVCS observations are rare due mainly to the complex streaifithe corona during solar max-
imum. In this thesis, the iterative inversion techniquepplieed to several UVCS observations of
the solar maximum corona. The results show far less corttetgteen the plasma parameters of
a streamer and a neighboring region than that seen in staflibe solar minimum corona. The
non-streamer region does not possess conditions typieatafonal hole, but nevertheless is signif-
icantly different from the streamer in most parameters. Such regiorgwainé not associated with

neither streamers nor coronal holes are often seen in the saximum corona and are defined



here as quiet coronal regions. There is slow but significatftaw of O°* ions, with acceleration
between heights of 3.1 and RJ, in both the streamer and the quiet coronal regio?* Mass
flux suggests & = 0.1T, temperature anisotropy in the quiet corona, and a compaatmn to

electron density shows evidence of preferential ion acagten.

The O VI disk spectrum emitted from sunspots is verffedent from the spectrum emitted
from the quiet Sun or coronal holes. Including a contributfioom sunspots in the incident radi-
ation which excites the coronal®©ions has a large impact on the intensity and intensity raftio o
the coronal O VI spectral lines. This has important implmas for the calculation of the outflow
velocity of the O* ions. Existing model studies of O VI spectral lines from UVE&B:amer ob-
servations often conclude thaPOions have no significant outflow velocity at heights belo8R.,
and extremely large increases in outflow velocity are cated above this height. These results are
interpreted as dlierent flows arising from the closed and open magnetic fieldnsgvithin stream-
ers. The observations are always modelled with a typical QUit Sun disk spectrum. This thesis
shows that the presence of sunspots within the relevaninmegif the Sun’s disk concurrent with
such streamer observations would demand a revision of thiispad results. The study of a large
solar maximum active region streamer shows the presenctagfeisunspot cluster at the streamer
base. The inclusion of a 3% contribution from sunspots imtloelelled quiet disk spectrum allows
agreement between the observed and modelled intensityatalibwer heights at non-zero outflow
velocities. This can not be achieved with a standard quietdgtk spectrum. With a sunspot contri-
bution, the G ions have an outflow velocity 6§80 km st at a height of &, increasing linearly

to ~260 km st at a height of &.

Published results on the modelling of the linewidth of thedLgoronal line showed largely
negligible sensitivity to outflow velocity. A parameter dyuin this thesis shows that this is due to
the dominance of the radiative component of thealyre, and that the linewidth of the collisional
component of a coronal spectral line is far more sensitiveutfiow velocity. This has important
conseguences for the interpretation of O VI linewidths agasure of ion temperature. The iterative
inversion scheme, in contrast to previous semi-empirical@liing of UVCS O VI observations,

removes the influence of outflow velocity on the calculatibron temperature.

Observed O VI 1032 and 1037 linewidths ofteffeli significantly. Although mentioned in the

literature, this &ect has not been adequately explained, and has not beeitest@e an additional



constraint on the modelling of UVCS observations. A paramstudy shows that the 103237
linewidth ratio is sensitive to the flierent balance of radiative and collisional components @hea
line, a balance sensitive to outflow velocity and tempeeaamisotropy. The linewidth ratio will
serve as an extra diagnostic for the calculation of ion teatpes anisotropy and outflow velocity
in the iterative inversion scheme.

In contrast to many other solar spectroscopic instrumanish(as SUMER and CDS on SOHO),
UVCS observations of coronal spectral lines have not bebjesied to detailed time analysis. This
thesis shows that oscillations with significant power existthe line intensity of Lyx observed by
UVCS. A preference toward 7-8 minute oscillations is fourithe oscillations are interpreted as
the signature of compressional density waves, the deteofiwhich at heights observed by UVCS
provides observational impetus for models of coronal endeposition.

The future Solar Probe mission will fly to heights as low &5.4The spectral profiles from a
UV spectrometer aboard such a spacecraft are modelled artakdied - an analysis essential in the
proposition and planning of such an instrument. The lindgtitsof the instrument will point away
from the Sun along a radial direction, and the resulting O Vddeiled profiles are very fierent
from those observed by the current UVCS. The O VI collisioaatl radiative components are

separated, promising excellent diagnostics for ion outflel@cities and ion temperatures.
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Chapter 1

The Solar Corona and Solar Wind

1.1 Introduction

The solar corona has long been one of the chief mysteriestiphysics. Due to
the pioneer work of many investigators, culminating in Isymvention of the corona-
graph and Edlén’s identification of the emission linespiwhas lost some of its secrets.
Yet the problems relating to the heating of the corona andststructural details still

remain very puzzling. (van de Hulst, 1950)

These words are from a 1950 paper by van de Hulst (1950) béferenodern picture of a
dynamic, magnetically dominated outflowing corona was eared. Since 1950 there have been
great advances in the development of tools for observingthhena and the last decade has seen
the deployment of spacecraft such as the Solar and HelidspbBéservatory (SOHO, see figure
1.1), dedicated to multi-instrument observations of the.SDespite such detailed observations
and recent complex and sophisticated models of the corcmad¥ Hulst's last sentence remains
as relevant today as it was half a century ago. Many aspeatsrohal heating and structure still
remain very puzzling.

Recently a strong emphasis has been made in solar physiss oartcept of space weather. This
term encompasses the study of the dynamic and sometimessixphature of the corona from the
Sun to the Earth and beyond. Such studies have blossomegllastidecade due to the large amount
of data collected by the plethora of instruments trainedhenSun and her atmosphere. Explosive

events called Coronal Mass Ejections (CME) can be closalgkéd from magnetic disturbances

25



26 Chapter 1. The Solar Corona and Solar Wind

Figure 1.1: The Solar and Heliospheric Observatory (SOMS®HO was launched in 1995 and
observes the Sun from an orbit around the L1 Lagrangian peitwteen the Sun and Earth.

on the Sun’s disk out to heigtit®f 30 solar radii R,") using instruments aboard SOHO. These
events are then observed near Earth as a storm of energdtfagsa A less dramatic but no less
important example is the slow and dense solar wind flow medsnear Earth which is associated
with structures called streamers in the inner corona. Thesamers are in turn often associated
with closed magnetic field structures rising from regionemfianced magnetic activity on the Sun’s
disk. Fast and low density solar wind flow measured near Hardissociated with regions called

coronal holes in the inner corona.

It is fascinating that space weather conditions as far oktah and beyond are dictated by con-
ditions on the Sun. Despite our ability to observe this lihiere are large gaps in our understanding
of it. The largest mystery lies in the nature of the evolutagrihe inner corona as it expands out-
wards from the Sun into interplanetary space. The accalarand heating of the solar wind must
happen in the region from the base of the coronalbR,. The imprint of conditions on the Sun’s

disk must also be preserved.

In situ measurements have not been made closer+8a® AU to the Sun by the Helios space-
craft (Schwenn & Marsch, 1991), but we can study the inneommamremotely. Currently, Ultra-
Violet (UV) and white light observationsfier the best diagnostics for inferring conditions in the
inner corona. The main emphasis of this work is analysisradircoronal UV observations made by
an instrument called the UltraViolet Coronagraph Specttem(UVCS) aboard SOHO. UVCS has
made many discoveries that have both deepened our undénsjaas well as raise new questions

of the inner corona and the solar wind.

*Heights given in this thesis are always measured from Sutecen
1R, = 6.96x 10° km
*Astronomical Unit, distance from the Sun to Earth. 1 AR15R,
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This chapter gives brief descriptions of the Sun, coronasaar wind in section 1.2. Section
1.3 gives an introduction to methods of observing the corenaotely, with an historical overview
of the development of coronal UV spectroscopy. Section ivdsga detailed overview of streamers
and coronal holes, with particular emphasis on the distesenade by UVCS observations. A brief

conclusion ends the chapter.

1.2 The Sun, Corona and Solar Wind

1.2.1 The Sun

The Sun is a fascinating object. It dictates the rhythm of loxgs and of most life on Earth.
Throughout history it has held a religious significance farstrpeoples and it is only recently that
scientific observation has given us a reasonable undemtaoflthe Sun. The Sun is a massive
(1.99 x 16° kg) sphere of gas compromised by mass of 74% Hydrogen, 25%rHahd 1% other
elements. Figure 1.2 shows the large scale structure of theaBd its atmosphere. The Sun’s
energy is created by nuclear fusion in the core and is trategphby radiation and convection to the

solar atmosphere, the lowest layer of which is the photagphe

Figure 1.2: The large scale structure of the Sun.
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1.2.2 The Corona

The photosphere is an extremely thin layer of plasma whiclisemost of the solar radiation. It
is dense and opaque compared to the overlying chromosphdrecaona, therefore most of the
light emitted in the photosphere escapes into space. Thedaoes between the photosphere,
chromosphere and corona are defined by the general tempgepatfile as a function of height.
The corona is the hot=( million K) outer part of the Sun’s atmosphere. Its lower bdary is at
the transition region between the chromosphere and corerZ900 km above the photosphere.
The Earth is encompassed by a stream of charged particlemka®the solar wind, which can be
thought of as a part of the Sun’s outflowing corona. The strmiagnetic field of the Sun emerges
from the photosphere and permeates the corona, so thatat@tomctures and their dynamics are

closely linked to those of the Sun.

During the total solar eclipse of 1869 a puzzling emissioe livas discovered in the spectrum
of the corona. The presence of this ‘green line’ and oth&slin the coronal spectrum was a great
mystery to astrophysicists at the time and remained so fer balf a century (Young, 1884). No
satisfactory match could be found with spectroscopic latooy measurements and the spectral line
was attributed to an undiscovered new element called comoiisee Clerke (1898)). This was not
such an extreme proposition since Helium was first detectddosronal spectroscopy in 1868 and
only later discovered on earth (Ramsay, 1896). It was 198&réédlén correctly identified four
of the green lines with the spectral lines of Fe X, Fe XI, Caail Ca XIII (Swings, 1943). These
highly ionized states of iron and calcium implied a very hotana - more than a million degrees.
Such a hot corona was surprising since the photosphere isat@erature of around 4300 K and
the temperature was naturally expected to decrease frosutfece upward as one moved further

from the energy source of the solar interior.

Figure 1.3 illustrates the accepted general current mddehaperature and density in the solar
atmosphere. The boundary between the photosphere andagpbere is defined by the minimum
in temperature. The boundary between the chromospheresamicicis the narrow transition region,
where there is an extreme rise in temperature and drop iritdefke temperature of formation of
a few ions is also shown in figure 1.3. O VI, or @ 5s an oxygen atom with five of its electrons
stripped by collisions with the energetic electrons. Toiexah the high ionisation of these ions

the surrounding plasma must be at a high temperature. Thadgieaechanism behind the rise
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Figure 1.3: Temperature (solid line) and density (dottad)lin a model solar atmosphere. Height
is measured from the base of the photosphere (Peter, 2002).

in temperature through the chromosphere and the extremé¢hnsugh the transition region to the
million degree corona remains largely an unanswered aurestisolar physics.

The influence of the Sun’s magnetic field on the structure efcibrona can be clearly seen in
high quality white light images. One example is the eclipgaade of figure 1.4, a North American
total solar eclipse of 1991 July 11. It is a mosaic of severat@ssed digital images composed
to enhance the fainter regions furthest from the Sun. Theneoin this image shows a general
radial structure. Thin threads of enhanced intensity whietth out from the Sun into the extended
corona can be seen most clearly in the darker regions of ththNWNorth-east and South-west
corona. These are filamentary structures or plumes. Higkemsity candle-flame shaped structures
extend from the Sun along the South-easterly and Northenlgstdial directions. These are called
streamers. Streamers can be associated with regions gfadarand high magnetic activity called
active regions on the photosphere. Streamers, coronas holeé quiet regions are long-lived and
large-scale structures in the corona, and will be discussddtail in section 1.4.

The number, latitudes and areas of sunspots on the photesphaee been recorded for over
three centuries. Over this time a reasonably regular cyarebe seen in the number of sunspots,
with a period of~11 years. The sunspot cycle is a manifestation of the glolsgnmtic cycle of
the Sun. Reflecting the changing magnetic activity emerdjiom the photosphere, the coronal
structure changes drastically during the solar cycle. reigu5 shows the contrast between the

corona at the minimum and maximum of the sunspot cycle usirageés taken by the Large Angle
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Figure 1.4: Total solar eclipse of July 11, 1991 as seen fraja Balifornia. The image is a mosaic
of five separate images each exposed to enhaffiatit distances from the Sun. The photographs
were taken by Dennis di Cicco (Sky and Telescope) and Gary&mé€E. E. Barnard Observatory),
digitized by David Sime (High Altitude Observatory) and pessed by Steve Albers (Boulder, CO).

and Spectrometric Coronagraph (LASC8)PHO C2 instrumefit. During solar minimum (figure
1.5a) streamers are restricted near to the Sun’s equatée athmaximum (figure 1.5b) they can

appear at all latitudes.

1.2.3 The Solar Wind

The first clues suggesting the possible existence of a amistream of charged particles from the
Sun emerged in the ¥9century with the observation of anti-sunward pointing cotads. Many
observers assumed that the comet tails were made of sotidiesion which was acting a repulsive
force directed anti-sunward (see Festou et al. (1993))hénidte 18' century it was also noticed
that flares on the Sun sometimes coincided with magnetimston Earth, a further indication of a
connection between the Sun and the Earth (Carrington, 1858gson, 1859).

The existence of a static interplanetary gas was assumdtkifirst half of the 28 century
to explain the polarization of the zodiacal light (van de $1ull947; Whipple & Gossner, 1949;
Rense, 1952). Soon after, observations of accelerategdamiiard pointing comet tails discounted
a stationary gas and provided mounting evidence for arglateetary wind outflowing from the Sun

with speeds of 500 to 1500 knt’s(Biermann, 1957). Inspired by the observations of Biermann

*LASCO and the C2 coronagraph will be described in section 1.3
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Figure 1.5: LASCO C2 coronagraph images of (a) streametsatesl close to the equator at solar
minimum (199701/01) and (b) streamers at all latitudes at solar maximum (2a@21). (c) shows
the monthly average sunspot numbers from 1950 to present.

Parker (1958) abandoned ideas of a hydrostatic corona awleshthat a hot gas would create
enough pressure to counteract the Sun’s gravity. This wenddire a constant outflow of material
from the Sun. The conservation of mass and momentum in aisptgrsymmetric isothermal
corona allowed Parker to calculate expansion speed as édiuind height for various temperatures.
A supersonic flow, in general agreement with the observaticonstraints of Biermann, arises
naturally from reasonable coronal temperatures @f° K or higher.

Parker (1958) was also successful in predicting the gesbegde of the interplanetary magnetic
field. The typical timescales for significant bulk motiondtoé coronal plasma,, are much smaller
than the timescales for the Sun’s magnetic field #udi,ty. This is reflected by high values
of the dimensionless magnetic Reynolds numBgy= tg/t,. Rm has values of around 1®in the
chromosphere. This guarantees that the plasma and mafi@letizre inextricably linked, or that the
magnetic field is frozen in the plasma. The coronal magnetid,femerging from the photosphere
in a predominately radial direction, is stretched out riyiay the expanding corona while the Sun
rotates. This creates a magnetic field with a spiral strectalled the Parker spiral, pictured in
figure 1.6.

The outflowing corona predicted by Parker’'s model was sulesaty directly observed by many
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Figure 1.6: The spiral structure of the large-scale interptary magnetic field in the ecliptic plane
as predicted by Parker (1958). The solar wind flows radialigvards while the magnetic field is
drawn into an Archimedal spiral by the rotation of the SuorirPhillips (1992)).

spacecraft.n situ measurements provides the bulk of the knowledge of the sotad. Measure-
ments by spacecraft of interplanetary electric and magtitids can be made, as well as mea-
surements of solar wind composition and particle energiessities, temperatures and velocities.
Despite the richness and quality of the data, the obsengstoe limited to the sparse paths taken
by Earth and a few spacecraft in the whole vastness of thedptlere. InterPlanetary Scintillation
(IPS) observations are not so limited, and have been madeigiearange of heights in the corona
and heliosphere. Density variations carried by the soladvegause fluctuations in the phase and
intensity of radio signals received from distant sourcesgkample quasars or spacecraft (Hewish
et al., 1964). Cross correlation of these fluctuating sgyoakerved at severalffiirent positions on
Earth can give information on the outflow velocity of the saldnd (Breen et al., 1996, 2000). IPS

can also give information on density and the scale size afidemregularities (Rickett, 1992).

The solar wind is a predominately electron-proton plasnth wifew percent helium and traces
of heavy ions. At distances of 1 AU, there are two forms of wifithe fast wind has a velocity
of around 800 km g while the slow wind outflow is 300-400 knts The slow wind is denser
than the fast, and is more variable. Fast wind protons atertbian those of the slow wind, while
fast wind electrons are cooler. The Mariner 2 spacecraftoate to Venus during 1962, yielded

the first conclusive detection of the fast and slow solar vgilndams (Neugebauer & Snyder, 1966).
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Figure 1.7: Solar wind speed measured ov62 days by the Mariner 2 spacecraft (from Neuge-
bauer & Snyder (1966)).

Figure 1.7 shows the variations in the speed of the solar wideen by Mariner 2 - the values
fluctuate from 400 to 700 kreec. It was observed that the measured pattern of fast and\gial

approximately repeated at 27 day intervals. This suggdktdheir sources rotated with the Sun.
It was several years before advancements in the remotengesfsihe inner corona could associate

structures at the Sun with the fast and slow wind at Earth.

1.3 Observing the Corona

The corona below heights ef0.3 AU has only been observed remotely using radio wavesgér,”

1979), Ultraviolet (UV) (Gabriel, 1971b) and X ray (Vaianaad., 1973) emission lines, electron
scattered white light (van de Hulst, 1950) and IPS (Hewishl.etl964). Observations of coronal
UV emission lines (the E corona) and coronal white light ¢thend F corona) dominate this work.
The K and F white light coronas are formed by light from the 'Sulisk scattered by electrons and
dust respectively. The E corona consists of isolated arahdfighly intense spectral lines emitted

by the high temperature ions.

This section includes brief descriptions of white light dExtreme UltraViolet (EUV) obser-
vations from instruments which are used in this thesis, angoee detailed introduction to UV
observations of the extended corona. IPS, radio and X-ragrghtions are extremely important in

coronal physics but will not be discussed here.
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1.3.1 The White Light Corona

White light from the corona is formed by light from the Suntseged from the electrons and dust in
the corona. Even the brightest part of the white light conoear the Sun is around a million times
fainter than the Sun’s disk and is only visible to the nakeel @yring a total eclipse. Each century,
there are over 200 Solar eclipses, around 60 of which willdtal teclipses. In a total eclipse,

an observer sees the moon occulting the whole solar disk@na $hort period the denser inner
solar corona is revealed. Prior to the 19th Century, astrans were primarily concerned with the
predictions and measurements of solar eclipse timing acatitms but advances in photography

and spectroscopy soon allowed them to use eclipses to $tadyature of the corona.

Eclipse observations are still important for today’s s@laysicists since theyfter such a clear
view of the corona; enabling high spatial, spectral and tadresolution at a relatively low bud-
get. However, they do not allow us to observe the Sun on a Baiys and it was Lyot, a French
astronomer attempting to observe Mercury near the Sunis, limho overcame this problem with
his invention of the coronagraph in 1931 (Lyot, 1932). A emgraph employs an occulting disk,
placed in front of the telescope entrance, to block most efutwanted light from the Sun’s disk.
Figure 1.8a is a processed white light image taken by thengktmased Mauna Loa Mark IV Coro-
nagraph (MKIV). MKIV makes radial scans of the inner coroha&ights~1.1-2. R, so the image
in figure 1.8a has been subject to a transform from p@lan to cartesian X, y) solar coordinates.
A radial gradient filter is also applied. Radial gradientefit remove the average sharp drop in
white light intensity with increasing coronal height to eaV the more interesting latitudinal con-
trasts. Thus structures such as streamers or coronal larldsecseen projecting radially out to large

distances in the corona.

A space-based coronagrapfiers large advantages over the ground-based instrumenser-Ob
vations can be made at any time without weather concernsayr lgght from the atmosphere. The
Large Angle and Spectrometric Coronagraph (LASCO) inséminaboard SOHO has a set of three
coronagraphs, each optimized to vieMfeient heights in the corona (Brueckner et al., 1995). The
C2 coronagraph has a range~d to R, and a processed C2 image is shown in figure 1.8b. The
processing includes a radial gradient filter. This figureaghthe great improvement in clarity be-
tween the ground and space based coronagraphs. The LASC@d&hgraph, which was designed

for viewing the innermost corona at the same height rangbeaMKIV instrument, unfortunately
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Figure 1.8: Examples of (a) Mauna Loa MKIV (white light), (bASCO C2 (white light) and
(c) EIT (284A) images. (d) is a nested composite image of(()and (c). The images were all
observed on 2000 May 8. The central white circle in (b) shdwegbsition of the Sun, hidden behind
the occulting disk. The white light images have been pramksgth a radial filter to artificially
enhance features with increasing height.

stopped functioning after the temporary loss of SOHO.

Images from MKIV and the LASCO C2 coronagraphs are often urs#us thesis to place spec-
troscopic coronal observations in the context of largeesdahsity structures. For example, spectro-
scopic observations of coronal UV lines with relatively thigtensities and narrow linewidths are
characteristic of streamers, and this is most easily coefirby looking at the appropriate region in
a white light image.

An important application of calibrated white light imagés,particular polarized white light
images, is to give a measure of coronal electron densityvifffie light scattered by electrons (the

K-corona) is strongly polarized compared to white lighttserad by dust (the F-corona), therefore
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the F-corona may be removed from polarized brightness (jiBervations. The intensityy of
the K-corona white light is then proportional to the elentdensity along the line of sight (LOS):
Ik o f0+°° NedX, where thex-axis is along the LOS. An inversion method for obtainingctrlen
density from LASCO C2 and MKIV pB observations is given in ptea 3. Calculations of electron

density are important for the modeling of coronal and soladvplasma parameters.

1.3.2 Observing the Coronal Base in EUV

The Extreme Ultraviolet Imaging Telescope (EIT) aboard SDilites filters to pass only certain
EUV wavelength ranges. These narrow bandpasses are dedhimatemission lines from certain
ions. Since the temperatures of formatioffeti for ions and there is a large temperature gradient
at the base of the corona, imaging in lines frorfietent ions creates images afféient heights in
the corona. Figure 1.8c is an EIT image with a bandpass @shter a wavelength of 284A which
contains a Fe XV line which is formed aR.5 MK. Therefore most of the light in this image must
be formed in the corona.

As with the white light images, pre-processed EIT imagesuaed in this work to show the
connections between structures in the extended coronataraduses at the coronal base. For ex-
ample, in figures 1.8, the streamers seen in the white lighgés in the North-eastern corona may
be associated with the bright regions seen in the EIT imateaame latitude. It is simple and of-
ten extremely useful to create composite images from coecuEIT, MKIV and C2 observations.
Figure 1.8d shows an example where figures 1.8a, b and ¢ havenlested together. In this way,
the position of streamers or dark regions in the white lighdges can be traced to the base of the
corona.

The Transition Region and Coronal Explorer (TRACE) is a splaased telescope dedicated to
viewing the lower corona and transition region. It viewsroarspectral bandpasses in the EUV and
can focus on small regions of the coronal base, thus aclgievifar better spatial resolution than

EIT. Closed magnetic structures above active regions caede in great detail.

1.3.3 Observing the Extended Corona in UV

Spectroscopic observations of UV emission lines in thereldd corona are extremely important.

The width of emission lines gives a direct measurement ofiéecity distribution of the emitting
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ions along the observed line of sight. This can give an ateureasure of ion temperature. The
width of the H Ly« line gives a measure of the coronal proton temperature r§Adteal., 2000;
Withbroe et al., 1982). Co-spatial and concurrent measeingsof electron density and UV emis-
sion line intensities can give estimates of the ion bulk outfelocity through Doppler dimming

techniques. lon abundances may be calculated from theudbsotensities of emission lines.

Formation of UV Emission and Doppler Dimming.

UV emission lines in the corona are formed by two main praeessollisional and radiative. These
processes are described in detail in chapter 2. The colisicomponent of an emission line is
caused by the excitation of ions by collisions with the fiwat, electrons of the coronal plasma. The
radiative component is formed by photo-excitation of caldans by light from the Sun’s disk and
chromosphere. UV light from the disk and chromosphere stmsif many high intensity emission
lines and the coronal ions resonate with these so that tijathdss of the radiative component of
UV coronal lines is dependent on the disk and chromosphetisséon.

The concept of Doppler brightening and dimming was firstoidtrced in a coronal context by
Hyder & Lites (1970), and concentrated on a ground-basedreation of a high intensity eruptive
prominence seen near the limb of the corona during March.1B68 pioneering work showed that
in the case of UV radiative emission, such as the Lyman-Alpteaof neutral hydrogen at 1216 A,

the intensity would be sensitive to the velocity of hydrogrethe corona relative to the Sun.
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Figure 1.9: Schematic illustrating the simple concept oppler dimming. The solid line shows
a narrow UV emission line emerging from the Sun’s disk tratesl into the velocity space of the
coronal ions. The dotted line shows the wide velocity distion of the coronal ions in the hot
corona. The left plot shows resonance for the case of no buk df the coronal ions. The right
plot shows the case for a coronal bulk flow velocity of 60 krh away from the Sun. The shaded
areas shows the degree of resonance between the disk en@ssi@oronal ions.
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The basic concept of Doppler dimming is shown schematidallfigure 1.9, where the UV
emission from the Sun’s disk is shown relative to the vefodistribution of ions in the corona.
The left plot shows resonance for the case of no bulk flow ofdt®nal ions. In this case, a
large number of the coronal ions are able to resonate wittethission from the Sun. This is
shown by the shaded area. The right plot shows the case faroaaidulk flow velocity of 60
km s away from the Sun. In this case, in the rest frame of the cdiiona, the disk emission is
redshifted and much resonance is lost. Coronal outflow care8mes reach sticient velocities so
that some ions achieve resonance with lines belonging t&r adns in the disk spectrum. This is
called Doppler pumping. Doppler dimming and pumping diaggits can give estimates of the bulk
outflow velocity of the emitting ions (Withbroe et al., 198ohl & Withbroe, 1982; Noci et al.,
1987).

UV Coronal Observations - an Historical Overview

The Earth’s atmosphere strongly absorbs UV light and thetijoed uses of Doppler dimming and
other diagnostic techniques were greatly limited by thedioguality of ground-based UV observa-
tion. A major breakthrough in coronal UV spectroscopy waseaaed during the total solar eclipse
of 1970 March 7, when an instrument was flown into the pathtafity on a NASA sounding rocket.
The resulting observations revealed unexpected imagég @birona in Lya and other weaker lines
(Gabriel et al., 1971a). One such image is shown in figure. ITh@ Ly« line was found to be by
far the strongest emission over the wavelength range ofxperinent (850-1250 A). Such high
intensities at relatively large heights in the corona wasicproof that the line was formed mostly
by resonance between the coronal hydrogen and the higlsitytéy-a line emerging from the disk
(Gabriel, 1971b).

Beckers & Chipman (1974) applied Doppler dimming techngjteethe eclipse observations
of 1970 March 7, primarily to derive the proton temperaturé¢hie corona from the profile of the
Ly-a line. An instrument capable of observing the corona bothVhdud in visible light without
the aid of an eclipse was developed in the mid-1970’s and w&aeed the UltraViolet Coronagraph
Spectrometer (UVCS) (Kohl et al., 1978). Integrated with thstrument was the White Light
Channel (WLC) for electron density diagnostics. This adean instrumentation made the prospect

of remotely measuring outflow velocities and temperatungbe corona a reality. Three test rocket
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Figure 1.10: Image of the corona in laylight made during a 1970 eclipse rocket flight. This is a
slitless spectrum so we see the whole corona, with weakes tirspersed to the right. The strength
of the Ly« image was proof that the line was formed by photo-excitatinom Gabriel (1971b).

flights between 1979 and 1982 acquired around 12 minutegaf Aiéthough the primary objectives
of these flights were the verification of the coronagraph gquettsometer design and performance,

the good quality of the data inspired much analysis.

Ly-a data from the first flight made in 1979 April 13 showed a dedrggproton temperature
with height in a quiet coronal region (Kohl et al., 1980). Tdralysis of data from the same flight
by Withbroe et al. (1982) suggested a subsonic solar winftbaubelow heights of R, in the quiet
coronal region. Conversely, data from the 1982 July 20 fliylawed strong evidence of supersonic
proton outflow in a coronal hole at a height of R;1(Kohl et al., 1984). The geometrical mapping
of distantin situ solar wind velocity data from the Vela and Pioneer VI spaaido the inner
corona had previously shown association between the ftet wind and the position of coronal
holes identified in X-ray observations (Krieger et al., 197he work of Withbroe et al. (1982) and
Kohl et al. (1984) was direct evidence to support this. A mewphisticated analysis of the 1982
data by Strachan et al. (1993) showed an outflow velocity 8f(¥&1,-101) km s* at a height of

1.5R, in the coronal hole.

The theoretical framework for modern coronal UV spectrpgcaiagnostics was established

by Withbroe et al. (1982), Kohl & Withbroe (1982) and Noci €t@987). Withbroe et al. (1982)
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considered mainly Doppler dimming and temperature diaig®$or the Ly« line. The work of
Kohl & Withbroe (1982) and Noci et al. (1987) showed that Dieppumping, in particular pumping
of the O VI 1037.6A line by the nearby chromospheric C Il 10&Vline, could be used to extend
the diagnostic possibilities over a much larger range di@utvelocities. In addition, it was shown
that the intensity ratio of a doublet line emitted by the sdome such as the O VI 1031.9 and
1037.6A doublet, could give far more robust estimates di@utvelocities. This improvement was
due to using an intensity ratio as a diagnostic rather thabaalute intensity. This elegant approach
lessened the dependence of the Doppler diagnostics ortydandivarious atomic parameters.
Figure 1.11 shows advanced computations of the O VI M7 intensity ratio as a function
of outflow velocity calculated for a height oR3 and various combinations of temperatures parallel
(Ty) and perpendicularT(,) to the radial magnetic field (Li et al., 1998). Calculaticgh as these
will be described and discussed in detail in chapter 2. Thisré shows that an intensity ratio of

2.8 gives an outflow velocity of 94 kntsregardless of the choice of temperature.
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Figure 1.11: Computed O VI 108037 intensity ratio as a function of outflow velocity at agii
of 3R,. The various lines are for filerent combinations of temperatures parallgl) @nd perpen-
dicular (T,) to the radial magnetic field. The calculations include Oeppumping of the O VI
1037.6 line by both CIl 1037 and 1036.3 lines. From Li et a098)

The years from 1993 to 1995 saw the launch of another threge®packets armed with UVCS
(Kohl et al., 1994). The success of these and the 1979-13&2trdights along with the exciting di-
agnostic prospects outlined by Noci et al. (1987) paved thefar the design of a second-generation
UVCS. This instrument is part of the SOHO mission, a missiat has greatly advanced the field

of solar physics.
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A Brief Introduction to UVCS /SOHO

The UVCSSOHO instrument has been observing the corona more or lasiswously since 1996
and has made an enormous contribution to coronal and satarphiysics. A detailed description of
the UVCS instrument is given in chapter 3 and in Kohl et al98)9 Here we give a brief description

only to facilitate subsequent discussions of the resultainbd by UVCS.

UVCS makes measurements of the solar corona with high sppetd spatial resolution, at
any latitude and between heights of 1.3 an&J10The instrument creates an artificial solar eclipse
in UV light, blocking out the bright emission from the soldaskland allowing observation of the
less intense light (by several orders of magnitude) frometitended corona. UVCS has observed
approximately 37 spectral lines in the extended solar @emitted by H | and ions of C, N, O,
Mg, Al, Si, S, Fe, and Ni. Figure 1.12 shows spectral linehlty-« and O VI channels, observed
in a streamer on 1996 July 23-24, at a height oRL.BRaymond et al., 1997a).
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Figure 1.12: Identification of spectral lines from UVCS alvations(from Raymond et al. (1997a)).

In practice, at heights greater thaf.5R; or in regions outside streamers, many of the spectral
lines shown in figure 1.12 are undetectable due to weakenedsity. The most important lines
measured by UVCS are the O VI doublet at 1031.9 and 1037.6Atndi Ly line at 1216A.
Generally these intense lines remain detectable in stnsame to heights of R, but only to 3
or 4R, in coronal holes, depending on observational parametefs asl the width of the UVCS

entrance slit or the time spent observing.
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1.4 Streamers and Coronal Holes

Two distinct types of large-scale coronal structures oloregare described in this section: streamers

and coronal holes. Particular emphasis is given to theantaliscoveries made by UVCS.

1.4.1 Streamers

Prior to the SOHO mission, little was known of coronal streasnexcept for their general high
density and their shapes, given by white light images. Eweay, no direct measurements of a
streamer’s magnetic structure in the inner corona have begle and the standard view, presented
below, may be open to revision as advances are made in thevatise of coronal magnetic fields
using, for example, polarization of UV line emission (Ficleiset al., 1999).

Streamers are structures with densities around 3 to 10 timgeer than surrounding regions
(Schmidt, 1953; Patzold et al., 1997). They are large and-lved structures which, in radially
filtered white light images, can be seen to extend from the lofshe corona out to several solar
radii. The LASCO C3 coronagraph has a field of view extending height of~ 30R, and, with
a radial filter, some streamers can remain distinct throughs field of view. In Carrington maps
created from many consecutive LASCO C2 white light coromades, streamers can often be seen
moving gradually in latitude, as their projection on thengleof sky moves with solar rotation.
Such maps show also that some streamers can remain stabiarigrsolar rotations, even up to 10
rotations (Li et al., 2002).

Quiescent streamers are stable structures which ememedgions of the coronal base which
are not particularly magnetically active. Active regioresimers are more dynamic and are asso-
ciated with areas of enhanced magnetic flux and activity ensthlar disk called active regions.
These streamers may be composed of several open and clogadtindield structures continually
interacting with each other. The continuous emergence rdmts and magnetic flux from active
regions in the photosphere provides the long life spanseftttive region coronal streamers (Li
et al., 2002). During solar minimum, large quiescent stexanstraddle the solar equator. At solar
maximum, quiescent and active region streamers appeay dtitnde and it often becomestiii
cult to identify isolated streamers in large streamer cexgs, or to disentangle the complex line
of sight in white light and UV data.

The exact magnetic structure of streamers is not known heutthromosphere and low corona
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Figure 1.13: (a) Coronal loops at the solar limb seen in tHd4Fass band by TRACE. The image
was taken on 1998 November 23. The loops are above activanrédt8384. (b) Simple schematic

showing the standard view of the polarity of magnetic fiahéd within a streamer (from Koutchmy

& Livshits (1992), with minor edits). (c) Further detail dfe standard view of streamer magnetic
structure (from Pneuman & Kopp (1971)).

above active regions show a dominance of closed magnetit dtelictures. Figure 1.13a is a
TRACE observation of closed magnetic structures above tiveaegion. Closed magnetic struc-
tures such as these are often called coronal loops. Theasthntew of the magnetic structure
within a streamer is shown schematically in figures 1.13b Bd8c. This view suggests that all
streamers are associated with a neutral current sheet whimdrates two flux tubes of opposite
polarity (Sturrock & Smith, 1968; Pneuman & Kopp, 1971; Kahuny & Livshits, 1992).

The slow speed solar wind is believed to originate in strear(@osling et al., 1981; Feldman
et al., 1981). Gosling et al. (1981) compaiadsitu data from the Interplanetary Monitoring Plat-
form (IMP) spacecraftwith inner coronal pB Carrington maps. Slow and high densityd flow

patterns containing magnetic field reversals seen inrttstu data were interpreted as a signal of

*IMP-8 measured solar wind conditions from 1973 to 2001 - tireliongest-lived operational spacecraft in history!
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Figure 1.14: White light images of the corona taken with LABC2 on 1997 January 1%0f) and
1997 April 27 potton). Straight black lines are the positions of the UVCS field igw (FOV).
The white contour marks the position where the intensitiprat O VI 1032/1037 equals 2.8, or,
equivalently, an outflow velocity of 94 knt(from Habbal et al. (1997)).

the coronal streamer belt at 1 AU. More direct evidence ofthece of the slow wind during solar
minimum was provided by analysis of UVCS observations ofitimer corona and Galileo radio
Doppler scintillation measurements made during the sadajuniction of early 1997 by Habbal
et al. (1997). Figure 1.14 shows how Habbal et al. (1997) We@S observations of the O VI
10321037 intensity ratio to map an isocontour of 2.8 across laggéns of the solar minimum
corona. The intensity ratio of 2.8 is roughly equivalent tocatflow velocity of 94 km st (see
the results of Li et al. (1998) in figure 1.11 of section 1.3heTisocontour follows the boundary
between the equatorial streamers and surrounding regibogjing direct evidence of the streamers
as sources of the slow wind. A similar analysis in Habbal g24l01a) showed slower outflow from

a mid-latitude solar maximum streamer compared with naighb regions.
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Figure 1.15:Left - Positions of UVCS FOV overlaid on a LASCO C2 white light ineagf 1996
October 12.Right- O VI 1032 photon counts as a function of position across ti€8 slit from
the observation at height g (from Frazin et al. (2003)).

More detailed modelling of UVCS results has shown that O Mflow velocity in solar mini-
mum equatorial streamers is close to zero at heights beRWR, then rises abruptly above this
height before reaching values o100 km s? at heights aroundf, (Strachan et al., 2000, 2002).
The results of Strachan et al. (2002) also shows the abropdse in outflow velocity at the bound-
ary between solar minimum streamers and surrounding regigporting the results of Habbal et

al. (1997).

The profile of O VI intensity across quiescent streamersvatieights caused a surprise in early
UVCS observations. The O VI intensity is lower in the centemany streamers (the core) than
at their edges (the legs), in contrast to white light or HdLjatensity which peak in the streamer
core. This phenomenon was reported very early in the SOHGIoni®y Raymond et al. (1997a)
and Noci et al. (1997a). Figure 1.15 shows the dramatic teplef O VI intensity in the core of a
solar minimum equatorial streamer as seen by UVCS (Frazh,62003). There are two fllering
views to explain this depletion. Noci et al. (1997b) sugdbat if the proton flux in the streamer
core decreases Siciently, the force of the protons dragging the heavy ions the solar wind by
dynamical friction (for example, momentum transfer by @wab collisions (Geiss et al., 1970))
may drop below a threshold, resulting in a large depletiomxgfgen. Raymond et al. (1997b)
suggest that the heavy ions confined in the closed field ofearster core are more susceptible
to gravitational settling than the ions which flow along thpep fields of streamer legs. For this

process to occur, the heavy ions must be trapped in the strezore for timescales of days. The
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lack of a depleted core in active region streamers may ré&smit projection (line of sight) #ects,
the maximum height of the core located below the observdt@ght or a basic physical fiierence

in streamer structure.
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Figure 1.16: Electron temperature across a solar maximegarser (from Bemporad et al. (2003)).
The points with uncertainties are calculated from UVCS datze line is calculated from electron
density versus height calculations obtained from pB dataragg hydrostatic equilibrium.

Active regions appear bright in high-temperature emis$ifeas, implying a high electron tem-
perature. Feldman et al. (1998), using 1997 Solar UltravidMeasurements of Emitted Radiation
(SUMERYSOHO observations, found emission lines of high-ionizatams with peak temperatures
of formation of 2 to 8 MK above a bright active region. Ko et@002) reported high-temperature
lines at heights of 1/, in an active region streamer using UVCS observations, siiggeelec-
tron temperatures as high as 3 MK. Results such as these inmay coronal electron temperatures
in active region streamers considerably higher than seepuigscent streamers and other coronal
structures. Bemporad et al. (2003) derive electron tenypem directly from UVCS observations
of the intensity of various Fe ion lines in a solar maximuneainer. Their results are shown in
figure 1.16. The peak in electron temperature correspontthe toosition of the streamer center, and
is significantly higher than the temperature at the streadges.

In contrast to the relatively high electron temperaturegvigeion temperatures are lower in
streamers compared to other coronal structures. Stradhaln (2000) obtained O VI linewidths
from UVCS observations of large regions of the corona madagduhe first Whole Sun Month
(WSM) campaign conducted during solar minimum. Within apgmately +20° latitude to the
streamer center, O VI/& linewidths are relatively constant, and vary only freriO0 to 150 km

s~ with height (1.6 to 3.B). Outside+20°, the linewidth increases dramatically, to values higher
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than 400 km st at a height of 2.2R,,.

Ferp. Temperoture (K)

240 250 260 270 ZB0 294
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Figure 1.17:Left- LASCO C2 image of the corona taken on 1997 April 27, ovenaith the po-
sitions of UVCS fields of viewRight- O VI temperature across the 1997 April 27 solar maximum
streamer calculated from the UVCS data at a height ofR2.8from Strachan et al. (2002)). Tri-
angles show the O VI temperature, circles show therltemperature. The straight vertical dotted
line shows the position of the streamer center.

The O VI linewidth is more or less a direct measurement of thectve temperatuireof O VI
ions in a direction perpendicular to the solar radial andefoge perpendicular to the magnetic field,
T.. Figure 1.17 shows O VI and Ly-effective T, across a solar minimum streamer at a height of
2.3R,, measured by UVCS and published by Strachan et al. (2002)l O _Vhcreases by a factor
of 10 between the streamer center and surrounding regiowisisaconsiderably higher than the
hydrogenT, . HydrogenT, does not show a large contrast between the streamer andisdimg
regions. Frazin et al. (2003) also provides evidence forefepential heating of O VI in a solar
minimum streamer , as well as showing evidence for an awigiattO VI velocity or temperature
distribution. That is,T, is shown to be greater thaF, the temperature parallel to the magnetic
field. Anisotropic velocity distributions will be discusséurther in the following section, within

the context of coronal hole observations.

1.4.2 Coronal Holes

The identification of coronal holes as regions of low densitghe inner corona was established
in the 1970s with the advancement of EUV and X-ray obsematmf the inner corona (Munro &
Withbroe, 1972) although they were first discovered durhmg1950s in coronagraphic images of

the 5303A green line as long-lived regions of extremely latensity (see Waldmeier, 1975). In

*Effective temperature is a temperature that includes the girojeof outflow velocity along the LOS and other
large-scale bulk motions of the plasma as well as the miopisanotions of particles.
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National Solar Observatory
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Figure 1.18: Coronal holes at 1996 December 12 during solainmam (left column) and 2002

December 12 during solar maximum (right column). The topgesaare EIT 195A observations.
The bottom figures are coronal hole maps obtained from NaltiSolar Observatory Kitt Peak
observations of the Sun’s disk in He 10803A. The coronalsholglined in the Kitt Peak maps can
be seen clearly as dark regions in the EIT images.

X-ray or EUV images, coronal holes appear as dark regionis d&n be seen in the EIT images of
figure 1.18. Coronal holes only become apparent at heighdevafral Mm above the photosphere,
with lower densities and electron temperatures than quiattive regions. At solar minimum, seen
in the left column of figure 1.18, large and long-lived cordmales exist at the solar poles. At solar
maximum, seen in the right column, coronal holes appeal &talides and are often smaller and
lead shorter lives than the solar minimum polar coronal $10k detailed review of coronal hole

observations and models is given in Cranmer (2002).

In good quality white light images, coronal holes are farkkdathan streamers, and filaments
of increased intensity called plumes can be seen extenddiglly within the holes. Plumes can be

seen in the eclipse image of figure 1.4. Coronal holes areusglito be associated with regions of
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open magnetic fields in the corona, and plumes are thouglt fitainents of higher plasma density
which follow open lines of strong magnetic flux. The configima of plumes, and the general shape
of the solar corona seen in radially filtered white light psé and coronagraph images have led to the
association of coronal holes, in particular the solar minimpolar coronal holes, with super-radially
expanding magnetic fields which follow the global dipoleisture of the Sun’s magnetic field. The
left plot of figure 1.19 shows the standard model of solar mimh magnetic structure overlaid on
a map of the corona created from UVCS synoptic observatibihy-a@ intensity (Zangrilli et al.,
2002). A growing body of evidence, summarized in Woo et &0@), is challenging some aspects
of the accepted view of coronal magnetic structure. X-ray ahite light measurements of the
inner corona, compared with radio measurements by Ulysses shown a radial expansion to the
corona and to the boundaries of coronal holes (Woo & Habl®894; Woo et al., 1999b). Direct
observations of inner coronal magnetic field direction, enbg measuring the polarization of a Fe
line during 1980, suggest the coexistence of a nonradia éisbociated with equatorial streamers,

and a more pervasive radial magnetic field (Habbal et al.12D0

4

ULYSSES/SROOPS ’ eed (lm a7")

ULYSSES,/MAG EIT {NASA/GSFC)

Imperial College Mauna Loa ME3 (HaQ)
@ 0utward [MF LABCD C2 (NEL)
#nward IMF

Figure 1.19:Left - the standard view of magnetic structure at solar minimurhe @ashed lines
show the basic dipole structure of the magnetic field modglarding super-radially at the poles,
and closed at the equators. The solid lines are isocontdls @ intensity as obtained from UVCS
synoptic observations. From Zangrilli et al. (200Bight - solar wind speed measured along a
whole polar orbit by the Ulysses spacecraft during solariimiim. The underlying images are
composites of solar minimum observations made by EIT, tharidd.oa MK IIl coronagraph and
LASCO C2.

As mentioned in section 1.3, coronal holes were associaitxtive fast solar wind using a geo-
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metrical mapping of distanh situ solar wind velocity data from the Vela and Pioneer VI spaagcr

to coronal holes identified in X-ray observations (Kriegeale 1973). The polar coronal holes as
sources of the fastest solar wind was confirmedhisitu measurements made by the Ulysses space-
craft in a polar orbit during solar minimum (Balogh & Forsyt998). A famous result is shown in
the right plot of figure 1.19, where the solar wind speed mresakhy Ulysses is mapped over EIT
and white light images of the solar minimum corona. Ulysdeseoved consistently fast wind over
both poles, with slower and more variable wind over the empsatThe latitudinal extent of the fast
wind measured by Ulysses at large distances from the Sumssdarably larger than the latitudinal
extent of the polar coronal holes in the inner corona. A supéial expansion of the coronal holes
would explain this, or the quiet mid-latitude coronal regianay also be sources of the fast solar

wind.

A major result of UVCS coronal hole observations was theddirgewidths of the O VI lines,
with T, exceeding 300 MK at heights oR2 (Kohl et al., 1997). The top plot of figure 1.20 shows
the profile of O VI observed in a 1996 June solar minimum nowdlapcoronal hole at a height
of 2.1R,. The profiles have &1/e linewidth of around 500 km=2. Such linewidths were much
larger than expected. ®ions in thermodynamic equilibrium with a 1 MK plasma, appnoately
consistent withile measured in coronal holes at low heights, should give lid#wiof around 32 km
s™L. The bottom left and middle plots of figure 1.20 show sevelbabovedV; /¢ of Ly-a and O VI in
solar minimum polar coronal holes (Kohl et al., 1998). ThrgdaO VI linewidths are not reflected
in coronal hole Lye line profiles, which suggests that the large O VI widths canb@oexplained
by turbulence. Lya linewidths are reflective of proton temperatures, and UV8&:ovations have

shown that, in the case of temperatures perpendicular tmégmetic fieldToy > Tp > Te.

Figure 1.21 shows observed and modelled O VI intensity s&to a large north pole coronal
hole observed by UVCS during 1997 January (Kohl et al., 1991Me observed intensity ratio
reaches values below one at heights abovB2.mdicating Doppler pumping of the 1037 line. The
modelled intensity ratios are calculated for a heighti&f and for diferent values of the width of
the velocity distribution parallel to the radial magnetieldi, orw;. The modelling shows clearly
that a loww; of less than 91 km's is needed to achieve intensity ratios below one, compartd wi
an observed/y e of about 600 km st. This is evidence of a large O VI temperature anisotropy in

the directions parallel and perpendicular to the radialmeég field. Evidence of O VI temperature
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Figure 1.20:Top- profiles of O VI observed by UVCS in a 1996 June solar minimwrtmpolar
coronal hole at a height of ZRL. Crosses are data points, the solid line is a best fit to Ganssi
and the dashed and dashed-dotted lines show unwanted igtnaycdntributions to the profiles.
From Kohl et al. (1997).Bottom- several observed (a) Ly-and (b) O VIVy,e linewidths versus
height. Shaded areas show the limits of the most probabledspe the direction parallel to the
magnetic field,w. (c) Derived O VI outflow velocity versus height. The shadeeaa give the
limits corresponding to the range wf in (a) and (b). From Kohl et al. (1998).

anisotropiesrT , /T of order 10-100 have been consistently found from the corsparof UVCS
coronal hole observations with model results (Kohl et @97, Li et al., 1998; Kohl et al., 1998;
Cranmer et al., 1999).

Evidence ofToy| > T, > Te and T, /T, of order 10-100 have led to a resurgence of interest
in the modelling of ion cyclotron resonance, thought to benajor importance in the heating and
acceleration of the fast wind. However, Raouafi & Solankid@0modelled realistic O VI intensity
ratios using a simple isotropic temperature distributi®his was achieved by employing a super-
radial expanding magnetic field and an electron density Iprofilculated by Doyle et al. (1999)

from SUMER, LASCO and UVCS data. This result may have majglications on models for
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Figure 1.21:Left- observed intensity ratio for O VI 1032 to 1037 versus hefghiin a north polar
coronal hole during 1997 JanuariRight - modelled intensity ratio versus outflow velocity for a
spherically symmetric corona with parameters constrainetthe 1997 January north polar coronal
hole observations. Curves are calculated for seviardint widths of particle velocity distribution
in a radial direction at a height ofR3. The labeled values arg/d velocities in a radial direction.
From Kohl et al. (1997).

fast wind heating and acceleration.

1.5 Conclusions

This chapter has shown how advancements in observatiopatrtioular UV observations of the last
thirty years, have led to an enormous growth of our knowlaafgbe plasma properties of the solar
corona. UVCS remains the only instrument capable of pragidiata in the acceleration region
of the solar wind that can provide values of abundance, testyme and outflow velocity. The

discovery of preferential heating and temperature aripgtin coronal holes strongly suggests ion
cyclotron heating in the corona. UVCS observations thusigeoessential constraints on models

of coronal heating and acceleration currently unavailélglany other means.



Chapter 2

The Coronal O VI Lines - Formation

and Modelling

2.1 Introduction

In this chapter we examine the processes in the corona wiiichldV emission lines and how the O
VI lines at 1031.9 and 1037.6A are sensitive to bulk outflovoeity through Doppler dimming and
pumping éfects. Doppler dimming and pumping are théon d’étreof UVCS O VI observations
and the #ect is described and discussed in detail in this chapter.

The standard equations describing the formulation of siolial and radiative line intensities
are introduced in section 2.2. Assuming a bi-Maxwelliaroedy distribution of the emitting ions,
the equations are transformed into an analytical form BlgitBor numerical computation in section
2.3. O VI Doppler dimming and pumping are described in sacBi@l. Section 2.5 introduces the
O VI intensity ratio as a diagnostic for bulk outflow velocitythe corona, and the intensity ratio
is modelled as a function of outflow velocity and temperat@méesotropy for typical coronal hole
conditions. The sensitivity of the intensity ratio to varsomodel parameters is examined in section

2.6. Brief conclusions are given in section 2.7.

2.2 Formation of UV Coronal Emission Lines

Figure 2.1 shows a general example of an UVCS spectrum camgaihe O VI doublet and the

H Ly-a line. The O VI pair have their theoretical or reference lirters,1p, at 1031.91 and

53
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Figure 2.1: An example of the O VI doubldeft) and Hydrogen Ly (right) viewed by UVCS in
a streamer at heightl.9R,, latitude~145.

1037.61&. They are formed by two transitions of thé"Oons: 25°S;,, — 2p?P3); for the 1032
line and 22S;/, — 2p?P;,, for the 1037 line. There are two main processes that comritauthe
intensity of the O VI lines: collisional and radiative exatibn. Therefore, the total intensity of an

O Vl line integrated over wavelength is

| = fw(lc(an 11(2)) da (2.1)

wherel(1) andl, (1) are the collisional and radiative intensities at wavetkngrespectively. Col-
lisional and radiative processes will be discussed in Higtdhe following subsections. The Ly-
line at 1215.67A is formed by ask 2p transition of neutral Hydrogen caused almost exclusivgly b
radiative excitation (Gabriel, 1971b). Both radiative aotlisional processes cause an excitation of

the ion which is followed by de-excitation and the emissiba photon.

Figure 2.2 shows the geometry and coordinate system of afisgght (LOS) in the corona,
used extensively in the following sections. In the low dgnsbrona, the free path of a photon
is efectively infinite therefore the intensity viewed by an obsay instrument at a wavelength
I(2), is the emissivity,j(4, X), from a single poini in the corona at wavelength integrated along

an extended LOS:

1) = fo i, X) dx (2.2)

(%)

*For brevity, these are usually referred to as the 1032 and [108s.
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Figure 2.2: LOS geometry and coordinate system. ¥{ais is parallel to the LOS, theaxis
points toward the Sun and tlyeaxis points out of the page. Point O is the center of the Sus, C
the point along the LOS closest to the Sun, P is any point aload. OS and Pis any point on the
Sun’s disk. ¥ is the angle CORy is angle OPPand@ is the angle between the plane of the paper
(x-z plane) and line OP r is the radial direction and is the radial outflow velocityn is the unit
vector along the LOS and is the unit vector along line PPFrom Li et al. (1998).

2.2.1 Collisional Component

Electrons in the corona have a temperatiligg of ~1x10°K, equivalent to a le velocity of ~5500
km s1. These energetic electrons collide with and excite iondéndorona causing subsequent
de-excitation and emission of a photon. The collisionadrisity at a certain wavelength viewed by

an observer along a LOS can be written as:

le(1) = %f f Qe N Ne f(v)é(/lo—/l+ ié’v.n) dx v, (2.3)

whereq, is the collisional excitation rate cfiient of the atomic transition (Withbroe et al., 1982),
n; is the ion density ande is the electron densityn is the unit vector along the LOS toward the
observer thereforen is equal tov, (see figure 2.2)f (v) is the velocity distribution of the ions. The
delta function in the integral over the velocity distritmrtiin 2.3 selects only the ions that are at the
correct velocity to emit at the observed wavelengith.n = vy = ¢ (1 — 2p) /Ao.

gc varies with electron temperature (see section 2.6.2 ofctiépter). Contained in the atomic
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parameters ofic, a 25°S; > — 2p?P3); transition is twice as likely as as2S;, — 2p?Py; transition,

and the ratio of the O VI 1032 over 1037 collisional comporéstlways close to 2.

2.2.2 Radiative Component

The radiative component of a coronal emission line is calsedhoto-excitation of the ions by
radiation from the chromosphere. The radiative intensita aertain wavelength viewed by an

observer along a LOS can be written as:

|,(a)=23§ffff [a+ b1 (4, w)

x f(v)5(/1’ /lo—?vn)6(/l —/1+%vn)da)d/l’dxd\/ 2.4)

whereBs is the Einstein ca@icient andl (1, w) is the incident chromospheric radiation at wave-
length” and from a point on the Sun’s disk (Withbroe et al., 1982; Lakt1998). The integral
overw is the solid angle subtended by the Sun’s disk as seen front yoin the integral over the
velocity distribution, the first delta function selects ptthose ions that have the correct velocity to
be in resonance with the incident wavelength! = c(1’ — 1p) /1p. The second delta function se-
lects only those ions witk.n = vy = ¢ (4 — Ag) /Ao, that is, emitting at wavelengthas seen by the
observer. The incident radiation is along a particularadios n” and the function that describes the
subsequent direction of the coronal emissio[ai& b(n.n’)z]. This is called the scattering profile.
For O VI 1032,ais 7/8 andb is 3/8; for O VI 1037 there is no preference for scattering diatti
thereforeais 1 andbis O (Noci et al., 1987). For H Ly, ais 11/12 andb is 3/12.

In the incident chromospheric spectruin(?’, w), Ly-a and the O VI doublet have a strong
presence. Radiative excitation is often called resonac&iesing since (1, w) is strongly peaked
at the correct wavelengths to excite the ions in the cordn@’, w) is dominated by collisional
excitation therefore it has an O VI 1032 over 1037 intengtjorof 2. In addition, since the excited
O Vlions in the corona are twice as likely to occupy th#Rs), state, the ratio of the O VI 1032
over 1037 radiative components in a coravith no outflowis ~4. This ratio changes if there is an

outflow of the O VI ions. This ffect will be described in section 2.4.
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2.2.3 Other Mechanisms for Emission

Other contributions to UV coronal line intensities are (Galh1971b):
e Thomson scattering of chromospheric radiation from cdretectrons
¢ Rayleigh scattering of chromospheric radiation from cataons
e F-corona emission - scattering of chromospheric radidtioam coronal dust

These contributions are weaker than the collisional angatimd contributions by many orders of
magnitudes. Of these, Thomson scattering of the chromasplivees is the most prominent. It
gives a contribution with a very wide profile. For luy-it has a Je width at the order of 30A for

typical coronal temperatures (Withbroe et al., 1982). Irant observations, this contribution is

indistinguishable from the background.

2.3 Computing the O VI Intensities

Given an appropriate coronal ion velocity distributionabtical solutions may be found to the
equations of collisional and radiative excitation (Witheret al., 1982; Li et al., 1998). The analyt-

ical solutions give greateifiiciency in the numerical computation of emission lines.

2.3.1 The lon Velocity Distribution

The first consideration in computing the O VI lines from edua 2.3 and 2.4 is the velocity

distribution, f(v). A common choice is a bi-Maxwellian distribution:

m

1/2 m
27kT,] 27k,

m
2
2kT, *|°

J— 2 —
2T, (Vi —u)

(2.5)

f(v) = ( exp[—

whereT; andT, are the temperatures parallel and perpendicular to thesalel directiony; and

v, are the particle velocities parallel and perpendiculah®radial direction and is the outflow
speed, assumed to be radial. The velocity profile is thezefgmmetric around a radial axis from
the Sun, this being a reflection of conditions in the coronaesthe magnetic field can be assumed
to be mostly radial. The bi-Maxwellian distribution allows to introduce a temperature anisotropy

parallel and perpendicular to the magnetic field.
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2.3.2 Analytical Solutions

Substituting the bi-Maxwellian form fof (v) into equation 2.3, the delta function can be used to

transform the collisional velocity integration,

Fe= f F(V)5 (ao A+ %v.n)dv,

[ee)

into the analytical expression:

Fo = _ exp[coszz// ([ﬂsinw -u] ﬂsinz//)2 _ (Bsing —u®  BEcosy 26
(agaLAc) Ac | a, | @,
where a”:@’ o, = 2kr;1|1’ A= Co(jl//+si22’ﬁ and B = - o)/ Ao,
1

Following Li et al. (1998), the same approach can be appli¢dd radiative velocity integration

of equation 2.4:

® bl 2
Fr = f f(v) 5(/1' ~lo- fv.n’)&(/lo A+ ?Ov.n) dv,

to derive:
-1/2 2
F, - A exp _i(ﬂlsinw—ujLﬂzgziz‘/’] X
LN a| dy + d7
. \2 2 2
X expl—— (ﬂl cosy — ﬂzgzsmzlﬁ] - /33 S AT @7
a, dy+dz CYJ_(dy"‘dz)
where
2 cog - i
A dy ¥ | Badcosy(a, — ) +a, (BLsiny — u) — By siny| .

2.2 2 2
aji A dy + dz
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B1 andp, are given by
c c ,
Pr=—(=10). 2=~ (1o~ 1)~ o~ )]
0 0

andA; by

cos y .\ sin? lﬁ)

a’|| a

d2
Ar=—z+d§(

ay

dy, dy andd, are given by

dx = — sing cosd cosy + coSg siny,
dy = —singsing

d, = — cos¢ cosy — sing cosd siny.

2.3.3 The O VI Spectral Line Program

A line emission program is readily constructed from the wizd! solutions 2.6 and 2.7. The code
utilised in this work is written in the Interactive Data Larage (IDL). It accepts a set of coro-
nal parameters (for example, electron and ion densityfrele@nd ion temperature) and calculates
emission along a LOS through the corona for the relevant lwagéh ranges. The program makes
full use of the array-manipulating capabilities of IDL tomimise the time spent looping through
integrations. The time for computing the two O VI line prdfillor a typical grid size of 30 wave-
lengths each line, 100 LOS bins, 2@ngles, 2@ angles and 40 incident wavelengths for each line

is ~ 5son a standard desktop PC.

2.4 Doppler Dimming and Pumping

Doppler dimming is caused by the outflow speed of the O VI ianthe corona. An increase in
outflow decreases resonance with the incident chromogp@eXi| lines resulting in a decrease in

the radiative coronal emission. Figure 2.3 shows a partettivomospheric spectrum containing
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Figure 2.3: Chromospheric spectrum containing the O VI aritlddublet. This spectrum is ob-
tained from the accumulation of quiet solar disk (solid Jiaed coronal hole (dotted line) obser-
vations by SUMERSOHO (Curdt et al., 2001). There is no correction here forewidg of the
profiles by the spectrometer.

the O VI doublet. If the coronal O VIions have no outflow, theg axcited by the peak wavelengths
of the chromospheric O VI doublet. With outflawthey see the chromospheric spectrum redshifted
by ua/c. At high outflow, resonance is lost and the radiative excitadirops to extremely low levels.
The rate of dimming with increasing outflow velocity dependtcally on the width of the velocity
distribution of coronal ions in the solar radial directiamiaracterized by the parallel temperature,
T,. Alow T increases the sensitivity of the dimming to outflow speeck [Eft panel of figure 2.4
shows Doppler dimming of the O VI 1032 coronal intensity aarection of outflow speed for three
values ofT. The dimming has been calculated using a quiet Sun chroredspdpectrum. At &

of 1(PK the 1032 intensity has dimmed to 5% at an outflow speed 180 km s*. Ata T, of 10°K

an outflow of~ 600 km s is needed to achieve the same dimming.

T =1.0E+006 ] : T =1.0E+006
T =1.0E4007 - S T =1.0E+007 oo
T =1.0E+008 —----- q Hos AN T =1.0E+008 — ==~ --

L 1= == L ) =~
200 400 600 800 0 200 400 600 800
Outflow speed (km s™) Outflow speed (km s™)

Figure 2.4:Left - Doppler dimming of the O VI 1032 line as a function of outflowlecity for 3
different ionT;. The lines were modelled using a plane of sky (POS) calauadt a height of B,
with an isotropic temperature distributio (= T,). Right- the same for O VI 1037.6.

Two chromospheric C Il lines can be seen in figure 2.3. Sinesdlare close to the O V1 1037.6
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line and are at shorter wavelengths (1037.02 and 1036.3#h&y, can resonate with the coronal
O VI ions at certain ranges of outflow velocities. This is edllDoppler pumping and itsffect
can be seen in the right panel of figure 2.4 for threedint ion temperatures. Following the plot
for a temperature of AK, since this is the most sensitive to dimming and pumping 1087 line

is at first dimmed due to the drop of resonance with its own agpheric incident line. At an
outflow of ~ 100 km s? the O VI ions start to resonate with the closest C Il line at7&3This
pumping reaches a maximum-atl80 km s*. This speed translates into a redshift of 0.6A which
is the separation between the O VI and C Il lines. The saffieeterepeats for the second C 1l line,

peaking at an outflow of 400 km s?.

Normalised energy
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Figure 2.5: Comparison of chromospheric spectrum (satid)liand coronal velocity distribution
at two outflow speeds which illustrates the increase in 188#sity between O (dotted line) and
70 (dashed line) km3 at a temperature of $&. The coronal velocity distributions are translated
into angstroms. The chromospheric spectrum is normalizedhity at the peak of the O VI 1037
line. The coronal velocity distributions are also normadizo unity. At zero outflow, the coronal
velocity distribution is centered at the chromospheric7163ine. Increasing outflow shifts this
distribution to the left. The lightly shaded region at thelpef the O VI 1037 line represents the
loss in resonance between 0 and 70 kih $he darker shaded region shows the gain.

An interesting €ect is seen in figure 2.4 for O VI 1037 at a temperature &Kl@vhere the
intensityincreasedy a few percent between 0-70 kmtsa velocity range where we see the steep-
est dimming at lower temperatures. This can be understostdyelooking at figure 2.5, which
shows the normalized velocity distribution of the O VI ioms butflow velocities of 0 and 70 km
s71, translated into units of angstroms and overlaid on therobspheric spectrum. The velocity
distributions are so wide that they cover most of the 3 chigheric lines. The lightly shaded
region at the peak of the O VI 1037 line represents the losssarrance between 0 and 70 km.s

The darker shaded region shows the gain. There is a net ga@gs@mance so the intensity of the
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coronal line is increased.

2.5 Outflow Velocity and the Intensity Ratio of the O VI Doublet

Using the Doppler dimming technique, the intensity ratidhaf O VI doublet can be used as ev-
idence of bulk outflow velocity of O VI ions from the Sun (Kohl Withbroe, 1982; Withbroe et
al., 1982; Noci et al., 1987; Li et al., 1998). At low outflowlweities, both lines are radiatively
dominated, and the 108037 ratio is usually between 3 and 4. At very high velocjttbe radia-
tive component of both lines is Doppler dimmed and the limescallisionally dominated, giving a
ratio close to 2. In between these extremes of outflow, the can drop to values well below 2, as
the 1037 line is pumped while the 1032 line continues to dinmdte detailed analysis requires a

choice of coronal parameters.

2.5.1 Model Parameters

Let us consider here some conditions typical of a polar adrbole (PCH). The following cal-
culations are made using a solar wind model whose parameeysalong the LOS maintaining
spherical symmetry. Using equations 2.3 and 2.4, a bi-Mé#mevelocity distribution and the
parameters described below, we obtain the intensity ratafanction of outflow velocity at heights
of 2, 3 and 4R, with 5 different temperature anisotropies modelled for each height 0.01T

T, =01T,, T, = 0.5T,, T = T, (isotropic) andT; = 2T,. In all cases, temperatures are con-
strained not to drop below the electron temperature. In #heutations, the LOS extends to both
directions from the minimum heighp, (= 2, 3 or 4R;), until a height ofp x 1.5 is reached. At
these extremes of the LOS, the emission is small compardwhtdérom points closer to the Sun due
primarily to the sharp drop in density.

The incident chromospheric spectrum is obtained from tleestrown in figure 2.3 for the quiet
Sun (Curdt et al., 2001). Using this observed spectrum tiijr@écould be incorrect since the line
profiles are slightly widened by the SUMER instrument. Byrfgtthe spectrum to a Gaussian for
each line and a constant background we can correct for tmease in linewidth using standard
SUMER software and reconstruct a corrected spectrum. Ttiregfils done with a Levenberg-
Marquardt least-squares fit. Corrected linewidths of 0.4d @.12 A are measured for the O VI

1032 and 1037 lines respectively, 0.09 A for both the C lldin€hese are slightly wider than the
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0.1 (O VI) and 0.07 (C Il) A widths measured by Noci et al. (1983m Skylab observations. The
sensitivity of the O VI intensity ratio to incident spectruwill be discussed in a following section.
It should be noted that the incident lines obtained from tb&I&R solar atlas are shifted to their
theoretical line centers prior to modelling.

Electron density is obtained from a simple radial profilecakdted by Doyle et al. (1999) to
fit PCH Ne measurements from SUMER spectral data and pB measurememtgte white light

channel (WLC) on UVCS and LASCO C2:

1x10® 25x10° 29x10°
= + + .

N
€ 8 r4 r2

(2.8)

Electron temperature is kept fixed at all heights.asd1(P K. lon density is calculated from the
electron density using the ionization equilibria of Mazaait al. (1998) and the oxygen abundances
of Feldman et al. (1992), both tabulated in the Chianti atosaitabase. lon velocity is kept constant
along the LOS.

Te (10° K)

Height (R,)

Figure 2.6: Left - UVCS field of view (FOV) positions during @05/27-28 overlaid on a LASCO
C2 and Mauna Loa MK IV white light image. Slit bins are inteigghat each FOV between the two
solid lines. Gaussian fitting of the resulting O VI 1032 predilead to the temperatures given in the
right panel. The solid line is an error-weighted fit of a satdegree polynomial to the observed
temperatures which are shown as crosses with uncertainties

We use aT, for the coronal ions obtained directly from UVCS observagiof O VI 1032
linewidth in a Northern PCH. The FOV positions of the obs&orasequence is shown overlaid on
a LASCO C2 and Mauna Loa MK IV white light image in figure 2.6.eTactual O VI linewidths
contain contributions from microscopic, macroscopic antflow velocities along the LOS there-

fore are labeled a%q¢f, an dfective temperature, in figure 2.6. This approximate radiafile of
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temperature is sficient for this discussion and a more rigorous approach \eilubed in chapter
4 where the surplu3ess due to outflow velocity will be removed using an iterative hwat. See

section 3.6 of chapter 3 for a discussionTgf;.

2.5.2 Results and Discussion

Results are shown in figure 2.7. The profile of intensity ratith increasing outflow velocity is
similar at all heights although with increasing height thefile becomes more exaggerated. This
can be explained by the general balance of collisional adtige components with height. A
stronger collisional component at low heights restricesgnsitivity of the intensity ratio to outflow
velocity. It is also apparent that the sensitivity incresagdéth decreasing parallel temperature. An
anisotropy ofT;; = 0.5T, allows a minimum intensity ratio of 1 atR3 and 1.1 at &,. To drop
below unity, an anisotropy off; < 0.5T, is needed. Kohl et al. (1997) give intensity ratios-of.7
from UVCS observations at heights dR3in a solar minimum PCH. This is evidence that a strong

T, < T, anisotropy can exist in coronal holes (Kohl et al., 1997;tlale 1998).

4
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Figure 2.7: Intensity ratio as a function of outflow veloc#y various heights and temperature
anisotropies (see main text).

The intensity ratios measured for the coronal hole obsensishown in figure 2.6 are shown
in figure 2.8. The ratio of 15 + 30% at &, suggests an anisotropy @f < 0.5T,. This is far
less conclusive than the values of 0.7 measured by Kohl €1887). However, the profile of
observed ratio with height shows the distinct double dipalvh$ unique in the modelled ratios for
T) < 0.1T, . More definitive conclusions would require more rigorouastaaints on the solar wind
model, for example, using electron density measured indheegegion and at the same time as the

UVCS observations. Such improvements are made in followiapters. This section has given a
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demonstration of the value of the intensity ratio as a diagadool.
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Figure 2.8: Intensity ratio for the 200#5/27-28 coronal hole observations shown in 2.6

2.6 Sensitivity of the O VI Intensity Ratio to Various Parameers

In this section we investigate the sensitivity of the O Vieimsity ratio to certain input parame-
ters. It is important to explore the model in such a way in ptdedraw any conclusions from the

observations.

2.6.1 Chromospheric Spectrum

Figure 2.9 shows in greater detail the SUMER spectrum showfigure 2.3. The reconstructed
spectrum after correcting for the instrument broadenirgcdbed in the previous section, is also
shown. Table 2.1 compares the values obtained by Noci €t387( from quiet Sun measurements
obtained from Skylab and the SUMER reconstructed spectanmuiet Sun and coronal holes. Let
us first compare the quiet Sun values. Due to low spectralutiso in the Harvard spectrometer
aboard Skylab, the O VI 1037.6 and C Il lines are blended. Hhgevof 152.5 for the O VI 1037.6
intensity was calculated directly as half the 1032 intgrsiice the chromospheric lines are formed
by collisional processes. The C Il 1037 intensity was themiakd by subtracting the O VI 1037.6
intensity from the blended lines. The SUMER atlas showsia odt2.04 for the O VI lines. The C
Il lines have a ratio (1036/8037) of 0.82, close to the value of 0.84 given by Warren €t1&197).
The intensities measured from SUMER for O VI in the quiet Stnaonsiderably lower than

those measured by Noci et al. (1987). The coronal hole measnts are very low as expected
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Table 2.1: Measurements of Chromospheric O VI and € i.in ergs s* cm™ sr! and the Je
halfwidths andi,e; are in A

SUMER atlas - QS SUMER atlas - CH Noci et al. (1987)
lon Aref I Al I AAd I AAd
O VI | 1031.91| 270.0 0.11 156.9 0.13 305 0.1
OVl | 1037.61| 132.3 0.12 77.0 0.13 152.5 -
Cll | 1037.02| 49.9 0.09 28.6 0.10 52 0.07
Cll | 1036.34| 40.9 0.09 23.7 0.10 - -
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Figure 2.9: Greater detail of the spectrum shown in figure 23vI 1032 is in the left panel, O
VI 1037.6 and the C Il doublet in the right. The reconstrucspectrum with the correction for
instrument broadening is the solid line.

- approximately half those measured by Noci et al. (1987gufg 2.10 shows the sensitivity of
intensity ratio to the choice of incident spectrum. The maxn diference between results for the
SUMER quiet Sun and Noci et al. (1987) is 10% at an outflow of R80s ™!, with an average
difference of only 4%. Compared to the quiet Sun, the coronal fesi@it has a less exaggerated
profile as the radiative components of both lines are redwdddthe less intense chromospheric
radiation. The largest fierence is 45% near 180 kmlswith an average dlierence of 20%. It
is reassuring that the fiierences between Noci et al. (1987) and the SUMER solar gitgtram
lead to so little diference in intensity ratio results. Conversely, thiedéent results obtained from
using the coronal hole spectrum indicate that care mustides ta the modelling of UVCS coronal
hole observations. In particular, a careful computatio®©d¥l emission from a large solar mini-

mum PCH should incorporate the coronal hole spectrum asopéne incident radiation from the
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chromosphere.
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Figure 2.10: Intensity ratio as a function of outflow velgdlculated for dferent chromospheric
incident spectra. The calculations were conducted fordheesset of parameters as described in the
previous section for figure 2.7 at a height &{-;3with a temperature anisotropy @f = 0.01T .

The O VI chromospheric lines from sunspots are more intelnae the quiet Sun lines by a
factor of 60 or more, while the intensity of the C Il lines ramaimilar to their quiet Sun values.
According to the SUMER solar atlas, the intensity ratio @f peaks of the chromospheric O VI lines
is also changed from 2 to over 2.5. Since the C Il emission iesremilar to that of the quiet Sun,
the intensity ratio of the coronal emission is onfiegted by sunspots at low outflow velocity. Once
a certain outflow speed is reached, the coronal O VI falls buesonance with the chromospheric
O VI radiation, and the intensity ratio behaves much as itsdeith a quiet Sun chromospheric
incident radiation. If we model the disk radiation with omysmall contribution from sunspots, the
coronal intensity ratio at low outflow speeds can achievaeshigher than 4. This can be seen in
figure 2.10, where intensity ratio is calculated using atfBien chromospheric spectrum with a 2%
contribution from sunspot emission. The intensity ratiorgases from 4.1 to 4.4 between outflow
velocities of 0 and 40 km$. Above 180 km st the profile closely follows that of the quiet Sun. It
will be shown in chapter 4 that a contribution from sunspeais great implications on the modelling

of O VI conditions in a streamer.
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2.6.2 Electron Temperature and lon Abundance

Electron temperature is included in the calculation of thistonal excitation cofficient ofg. and
in the calculation of O VI abundance. Figure 2.11 shows thwatier ofg. and O VI abundance as
a function ofT¢ along with a comparison of intensity ratio profile for twdfdrentT.. The intensity
ratio is only slightly d@ected by the large fference inTe. This small diference arises from the
change iy and not from the change in abundance. Both the collisiondlradiative components
(equations 2.3 and 2.4) contain the same term for ion detigtefore the intensity ratio is totally

insensitive to changes in that density.

1.00 4
5 0.90 L= 1 x10°K
{ St 8K E
2 480 T.=2x10

Intensity ratio
N
\

8 1.2 1.6 2.0 0 100 200 300 400 500 600
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Figure 2.11:Left- gc (top) and ion density relative to electron density (bott@®s)a function offe.
Right- Intensity ratio as a function of outflow velocity calculdt®r 2 diferentTe. The calculations
were conducted for the same set of parameters as descritieg pnevious section for figure 2.7 at
a height of R, with a temperature anisotropy ®f = 0.01T, .

2.6.3 Electron Density

The collisional component has a direct dependence on efeckensity. Figure 2.12 shows the
intensity ratio profile for two dferentNe. The first value foN is typical for the given height in
large coronal holes. We have doubled this value for the netxdfscalculations. As expected, the
intensity ratio is sensitive thle, with a less exaggerated profile with increashigas the collisional

component becomes more dominant.

2.7 Conclusions

Doppler dimming and pumping are conceptually simple preegsHowever, the equations of col-

lisional and radiative coronal UV emission contain manyapaeters which add considerable com-
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Figure 2.12: Intensity ratio as a function of outflow velgottalculated for 2 dierentNe. The
calculations were conducted for the same set of parametetsszribed in the previous section for
figure 2.7 at a height ofR, with a temperature anisotropy ®f = 0.01T .

plexity to the modelling of coronal emission lines. In thisapter, the analytical forms of the
equations are introduced. These form the core of an extyedfietient IDL line emission code
which will play a central role in the empirical modelling oMCS observations (chapter 4) and in
a parameter study of O VI linewidth (chapter 5). In this cleapa more basic modelling of lines
from typical coronal hole conditions showed the power of @h¥| intensity ratio as a diagnostic
tool for outflow velocity. The modelling showed evidence ofja< T, anisotropy, in agreement
with previous observations of coronal holes by UVCS.

An important result of investigating the sensitivity ofénisity ratio to various parameters is the
impact of introducing a contribution from sunspots in thedent disk spectrum. The O VI intensity
ratio at velocities below-180 km s is strongly d@fected by the sunspot contribution. This subject

will be discussed further in chapter 4.






Chapter 3

Instrumentation, Observations and Data

Analysis

3.1 Introduction

The UVCS instrument was introduced briefly in chapter 1. i8ac8.2 of this chapter describes
the UVCS instrument in more detail. Section 3.3 explains RMCS makes measurements of
the corona and describes the type of observation possildsic Blata processing is introduced in
section 3.4, with spectral analysis and reduction techesigiescribed in section 3.5. A discussion
on the interpretation of the width of O VI coronal lines as aaswee of temperature is given in
section 3.6. Methods for creating contour maps of UVCS oladddes across large regions of the
corona are given in section 3.7. Finally, an inversion meétfoy obtaining electron density from
polarized brightness measurements made by the Mauna Lod&/M&rbnameter and the LASCO

C2 coronagraph, both introduced in chapter 1, is given itiae®8.8.

3.2 The Instrument

A brief description of the UVCS instrument is given here. Al fiescription can be found in Kohl
et al. (1995). UVCS is aboard the SOHO spacecraft, whichiothe L1 Lagrangian point between
Earth and the Sun. Figure 3.1 shows the layout and major patte UVCS instrument. Light
enters through the entrance aperture onto the telescopersyiwhich focus images of the corona

onto the entrance slits of the spectrometer assembly. Digit from the Sun’s disk is suppressed

71



72 Chapter 3. Instrumentation, Observations and Data Analgis
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Figure 3.1: Diagram of the UVCS instrument with all majortpdabeled (Kohl et al., 1995)

by the external and internal occulters. Internal reflecobmnwanted light within the instrument

is reduced by the sunlight traps. Lightidacted by the entrance aperture edges is prevented from
reflecting df the telescope mirrors by an internal occulter mechanisieeplan front of each mirror.
Baffles on the entrance slits of the spectrometer further redosanted light thus achieving the
stray light suppression necessary for observations of Wétsal lines in the extended corona.

Two toric gratings and a visible light polarimeter form tihege channels of the spectrometer -
the Ly, O VI and the white light channel. The O VI channel is optindiser measurements of the
two O VI lines at 1031.9 and 1037.6 A. The light is dispersedheygrating onto a two dimensional
photon counting detector. The detector is digitized to 1(ctral)x 360 (spatial) pixels. To
improve the signal to noise ratio (SNR) or due to telememjtitions, most observations combine
these pixels into larger bins. For example, binning 6 sppatiels together produces 60 spatial bins
across the whole detector. A convex mirror between thergyatind the O VI detector enables the

simultaneous measurement of the Hdyine at 1216A. This is called the redundant kypath.

3.3 Observations

The field of view (FOV) of UVCS is defined as the portion of themw's image that enters through
the entrance slits into the spectrometer. Figure 3.2 (kfief) shows the FOV of the UVCS O VI
channel. The FOV has a length of 4therefore we can see~a2.5R; slice of the corona. The FOV
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is always perpendicular to the solar radial direction agppumber 200 (out of 360). The height of
the FOV in the corona can be moved between 1.2 ang;lBy moving the telescope mirrors. The
position angle or latitudecan be changed to any angle by rolling the telescope assertnd its
lengthwise axis. Light detectors within the sunlight trap$JVCS along with the stepper motors
of the roll and mirror mechanisms determine the positiorhefROV relative to Sun center.

A typical UVCS observational sequence is to observe at theegaosition angle over many
heights consecutively. This is shown in figure 3.2 (right gdan Since the FOV is perpendicu-
lar to solar radial we can see how conditions change acré&setit coronal structures. Viewing
many heights consecutively allows the study of how condgichange with height within a certain

structure.

Figure 3.2:Left - the UVCS field of view (FOV) drawn on a nested image of the narm white
light. The FOV is the solid white line. The dotted line showe tadial line from Sun center to the
FOV. Two possible positions of the FOV are shoWRight- a typical UVCS observing sequence.

Accumulated detector photon counts are collected in ansexpo Exposure time can vary but
is often around 2 minutes or longer. Several exposures dectEm in an observation and can be
integrated during data analysis to improve the SNR. FiguBesBows a detector image, obtained
from a total integrated exposure time of 1.5 hours from amndagion with a FOV of height .8R..
Observations made of regions further out in the corona awiret density coronal structures require
longer integrated exposure times in order to get a decent 8WRpossible also to adjust the width
of the entrance slit, allowing a higher rate of photons in lotensity observations, or a lower rate

if observing near the Sun.

*Position angle is measured in degrees counter-clockwise $olar North. Latitude is measured in degrees counter-
clockwise from solar east. A measurement in position argtea same as latitude minus°90
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Figure 3.3:Top- UVCS O VI detector image from a total exposure time of 1.5reambserved at
a height of 2.R;. Lighter shades mean more counts and the two O VI lines a&e itlehe image.
Bottom- a spectrum obtained by summing over the 10 central spatialib the detector image.

3.4 Basic Data Processing

UVCS observations are available for analysis as specttalfiles. The files are in FITS format and
contain essential information on the observation as wethasuncalibrated detector data. In this
section we summarize the steps necessary to convert the Bp&%ral files into meaningful data
appropriate for analysis.

All calibration and other procedures discussed in this tdramay be conducted by using the
standard UVCS Data Analysis Software (DAS) package, wrifite the Interactive Data Language
(IDL). The flat field and calibration files are all included imet same analysis package available

from the SOHO online archive or frofttp;/cfa-www.harvard.eduvcs.

3.4.1 Calibration and Flat Field Correction

Prior to analysis, there are three main steps of calibratibith need to be made on the UVCS
files: pointing, wavelength and radiometric calibratiorheTpointing calibration converts informa-
tion such as the measured mechanical position of steppersnot UVCS position relative to the
SOHO spacecraft into meaningful measurements of FOV heigtitposition angle. Wavelength
calibration translates spectral detector bins into pasioits of wavelength (A). Radiometric cal-
ibration translates detector counts into physical unitsnténsity (photons 8 cm2 Q1 A1),

The accuracy of UVCS radiometric calibration has been destéaboratories pre-flight and with
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comparisons of observations of the UV emission of stables stéth observations made by other
telescopes in flight (Gardner et al., 2002). The uncertadhtyadiometric calibration of first order
lines is between 20 to 22% depending on the observed heighthanyear of the observation (the
detectors degrade slowly with age). In this work, the uradeties of absolute intensities includes
the 22% calibration uncertainty. This does nfieat measurements of linewidths or line intensity
ratios.

Different regions of the O VI detector havdfdient gain responses and this bias is removed by
dividing the detector counts with a flat field calculated frameraged synoptic data and observations
of stars. Further discussion of UVC8ieiency arising from variations in the toric gratings is give

by Gardner et al. (2000).

3.4.2 Combining Data

By combining exposures and spatial bins, the photon courthipen, is increased and the Poisson
uncertainty in the number of counts/n, becomes small compared o It is necessary to com-
bine many exposures to obtain a decent SNR. This is easilg dithough there are occasionally
contaminated exposures which need to be removed. The ciotzon involves spikes in the data,
or single detector pixels with extremely high counts. Oftecontaminated exposure will contain
many of these spikes. They can be caused by energetic partintering through the UVCS shield-
ing and hitting the detector. The automated exposure campsoftware of DAS identifies spikes
by finding detector bins which have a count greater than a6 10*. It is also possible to view
the exposures by eye and identify the bad exposures whiahd#urry of white pixels. These are
removed prior to combining. Observations that are senjodsteriorated due to a high proportion
of bad exposures are rare.

To further improve the SNR it is often necessary to combiraiapbins. Spatial resolution is
sacrificed in order to reduce uncertainties although at leights in streamer or quiet Sun regions
this may not be necessary. At high heights in coronal holespatial bins across the slit may need
to be combined. In figure 3.3, 10 spatial pixels are combimedrder to obtain the high photon
counts shown in the lower panel. The weaker O VI 1037 line hpsak count of~ 800, giving
a good relative uncertainty/n/n of 3.5% for that spectral bin. The spatial edges of the detect

image are unreliable therefore a few spatial bins at theemities of the slit are always discarded.
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3.4.3 Correcting the Spectrum

The spectrum measured by UVCS is a convolution of the origineonal spectrum with various
instrumental &ects which serve to redistribute the original intensity ariden spectral features
(Kohl et al., 1997). Many of these instrumentéleets are well modeled through pre-launch labora-
tory tests, observations of the weak and narrow interpéametdydrogen Lye line and comparisons
between UVCS and results from other instruments. The knostmumental broadening functions
are illustrated in figure 3.4, along with theiffect on a Gaussian function. Gardner et al. (2000)
found variations in replicas of the UVCS toric grating in aedtion perpendicular to the grating
grooves. These variations could significantijeat the interpretation of observations although at

present the féect cannot be removed from the data without further invastg.
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Figure 3.4.Left- Model profiles of known UVCS instrumental broadening fumas (all normalized

to unity). The labels in the legend refer to the followinglit'Sefers to the slit profile, a rectangular
function with width equal to the slitwidth. ‘Optics’ is a Gssian function which includes the
point spread function of the spectrometer and digitizatibthe incident dispersed spectrum on the
detector. ‘Smear’ is an instrument characteristic thatasssiepectral features so that broad wings
extend to their sides, with an amplitude of 1-3% of the peakuie intensity (Kohl et al., 1997). For
illustration purposes only, we have exaggerated the anagiof the wings. ‘All’ is a convolution

of all the above-mentionedftects. Right - The dfect of the model instrumental broadening on a
Gaussian function. As with all convolutions, the intensgtyedistributed but the total intensity is
conserved.

Smear

This dfect is an unexpected UVCS characteristic that smears apéitures so that broad wings

extend to their sides, with an amplitude of 1-3% of the pealtuies intensity (Kohl et al., 1997).
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Observations of the narrow interplanetary H &yhelped model this feature. The correcting func-
tion was validated by comparing UVCS chromosphericaLgbservations with observations from

other instruments. The UVCS DAS corrects for thifeet using an iterative convolution with a

zero integral function. Although generally reliable, noisput occasionally results in corrections
with negative intensities. Gold’'s method of deconvoluti@old, 1964) is an iterative deconvolu-

tion algorithm which does not allow such non-physical ressulested on clean UVCS data, it gives
results virtually identical to that of the zero-integrah@iion. On noisier data, negative intensities
are avoided although the corrected profiles are smoothed.siftoothing is a necessary symptom
of the iterative method which helps avoid amplification ofseo The use of a smoothing window
of width 3 spectral bins smooths the high frequency noisdenggiectral features wider than 3 bins
are preserved. Lines in the UVCS spectrum are much wider 3rgpectral bins so the deconvo-
lution process can notfiect the final results significantly. Jansson (1997) givesmaprehensive

introduction to deconvolution of spectra.

Optical Broadening

This dfect includes the broadening due to the point spread funofitihve spectrometer and digitiza-

tion of the incident dispersed spectrum on the detectoralt be removed by deconvolution but in

practice, since it is well approximated by a Gaussian, th€8\¢pectrum may be left uncorrected.
After fitting the spectral line with Gaussian functions, tiical broadening may be subtracted in
quadrature from the fitted linewidthaZ,,, = AA2. — AL2

fit optical

Slit Broadening

The UVCS entrance slit is of course not a one-dimensional limd the narrow spatial width of the
slit lies in the same direction as the spectral dimensiohefetector therefore there is an intrinsic
broadening of the spectrum which depends on the variabléhweidthe entrance slit. This broad-
ening function is shown as a rectangular function in figudeV@ith a width equal to the entrance
slit. In reality, one side of the entrance slit FOV is closethte Sun than the other and has a higher
intensity. In the case of an observation which has a steepsity gradient, that is, observations
made close to the Sun, the slit profile needs to be modeledraperbid, with the gradient of the

trapezoid’s roof reflective of the intensity gradient asrtee UVCS slit. DAS compensates for this
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broadening as part of the Gaussian fitting routine (to bertestbelow). The fitting algorithms fit
the spectral lines with Gaussians pre-convolved with thE@piate trapezoid slit function rather
than pure Gaussians. To obtain information on the integségient, observations at 2 close heights

are needed.

3.4.4 Stray Light

Despite the advanced design of UVCS, some stray light fren$tin’s disk reaches the spectrometer
and contaminates the coronal data. The level of contamimathn be determined in-flight from a
knowledge of both the disk intensity of a low-charge statednd the intensity of that line observed
by UVCS in the corona. The presence of a line from such an iddMES coronal observations
must be completely due to stray light since these ions armaddrat low temperatures and do not
survive in the hot corona. This is shown in the top right plbfigure 3.5. This plot shows the
fraction of carbon and silicon that is twice ionized as a fiorcof the electron temperature. Both
ions are extinct at temperatures-of8 x 10° K. These values are tabulated in the CHIANTI atomic
database from calculations by Mazzotta et al. (1998). Tie ohthe UVCS measured line intensity
over the measured disk intensity gives a stray light fractibthe observed height.

Figure 3.5 (left) shows some measurements of stray lighktifna against height. As described
in Gardner et al. (2002), the pre-flight laboratory measer@swere made with only one optical
configuration equivalent to observing the corona at a heifl2.7R,. The stray light fraction
estimate obtained from the laboratory test is the squariimdosymbol in figure 3.5. The other
measurements were obtained from Si Ill and C Il intensities

A good fit to the measured stray light fraction is given by

—6(':1_X 11)228 > 2% 107
wherer is the height inR,. This is the value used by the UVCS DAS. The stray light fiatiis

then multiplied by the disk intensity of a line to acquire gteay light intensity. The inset in the
left plot of figure 3.5 shows the estimated stray light of O B2 and 1037 as a function of height.
The bottom right plot compares 84 observed O VI 1032 int@ssivith the estimated stray light.

The intensities were gathered from 28 observationsfeémint coronal structures at various heights,

position angles and dates. It is clear from this plot thatstinay light can be neglected at heights
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Figure 3.5:Left- Calculations of the stray light fraction at various hegghtalues of the stray light
fraction measured inflight are shown as filled circles (S liliangles (Clll by R. Suleiman) and
diamonds (C Il by J. Raymond). The square is a laboratorysameanent. The inset plot shows
O VI 1032 and 1037 straylight obtained by a line fitted to thaydight fraction measurements
multiplied by the O VI disk intensities (see texfop right- the fraction of carbon and silicon that
is twice ionized as a function of electron temperature, bsléded in the CHIANTI database from
calculations by Mazzotta et al. (1998Bottom right- 84 O VI 1032 intensities gathered from 28
UVCS observations of various structures at various hejgidsition angles and dates, divided by
the O VI 1032 stray light estimate.

below 5R,. Observations of low intensity structures at heights alibisecan have a 10% or more
contribution from stray light. In this work we neglect stréght in O VI observations at heights
below 4R,. Above 4R, we remove the stray light estimate from intensities andaaddncertainty
equal to the stray light estimate to the intensity uncetyain

The bulk of the stray light comes from the portion of the Suti&k directly below the position
of the UVCS observation in the corona (L. Gardner, privat@icmnication). Chromospheric O VI
lines are stronger by a factor of 60 or more in sunspots (sg@®BE.6.1 in chapter 2) therefore any

observations made directly above sunspots will contain ehngueater intensity of stray light.

3.5 Spectral Analysis

The analysis of UVCS O VI spectra involves the fitting of the Ospectral lines to Gaussian

functions and a constant background. The assumption of stamttnbackground is valid since the



80 Chapter 3. Instrumentation, Observations and Data Analgis

wavelength range of the O VI spectrum is narrow and the backgt is fit well by a constant. From
the fitted Gaussian functions, useful values such as tdtalsity and linewidth are obtained. There
are many good text books on data reduction and error andhatigive comprehensive descriptions
of the techniques included in this section, for example Bgin & Robinson (1992) or Barford

(1985).

3.5.1 y? Goodness of Fit

Itis important to realize that fitting the coronal lines w@laussians implies the use of a basic model.
The line profiles contain contributions from a line of sigh©§S) through the corona. Fitting a single
Gaussian to such a profile implies either that the bulk coution to the line comes from the plane
of sky (POS) or that the plasma along the LOS is static antiésotal. In many observations, fitting
a line to a single Gaussian is valid since the observed linerg close to a Gaussian shape. This
can be tested by a reducgé goodness of fit. For data poingswith uncertaintiesr; and modeled

valuesyy we have

1B yi- w2
2 _ i X

whereN is the number of data points aithe degrees of freedom. The degrees of freedom are the
number of free parameters needed to describe the modekdomm@e a single Gaussian function has
three degrees of freedom since only 3 parameters descril@issfan (peak intensity, line center
and linewidth). A good reduceg? value is close to 1. Values much larger than 1 imply that the

model is inappropriate for the data.

3.5.2 Minimizing y?

If the minimum of they? distribution in relation to the fitting parameters can beniuthe best pos-
sible fit between model and data is found. A computationdtigient way of finding a minimum in

a x? distribution is to find a point wherdy?/dz; = 0, wherez; is a Gaussian or background para-
meter. This is the Gauss-Newton method of least-squaresyfitty?/dz; is readily computed from
equation 3.1 for each fitting parameggr Equating eacld)(z/dzj to zero gives a set of equations that
can be solved to find a minimum in thé distribution. Uncertainties in a fitted Gaussian parameter

z; are given intuitively by the sum over all data points of thedurcts of the data uncertainties and
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the sensitivity ofz; to changes in the data values (all squared):

i=N 2
dz
a'gj = O—'Z(d_y:) . (3.2)

i=1

These uncertainties, once a best fit is found, are multifpietthe reduceg (square root of equation
3.1). The UVCS DAS uses a Levenberg-Marquardiminimization algorithm to fit Gaussian func-
tions to spectral lines. The Levenberg-Marquardt methaal isodification of the Gauss-Newton
method, but is more robust and can be used on non-lineaidasct_east-square fitting of this type
is computationally ficient but can sometimes find a local minimum in gffedistribution rather
than the global minimum. Genetic algorithms are far lessejtible to getting trapped in a local
minimum and are very successful in finding global minima giveisy data. As computers be-
come faster, genetic algorithms are becoming more populfitting Gaussians to complex spectra
containing many spectral lines which often overlap, such 8&MER spectrum (Mclintosh et al.,
1998). Itis redundant to use such a slow procedure on the ohese cut UVCS spectra, but it can
be used here to test the accuracy of the DAS fitting softwammarison between DAS and the
genetic algorithm are given in table 3.1 for 3 UVCS O VI 1032k observed at fierent heights.
Lines 1, 2 and 3 are observed at 1.5, 2.2 andR3,in different coronal regions, and become more
noisy with height. Since the genetic algorithm containglcan methodology, each fit has been re-
peated five times and the mean and standard deviation of eaameter is given here for each line.
The DAS gives a considerably better fit for the cleanest specof line 1. The genetic algorithm
gives a better fit for the noisier line 3 although the Gauspam@ameters are almost identical, with
the major diference being in the background. It is safe to conclude, ftogtést and general use,
that the DAS line-fitting software gives excellent resulithva reasonably clean UVCS spectrum.
Care must be taken with noisier spectra. In general, if tha daso noisy that DAS does not give

reliable results, we should not consider using those datarfalysis.

3.5.3 Fitting Lines with Multiple Gaussians

Fitting any spectral line with two Gaussians rather than wilealmost always result in a better
fit due to the doubling of the degrees of freedom. However,etiog spectral lines with multiple

Gaussians is only meaningful if all fitted Gaussians haveifsiant intensity, and an appropriate
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Table 3.1: Comparison of Gaussian parameters fitted to 3 O08R kpectral lines using UVCS
DAS and a genetic algorithni. is the total intensity in 1®photons s* cm™2 srt A~ and the e
halfwidths and line centersg are in A. lpg is the background intensity in $@hotons st cm=
srt A~ The values and ranges given in the genetic algorithm fipiagmeters are means and
percentage standard deviations for 5 runs. If no range @&ngitis less than 1%. Spectra 1, 2 and 3
are described in the text.

UVCS DAS Genetic Algorithm
% [ Ao AL lpg % [ Ao A g
1119 223 103186 0.31 665164+4 213 1031.86 0.31 5744
21194 11.7 1031.84 0.32 817 20.7 11.4 1031.84 0.31 6D+2

3| 64 125 103194 058 6.96 4.6 1.25 1031.94 0.57 6.20

interpretation of the multiple Gaussian profile can be giviéran observed line has an obvious 2
Gaussian profile and we cannot allocate physical reasorthifgrthe two sets of Gaussian para-
meters are useless values. In practice, UVCS O VI obsenstiften have a 2 Gaussian profile,
and from viewing such profiles it is obvious that fitting withlp one Gaussian is not satisfactory.

Unfortunately the reasons behind such profiles are not @wapparent.

As an example, consider the work of Miralles et al. (2001}udyof a large high-latitude coro-
nal hole. A 2 Gaussian fit was made to the O VI lines in order $tirtjuish between contributions
along the LOS from the coronal hole and contributions fromgtrrounding medium. In this case,
the use of 2 Gaussians is obvious and useful. UVCS data frereaime coronal hole analysed by
Miralles et al. (2001) from 2001 February 12 observed attdsight of 20R, and slit position an-
gle &* are shown in the left panel of figure 3.6. The wide O VI 1032 Afiedhas a large linewidth
of 0.96A indicative of the high O VI temperatures in the cabhole and the narrow component
has a linewidth of 0.19A. In the right panel are UVCS data feoronal region which does not
contain a large coronal hole along the LOS. This was detexthirom EIT images in various lines,
LASCO and Mauna Loa MK IV white light images and Hell 10830Avicesolution coronal hole
maps produced by the Kitt Peak NSO Vacuum Telescope. Ddbptapparent absence of a coro-
nal hole, a 2 Gaussian profile fits each line comfortably. is ¢hse, the wide O VI 1032 A profile
has a linewidth of 0.71A and the narrow component a width b5A. The simple geometrical LOS
argument for fitting 2 Gaussians in the presence of cororaktgiven by Miralles et al. (2001) is

not valid here. Even if a small coronal hole was situated@lbe LOS, it would be highly unlikely

*Slit height and slit position angle refers to the averaggliteand position angle of the portion of the slit analysed.
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to give such a strong contribution to the profile. In generallgsis, the work in this thesis avoids
such profiles. It would be inaccurate, for example, to fit avials 2 Gaussian profile with a single

Gaussian and claim the linewidth as a measure of ion temyperat

1.5 8 m

Radiance (10° ph/sec/sterad/cm?/A)

00L...-" ! \ .- T~ 0 B M e s
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Figure 3.6:Left- O VI data (crosses) from 2001 February 12 observed at aestihbof 20R;, and
slit position angle 6 above a large coronal hole. All UVCS slit pixels were combine achieve
this clean spectrum. The fit to two Gaussians per line and legbaignd is shown as the solid line.
The dotted and dashed lines show the four GaussRight- O VI data (crosses) from 2000 May
6 observed at a slit height of 7R, and slit position angle 136 14 slit bins are combined here, and
each slit bin contains 6 pixels.

The UVCS DAS line-fitting software allows the user to placestoaints on one or more of
the fitting parameters, and this is most often used whendiftiGGaussians to each O VI line. For
example, Miralles et al. (2001) use geometrical argumentdace a constraint on the fitting of 2
Gaussians to each line so that the separation between tieecawidponents of the 1032 and 1037
lines (~ 5.6A) should be the same as the separation of the narrow com{son& more common
usage of parameter constraint is to couple the widths of ke and narrow components of each
line. This is the default setting for the software when fgtihGaussians to each line. This constraint
is based on the belief that the wide part of the line is caugeldigively by the collisional component
and the narrow by the radiative component. No constrainthisfkind are placed on the fitting in

this thesis.

3.5.4 Uncertainties

The final uncertainties in the Gaussian parameters givdnsmiork are propagated from the initial

Poisson counting statistics, fitting uncertainties ghdjoodness of fit. The value of absolute total
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line intensity has then the additional uncertainties oflibekground intensity, stray light and the
prominent 22% uncertainty of the radiometric calibratiorhe derived 1032037 intensity ratio

does not include the calibration uncertainty.

3.6 Interpreting UVCS Linewidths

It is convenient to express line profiles as a velocity distibn rather than a spectral length:

_

V=2
Ao

(3.3)

where g is the theoretical line centex, is the wavelength and c is the speed of light. From this
profile and the fit to Gaussian$g; e gives the most probable speed of ions along the LOS. Kohl et
al. (1997) state that equation 3.3 is precisa 18% for a spherically symmetric distribution of ions
along the LOS, or for ions situated in the POS.

Models of coronal plasmas generally use temperaturesrrtithe spectral widths ov1,e. Ob-
servedVy e contains not only information on ion temperatures (thermations) but also a depen-
dence on velocities of the bulk of the plasma such as outfldacitg or microturbuluence (non-
thermal motions). Therefore aftective temperature can be obtained directly from UVCS spkct

lines by

2
mVl/e

(3.4)

wherek is Boltzman’s constant and m the ion mass (Withbroe et aB21L9 An estimate of the

velocity component due to non-thermal motiofsallows an estimate of the true temperature:

Vie .
2kT = m(? e ] (3.5)

Outflow velocity can change the width of UVCS lines not onlythg component of outflow
velocity along the LOS but also by changing the relative gbations of radiative and collisional
components. The collisional and radiative components Hdferent widths due primarily to their
different density dependence - the collisional component fEptional ton;ne whereas the radiative

component is proportional g only, both integrated along the LOS. Withbroe et al. (1982t

an increased width of 12.8% in the H loyline with a radial outflow of 400 km$ at a height
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Figure 3.7:Left - Sensitivity of O VI 1032 linewidth to outflow speed at 3 hdighin the legend,
heights are irR, and temperatures in KRight- A more detailed plot of linewidth as a function of
outflow speed at height R, with the linewidths of the collisional and radiative conmeats plotted
separately.

of 4R, and a temperature of3x 10° K. The left panel of figure 3.7 shows modelled O VI 1032
linewidths as a function of outflow speed for three heightse Thodel uses a simple isothermal and
isotropic temperature distribution and constant raditflow velocity along each LOS. (See section
1.5 of chapter 2 for more details of the modelling such astedaadensity and temperature). The
ion temperatures used here are those used in chapter 2lieditiy 0.7. The temperatures used in
chapter 2 arefeective temperatures derived from a coronal hole observasind the factor of 0.7

used here is a crude estimate of the true temperatufiécient to show the general behaviour of

linewidth as a function of outflow speed.

Itis clear that the O VI linewidth is far more sensitive toftaiv speed than the results Withbroe
et al. (1982) found for the Ly line. At a height of &, and an outflow of 400 km3, the model
shows a 40% increase in the O VI 1032 linewidth compared toutibowv. The right panel of figure
3.7 shows in greater detail the linewidth as a function oflowtspeed at heightR,. Also shown
are the widths of the collisional and radiative contriboido the line. Less than 10% variation is
seen in the width of the radiative component. The sensitofithe line to outflow velocity is almost
entirely due to the collisional component. The &yine is formed almost completely by radiative

excitation which results in a much lower sensitivity to theflow speed.

The removal of line broadening due to outflow velocity frora tibserved fective temperature
is possible using an iterative procedure. This procederatitely improves on an initial estimate

of outflow velocity using an observed O VI intensity ratio Vehsimultaneously improving on an
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estimate of the actual ion temperature using the obseraediidth. Such a procedure is described
in chapter 4. The procedure does not remove any broadenatpadither non-thermal motions such

as waves or turbulence.

3.7 Sliding Windows and Contour Maps

Section 3.4.2 states the necessity of combining spatial §d€&ector bins to obtain a statistically
acceptable photon count. Analysis of large coronal holedasions at heights above 2.5R,

usually involves the integration of a large humber of spdtias. Generally, there is no need to
combine so many bins, and this allows the possibility of gsantype of sliding window average

during analysis to integrate bins across the silit.

Intensity
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Figure 3.8:Left- O VI 1032 and 1037 intensity (top), linewidth (middle) amg 10321037 inten-
sity ratio (bottom) obtained using a sliding window to conspatial bins. Shaded areas show the
one sigma uncertainties. The intensity uncertainty inetutthe 22% radiometric calibration uncer-
tainty. Right- Positions of 4 consecutive UVCS observations made dur@@fyR5/06 (thick black
lines) overlaid on an EIT 284 A image of the lower corona andibvalLoa MK IV and LASCO C2
white light images of the extended corona. The observatitiedargest height of 3.R, (indicated

by the arrow) is the one used for the results on the left.
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The left panel of figure 3.8 shows an example of the resultswwisang a sliding window prior to
spectral analysis. The position of the observation, as showhe right panel, is at slit height B3R,
and position angle 180 The ~ 4 hour observation started at 22:16 on 208M6 and collected
exposures over 3.5 hours. The observational spectralrigrisi6 pixels, giving 60 bins across the
whole FOV prior to discarding the unreliable pixels at theesttremes. A sliding window of 9 bins
is used here - each bin takes the spectral parameters abfaime integrating the photon counts
from the surrounding-4 bins. The edges of the slit are truncated, that is, the firsiis is combined
with the next 4 bins, and the second bin is combined with tle®ipus 1 bin and the next 4 bins,

and so on. A wider window is sometimes used at the slit edgedaltihe deterioration of statistics.

Log 1032 intensity (ph/sec/sterad/cm?/A) Log 1037 intensity (ph/sec/sterad/cm?/A)
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Figure 3.9: Contour maps created from the sequence of cig®rs shown in the right panel of
figure 3.8. The bottom right plot shows the relevant regiothefcorona extracted from a LASCO
C2 white light image. The x-axis labels position angles igrdes and the y-axis labels heights in

Ro.



88 Chapter 3. Instrumentation, Observations and Data Analgis

When using this technique on observations which have a védger of diferent intensities,
for example, observations encompassing a streamer ancaatdrole, the width of the sliding
window may be adjusted across the slit according to the ¢hgmipoton count. The sliding window
provides good statistics and a measurement for each slibbiralso smears features across the slit.
For example, streamers will appear wider than they should.

Applying the sliding window analysis to a series of conseeubbservations made atftiirent
heights but at a similar position angle enables the creati@ontour maps of spectral observables
across large areas of the corona. Consider for example ges\wattion sequence shown in figure 3.8.
The observations were made consecutively over the course foburs at closely separated heights.
Movies of the corona compiled from the white light images &fSCO C2 show that the region
observed was stable over this period, i.e. there were ne kErgle changes in structure or explosive
events to disturb the region. Sliding windows are appliegaath height, with a window width of 5
bins at the lowest height, increasing to 9 at the highesthé@gobtain values such as intensity and
linewidth across the slit. The IDL TRIANGULATE procedure €Runay triangulation) is used to
interpolate for values in the regions between the obsemstiThe interpolation is made in latitude
and height space rather than the simpler solar x and y space airadial expansion is typical of
most coronal structures.

Results for the 2000506 observation sequence are shown in figure 3.9. The strezgner
tered at position angle 160s the dominant structure in this region. The high density k@ ion
temperature of the streamer results in the higher intemsithy narrower linewidth around position
angle 160 in the UVCS maps. Maps such as these will be used in chapteadkase for modeling

coronal conditions across large regions of the corona.

3.8 Electron Density from LASCO C2 Observations

Polarized brightness (pB) maps of the whole corona in thghteange~ 2 — 6R, made by the
LASCO C2 coronameter are available online frbitp;/lasco-www.nrl.navy.miktrievepolarize.
Polarized brightness in the height rangel.4 — 2.4R; is observed by the Mauna Loa MK |V
coronameter and these data are available frntim;,/mlso.hao.ucar.edu The pB data from both
instruments have been calibrated at their time of procgsaia are suitable for quantitive analysis.

The left panel of figure 3.10 shows the corona in white lighéesleed with both LASCO C2 and
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Mauna Loa Mk IV on 200@505. The two right panels shows electron density obtaineth fro
the Mauna Loa MK IV (bottom) and LASCO C2 (top) pB measurerserithe inversion method
used for deriving the electron density is detailed in Quéise& Lamy (2002) and only a brief
description is given here. Quémerais & Lamy (2002) appiiedinversion to LASCO C2 data and
found the method robust and in agreement with electron tlessibtained by other instruments and

analysis methods.

0 100 200 300
Position angle

Figure 3.10:Left - the corona in white light observed on 200505. The nested images of the
corona are from the LASCO C2 (outer) and Mauna Loa Mk IV (inrmaronagraphs.Right -
electron density in the corona for date 20I#05 obtained from LASCO C2d¢p) and Mauna Loa
MK IV ( botton) pB data. The y-axis show heliocentric heighRg and the contours are in units of
log cnm 3.

Electron densities are derived from an inversion of the pfa.d@he pB intensity emitted from
the optically thin corona is proportional to the electromslty integrated along a LOS. An initial
estimate of the electron density profile along a LOS can gsynghesized value of pB at the point
where the LOS intersects the coronal plane of sky. Syntee$iB is calculated for two neighboring
points along a radial direction from the Sun. The densityffilg® are iteratively adjusted until the
synthesized pB and the pB radial gradient matches the adasefhe inversion therefore assumes a
local spherical symmetry to the electron density. In th@adgsigure 3.10 the inversion is applied to

the whole corona. In general, good agreement is found betthesnversion of the Mauna Loa MK

IV and LASCO C2 data. The reliable height range for Mauna Ld&IM is usually around 1.4 to
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2.0R,. The lowest reliable height for LASCO C2 is RS The highest reliable height range varies
with position angle since LASCO has a square field of viewersat on the Sun. At 0, 90, 180 and
270 the height is restricted toRg, while in the corners, at 45, 135, 225 and 31the field of view

extends to B,. Occasionally the inversion fails and this is due usuallgriomalies such as spikes
or zero readings in the pB data. Otherwise the method is asta@s suggested by Quémerais &

Lamy (2002).

3.9 Conclusion

In this chapter a brief description of the UVCS instrumend @ndetailed description of UVCS
data correction and reduction procedures are given. Trere been almost eight years of near-
continuous observations of the corona made by UVCS, fronetigeof solar minimum in 19987
throughout the peak of the recent solar maximum. The IDL datdysis software supplied by the
UVCS team, coupled with user written software and the ggtabilities of IDL enable accurate
and swift analysis of observations. This chapter has atsodoced a method for obtaining electron
density estimates from LASCO C2 polarized brightness ofasiens. Armed with these tools, the
following chapter aims to couple the results of both UVCS BAGCO observations and the UV
line emission model described in chapter 2. A successfuydlemyleads to constrained values of ion
outflow velocities, densities and temperatures based daicessumptions. Such a comprehensive

analysis would of course be impossible without the highigudhta presented by UVCS.



Chapter 4

Coupling Observations with Models

4.1 Introduction

Chapter 2 described the theory behind the formation of thel @ovblet in the corona and intro-
duced an O VI line emission code. Given a solar wind modes, ¢bde synthesized O VI emission
lines for a specified line of sight. Chapter 3 described th&€&3\Whstrument and the data from which
observed O VI lines are obtained, as well as briefly desagibminversion technique to obtain elec-
tron density from coronal pB measurements. This chaptel@man iterative inversion technique
which successfully couples UVCS O VI observations with tbsults of the solar wind model, a
coupling which, given a specified geometry, enables thautalon of ion outflow velocities, densi-
ties and temperatures. This approach proves to be extrgpoelgrful despite its simplicity and the

techniques are applied to observations of the solar maxisanona.

Semiempirical modelling is based on the principle of caistng some model parameters by
observation, while others are free to takéfalient values. Previous semiempirical modelling of
UVCS observations (Cranmer et al., 1999; Strachan et ab0;2Bangrilli et al., 2002, to name
but a few) use observed O VI intensity ratios as a constrainibo outflow velocities while ion
temperatures perpendicular to the solar radial directienoatained directly from the O VI 1032
linewidth, and ion densities are fixed proportionally toctlen density. The scheme used in this
chapter adjusts initial estimates of ion outflow velocigmperature and density until the emission
lines obtained from the model closely match the lines of U\M@BServations. Thus, in contrast to

previous semiempirical modelling, the iterative schemtemieines ion density directly from the O

91
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VI intensity, independent of the electron density. The dbation of ion outflow velocity to the
linewidth is also absent from the modelled ion temperature.

The iterative scheme is described in section 4.2. It is agd solar maximum observations of
a narrow streamer and a neighboring quiet region in secti®nlse use of mass flux as a constraint
on temperature anisotropy and incident disk spectrum igrireskection 4.4, in the context of a large

solar maximum active region streamer. Conclusions arengiveection 4.5.

4.2 An lterative Scheme

The iterative scheme can be thought of as an inversion ofrieeemission equations introduced in
chapter 2. In simple terms, the O VI intensity ratio is a fimtof outflow velocity, the absolute
O Vlintensity is a function of ion and electron density and Oikewidth is directly related to the
component of temperature along the LOS ). This is the basis for matching observations with
coronal models. Figure 4.1 is a flowchart which illustrates iterative algorithm. As shown in
the ‘Given’ box in the figure, many parameters are fixed thhoug the iterative scheme. Initial
estimates of the ion model parameters (ion outflow velodignsity and temperature) are adjusted
until a best match between the synthesized and observeslififeund. Complexity arises from
the tangled dependence of the parameters - for exampldusbgatensity is a function of outflow
velocity as well as density and linewidth is a function offtaw velocity as well as temperature
(see section 3.6 of chapter 3). Despite this, the algorighgenerally very fast to converge.

If the observed line is well-fitted by a Gaussian, the iteeaticheme can be configured to match
the 2 main parameters describing the Gaussian (peak ityteamsl linewidth) and only 3 wavelength
points for each line need to be computed at each iteratianed¢imter wavelengtiy and the two
surrounding wavelengths given By + 11/e. For the computed profile to match the target profile,
the intensity at the center wavelengths should match theip&nsities of the target profiles and the
intensities at the two surrounding points should pe df the peak intensity. Computing the whole
profile at many wavelengths is therefore redundant, althdhig is done once after convergence is
achieved to obtain the full profile. This greatly improves #ficiency of the algorithm.

Conceptually, this algorithm is similar to that presentgdStrachan et al. (2000). However,
only the iteration of outflow velocity to match intensity itatvas conducted by the algorithm of

Strachan et al. (2000). Their ion temperatures and dessiteze obtained initially from observed
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GIVEN
Temperature anisotropy
Electron density
LOS geometry
Electron temperature
Chromospheric spectrum

Voo

SOLAR WIND MODEL

v

OBSERVED LINE EMISSION EQUATIONS
LINES MODELLED LINES

v v

COMPARE MODEL AND OBSERVATION

INITIAL ESTIMATES
lon temperature
lon density
lon outflow velocity

GOOD FIT?
YES - NO - ADJUST PARAMETERS
FINISHED . 0OVI 1032 intensity = lon density

O VI 1032 linewidth = lon temperature
Intensity ratio = Outflow speed

Figure 4.1: A flowchart illustrating the iterative schemeiethcan derive coronal O VI conditions
given some assumed parameters.

linewidths and electron densities, and remained fixed dutaration.

4.2.1 A Brief Test of the Method

The iterative scheme may be tested using contrived linelpsodreated by the line emission code
from a known set of ion parameters. The contrived line prefdee fed into the iteration scheme
as targets along with a set of highly inaccurate initialreates for the ion parameters. Figure
4.2 shows the convergence of the modelled line parameterrdathe desired fit of 100%, along
with the original and solution line profiles. The solutiomiparameters (density, velocity and

temperature) match the target ion parameters within 0.3i& i¥ achieved in 11 iterations.
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Figure 4.2:Left- Convergence of O VI 1032 intensity, linewidth and the 14837 intensity ratio
toward the target (100%) as ion parameters are adjustedeatth iteration.Right - Target profile
fed into the iteration model (plus signs) and the resultiolgitson profile (solid line) found by the
iterative scheme.

4.2.2 Non-unigueness of the Solution

A basic problem with the iterative scheme is the non-unigserof the intensity ratio as a function
of outflow velocity. In general, if the observed intensityioas below 2, there can be 2 or more
possible outflow velocities that give the same intensitiorégee for example figure 2.7 of chapter
2). A priori knowledge must be used in these cases and certain corstpdaced on the search
space of the iterative procedure. Usually, the modellingenferal observed heights in the corona
can give this knowledge - that is, the outflow velocity is ngp@cted to decrease with increasing
height, neither is it expected to shoot up discontinuouBhe large diference between two possible

solution velocities makes it easy to choose the correct one.

4.3 Plane of Sky Approximation

The plane of sky (POS) approximation refers to a type of geégntleat can be used with the solar
wind model. The line of sight is ignored in this approximatiander the general physical argument
that the largest LOS contribution to the intensity, linetlidnd intensity ratio comes from the point
closest to the Sun, or in the POS. This approximation is &urnstified if the object of interest is a
high density streamer embedded in the POS and surroundextjions of lower emission.

This section uses POS geometry to calculate ion densitigBow velocities and temperatures
in a solar maximum south polar streamer and the neighboggipm. Firstly, we take two radial

slices of the UVCS observations - one within and anotherdeithe streamer. The iterative scheme
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is applied to both, with results and the range of uncertaiatgulated and discussed. Secondly, we
apply the method to 2D contour maps of O VI observables (set@se3.7 of chapter 3) to map

modelled ion parameters throughout the region.

4.3.1 Observations

During 200301/18-20 observations of a narrow streamer were made by UV@&Sthirabove the
south pole. Table 4.1 gives details of the observations hedeft panel of figure 4.3 shows the
FOV positions overlaid on a white light coronal image. Alligh useful for placing UVCS observa-
tions in their coronal context such a figure can be misleadiige UVCS positions were observed
sequentially from the lowest to highest over a period of an®days, while the underlying white
light image is a snapshot of the corona taken during ZTP19. The solar maximum corona during
this period was very active, and from observing movies meatea LASCO C2 images, this narrow
streamer seemed to befteted somewhat by a small ejection around midday on tie 1Such
ejections are commonplace in the solar maximum corona ansttbamer remains stable although,
as will be discussed, the linewidth of the observation aR5 deems to beffected. Midday on the
20" sees the beginning of the end for the streamer - it widens andrbes less distinct from the
surrounding medium. Three LASCO C2 images are shown in tjiet panel of figure 4.3. A darker
region of lower intensity is seen to the east of the streaffem EIT images and low resolution
coronal hole maps derived from Kitt Peak Helium 10830A obstions there is no obvious sign of
a coronal hole in this region.

Two radial slices of the corona are chosen for detailed amsaly he first lies along the axis of the
streamer which we label ‘streamer’, the second to the eastwbe label as ‘non-streamer’. Spatial
bins are combined within the streamer and non-streamesnedor each observation. The boundary
between the streamer and non-streamer regions is obvioukefdhree lowest observations from
viewing the UVCS O VI intensity across the slit. The bounda&ysomewhat less clear in the
6.1R, observation. As can be seen in the bottom right white ligragmof figure 4.3, the streamer
becomes less distinct from the surrounding medium, pdatilguto the western edge of the UVCS
FOV. Nevertheless, there is a distinction between themsteeand the eastern non-streamer region,
which is the region chosen for analysis. There is also a peakieénsity in the slit center which

shows us the largest streamer contribution at this heidherdfore it is possible to define a streamer
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2001/01/20 12:30

Figure 4.3:Left- FOV positions of an UVCS observational sequence conduiieidg 200101/18-

20 at slit position angle 180and heights 3.1, 4.1, 5.1 and @}. The images of the underlying
corona were all observed on 2001/19. The white light images are from LASCO C2 (highest
region of corona> 2.7R;) and the Mauna Loa MK |V coronameter (inner regioth 4 2.7R,). The
chromosphere is an EIT image of He Il at 304A. A large corooaplcan be seen at the base of the
streamer in the EIT imag&ight- 3 LASCO C2 images of the south corona taken &edént times
during the 3 days of UVCS observations. From top to bottom540n the 14, 12:30 on the 19

and 12:30 on the 20 The top image corresponds to the UVCS observations at 8. #4rR, and

the middle and top to the 5.1 and 6=4 observations respectively. The streamer has become wider
and more dfuse in the bottom image, 2 hours prior to the end of the final S\éBservation.

and non-streamer region although care must be taken impmatarg results for this observation.
Figure 4.4 shows O VI 1032 and 1037 intensity, 1032 linewltikd the 1032037 intensity

ratio for both the streamer and non-streamer regions. Twékbe the values and uncertainties
used as targets for the iterative procedure. O VI 1037.6vifth is not shown here since it is not a
parameter considered in the inversion. The intensity matid in particular the linewidth measured
in the streamer at height 324 are somewhat inconsistent with the measurements at neiggbo
heights. Figure 4.5 shows the time series of O VI 1032 intgifisi the 5. R, streamer observation.
There is no abrupt increase and decrease of intensity irobssrvation that would be conclusive
evidence of contamination by a CME. A similar analysis fotla heights observed gives the same

null result. Despite this, the conditions in the streameclklange and the LASCO C2 white light
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Table 4.1: Details of UVCS observations 2001/18-20. Ht and PA are the heights and position
angles of the FOV closest to the Sun. Tot exp is the total fated exposure time. Spat and spect
are the spatial and spectral binning respectively. HeightsnR,, spatial binning in arcseconds,
spectral binning in A and slit widths in A.

Start datgime End datgime Ht PA Totexp Spat Spect Slitwidth
18-JAN-2001 16:29 18-JAN-200120:32 3.1 180 3h42m 42 0.099 6 O
18-JAN-2001 20:33 19-JAN-2001 02:20 4.2 180 5h33m 42 0.099 6 0O
19-JAN-2001 06:22 19-JAN-2001 16:12 5.1 180 9h 42  0.099 0.6
19-JAN-2001 16:14 20-JAN-2001 02:04 6.1 180 9h 42  0.099 0.6
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Figure 4.4: O VI 1032 and 1037 intensity, 1032 linewidth a@3211037 intensity ratio in the
streamer and non-streamer regions for the ZW18-20 observational sequence.

images show the streamer beindtleted by small ejections from 12:00 to 21:00 during 200419.
The smoothed time series in figure 4.5 does show variatiomhwimay be due to the small mass

ejections seen in white light.

4.3.2 Other Parameters

Electron density is obtained by inversion of LASCO C2 pB nieasients made on 20@tl/19 and

20 assuming local spherical symmetry using the methods éf@uais & Lamy (2002) described in
chapter 3. Figure 4.6 shows the electron density obtainétkistreamer and non-streamer regions.
The UVCS spectral data is integrated over several spatial br a FOV of several arcminutes. For

each UVCS observation, electron densities are calculatetidny points across the relevant region
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Counts

Exposures

Figure 4.5: O VI 1032 intensity time series for the streamiasevvation at height 5. The
faint line is the raw counts for each exposure integrated tive streamer spatial bins and the
spectral extent of the 1032 line. The thick line is the timgesesmoothed with a window of 11
exposures. The time series shows no abrupt jump in intemsitgh would be conclusive evidence
of contamination by an ejection.

of the corona. These values give the mean and standardideviaelectron density.
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Non—streamer *
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Figure 4.6: Electron density in the streamer and non-steeasgions obtained from LASCO C2
pB measurements.

Electron temperature is set aRk 1(PK at all heights. The chromospheric spectrum used is
that of the Sumer solar atlas quiet Sun (Curdt et al., 200drected for instrumental broadening
as described in chapter 2. The collisional excitation rathcients and oscillator strengths are

obtained from the Chianti atomic database, also describebapter 2.

4.3.3 Results and Discussion

Figure 4.7 shows ion densities, outflow velocities and teatpees for both the streamer and non-
streamer regions for threeffirent temperature anisotropidg, = 0.1T,, T = T, andT; = 2T,.
The model does not allow ion temperature to drop below th#t@Electrons which is of relevance
to theT; = 0.1T, case. The uncertainties are calculated directly from the alacertainties. As an

example, the uncertainties in density are not only detezthlyy the uncertainties in 1032 intensity
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but also, to a lesser extent, by the uncertainties in interetio and linewidth. Therefore a complete

exploration of the limits defined by all the observed undgetieas (1032 intensity and linewidth, in-

tensity ratio and electron density) is made. It is rare ferittaccuracy between observed targets

(intensity, intensity ratio and linewidth) and the cald¢athsolutions to be abovel®. Any inaccu-

racy larger than this is due to the inversion attempting toveme to a zero solution, for example,

the lower uncertainty calculated for the streamer outflol@aity at height 3.R, and the anisotropy

of T = 2T, converges to zero and the synthesized intensity ratio hasaaouracy of about 6%.
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Figure 4.7: lon densities (top row), outflow velocities (el row) and temperatures (bottom row)
calculated from the 200Q1/18-20 observations. The calculations have been made fee tem-
perature anisotropied,; = 0.1T, (left column), T, = T, (middle column) andl, = 2T, (right

column).

Published work on semi-empirical modelling of solar minmWVCS observations indicate

large contrasts between streamer and coronal hole camglitbich are absent in these solar maxi-

mum observations. These results show a slow but signifiaatfibe velocity in both streamer and

non-streamer regions. A contrast in outflow between the wgions is only apparent at heights

of 4.1 and 5.1R, and anisotropies of; = T, andT; = 2T,. There is no significant ffierence
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between the streamer and non-streamer outflow wijp @ 0.1T, anisotropy since such a loly
makes the intensity ratio very sensitive to outflow. Tempeeremains more or less constant with
height in the streamer but decreases by a factor of 4 or mdheinon-streamer region. Indeed, the
non-streamer temperature at a height of8.is around half of that in the streamer.

A further diagnostic which is easily derived from the outfleelocity and density is the mass
flux. If a radial expansion of the corona is assumed, the mtoofumass flux and height squared
should remain constant with height. Figure 4.8 shows thisstilax continuity diagnostic for the
three modelled anisotropies. The diagnostic seems novoo & anisotropy of | = 2T, for either
region. An anisotropy offy = 0.1T, fits the non-streamer well, while the streamer mass flux is
most constant with an isotropic temperature. However, #seirmption of a radial expansion in a

streamer is arguable.
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Figure 4.8: Mass flux (density velocity) multiplied by height squared. The calculatiossé been
made for three temperature anisotropiBs= 0.1T, (left), Ty = T, (middle) andT; = 2T, (right).
If a radial expansion is expected of the corona, this valeelshremain constant at all heights.

The standard approach in the semi-empirical modelling ofZ@\bbservations is to assume a
constant ratio of ion to electron density. That is, in the lemission equations of chapter 2 the ion
density is usually expressed as the electron density timeastant abundancé,, . lon density is a
free parameter in the inversion method and it is interegtrgpmpare the derived ion densities with
the electron density, as shown in 4.9. For this figure, thetele density is multiplied by, so, if
the assumption of a constafst, is correct, the comparison should be close to unity at ajtitsi

The T, = 0.1T, anisotropy (left plot) has resulted in rather large vamiasi in ion to electron
density ratio, particularly in the streamer values. Th&emc andT = 2T, cases (middle and right
plots) show values close to unity given the uncertaintieb&h streamer and non-streamer regions.
There is a downward trend in ion over electron density raitb ¥weight in the non-streamer region.

This can be expected if the O VI ions are accelerated morettie@electrons. The steeper radial
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Figure 4.9: The ratio of ion density to electron density &g . The calculations have been made
for an electron temperature of2ix 10°K and three ion temperature anisotropi€s= 0.1T, (left),
T, = T, (middle) andT = 2T, (right).

outflow velocity gradient would mean a lessening of the abnod of O VI ions in comparison to
the background plasma. In light of this statement, the iogléotron density ratio should be lower
than the tabulated value &§, at a height of 3., if there has been preferential acceleration of O
VI ions below this height.

The ion to electron density ratio given by the inversion rodthalthough reassuringly close to
the tabulated values of the Chianti database abundancesraaduilibria, is sensitive to the choice
of certain assumed parameters. The tabulated values af &ladtron density ratiéy . is a function
of electron temperature which has been assumed for thesg@atins as 2 x 10PK. A lower T,
of 10°K would mean a~27% increase i\,. The collisional excitation rate cfigcient g is also
a function of T and the collisional component has higher intensity withrelasingT.. Despite
this, repeating the inversion calculations witi & of 1(PK results in ion densities, outflow and
temperatures very close to those calculated for the higherherefore a 27% increase M, at a

lower Te results in a similar decrease of the values plotted in figude 4

4.3.4 Conclusion

The inversion method has been successful in calculatinglémsities, outflows and temperatures
in a solar maximum streamer and a neighboring non-streagg@r. Both regions have a slow but
significant ion outflow which increases between 3.1 an&R5.Using the calculated mass flux and
an assumption of a radially expanding corond; & 2T, ion temperature anisotropy is shown to
be unlikely. AT, = 0.1T, anisotropy gives the best mass flux constant for the noassteeregion.

The mass flux is not so well preserved in the streamer. Thishealue to the non-radial expansion

of the streamer or due to disturbances caused by the smetibeie discussed earlier. The inversion
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derives ion densities directly from the O VI 1032 line intiéyysand a comparison with the standard
abundance value for O VI has shown a non-constant ion torefedensity ratio with height which
may reflect a preferential acceleration of the heavy ions.

The complex structure and dynamic nature of the solar maximorona makes the interpreta-
tion of results dificult in comparison to studies of the solar minimum corona.sBhswn, there is
far less contrast between streamers and surrounding gedid® non-streamer region of this study
does not possess coronal hole conditions, but is significdifferent from the streamer in most pa-
rameters. Some regions of the solar maximum corona canmd¥/CS observations, be associated
with coronal holes nor streamers, and may best be defineceagutht corona. The modelling of
quiet coronal regions and of the solar maximum corona inigeelacking, and warrants far more

analysis of the observations already made by UVCS.

4.3.5 2D Maps of lon Parameters

Measurements of the 20@1l/18-20 South pole streamer positions are slightf§edént in the pre-
processed LASCO and UVCS data. This is due to tlfiedint dates of observation, the changing
nature of the corona and calibration uncertainties. A gamdegistration of the electron map to
the UVCS observations is made possible using a cross ciorelbetween O VI 1032 intensity
and the LASCO pB. A few degrees adjustment of the original C&8atitude is needed to align
the streamer with each UVCS observation. Figure 4.10 show®ar maps of UVCS observables
and electron density for the whole south polar region betw&é& and 5.R,. The UVCS maps
have been created using the techniques of UVCS FOV spatiagiwindows and interpolation
described in chapter 3. The electron density map is created the LASCO C2 2000120 pB
observation. Using the plane of sky inversion these mapbsdmables will be used to create maps
of modelled ion parameters across the whole region.

Given a good spatial co-registration between UVCS and LA®Gs2rvations a secondary con-
cern is the integration of UVCS spatial bins, particularighithe higher observations, which widens
coronal features such as streamers across the slit. Bechtlsg, the streamer is far narrower and
distinct in electron density compared with the O VI intepsind the electron density gives a truer
impression of the coronal structure. The combining of UV@&tial bins is essential to achieve a

good signal to noise. This is why the &J observation has been omitted from the contour maps
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Figure 4.10: Contour maps of LASCO electron density and U\6B&ervables for the south polar
region of 200101/18-20. The electron density is smoothed to be consistertt thi# necessary
smoothing of the UVCS data (see text) and the original LAS©&@mlinates have been adjusted
to achieve the best spatial co-registration with UVCS. Tiais labels are position angles and the
y-axis labels are heights.

- the streamer is almost indiscernible due to the wide dphaitiming. An attempt to deconvolve
the dfect of combining spatial bins, similar to a spectral dectuti@n, leads to unphysical results
and further research needs to be done on this matter. Ircparti a method that uses the LASCO
pB profile as a guide to sharpening spatial features in the §@ta can be envisaged but is not
attempted here. A simple but somewhat unsatisfactory apjrtio achieve consistency is to smooth
the LASCO data in a similar way to UVCS.

Figure 4.11 shows ion density, outflow, temperature ancfadass flux continuity for the south
polar region. lon parameters show considerable variat@wden the streamer and areas to lower
latitudes & 180C°). The areas at lower latitudes coincide with the darkestsacé the white light
images of figure 4.3. As expected, the ion density profileatjoresembles the O VI intensity and

electron density. The outflow velocity at latitudes highweart the streamer-(19C) is interesting in
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Figure 4.11: Maps of ion density, outflow velocity, temparatand radial mass flux continuity times
height squared calculated by inversion from the obsergahblégure 4.10 under the assumption of
isotropic temperature distribution. The x-axis labels position angles and the y-axis labels are
heights.
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that it reaches a minimum at latitudes~0R0C. It can be seen in the white light images of figure 4.3
that this minimum in outflow coincides with the edge of a breasdamer. There is also an increase
in ion and electron density to this side of the maps. The aostof mass flux continuityr{ur?
whereu is outflow velocity and is the height) should all follow radial paths if the assuroptof
radial expansion is true. In this case most of the regiondeasomably radial contours. Repeating the
inversion with diferent temperature anisotropies may improve the mass fluincity, although,

as mentioned previously, the solar maximum corona should@@xpected to expand radially in

all regions.

Maps of large regions of the corona interpolated from UVCSeotations are useful for dis-
cerning large scale coronal features and enable swift cosgmawith white light images. Applying

the plane of sky inversion to such maps results in detaileatjgs of heavy ion conditions. These
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images are a powerful extension of spectral observatiodsan dfer a new frame of reference for

the recent advances in 2D numerical models of the corona.

4.4 Mass Flux as a Constraint on Assumed Parameters

This section follows the same format as the previous seatioiapplies the same techniques to solar
maximum UVCS and LASCO observations of a large North-Easttleeamer complex. It is shown
that the model fails completely to match observation at lolaights except with a temperature
anisotropy ofT| = 0.1T, . Other temperature anisotropies lead to intensity ratiasdre far too low
compared to the observed and the inversion attempts to igmt@ zero velocities regardless of the
choice of electron temperature. However, incorporatingssion from sunspots into the incident
disk radiation greatly increases the modelled intensttip i low velocities. This allows the model
to easily converge to non-zero velocities. A study of thesyfhsc through all the observed heights
allows us to constrain the degree of contribution from saotssim the disk spectrum. At low heights,
derived ion outflow velocities and densities are very semstb the incident disk spectrum and the

mass flux proves to be useful in improving the solar wind distjes.

4.4.1 Observations

During 200001/28-29 UVCS made five observations of a wide streamérNe&rth of solar East.
Table 4.1 gives details of the observations. Figure 4.12vshbe positions of the UVCS FOV
overlaid on white light images of the corona. In the procdsshite light image, the streamer or
streamer complex is very broad and extends radially outsvaostering a> 30° range of latitudes
and filling the UVCS FOV completely. The O VI lines are therefoeasonably clean even at a
height of &,. UVCS observations at these heights are rare and only useddtreamer.

Table 4.2: Details of UVCS observations 200028-29. See table 4.1 for description of terms and
units.

Start datgtime End datgime Ht PA Totexp Spat Spect Slitwidth
28-JAN-2000 23:15 29-JAN-200000:51 3.1 55 1h24m 46 0.099 1 O.
29-JAN-2000 00:54 29-JAN-200003:30 4.6 55 2h30m 46 0.099 2 0.
29-JAN-2000 03:32 29-JAN-200007:36 6.1 55 3h48m 46 0.099 3 0
29-JAN-2000 07:38 29-JAN-2000 17:07 7.0 55 6h 46  0.099 0.3
29-JAN-2000 17:09 30-JAN-200004:00 8.0 55 10hém 46 0.099 3 0
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Solar Y (R,)

Solar X (R,)

Figure 4.12: FOV positions of an UVCS observational seqeamnducted during 20000/28-29
at slit position angle 55and heights 3.1, 4.6, 6.1, 7.0 and 8§ The white light images are from
LASCO C2 and the Mauna Loa MK IV coronameter, both observether29". The chromosphere
is an EIT image of Fe IX at 171A observed on the 8 Unfortunately the UVCS FOVs at 7.0
and 8.0R, extend beyond the FOV of LASCO C2.

The streamer remains stable throughout the observatioframdviewing LASCO C2 movies
there are no evident signs of coronal ejections. Due to golation, the bulk of the streamer
is moving slowly to higher latitudes throughout the obstoreal period. This suggests that it is
aligned toward the observer and rooted at the near side &uhe This general upward movement
only becomes apparent on thé28n the 28' and 27" there is no apparent large-scale movement
and prior to the 28 the bulk of the streamer moves slowly to lower latitudes. uhsisig a radial
extension of the streamer from the Sun, this crudely plaeesrtain base of the streamer at the
limb of the Sun during 20001/26-27. Figure 4.13 (top) shows a daily sequence of EIT He4430
images starting on 200@1/30 which shows an intense active region moving from the liovietrd
the central meridian. Quarter of a solar rotation is justarrtidays and the active region seen in the
EIT images reaches the central meridian early on ZIWO3, most clearly seen in the meridianal
Carrington map of EIT 284A (middle figure of 4.13). This signassociates this active region
with the main streamer activity seen in the LASCO C2 imagessogiated with the active region

is a large sunspot complex seen in the Michelson Doppler ém@dDI) image of figure 4.13. The
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Figure 4.13:Top row- Sequence of EIT He Il 304A images of the North-East chrorhesptaken
daily from 200001/30 - 200002/03. The circled active region moves with solar rotation from
the limb toward the meridianMiddle - meridian Carrington map of EIT He Il 304A from dates
200001/29 to 200@02/11. Only the North hemisphere is showBottom- two images of the
Northern disk taken by the Michelson Doppler Imager (MDIpatd SOHO on 20002/02. The
left image is intensity centered on the Ni | photosphericogison line at 6768A, useful for seeing
the position of sunspots at the base of the active region.righeimage is a magnetogram which
shows magnetic activity and polarity. The active regiombéiest is circled in all images.

LASCO C2 images show a large angular extent to the streafrieralso apparent from C2 movies
that the whole streamer complex does not move with solatiootén the same way. It would be
wrong therefore to associate all the streamers in the Neatftern corona with the one obvious
active region circled in the EIT images. The Carrington ntags other regions of activity leading

and following the one under discussion.

UVCS spatial bins are integrated from the section of the F@V¥osinding the 55position an-
gle. The data have a decent photon count even at large heligite the long observation times and
high streamer intensity, although a larger section of the KOntegrated at the higher observations
to compensate for the drop in intensity. Figure 4.14 showslQ032 and 1037 intensity, 1032

linewidth and 10321037 intensity ratio for the UVCS observations and electfensity obtained
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from observations of pB by LASCO C2 on 2000/29. V1/e has a slow linear increase from 90 to
150 km s®. The intensity ratio has an interesting profile in that thie@at R, has a very similar
value to the observation at &1 before decreasing for theRg observation. At first glance, this
may be a sign of a low parallel temperature and an outflow itglabove~ 300 km s, both of
which are needed to create a double-trough profile to thasitieratio as a function of outflow (see

for example figure 2.7 of chapter 2).
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Figure 4.14:L eft and middle columnsO VI 1032 and 1037 intensity, 1032 linewidth and 1337
intensity ratio for the 200D1/18-20 observational sequendRight - electron density obtained by
inversion of LASCO C2 pB measurements.

4.4.2 Results and Discussion

Figure 4.15 shows © density, outflow velocity and mass flux calculated by invasof the

200001/28-29 data using a POS approximation, the quiet Sun incisleettrum of the SUMER
solar atlas, d, of 1.2 x 1(PK and a temperature anisotropy f = 0.1T,. Other temperature
anisotropies T > 0.1T,) do not converge at the lowest height antja= 0.1T, anisotropy only

converges to the lower uncertainty in the observed intgmaiio. The observed intensity ratio is
3.1+ 9% and the model fails to reach a value of 3.1 even at zero itielcRaising the electron tem-
perature decreases the collisional component, and cagehha behaviour of intensity ratio with
outflow velocity (see section 2.6 of chapter 2). Repeatirgdhlculations with various electron

temperatures betweer?t 2.5x 10°K does not improve the fit at the lowest height. This is because
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Figure 4.15: lon density (left), outflow velocity (middlehé mass flux (right) calculated from
the 200001/28-29 observations. The calculations have been made fongerature anisotropy of
T, = 0.1T,. Other temperature anisotropi€E, (> 0.1T,) do not converge at the lowest height.
Note that we show here the actual mass flux and not mass flus tigight squared as in section
4.3.

the intensity is radiatively dominated regardlesd gfat these heights in streamers. The mass flux
shown in figure 4.15 is also unconvincing. It increases to simam at 63 before decreasing in a
more physical manner. Note that figure 4.15 shows the actaas$ritux (yu, whereu is the outflow

velocity andn; is density) and not radial mass flux continuityur?, wherer is height).

Limb brightening is an increase in the intensity of the diskssion from the center of the Sun
toward the limb. In a uniform Sun, there is &£as6 increase in intensity (Gabriel et al., 2003),
whereg is the angle between the local normal to the surface and thal lane from Sun center to
the emission volume in the corona. At a height 8,31/cosf has a maximum value of 1.05 and
incorporating limb brightening in our calculations doed mzrease the modelled intensity ratios

enough to significantly improve the mass flux diagnostic.

The O VI disk emission measured from a sunspot is drastichffigrent from the quiet Sun
emission (Curdt et al., 2001). The lines are around 60 tima®rmtense, and the peak 108237
intensity ratio is increased from 2 to 2.5 or higher while @l lines remain largely unchanged
from the quiet Sun spectrum. The increase in the intensity cd the O VI doublet suggests that
non-collisional excitation processes are taking placéénlocality of sunspots. Curdt et al. (2000)
discuss the possibility of a continuous stream of mater@kifig into sunspots under the high
magnetic field conditions, and colliding with denser matleiThe MDI images shown in figure 4.13
show clearly the presence of a sunspot region which can loeiagsd with the observed streamer.
Since the sunspot spectrum is so intense in O VI, even a smedll @ sunspots makes a large
difference in the modelling of the coronal lines. We recalclt@igparameters with varying degrees

of contributions from sunspots included in the disk speutruncluding a sunspot contribution in
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the incident radiation of the model increases the values@intensity ratio at low velocities and

allows the model to converge to non-zero outflow.
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Figure 4.16: Mass flux calculated for 3ffdirent temperature anisotropies and 3 varying degrees
of contributions from sunspots. The plot titles refer togeertage of the disk radiation given by
the sunspot emission and the percentag€afompared tol, . The solid line shows the expected
mass flux from a2 (radial) expansion of solar wind, with a boundary value gilsg the calculated
mass flux at 3R,. The upper dashed lines show mass flux froma(sub-radial) expansion with

a boundary value of the higher uncertainty of the mass fluxl®&.3 The lower dashed lines show
mass flux from a~2° (super-radial) expansion with a boundary value of the lowegertainty of

the mass flux at 3R,. Physical solutions of O VI parameters will give a mass fluxchHalls
within the dashed lines at all heights. The solution for outf/elocity at 31R, for the lower left

plot has not converged.

Figure 4.16 shows mass flux calculated for various pernautatdf temperature anisotropy and
degree of contribution from sunspots. The two dashed lihes/s in each plot give the extreme

limits of mass flux continuity and are described in the capti®hysical solutions of O VI parameters
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Figure 4.17:Left to right- lon density, outflow velocity, temperature and ion densifgr electron
density times the theoretical abundance calculated frerl2@9@001/28-29 observations. The calcu-
lations have been made for isotropic temperaturd@s,ad 1.2x 10°K and a chromospheric spectrum
with 3% contribution from sunspots.

should fall within these lines at all heights. Additionalthe mass flux should not increase with
height. This discounts a temperature anisotropyof 2T, (bottom row) at all values of sunspot
contributions and discounts an isotropic temperature @it sunspot contribution. Temperature
anisotropies offy = 0.2T, are valid but show a super-radial expansion. This is not eegdefrom
the traditional views of streamer geometry. An isotropimperature distribution with a 3 or 5%
contribution from sunspots fits the radial expansion cutesdly.

The constrained values of disk emission (3% contributiomfsunspots) and velocity distribu-
tion (isotropic) are used to calculate the O VI parameterfigofe 4.17. The outflow velocity and
temperature increase linearly with height even up to thadsgobservation atR8, which suggests
that energy is deposited in the streamer plasma even thisofarthe Sun. The O VI abundances
are significantly above the theoretical values of the CHIANatabase. The electron temperature
of 1.2 x 1(PK used for the calculations is likely to be at the lower linot streamers. Increasing
Te decreases the theoretical abundance and has only a sfeatl @ our calculations due to the
dominance of the radiative component at these low velacitigherefore, using a higher streamer
value for T, would increase the fference between the calculated and theoretical O VI dessitie
There is no consistent decrease of the ion to electron gemagit with height. It is likely therefore

that there is no preferential acceleration of the O VI coragdo the electrons in this streamer.

4.4.3 Conclusions

As discussed in chapter 1, previous modelling of UVCS sol@imum streamer observations has
suggested that there is no significant outflow of O VI aboveraGk in solar minimum equatorial

streamers below heights 8.5, (Strachan et al., 2002). Such modelling has also shown apgbr
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increase in the outflow velocity above this height. Thesdiglibd results have been used to support
the standard view of streamer magnetic field structure - th¢i@ns have zero outflow below 3%
in the streamer due to closed magnetic field structures tanakirupt rise in outflow is due to plasma
escaping above the streamer cusp. In future work, thesermolamum observations should be re-
examined using the iterative inversion technigues preskeintthis chapter. The presence of active
regions or sunspots on the disk may well result in non-zetflaw velocities at lower heights in
solar minimum streamers.

This section has shown that any realistic modelling of oletcoronal O VI lines must include
a sunspot contribution in the incident disk spectrum if gats are known to be present. Sunspots
on the disk are a far more important consideration than fastoch as limb brightening, particularly
at these heights. In the streamer observations modelled herontribution from sunspots in the
incident disk radiation gives solutions that have a coastsand realistic mass flux with increasing
height. Without a sunspot contribution, outflow velocit@sverge to zero at low heights.

Computing the mass flux for many permutations of temperatnigotropy and sunspot contri-
bution leads to constraints on these previously assumeesalhese constraints give better confi-
dence in the resulting ion parameters and it is shown thaalhedance of O VI in the streamer is
significantly higher than theoretical values at all heigbesspite the low value of electron tempera-
ture used in the calculations. O VI outflow and temperatuceciaise linearly with height within the
streamer up to the highest range of observatiét,. here is no evidence of preferential accelera-

tion of O VI in this streamer.

4.5 Conclusions

The iterative inversion scheme is only possible due to threr@o being optically thin. The de-
crease of density with height has also allowed the use ofree&sky approximation which greatly
reduces computational complexity and time. This approaahast valid when modelling obser-
vations of streamers, since their intensity dominatesitieedf sight. The strength of the iterative
scheme in comparison to other semiempirical models is tmaakes full use of the data, therefore
minimizing the dependence of modelling on assumed paramefd large heights in the corona,
which preferentially accelerates heavy ions, it is logicabelieve that the ion densities should not

be directly proportional to the electron densities. Theision method allows us to test such state-
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ments simply by comparing ion and electron densities. Masstiécomes a diagnostic which can
constrain temperature anisotropy and improve the assualad of disk emission.

The weakness of the inversion technique lies in its use dbliserved absolute intensities to de-
rive ion densities. This places a heavy dependence on timmwattic calibration of the instrument.
The 22% calibration uncertainty of UVCS leads directly tteatst a 22% uncertainty in derived ion
densities. Line of sight geometry is another problem ardh thie inversion. In this chapter, the
POS approximation is used mostly with streamer obsenatidiis approximation is not a good
one to use with coronal hole or quiet coronal observationssuch cases a spherically symmetric

geometry would be more appropriate. This is discussed ifotlmving chapter.






Chapter 5

The Linewidth Ratio of the O VI 1032
and 1037.6 A Doublet

5.1 Introduction

A significant diference in the linewidths of the O VI doublet at 1031.9 and 1®#7can often be
seen in UVCS observations. An exploration of the linewidttior of the doublet is made through
the calculation of coronal line emission from a sphericajlynmetric solar wind model. It is shown
that many combinations of outflow velocity and temperaturisa@ropy can lead to considerable
differences in linewidths due primarily to thefdrent balance of radiative and collisional compo-
nents in each line. This balance changes with Doppler digraind pumping so the linewidth ratio
is sensitive to outflow velocity. The linewidth ratio is alsensitive to the temperature anisotropy
and the gradient of outflow velocity along the line of sighO@®). In the previous chapter it was
shown that an inversion technique using a geometrical psky (POS) approximation could de-
rive O VI density, outflow velocity and temperature by sgiisfi the observational constraints of
O VI 1032 intensity, linewidth and the 108037 intensity ratio. The modelled 1037 linewidths
however do not fall within the constraints of the observellies and the result of the parameter
study conducted in this chapter suggests that the/103Z linewidth ratio may provide an extra

constraint in extending the inversion technique to a morepgex LOS geometry.

Using the Doppler dimming technique, the O VI intensitygatan be used as evidence of bulk

outflow velocity of O VI ions from the Sun (Kohl & Withbroe, 128Withbroe et al., 1982; Noci et

115
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al., 1987; Li et al., 1998). The modelling of coronal line egidn can lead to large uncertainties in
the final estimation of outflow velocity since some paranseége not directly measured by present
observations and these values must be assumed (AntonatGizfi04; Frazin et al., 2003; Strachan
et al., 2002; Zangrilli et al., 2002). Most notably, tempera parallel to the predominately radial

coronal magnetic field must be assumed since observed ttiesvonly give a measure of the tem-

perature along the LOS perpendicular to the magnetic fielek ifitensity ratio can in some cases
give some constraint to the values of temperature anisptsapany additional constraint would be

valuable in the interpretation of UVCS O VI observations.

Frazin et al. (2003) note a significantfdirence in the linewidths of the O VI doublet lines in
an equatorial streamer and postulate the following two ichygauses: 1. Inhomogeneity in ion
temperature along the LOS coupled witlfeient radiative to collisional contributions to the line or
2. non bi-Maxwellian velocity distributions.

The ratio of the 1032 linewidth over the 1037.6 linewidth isatue which facilitates exploration
of the linewidth diference. Line emission is simulated from a LOS through a sgdir symmetric
solar wind model. It is shown that the linewidth ratio is sigty affected by Doppler dimming and
pumping due simply to the fierent widths of the collisional and radiative components rgard-
less of temperature inhomogeneities along the LOS. Witlldoxwellian velocity distributions and
no temperature gradients or inhomogeneities the linewiakilo can vary as a function of outflow
speed from~0.8-1.3 at a height of R,. Examples of observed ftierence in linewidth are given
in section 5.2. The model is described in section 5.3. Lidéwiatio is calculated as a function
of various parameters and the results are presented andgskstin section 5.4. Implications for
the inversion technique introduced in chapter 4 are giveseation 5.5 and concluding remarks are

made in section 5.6.

5.2 Observation

Figure 5.1 shows the slit position of an UVCS observatiomf@0000507 overlaid on a composite
EIT 284A LASCO C2 and Mauna Loa MK IV coronameter vignettedte/tight images. EIT and
LASCO C2 movies indicate no explosive events to disturb éhevant regions of the corona during
the 156 minute observing period. The center of the UVCS fi¢ldiew is at a height of 3.R,

and position angle 170 Data were collected using the O VI channel with a spectnahibg of
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1 pixel (0.0993 A). The slit width is 1538n. The spatial binning is 6 pixels (42”), thus yielding
60 spatial bins across the slit. The few spatial pixels atetkieemities of the slit, which give
unreliable readings, are rejected. The observation dsnsis series of 2 minute exposures which
are combined. It is necessary to improve signal to noise ybaaing slit bins. A sliding window
of 9 pixels is used in this case. The sliding window and alkottelevant data analysis techniques

are described in chapter 3.
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Figure 5.1: Left - nested EIT 284A Mauna Loa MkIV Coronameted LASCQC2 images show-
ing the south corona on 20@%07. The black line shows the UVCS field of view. Right - plots
showing intensity, linewidth, intensity ratio and linewhdratio plotted across the UVCS slit. The
shaded regions in the ratio plots indicate the uncertaintie

Comparison between the white light image and the specttalstows the expected increase in
intensity at the position of the streamer (slit bin 30-50newidth is at a minimum 0£90 km st
in the streamer rising to a maximum .70 km s? at slit bins 0-10. Intensity ratio is3 in the
streamer, decreasing to a minimum-~#.1 at slit bins 5-10. The linewidth ratio varies from 1.17
+11% to 0.73+16%. It is significantly larger than 1 in the streamer and drgignificantly below 1
at slit bins 0-10.

The observation shown here is not an isolated example. Afisignt difference in the linewidths
of the O VI doublet can be found in many UVCS observations.uféigs.2 shows data from over
100 O VI profiles gathered from 56 UVCS solar maximum obs@&matmade at various heights and
latitudes during 20005/5-16. The data include observations of streamers and tle¢ cuiona. The
linewidths show the expected increase with height and tieegity ratio shows an increase between

the lowest observations and 3R, before decreasing in the highest observations, charstiteoif
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slower wind. Many of the linewidth ratio values are signifitg above or below unity. Linewidth
ratio plotted against intensity ratio shows some corretatilower values of the intensity ratio tend

to lower values of the linewidth ratio.
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Figure 5.2: Data from over 100 O VI profiles gathered from 56@8/0bservations made at various
heights and latitudes during 2006/5-16. Plotted against height are O VI 1032 linewidthp(lefi),
10321037 intensity ratiotpp right) and 10321037 linewidth ratio lfottom lef). Bottom right-
linewidth ratio plotted against intensity ratio.

5.3 The Model

Line emission is modelled along a LOS with a plane of sky (P@&yht (referred to sometimes
as the impact parameter) oR3. The LOS is extended to a height of R8in both directions, at

which point the emission is very small relative to the POSssinin. Emission is integrated along
the LOS for each wavelength bin. The resulting profiles fer@VI doublet are each fitted with a

Gaussian to provide intensity and linewidth. Solar windapaeters can be adjusted along the LOS,
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for example velocity can be increased as a function of heéggsimulate the solar wind acceleration.
An example of one set of solar wind conditions is shown in fguB, along with the lines calculated

from those conditions.
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Figure 5.3: A set of solar wind parameters and the resulfiegtsal lines.

Coronal electron density as a function of height is givenhsy éxpression of Guhathakurta &

Holzer (1994) multiplied by a factor of 1.7:

Ne(r) = 1.7[1.4 x 10°(1/r)?8 + 8 x 107(1/r)8*% + 8.1 107(1/r)*%¥7]

wherer is the height in solar radii. This expression gives good garegreement with observed
electron densities in the quiet corona, that is, regiongasbciated with streamers or coronal holes.
The electron temperature is kept constant at a million aegle lon density is calculated from the
electron density at the POS height using the ionizationlibgiai of Mazzotta et al. (1998) and the
oxygen abundances of Feldman et al. (1992), both tabulat#uei Chianti atomic database. The
ion density profile is extrapolated from the POS along the In@taining a particle flux constant
for spherical expansion and the prescribed velocity gradi@he ion temperature distribution is

bi-Maxwellian. In this work the perpendicular to radial teenature T.) at the POS is fixed at
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2.2x 10°K, in agreement with observed O Mfective temperatures in quiet coronal regions. Three
extreme cases of temperature anisotropies will be coresidé = Te, T = T, (isotropic) and
T =2T,

The radiative and collisional components are calculatedguthe formulations presented in
chapter 2. The disk intensities for the O VI and the two C 1€§r(1037.0 and 1036.3 A) are those
provided by the Solar Ultraviolet Measurements of EmittediigtionSOHO (SUMER) solar atlas.
These are averaged from SUMER observations of the quiet@unal{ et al., 2001). The Sun is not

approximated as a point source and limb brightening is radtided in the model disk intensity.

5.4 Results and Discussion

Figure 5.4 shows calculated intensity and linewidth ragisgunctions of POS outflow velocity for
3 different velocity gradients along the LOS and for Batient extremes of temperature anisotropy.
The close relationship between the intensity and linewidtlo can be seen clearly in the top pair
of plots, which has an extreme temperature anisotropy; 0t Te. Such a lowT; makes both
spectral lines very sensitive to Doppler dimming and pumgdfiects. In this case the minima of
intensity ratio at outflow speeds of 180 and 380 krh sorrespond to maxima in the linewidth
ratio. At these points the 1032 line44.5-30% wider than the 1037.6 line. This is due simply to the
maximum Doppler pumping of the 1037.6 line by the two CII firs these outflow speeds. Doppler
pumping increases the strength of the radiative comporahtsance this component is narrower
than the collisional component, the line is narrowed. Theosfie applies to the 1032 line: the
collisional component becomes increasingly dominant witheasing outflow velocity since there
is no pumping of the radiative component. This is why the sdqmeak in linewidth ratio at 380 km
s~1is higher than the first at 180 km’s The linewidth ratio minimum at280 km s* corresponds
to a local maximum in the intensity ratio, where the 1032 Imenore radiatively dominated than
the 1037 line.

An anisotropy ofT; > T, lessens the sensitivity of the linewidth ratio to outflowoaty, as
seen in the middle and bottom pairs of the plots in figure 5hk lihewidth ratio is generally under
unity for outflow velocities under350 km st as the 1037 line is being pumped over a wide range
of outflow velocities due to the high,.

Repeating the calculations for the same parameters butanitidial temperature gradient of
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Figure 5.4: Intensity ratio (left column) and linewidthica{right column) as functions of POS
outflow velocity for 3 diferent velocity gradients along the LOS and for Eatient extremes of
temperature anisotropy. The x-axis is the outflow velocittha POS height ;). The diferent
lines in each plot correspond tofidirent radial velocity gradients, as indicated by ¢ in the
legend of the top left plot. ThAV are in units of km st Rgl. From top to bottom, the three pairs
of plots have temperature anisotropiesTpt= Te, T = T, andT; = 2T,

5x 10PKR;! leads to very small variations in the linewidth ratio with aximum diference, when

compared to results without a temperature gradient, of uad®. The intensity and linewidth

ratios are totally insensitive to any value of ion abundamed at &, since a term for ion density

is in both the collisional and radiative equations. The peadf ion density along the LOS does
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have an &ect on the balance of collisional and radiative componemdstiaerefore on intensity and
linewidth ratios. However, multiplying this profile by angrstant makes no filerence.

The large diferences in linewidth which arises from the combination afdial outflow velocity
gradient and a lowl; is most easily understood by studying the emission corttabun the LOS
and wavelength dimensions simultaneously. Figure 5.5 stoowtour plots of O VI 1032 and 1037
collisional and radiative emission contribution for eachvelength and LOS model grid point.
These have been calculated for a POS heightRaf, & radial outflow velocity gradient of 100 km
sIR:L, alowT) (1.2 x 10°K) and an outflow velocity of 180 knr$ at the POS height.

1032 radiative 1037 radiative
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Figure 5.5: Contour plots showing the O VI emission at eachelemgth and LOS grid point. The
emission is calculated for a POS height &,3a radial outflow velocity gradient of 100 km'&;?,
alow T (1.2 x 10°K) and an outflow velocity of 180 km$ at the POS height. Theaxis shows
the distance along the LOS, with zero corresponding to tlet ptosest to the Sun at the POS.

All the emission profiles are limited to a LOS range centettggbmts nearest to the Sun. This
is of course to be expected due to the drop in density. Thesicolbl emissions are proportional to

nine while the radiative components are proportionahitoThis in itself guarantees aftirence in
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emission profile between the collisional and radiative congmts. The 1037 collisional emission
is half the intensity of the 1032 collisional emission buitiprofiles are identical. The collisional

components extend further along the LOS than the radiaties avhich results in a collisional

spectral profile that is wider than the radiative one. Thessian profiles of figure 5.5 are skewed
due to the finite outflow velocity along the LOS.

The profiles of the radiative emissions show their sensjtid Doppler dimming and pumping.
The 1032 profile is limited to a narrow LOS range due to thealamlitflow velocity gradient. As
the outflow velocity increases along the LOS, the 1032 ragi@omponent is Doppler dimmed. In
contrast, the 1037 line has 2 regions of increased pumpiagiat along the LOS. This leads to
a 1037 line profile with small peaks on the Gaussian wings. Uflawv velocities which involve
Doppler pumping and dimming, the 1037 radiative compongrgenerally wider than the 1032
radiative component.

Figure 5.5 also shows that a LOS must be included in the mindeaif the O VI lines to see any
appreciable dference between their linewidths. Atthe POS (zero orytheis), all the components
share a similar wavelength range. Modelling the O VI linemgis POS approximation results

therefore in a 1032037 linewidth ratio close to unity.

5.5 Implications for the Inversion Method

In the previous chapter, a plane of sky (POS) inversion niktised observed electron density, O
VI 1032 intensity and linewidth along with the O VI 103D37 intensity ratio to provide O VI
densities, outflow velocities and temperatures. In pddicuhe method was applied to a set of
UVCS observations of a solar maximum streamer made durifd/@028-29 and mass flux was
used to suggest a 3-5% sunspot contribution to the incidisktreddiation and an isotropic O VI
temperature distribution. The inversion technique reslilh modelled 1032 profiles with linewidth
virtually identical to the observed values. However, theaskied and modelled linewidth of the
1037 line was ignored at all stages of the inversion.

The left plot of figure 5.6 shows the observed linewidths & #0932 and 1037 lines for the
200001/28-29 observations, along with the modelled 1037 linevdd#sulting from the POS in-
version. It is clear that the observed 1037 linewidths ageicantly diferent from the observed

1032 linewidths at most heights, but the modelled 1037 lid#w closely match the observed 1032
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Figure 5.6:Left - observed 1032 and 1037 linewidths for the 200®8-29 observations and the
modelled 1037 linewidths resulting from the inversion tghe introduced in chapter 4 using a
POS approximation.Right - the same but with the 1037 linewidths resulting from a sichdy

symmetric model.
linewidths rather than the observed 1037 linewidths. Thiklfights a failing in the POS inversion.

The right plot of figure 5.6 shows the same set of observeavidibs, with the modelled 1037
line calculated using a spherically symmetric LOS basedhendn parameters found using the POS
approximation. That is, the O VI densities, outflow velastiand temperatures calculated from the
POS inversion, at all observed heights, are used to createally-interpolated spherical symmetric
model of the corona from which extended line of sights aresehdo create O VI profiles. Note that
the 1037 linewidth cannot be modelled for the highest olaenm since we cannot create a LOS at
this height constrained by observations at larger heighteoducing a spherically symmetric LOS
causes the modelled 1037 linewidth to deviate considerfaty the modelled 1032 linewidths and
an improved fit is seen between the modelled and observed [t@8vidths at heights of 4.6 and
6.1R,.

An improvement in fit between observed and modelled line l@®fs made simply by intro-

ducing a spherically symmetric LOS. An iterative algoritieenvisaged which makes a spherically

symmetric inversion of UVCS observations as follows:
1. Calculate initial O VI parameters using a POS inversionegghtshy, hy, ..., hy.

2. Create initial spherically symmetric coronal model frima ion parameters.

3. Seti = 0.

4. i =i+ 1. Current height i$y,_j).
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5. Calculate new O VI profiles by taking an extended LOS thihotlige spherically symmetric

model at current height.

6. Compare modelled profiles with the observed. If a good fitisd go to 4 (or until all heights

are finished). If fit is unsatisfactory then go to 7.

7. Adjust ion parameters at current heigh.iy, keeping the values fixed B§_i,1). Interpolate
for heights along the LOS betweép._j) andh-i+1) maintaining spherical symmetry. Go to

5.

This algorithm should lead to a spherically symmetric maafébn parameters yielding O VI
profiles which match observed profiles at all heights excepttfe highest observed height. The
modelled 1037 linewidths shown in the right plot of figure &ré created, in essence, from the first
iteration of the algorithm. Itis a computationally demamgischeme compared to the POS inversion
due to the extended LOS. Itis impractical to attempt theutations on a standard desktop computer
and future work will concentrate on implementing the algiori on a more powerful machine.

It is anticipated that the observed 10B237 linewidth ratio will in some cases provide an ad-
ditional constraint on the spherically symmetric invensend will lead to improved estimates of
assumed parameters, most notably the temperature apigofar example, a spherically symmet-
ric inversion of O VI profiles observed by UVCS at heights ofri@l@R, could constrain outflow
velocity, T, outflow velocity radial gradient and tiie, radial gradient for the R, observation. A
comparison of the modelled and observed linewidth ratidctthien give a constraint o, and
the calculations repeated for an improved estimat®,ofThis process could be repeated until the

modelled and observed linewidth ratio agreed closely.

5.6 Conclusions

A study of O VI profiles calculated from a finite LOS in a sphalig symmetric model of the
corona leads to a simple explanation for thfedence in linewidths so often seen in observations.
The diferences in observed linewidths are primarily due to theimgripalance of collisional and
radiative components in each line, a balance which depend3oppler dimming and pumping.
Any difference in width between the 1032 and 1037 radiative profdesed by outflow velocity

gradients are secondaryfects. Temperature gradients or inhomogeneities are atsmdary in
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importance. The linewidth ratio will in many cases serve madditional constraint on the semi-

empirical modelling of UVCS observations, particularlyimrersions which include a finite LOS.



Chapter 6

Hydrogen Ly-a Intensity Oscillations

Observed by UVCSISOHO

This chapter was published as an article in the Astrophlydmarnal in April 2004 (see Morgan et
al. (2004)). A new approach to UVCS spectroscopic data isrtdiere - a detailed time analysis
of UVCS observations of Ly intensity. Its contents therefore are quitéelient from other the

chapters. However, the detection of density waves at lembgerved by UVCS and the calculation
of O VI densities, outflow and temperatures are diverse stbjghich share a common goal. This

goal is to provide observational impetus for models of cat@mergy deposition.

6.1 Introduction

The study of oscillations in ion intensity in the chromosgghand d-limb atmosphere is a well-
established field and there exists a large body of literatureesults from instruments such as
TRACE (Rutten & Krijger, 2003; Mclintosh et al., 2003; Mughla@003), SUMERSOHO (Wang et
al., 2003) and CDSOHO (Marsh et al., 2003; Banerjee et al., 2001), to list batherecent studies.
The high intensities of emission lines close to the Sun entitdse instruments to acquire data at
a high temporal resolution with a reasonable signal to n@te. Observations by UVGSOHO
starting at 1.9R, are less well suited for temporal analysis and the problemssgby a low signal

to noise ratio, particularly at larger heliocentric distag in non-streamer regions, are considerable.

Temporal studies of UVCS emission line observations at thledst observational frequencies are

127
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therefore rare, although detailed studies of oscillatiaqmlarized brightness from the UVCS white
light channel have been made (Ofman et al., 1997, 2000).

Standard spectroscopic analysis of UVCS data involvegiiatig photon counts over many
exposures. Combining many short exposures lessens Paissentainties in photon counts and
produces spectral profiles that easily accommodate fittigaussian functions. In this chapter no
attempt is made to use this standard approach to the daterPagon of signal at the highest spatial
and temporal resolution forces the use of raw photon couitksttve minimum of pre-processing.
Wavelet analysis is applied to the data and an appropristemeployed which reveals the presence
of significant oscillations. The method is applied to a sdt/¥fCS observations of Hydrogen Ly-
taken in June 2002 at a range of heights above the south ggjemrand southeast mid-latitude
streamers. A description of the observations is given iti@ed.2, the analysis techniques are
explained in section 6.3, results are presented in sectiridlowed by a discussion in section 6.5

and concluding remarks in section 6.6.

6.2 Observations

Spectroscopic observations of the Hydrogenalyine were obtained using the redundant dy-
channel on the UVCS Oxygen VI detector on June 20 to 21, 200@mR3:00 on June 20 until
06:00 on June 21 the position angle of the UVCS slit center ¥ counter-clockwise from
north. Data were collected sequentially at heights of 22, 2.8 and 1.B,, during the seven hours
of observations. Table 6.1 gives the start and end times amber of exposures for each height
observed. For these observations, there are 60 spatiaaloing the UVCS slit, giving a minimum

spatial resolution of 42 arcsec. Each observation has aageéme of 130s between exposures.

Table 6.1: Details of UVCS observations 200@20-21. Ht and PA are the heights and position
angles of the FOV closest to the Sun. Tot exp is the total iated exposure time. Spat and spect
are the spatial and spectral binning respectively. HeightsnR,, spatial binning in arcseconds,
spectral binning in A and slit widths in A.

Start datgime End datgime Ht PA Totexp Spat Spect Slitwidth
20-JUN-2002 23:00 21-JUN-2002 01:01 2.0 150 1h48m 42 0.099 .3 0
21-JUN-2002 01:02 21-JUN-2002 03:21 2.2 150 2h7m 42 0.099 3 0.
21-JUN-2002 03:21 21-JUN-2002 04:48 1.8 150 1h20m 42 0.099 .3 0
21-JUN-2002 04:49 21-JUN-2002 05:58 1.5 150 1h4m 42 0.099 3 O
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Figure 6.1a shows a UVQISASCO C2 and UVCEIT composite image of the southeastern
corona from June 21, with lines drawn to indicate th@edent slit positions. The slit extends from
above the south pole to cross the mid-latitude streamersla®. Note that the streamers are
partially obscured near 135n the figure due to the mount of the LASCO occulting disk. Low
resolution Kitt Peak coronal hole maps indicate the presefi@ coronal hole over the south pole
during the time of the observations. Although June 2002 wirs@ of considerable activity in the
solar corona the data in this paper were néécted by CME activity. The mid-latitude streamers
remained stable throughout the seven hours of observatigtissome slow movement due to solar

rotation.
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Figure 6.1: (a) Composite LASCO C2 and EIT image from June/2hite lines indicate positions

of the UVCS slit. Dotted white lines indicate position anglb) Ly-a intensity interpolated into a

contour plot of the observed region. Streamer, quiet surcar@hal hole regions are labeled S, Q

and C and are bounded by the white lines. The dotted linedree of constant position angles.

Higher intensities have lighter shading. The intensitytoars start at logy 11.3 photons g Q1
m~2 A~ at the lowest height and decrease by lp®.065 photons= Q1 cm™2 A1,

Intensity is obtained at all 4 slit heights from the time gristed Lye profiles. Figure 6.1b is
constructed from interpolating between the log of intgnaitall heights observed. Fitting errors are
avoided and signal to noise ratio is greatly improved by eyipb a sliding window of 5 slit pixels.
Cubic convolution is used to interpolate for the heightsieein the slits. The observed heights
are shown by the horizontal unbroken dark lines in figure 6vihite lines of constant latitude are
shown by the dashed dark lines. The vertical axis denotekdli@centric height at a latitude of
15¢ and the horizontal axis denotes the latitude for theR,%observation. It is not an easy or

exact matter to identify structures in the corona from UV@&dlue to the sharp intrinsic drop of
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intensity with height. However, from the LASCO C2 image inufig 6.1a, the daily LASCO C2
movie, the Kitt peak coronal hole map and figure 6.1b, thregrdit regions covered by the UVCS
FOV have been identified and labeled. The streamer is moibg @entified as the region of high
intensity, labeled S and bounded by white lines in figure 6V can see two intensity peaks in the
streamer, one lying approximately radially~at43 and the other varying in latitude from 128-£34
with increasing height. The coronal hole, labeled C, is fified by the drop in intensity which
varies in latitude from just under 18at 1.9R, to 172 at 2.2R,. An area between the streamer and
coronal hole, labeled Q, is identified with the quiet sunhwittensity smoothly decreasing with

increasing latitude.

6.3 Data Analysis

The nature of the search for significant oscillations in UMz allows many standard techniques
usually associated with the instrument to be disregardedceSelative temporal fluctuations of
intensity are of interest here instrumental influencesmmgirofile and intensity that remain constant
in time such as slit profile deconvolution and detector fladl fo®rrection are ignored. No estimated
correction for stray light or light from interplanetary hydien is made, under the assumption that
these unwanted contributions change only slowly.

The Ly 1216A line is identified in the appropriate UVCS detector kresd the photon counts
are integrated over the wavelength range of the line. Simepdsition and width of the Ly-line on
the detector can vary due to physical and instrumental satise appropriate wavelength range is
estimated separately for each pixel along the slit. Thegamgstimated from the mean wavelength
and linewidth of the time integrated line profile for that @ix The few unreliable spatial pixels at
the extremities of the UVCS slit are discarded.

After integrating over the line profile, a time series of &yphoton counts for each UVCS pixel
along the slit is obtained. The exposure time for these ohtiens is a constant 120s. There is
however a pause of approximately 10s between each exp@spagise which can vary by a second
or two throughout an observation. The cadence is theref@B9s, with data being collected for
only 120s of each 130s time step. Since the pauses betweesuegp are small compared to the
cadence< 10%), a count rate during the pause equal to the count rateeqfreceding exposure is

assumed. Since the variance in pause time between expéswexy small compared to the total
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exposure time< 1%) no attempt is made to interpolate to a constant time stiep average time
step £130s) is used as a constant for the whole observation. Thertaitties in photon counts
arising from the gaps in observation are unavoidable but@eble. The uncertainties due to the

varying time steps are negligible.

Intensity time series are transformed into time-frequesypgce using the widely used discrete
Morlet transform provided by Torrence & Compo (1998). Takihe modulus squared of the trans-
form a power spectrum is obtained for each pixel. Figure BAs an example of a power spectrum
of a dummy observation consisting of a superposition of tiwe waves of equal amplitude and pe-
riods 12 and 34 minutes and Gaussian noise with standaratigvione and a half that of the
sinusoidal signals. The wavelet power spectrum identifeesdb of higher power at these periods
throughout the time series. The white contours surroundsaoé the spectrum with céiicients
below the 5% significance level in comparison with a backgdonoise level described below. The
12 minute signal is often indistinguishable from the baockgd noise although the 34 minute signal
is clearly identified through most of the time series. Thekldashed line in the wavelet spectrum
is the cone of influence which indicates where the spectrugpnbaanfluenced by edgdfects. Fea-
tures below this line (at longer periods) should be intagatavith care. The global power spectrum
shown in figure 6.2 is the time averaged wavelet power spectithe global spectrum is similar to
the result one would obtain from a smoothed Fourier transfdrhe peaks at 12 and 34 minutes are

seen clearly in the global spectrum.

Codficients of wavelet power can be compared with the power eggdeftom a background
of Gaussian noise, and an appropriate confidence levellistidh as a test of significance. This
is, in general, the standard significance test used in wiaaebdysis of geophysical data and a full
description is given in Torrence & Compo (1998). Since th# i& performed directly in the time-
frequency space of the wavelet power spectrum it is usefiutlémtifying sporadic or non-stationary
signals. The significance test assumes a Gaussian digirilmftbackground noise while it would
be expected that both Poisson statistical and Gaussianrimsttal noise would dominate UVCS
data. However, the Gaussian model is valid for the obsematdf Ly« at the low coronal heights
in this study since the photon counts are high enough to ernbat the Poisson noise distributions

are very similar to Gaussian distributions.



132 Chapter 6. Hydrogen Ly Intensity Oscillations Observed by UVC3SOHO

Wavelet power spectrum Global
SET , : , T
6 \ a II' 6
g 8 4 8
=R @ 10
S 12F 12
E 15§ ' 7 15
- /
3 20F \ a 4 20
o
40f = 4 40
0 20 40 60 80 100 120 1
Counts vs. time Power
6F ) ) ) ) )
4t
o 2§
5 of
Q [
O -
i

0 20 40 60 80 100 120
Time (minutes)

Figure 6.2: Example of wavelet and global power spectrumafopntrived time series of 2 sine
waves and Gaussian noise.

6.4 Results

6.4.1 Significant Oscillations

Figure 6.3 contains intensity time series, wavelet powecsp and global power spectra from the
streamer, quiet sun and coronal hole regions of the UVCS Blgure 6.3a is from a latitude of
137 and a height of 1.8%,, near the local trough in intensity between the two streapesks
(see figure 1(b)). The periodic oscillation in intensity isarly seen in the time series starting at
~30 minutes into the observation time and continuing for asié0 minutes. The wavelet power
spectrum confirms the significance of this oscillation aredgiobal spectrum shows the high power
at a period of 14 minutes. Figure 6.3b comes from the quietrsgion at a latitude of 154and

a height of 2.&,. A significant 20 minute oscillation starts 10 minutes irtte bbservation and
continues for 50 minutes. The period of oscillation thergteens to 28 minutes and continues for
40 minutes. Figure 6.3c is from the coronal hole region auldé 182 and height 1.7R,. The
strongest feature is the 13 minute oscillation continuirgmf 30 to 60 minutes. There is another

oscillation of significance at the shorter period of 6-7 nbéisuat the start of the observation.
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Figure 6.3: Time series and power spectra at (a) heighRL,3dtitude 137 (streamer), (b) height
2.0R,, latitude 154 (quiet sun), (c) height 1. R, latitude 182 (coronal hole).

6.4.2 Similar Spectra at Neighboring Heights

It is interesting to find strong correlations between glagactra at similar latitudes butffirent
heights. Reasonable correlations may be found providddhkacoronal structures across the slit
remain relatively stable. This is the case for the obsesuatin this study. Figure 6.4 shows two sets
of examples. Figure 6.4a consists of four global spectma fitte four diferent observed heights, all
from pixels at latitudes 136-137which, from figure 6.1b, can be seen near the trough in iittens
between the two streamer peaks. The power for each plot isdsbatween 0 and 1 to enable
comparison between the spectra. Correlations betweerecatnge observations are: 0.39 (2.0-
2.2R;), 0.82 (2.2-1.8,) and 0.62 (1.8-18K;). The set in figure 6.4b comes from a latitude of

15C@ near the edge of the streamer. Here again there are four globetra from the four dierent
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Figure 6.4: Normalized global spectra from all observatifnom pixels at latitudes (a) 136-137
and (b) 150. Heights of slit center are given in the legend.

heights. Correlations between consecutive observatim®a23 (2.0-2.R.), 0.64 (2.2-1.&;) and
0.82 (1.8-1.%.).

6.4.3 Similar Spectra Across the Slit

Pixels along the slit often possess global power spectrastiere no similar features with their
neighboring pixels. This is not surprising consideringhbitite coarse 42 arcsec spatial binning of
the data and the generally low signal to noise ratio. Howetisrreassuring to find peaks in power
spectra that remain fairly constant across a region covayestveral pixels, or peaks that increase
or decrease slowly in period across many pixels. To displap segions, we place the global spec-
tra of pixels side by side in contour plots. Figure 6.5a shawsentour plot of global spectra from
the whole UVCS slit from the 2R, observation. Figure 6.5b shows the region from°1@1181°

in greater detail. The streamer, quiet sun and coronal legiems are marked S, Q and C and are
bound by vertical lines. The intensity of each time seriestne normalized in order to compare
power at low and high intensity structures without bias.sTikidone by subtracting the mean and
dividing by the standard deviation in the time series of ggigkl prior to the wavelet transform.
After the transform, an unsophisticated and simple filtepiplied where wavelet céiicients with
significance<2% in comparison with a Gaussian noise model are left unctthmdhile the coef-
ficients with significance-2% are set to zero. This removes noise and weak features thad w
complicate the display of the power spectra across the™hié final time averaged global spectra

are obtained from the filtered wavelet power spectra. Figusb is subjected to less filtering than
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that used on the main contour plot, with a significance tholesbf 8%.
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Figure 6.5: Filtered global spectra from slit pixels frone ti(R;, observation arranged in a contour
plot. (a) Global spectra across the whole slit. (b) Globalcs@ from the region between X6dnd
182, with a lower filter threshold than that used for (a).

As seen in figure 6.5a, many pixels in the streamer have peakegriodicity between 5-8
minutes, in particular, a group of 8 neighboring pixels st between 132and 142 all share
peaks at 6-7 minutes. There are 9 neighboring pixels betdé&rand 158 with peaks at 5 minutes
or less. Around 169 a group of 5 pixels have peaks of 9 minutes. The region frofi I6177 is
bereft of peaks at periods less than 7 minutes, while smalifg of 2-3 pixels share a periodicity of
7-10 minutes in the coronal hole region. The sharing of lgity across many slit pixels is seen
more clearly in figure 5(b) which shows a contour plot of gld@ectra from 20 neighboring pixels
situated between latitudes 16and 182, a region that contains the drop in intensity between the
quiet sun and coronal hole. The position of the center of slithixel is indicated by the dashed
vertical lines. The most consistent feature is the band wigp@xtending between latitudes 16d
168, period 6 to 10 minutes. Between X64nd 164 the period increases across 4 pixels from 6
minutes to under 10 minutes. From 164 168 the periodicity stays betweerB and 10 minutes
over 4 pixels, with a broadening in period at 268 here is another interesting band of power with
decreasing period from 11 to 6 minutes between latitudes /4821 . Isolated clusters of power

at short periods-5 minutes and longer period20 minutes lie between 16@nd 180.
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6.5 Discussion

Use of the highest temporal and spatial resolution of UVC& daarantees a low signal to noise
ratio. Before discussing results we must address instrtaheffiects and their possible contribution
toward detected periodic oscillations. Grating jitter ikigh frequency oscillation of the grating
mechanism, and would hardlyfact our results since it has a far shorter period than thesexpo
time of two minutes (L. Gardner, private communication)ifids a shifting of the line on the UVCS
detector due to either heatjegoling of the instrument or a settling of the grating imnaeelly after

it is moved. It is a slow variation, present at a scale of tdmainutes to hours. It may well operate
within the lower frequencies shown in our results. Drift asia shifting of the line position on the
detector which would in turn cause a shifting in intensitycsi diferent regions of the detector have
different gain responses (Kohl et al., 1995). However, an atioil movement of any part of the
UVCS instrument would be likely to induce an oscillation iingl position and intensity across the
whole UVCS slit, with similar frequency at every pixel. Hoveg, this is not seen in this dataset.
Indeed, strong oscillations in individual pixels are oftest replicated in their neighboring pixels.

It is clear from the wavelet analysis that oscillations ofd.yntensity are sporadic in our ob-
servations. Oscillations remaining coherent for longantB wavelengths are rare. This may be
a real property of oscillations at this height or may be dueltservational limitations, as we may
be detecting only short glimpses of longer duration od@iltes whose signals are often lost due to
turbulence and other wave motions along the line of sighttullysof a far larger set of data may
resolve this issue. Since the oscillations are sporadis,lseful to create for each observation a
histogram summing the durations of significant oscillagidound at each period. Figure 6.6 con-
tains histograms for each observation presented in thisrpajith total durations converted to units
of wave counts. The dotted lines in figure 6.6 are the meanotaiien values for Gaussian noise
and the dashed lines are the 5% significance levels. Theseal&ined from two thousand repeti-
tions of the method using dummy observations consistingafdsian noise. Note that significant
oscillations with duration shorter than one wavelengthnatecounted. Figure 6.6a is the histogram
for the observation with slit center at RS. The strongest periodicity is at 8 minutes, with other
significant bands at 13 and 16 minutes. Figure 6.6b, frorR;l&@so has a strong periodicity at 8
minutes and another band at 5 minutes. Figure 6(c), froRR2t@as only one significant peak at

21 minutes. Figure 6.6d from 2R has significant peaks at just under 8 minutes and just over 10



6.5. Discussion 137

minutes. The observations all show significant bands ofpred periodicity. It is interesting that a
band of preferred periodicity 68 minutes emerges from 3 out of the 4 observations.
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Figure 6.6: Histograms of significant oscillations for tloeif observations. The dotted line is the
mean value and the dashed line is the 5% significance lev8dassian noise.

Figure 6.7 investigates the spatial origin of ti&and~10 minute bands of periodicity from the
2.2R, abservation by plotting wave counts against latitude. fFdgu7a shows the distribution of all
~8 minute waves detected along the slit. The streamer, quireasd coronal hole are labeled S, Q
and C. Figure 6.7b shows the distribution~dfO minute waves detected along the slit. Both figures
show that the contribution to preferred bands of periogliciime from a minority of pixels - that
the detected oscillations are sporadic in space as welltagaén Both plots in figure 6.7 show their
highest density of wave counts around a latitude of’li6zhe quiet sun region. Both also have a
smaller peak at 142which is close to the peak intensity of the streamers. Figufb shows strong
~10 minute oscillations from two neighboring pixels at 12the coronal hole region.

EIT/SOHO observations of polar plumes indicate oscillationthyeriods of 10-15 minutes

(DeForest & Gurman, 1998). Chromospheric and low corongptead studies of CDSOHO
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Figure 6.7: Distribution of significant oscillations acsathe UVCS slit for periodicity of (a)-8
minutes and (b)10 minutes.

data have detected possible significant oscillations wéttiods of 20-50 minutes increasing to 70
minutes at a height of 25 arcseff-imb (approximately 1.0R;) in a polar coronal hole plume and
inter-plume regions (Banerjee et al., 2001). Both studitspret the oscillations as the signatures of
outward propagating slow magneto-acoustic waves. Thedb&ervation times at any one position
of the UVCS data presented here are too short to discern eetare are significant oscillations
at periods of45 minutes or greater. In coronal holes at heights closeasetf our study (1R,),
Ofman et al. (2000) found quasi-periodic variations in pakd brightness observed by the UVCS
white light channel, with significant power spectra peakseaitods around 6-10 minutes. The polar-
ized brightness is directly related to the electron deraditpng the line of sight, and the oscillations
were interpreted as evidence of compressional waves patipggutward from the Sun. Produced
by resonance scattering of the chromospherialgmission by neutral hydrogen in the corona, the
Ly-« intensity is also proportional to the electron density;deeits behavior should follow that of
the polarized brightness. Evidence for a 7-8 minute osigiltain the Ly« line lends support to the

periodicity found in the polarized brightness measuresient

Given that the periodicity derived from the observatioresassociated with density fluctuations
they can be a signature of fast or slow magnetosonic waveat ti@ periodicity persists at least
out to 2.2R, implies that these waves are not damped very quickly in thenzoas some theoretical
studies suggest (Hollweg, 1978). Furthermore, that thentirfite oscillations are present in all
three regions: coronal hole, quiet Sun and streamer, angrasent in 3 out of the 4 observations

at different heights, points to the universality of the wave modepggating in the solar corona,
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independently of the large scale magnetic field. They alggest that pure Alfvén waves, which

have never been observed in the corona, are not the only \wasesnt there.

6.6 Conclusions

Application of the wavelet analysis technique to &yJVCS observations shows that oscillations
with significant power exist in the line intensity. Furthenma, significant correlations are found be-
tween oscillation patterns at neighboring pixels alongsthief the detector. For some observations
at similar latitudes, global spectra profiles are preseaged function of radial distance. Cataloging
oscillations of significant power according to periodiciéynd weighted by their duration, a prefer-
ence toward 7-8 minute oscillations in 3 out of the 4 obs@aatis found. Other preferred bands
of periodicity are present at theffirent observations.

The dataset presented here is too small to derive furthetusions regarding the physical cause
of the oscillations. Future work will present a statistisaldy of power spectra profile from a far
larger set of observations. These should provide a reliah$is for a more thorough discussion

regarding the underlying physical processes responsibliné observed oscillations.






Chapter 7

The Future of UVCS - a Radial Line of
Sight

7.1 Introduction

In the next few decades of solar system exploration it idylikleat spacecraft missions will ven-
ture far closer to the Sun than has been previously attempldte Solar Probe mission (see
http;/solarprobe.gsfc.nasa.gpvwith a planned launch date during 2012, will attempt twéaso
passes at flierent times in the solar cycle, flying to heights as low Rs.4Figure 7.1 shows the
planned trajectory of Solar Probe. This will give, at lastaluablein situ measurements of the
inner corona. This chapter models and discusses the edpspéetral profiles from a UV spec-
trometer aboard such a spacecraft. This analysis is eskientiie proposition and planning of such
an instrument.

The current SOHO spacecraft orbits the L1 Lagrangian patveen the Earth and the Sun.
UVCS aboard SOHO views the 98cattering of UV coronal emission due to the large distance
between SOHO and the Sun. An UV spectrometer placed in tleg oorona can take a radial line
of sight (LOS) from an unprecedented vantage point. This WO8ld necessarily point away from
the Sun due to the high intensity of the disk emission. Thaptér shows that a radial LOS gives
improved outflow velocity and; diagnostics over those given by°9cattering.

Section 7.2 presents the geometry and analytical equadigiteble for calculating O VI emis-

sion along a radial LOS. Section 7.3 describes the parasneitatined from a global two-dimensional

141
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Figure 7.1: The planned trajectory of Solar Probe, from Mo@s (2004)

magnetohydrodynamic (MHD) three fluid model for both colldr@e and streamer solar wind re-
gions, and gives O VI line profiles computed along a radial L@#g the model parameters. A

discussion of the results and conclusions are given ingsecti.

7.2 A Radial Line of Sight

The geometry and resulting radiative and collisional eiquatfor a radial LOS are far simpler than
those for 90 scattering. The radial LOS geometry is shown in figure 7.2 dlbserver is at point
I, looking away from the Sun along the radiabxis. Point P is an emitting point along tRkeaxis.
The origin is the Sun center, O, and E is a point on the Sunls diss the angle OPE, the angle

between the radial and the direction of the incident raoimti

7.2.1 Collisional Component

For collisional emission, we need only consider the vejodistribution of emitters along the radial
X-axis:

1/2
f) = (] o] -t ], &

X
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Figure 7.2: Radial LOS geometry. Point O is the Sun centes, &point on the disk emitting the
exciting radiation, P is a point along the radial in the caramd | is the position of the observer.
The x-axis points along the radial direction with the origin anSenter.d is the angle OPE.

where
_ 2KTy

Ay = .
T m

Ty is the temperature parallel to solar radigljs the particle velocity parallel to solar radial and

is the outflow speed along the radiklis the Boltzmann constant amdlis the ion mass.

At wavelengthi, the collisional intensity of a spectral line with a centestrwavelength oflg
viewed by an observer positioned a distancérom the Sun center along the radiabxis can be

written as (the generic form is given by equation 2.3 of chaptor see Withbroe et al. (1982)):

() = — f f e e 1) 610~ 1 - ) dx d, (7.2)
4 J_o Jx, c

whereq. is the collisional excitation rate cficient of the atomic transition. The delta function in
the integral over the velocity distribution selects onlggh ions at the correct velocity to emit at
the observed wavelengtiy = ¢ (19 — 1) /1. Substituting fowvy in equation 7.1 gives an analytical

form of equation 7.2 that can be integrated oxéo give the collisional intensity at wavelengih

12 oo 2
() = 4_:; (i) f Qc N; neexp(—ai [% (lo—2) — ux] ] dx (7.3)

Ty X
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7.2.2 Radiative Component

A rigorous treatment of the radial LOS radiative componerhdnds the inclusion of the velocity
distribution perpendicular to the LOS. This would be recamtdif the Sun was approximated as

a point source. A bi-Maxwellian velocity distribution wiids symmetric around thg-axis is

assumed:
1\"2( 1 1 %
f(vx, W) = (_) (—)exp[——(vx - Ux)2 -Z ) (7.4)
Ty nay x ay
where
2kT,
ay = m .

Ty is the temperature perpendicular to solar radial @ni$ the particle velocity perpendicular to

solar radial.

The radiative intensity for a radial LOS with a disk emissiqi’, 8) symmetric around the disk
center is given by (the generic form is given by equation 2.4hapter 2 or see Withbroe et al.

(1982) or Li et al. (1998)):

00 00 00 00 Omax
1 (1) = @f f f f f i 2rsind|a+bcos 0] 1 (1',6)
477/10 —00 J—00 JX —oc0o JO

x T (v, Vy) 6(/1’ - Ao — /l_co [vx cosé + vysine])é(ﬁo -A- /1—Covx) doda’ dx dy dwy, (7.5)

whereBs, is the Einstein co@icient andl (1, w) is the incident chromospheric radiation at wave-
length’. Omaxis the maximum angle subtended by the Sun'’s disk at P, thégosif the emission
volume. The scattering profile &+ bcos 6. For O VI 1032,ais 7/8 andb is 3/8; for O VI 1037
there is no preference for scattering direction therefoi®e1 andb is 0 (Noci et al., 1987). For H
Ly-a, ais 11/12 andbis 3/12.

In the integral over the velocity distribution, the firstidefunction selects only those ions which
have the correct velocity to be in resonance with the indideavelength,vy, cosf + v, sing =
c (A’ — 2g) /1o. The second delta function selects only those ions emistimgavelengtht as seen by
the observeryy = c(1o — 1) /0. Substituting forv, andvy in equation 7.4 gives an analytical form
for equation 7.5 that can be integrated oxef andA’ to give the radiative intensity at wavelength

A
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00 00 Omax 1/2
1 (1) = hilzf f f ni sing[a+bcos 6|1 (X, 6) R
2/10 X —o0 JO Ty Ty
2

xexp| -— (L4 - A] - Uy —L,(/l’—ﬁo—cose[/lo—/l])z dodr dx (7.6
ax \ Ao ay A3SinP 6

7.3 Modelled O VI Profiles

O VI profiles are calculated using equations 7.3 and 7.6 foore hole and streamer solar wind
conditions, for two dferent temperature anisotropies and for maredént heights. For this pur-
pose, we use solar wind parameters obtained from a globatltmwensional magnetohydrodynamic
(MHD) three fluid model which extends from the coronal basetoul AU (Dr.Bo Li from the
University of Wales Aberystwyth, private communicatiorfjhe solar wind consists of electrons,
protons and & ions. The electrons are heated by thermal conduction antb@bucollisions and
the ion species are heated by an empirical energy fluxadihocfield-aligned momentum addition
is applied to G* to help accelerate them so that the speed profile is constrdip UVCS obser-
vations. The model is further constrained ihysitu measurements of the fast and slow solar wind
close to Earth. The 2D model corresponds to a solar minimemeso, with fast wind from a large
radially diverging polar coronal hole and slow wind from ajuatorial streamer. Two radial paths
are taken through the 2D grid of model results, one at postiogle O directly above the polar
coronal hole and another at®©fentered on the equatorial streamer. Plasma conditions 4rto

30R, are shown in figure 7.3.

Figures 7.4 to 7.7 show O VI 1032 and 1037 collisional andatadt profiles calculated for
radial lines of sight. The profiles of figures 7.4 and 7.5 aleuwated for the equatorial streamer,
figures 7.6 and 7.7 for the polar coronal hole. The calcuiatibave been repeated for profiles
observed at eight heights - 4, 5, 6, 7, 8, 10, 15 an®20Figures 7.4 and 7.6 have been calculated
with a narrow radial velocity distribution, with set at 1% of the ion temperature profiles shown in
figure 7.3 but without dropping unde@g, also shown in figure 7.3. Figures 7.5 and 7.7 are calculated
for a wide radial velocity distribution, witfi; equal to the ion temperature profiles shown in figure

7.3.

The collisional profiles reflect the velocity distributior the emitters along the LOS in an
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Figure 7.3: Plasma conditions obtained from the MHD 3-fluinldel from 4 to 3®&, for the equa-
torial streamer (top row) and the polar coronal hole (bottom). The left column shows electron
and G* density, the middle shows electron anéf@emperature and the right shows*Gutflow
velocity.

intuitive manner. The outflow velocityy results in a simple bulk Doppler shift of the collisional
spectral profile to wavelengtin1p/c. The increase ofi, along the LOS leads to a skewing of the

profile, with a wider wing at longer wavelengths.

At low Ty, the 1032 radiative profiles dim sharply with increasingeéy. Indeed, the radiative
component in the coronal hole with |0y is so low as to be undetectable at all heights (figure 7.6).
The high velocities and low; do not allow any resonance between the chromospheric 1082 li
and the coronal ions. With a high& (figure 7.7), the coronal velocity distribution is broad egh

to allow some coronal ions to resonate.

The 1037 radiative profiles are very interesting. Taking high T, streamer profiles as an
example (figure 7.5), at the lower heights one can see theaese peak at 1037.6A dimming
to zero with increasing outflow velocity and height in a potalble and similar way to the 1032
resonance line. However, there is a secondary peak at 08&&h increases in resonance with
increasing outflow. At heights of 15 and R, a third resonance peak develops at 1038.8A. An
insight into the basic behavior of this equation can be fobpanaking the approximation of the
Sun as a point source so thais zero andv is redundant. In this case, the delta functions of

equation 7.5 are only non-zero when= c(A’ — Ap) /40 andvy = ¢ (1o — 1) /1g9. Equatingvy, this
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Figure 7.4: Modelled O VI profiles for an equatorial streamed a lowT; (T, = 0.01T ). The left
column is for O VI 1032 and the right for O VI 1037. The heightloé observer along the radial is
increased from 4 to 2,. This height is labeled above each plot. The dotted linesive radiative
profile and the dashed is the collisional.
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Figure 7.5: Modelled O VI profiles for an equatorial strearaed a highT; (T, = T_, isotropic).
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Figure 7.6: Modelled O VI profiles for a polar coronal hole antbw T (T, = 0.01T,). The left

column is for O VI 1032 and the right for O VI 1037. The heightloé observer along the radial is
increased from 4 to 2,. This height is labeled above each plot. The dotted linesive radiative
profile and the dashed is the collisional.
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(Figure 7.6 continued)
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Figure 7.7: Modelled O VI profiles for a polar coronal hole andighT, (T = T_, isotropic). The

left column is for O VI 1032 and the right for O VI 1037. The hieigof the observer along the
radial is increased from 4 to B3. This height is labeled above each plot. The dotted linesilie
radiative profile and the dashed is the collisional.
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gives the simple relationship
A+ )

P
0 2

Thus the intensity of an observed wavelength+ AA is related to the chromospheric intensity
at wavelengthlyg — A1. The modelled coronal resonance peaks seen at 1038.3 aBBAOSre
therefore caused by the chromospheric Cll doublet at 10871886.3A. If a volume of emitters
in the corona had a uniform and wide distribution of vel@strather than a peaked Maxwellian
distribution, their observed emission would be an exadeslozopy of the chromospheric spectrum,

mirrored aroundlg.

7.4 Discussion and Conclusion

The most exciting aspect of radial LOS profiles is the sefmaratf the collisional and radiative pro-
files which is not possible with 9Gscattering. This will allow far better diagnostics for aadkting
outflow velocities. Firstly, the narrow resonance peake giwdirect wavelength calibration, and
the separation of the radiative and collisional compongivis a direct measure of the bulk outflow
velocity. Secondly, given a concurrent observation of tr@mospheric spectrum, the relative bal-
ance of the 1037 coronal resonance peaks give a second ereasiirof outflow velocity. Thirdly,
the degree of skewness of the 1037 line may give clues to Huegt of outflow velocity along the
LOS.

The width of the collisional profile gives a direct measurammef the temperature along the
radial, T, a value which at present is only weakly constrained by the-senpirical modelling of
UVCS observations. Since the outflow velocity is measuredctly by the red-shift of the colli-
sional profile, the widening of the profile due to the bulk afimay be removed. The downside of
a radial LOS compared to the current UVCS is it cannot meabBurdédiowever, UVCS has already
measured |, for over half a solar cycle.

The emission contribution to a radial LOS is more localizethpared to the 90scattering
LOS. Consider, for example, a spherically symmetric coraith a typical sharp drop in density
with height. The proposed instrument lies in the corona &aedtain contribution to the observed
line intensities comes from the highest density of ions @lttality of the instrument itself. The

LOS of the current UVCS passes through both sides of the megfibighest density closest to the
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Sun. Another technical advantage of a radial LOS would bésitieof contamination by stray light
from the Sun’s disk, which can be a problem with some obsemnstmade by the current UVCS
(see section 3.4.4 of chapter 3).

The prospect of a new UVCS aboard Solar Probe is therefogeesiting. The UV spectral
observations, combined wiih situ measurements of electrons, protons and the coronal magneti

field will give unsurpassed constraints on models of solawdwWieating and acceleration.



Chapter 8

Conclusion and Perspectives

8.1 Conclusion

Advancements in observations, in particular UV observetiof the last thirty years, have led to an
enormous growth in the knowledge of the plasma properti¢giseofolar corona. UVCS remains the
only instrument capable of providing measurements of tiselacation region of the solar wind that
can provide abundance, temperature and outflow velocityC8\bservations provide essential

constraints on models of coronal heating and acceleratianailable by any other means.

The basic modelling of O VI lines for typical coronal hole ditions in chapter 2 shows the
power of the O VI intensity ratio as a diagnostic tool for amtflvelocity. The modelling gives
evidence of a; < T, anisotropy, in agreement with previous observations obmalr holes by
UVCS at solar minimum. A study which investigates the sernisitof the intensity ratio to various
parameters showed that a contribution from sunspots imtligégnt disk spectrum has a large impact

on the behavior of the O VI intensity ratio at velocities vele180 km s?.

The inversion method introduced in chapter 4 is successfahiculating ion densities, outflow
velocities and temperatures. A narrow solar maximum stegaand a neighboring non-streamer
region have a slow but significant ion outflow which increaketveen 3.1 and 5R,. There is
far less contrast between the plasma parameters of thengreand the neighboring region than
that seen in solar minimum observations. Neverthelessnoinestreamer region of this study is
significantly diferent from the streamer in most parameters. This suggestsdme regions of

the solar maximum corona can not, in UVCS observations, becasted with coronal holes nor
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streamers, and may best be defined as the quiet corona.

Using the calculated mass flux and an assumption of a radiafianding corona, & = 2T,
ion temperature anisotropy is shown to be unlikely for bbi streamer and non-streamer region.
A T, = 0.1T, anisotropy gives the best mass flux continuity for the noeasher region. The mass
flux is not so well preserved in the narrow streamer. This neaglie to the non-radial expansion of
the streamer or due to disturbances within the streameeddnssmall mass ejections. A decreas-
ing ion to electron density ratio with height in the non-atreer region may reflect a preferential

acceleration of & ions.

Applying the inversion method to observations of a largaswiaximum active region streamer
results initially in zero outflow velocity at low heights arfdom results obtained at many heights
within the streamer, an unrealistic mass flux. However, Mbdges of the Sun’s disk reveal a large
sunspot associated with the base of the active region stredine degree of sunspot contribution to
the incident quiet Sun disk spectrum of the line emissionehadfound to be a critical parameter.
A contribution of 3-5% from sunspots allows the convergeatthe iterative scheme to non-zero
outflow velocities and a self-consistent mass flux. Mass ffualso used to explore the O VI
temperature anisotropy. An O VI temperature anisotropyT . value of 2 gives unphysical mass
flux. A T;/T, value of 0.2 leads to mass flux compatible only with a sup@tagkpansion of
the streamer. An isotropi€;/T, value of 1 gives a mass flux compatible with a radial streamer
expansion. This is evidence of an isotropic temperaturilligion in the streamer. Comparing
the streamer ion and electron densities shows no evidengeefairential acceleration of ¥ ions

within this active region streamer.

A significant diference in O VI 1032 and 1037 linewidths is often seen in UVCSeola-
tions. The parameter study of chapter 3.6 shows that tliereinces are primarily due to the
varying balance of collisional and radiative componentsdoh spectral line, a balance which de-
pends on Doppler dimming and pumping. Anyfdience in width between the 1032 and 1037
radiative profiles caused by outflow velocity gradients gltime LOS are secondaryfects. Tem-
perature gradients or inhomogeneities within the coromaatso secondary in importance. The
10321037 linewidth ratio can in some cases give added consraimbutflow velocity and temper-

ature anisotropy in the empirical modelling of UVCS obséorzs.

The application of a wavelet analysis technique talWVCS observations conducted in chap-
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ter 6 shows that sporadic oscillations with significant poesast in the line intensity. A preference
toward 7-8 minute oscillations in 3 out of the 4 observatianalysed is found, in general agreement
with the results of Ofman et al. (2000). The oscillationsiaterpreted as signatures of fast or slow
magnetosonic waves propagating outwards in the coronas sStlgjgests that pure Alfvén waves,
which have never been observed in the corona, are not thexavys present there.

Chapter 7 looks forward to the prospect of an UV spectromadteard the Solar Probe space-
craft. Such an instrument would necessarily use a radial,@#iting away from the Sun. A
radial LOS is shown to promise excellent diagnostics du@¢cseparation of the O VI collisional
and radiative profiles with non-zero outflow velocities. Uéstral observations from aboard Solar
Probe, combined withn situ measurements of electrons, protons and the coronal meadieddiwill

give unsurpassed constraints on models of solar wind lgeatid acceleration.

8.2 Perspectives

8.2.1 The lterative Inversion Scheme

Many refinements will be made to the iterative inversion sohéntroduced in chapter 4. The most
pressing issue is the geometry of the inversion. The plars&yoapproximation used in this thesis
is certainly inadequate for observations of coronal holeguiet coronal regions. In such cases,
a spherically symmetrical inversion must be made. An algorifor such an inversion is outlined
in chapter 3.6. A rigorous approach to streamer obsenati@muld be an axisymmetric inversion,
with an axis of symmetry along the streamer center and tveoddetdjustable ion parameters for the
streamer and non-streamer regions along the LOS. The nesmstr parameters can be constrained
by applying a spherical symmetrical inversion to UVCS obatons of a region neighboring the
streamer. The extent and position of the streamer along @® tan be found by tomographic
analysis of white light observations aod UVCS synoptic observations. A similar improvement
can also be made in the inversion of streamer pB observatiooltain electron density along the
LOS. The O VI 10321037 linewidth ratio will help constrain parameters whemgsn extended
LOS geometry.

The iterative algorithm introduced in chapter 4 uses astitipintensity, linewidth and intensity

ratio obtained from fitting the observed O VI profiles to Gaaisprofiles. It would be interesting
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to develop an algorithm which directly compares observatisymthesized profiles without fitting
to Gaussians. Such an algorithm could be applied to obs&wélbprofiles which do not fit well to

a single Gaussian (see, for example, the two Gaussian grdfdeussed in section 3.5.3 of chapter
3). This approach could be used to explore coronal paramttat lead to the commonly observed

two Gaussian profiles of O VI lines.

The iterative scheme is a diagnostic tool which is not lichite UVCS observations of O VI.
Soon the scheme will be tested on SUMER observations of O \dena& heights below 1R, in
the corona. The goal is to apply the scheme on a set of cotedir®lJMER and UVCS obser-
vations from 2000 May, and to calculate”Oparameters from very low in the corona up to the
highest UVCS observation from this dataset&t1R,. The goal of this analysis would be a deeper

understanding of the structure and conditions in the sokadimum corona.

8.2.2 UVCS Time Analysis

A detailed time analysis will be made on a far larger set of Buibservations than used in chapter
6. In 2004, observations were tailored specifically for theetanalysis of Ly and O VI intensity.

A short cadence of 60s was used to enable wavelet analysis @otimescales of2 minutes, and
extremely long observations were made of the same regidmeirtdrona, in order to detect long

period oscillations.

Preliminary results have shown tentative evidence of 8@t quasi-periodic oscillations in
O Vl intensity. There are issues which need to be addresssidgfrom the low O VI photon
counts in most coronal regions. A model of Gaussian noissasl to test the significance of ly-
fluctuations in the analysis of chapter 6, justified by thesoaably high photon counts at each time
step. The generally lower photon counts measured in the @&$ iInay demand a model of Poisson
distributed noise. Multiresolution algorithms are beiqgpléed to O VI data to remove noise and

isolate signals with significant quasi-periodic oscibat.

The line emission code described in chapter 2 will be usedhtbtfie amplitude of the density
waves necessary to create the observed oscillations imsitte The modelled amplitude of density
waves would depend strongly on the extent of the source dfaigmns along the LOS. A narrow

source would mean a higher amplitude.
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8.2.3 UVCS on Solar Probe

The approval of a new UV spectrometer aboard the Solar Pyudieesraft would demand a further
development of the radial LOS model described in chapter 7 itérative inversion scheme with
a radial LOS is envisaged, with many parameters tightly waimed by then situ measurements

made by Solar Probe such as electron density and temperature
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