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Abstract:

The work presented in this thesis is composed of three research topics organized around the theme of
solar differential rotation. The first section presents a method for reconstructing the presence of
multiple, yet differing, rotation signals. The Soft X-ray Telescope (SXT, Tsuneta et al. 1991) onboard
the Japanese satellite Yohkoh takes images of the solar corona. The corona is highly structured by the
solar magnetic field, and with an instrument range of six orders of magnitude, many features- are
discernable in the SXT data. Some features persist for several solar rotations and so it is possible to
analyze the data at a particular latitude as a time-series modulated at the period of the solar rotation.
The Lomb-Scargle periodogram is used iteratively to extract the most significant frequency
components from time-series made of SXT data. The variance of the set of extracted signals is
interpreted as the variance of rotation signals on the Sun, and gives positive results above the 1 ¢ level
of the independently estimated uncertainty. The method is shown to reproduce mean rotation profiles
versus latitude which agree with the results from the more traditional autocorrelation method.

The next section introduces the observation that the rotation rate of high latitudes in the southern solar
hemisphere during the last activity cycle exhibited bimodal behavior with relatively abrupt transitions.
This behavior reflected the evolution of a large region of unipolar flux underlying a coronal hole. Using
the flux-transport model, developed mostly by Sheeley, Nash, and Wang (SNW) and which
incorporates surface flows like the solar differential rotation, this behavior is reproduced with a zonal
approximation. It is shown that the mode identity is determined by the presence or absence of an
“active longitude” - an area where concentrated flux repeatedly erupts through the surface for several
solar rotations. This result adds to the discussion on the influence of the flux source function in the
SNW description.

The last section explores the role of the solar differential rotation in producing coronal structures called
“prominences”. For a prominence model to produce magnetic fields with axial components which obey
a hemispheric rule observed on the Sun is problematic. One solution posed by van Ballegooijen &
Martens (1990) involves a reorientation of the structure through a large angle (>~ 90°), but was deemed
implausible for lack of observational support. Chapter 4 points out that prominence structures are
generally thought to be formed from the remnant fields of decaying active regions, which (statistically)
start with the correct orientation according to “Joy’s Law”.
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ABSTRACT

The work presented in this thesis is composed of three research topics organized
around the theme of solar differential rotation. The first section presents a method
for reconstructing the presence of multiple, yet differing, rotation signals. The Soft X-
ray Telescope (SXT, Tsuneta et al. 1991) onboard the Japanese satellite Yohkoh takes

images of the solar corona. The corona is highly structured by the solar magnetic -

field, and with an instrument range of six orders of magnitude, many features' are
discernable in the SXT data. Some features persist for several solar rotations and so
it is possible to analyze the data at a particular latitude as a time-series modulated at
the period of the solar rotation. The Lomb-Scargle periodogram is used iteratively to
extract the most significant frequency components from time-series made of SXT data.

The variance of the set of extracted signals is interpreted as the variance of rotation -

signals on the Sun, and gives positive results above the 1o level of the independently
estimated uncertainty. The method is shown to reproduce mean rotation profiles

versus latitude which agree with the results from the more traditional’ autocorrelatlon ‘

method.

The next section introduces the observation that the rotation rate of high latitudes
in the southern solar hemisphere during the last activity cycle exhibited bimodal
behavior with relatively abrupt transitions. This behavior reflected the evolution of
a large region of unipolar flux underlying a coronal hole. Using the flux-transport
model, developed mostly by Sheeley, Nash, and Wang (SNW) and which incorporates
surface flows like the solar differential rotation, this behavior is reproduced with a
zonal approximation. It is shown that the mode identity is determined by the presence
or absence of an “active longitude”— an area where concentrated flux repeatedly erupts

through the surface for several solar rotations. This result adds to-the discussion on

the influence of the flux source function in the SNW description.

The last section explores the role of the solar differential rotation in producmg
coronal structures called “prominences”. For a prominence model to produce mag-
netic flelds with axial components which obey a hemispheric rule observed on’the Sun
is problematic. One.solution posed by van Ballegooijen & Martens (1990) involves
a reorientation of the structure through a large angle (= 90°), but was deemed im-

plausible for lack of observational support. Chapter 4 points out that prominence

structures are generally thought to be formed from the remnant fields of decaying
active regions, which (statistically) start with the correct orientation according to
. “Joy’s Law”.’




CHAPTER 1

INTRODUCTION

The discovery that the surface of the Sun rotates differentially with latitude occurred
about three huncired years ago from observations of the pass’age‘ of sunspots across
the solar disk. In the nineteenth century, Richard Carrington made measurements
showing that the solar rotation isrfastest at the equator.zind decreases towards the
‘poles, i.e., it rotates differentially. Sihce‘ then, many different methods have been
devised to probe variéus features and layers of the Sun, and these observations have
‘revealed that the rotation varies not only v;?ith latitude, but also with deptﬂ and
among types of features.

In ;:onjunction with the solar magnetic field, differential rotation plays a key rolé
in the active life of the Sun. Rotational gradients at the base of the convective zone
- power a dynamo mechanism which completely reégnerat’es the sola; Imagn.etic field
every eleven years. ‘Tile field there is buoyant to perturbations and rises to the surface
in flux bundles. “Active regions” and sunspot.s‘ occur where these field concentrations

erupt through the photosphere; their subsequent evolution often give rise to all sorts
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of active phenomena, ranging from flares in the Ha and'.optica}l wavelengths to coronal
mass ejections and particle storms at l1 é.u. | |

The flux concentrations eventﬁal‘ly Elisperse, and their motion can be well-described
by transport flows at the pﬂotosphere; the d‘iﬂ“efential fotation turns out to be a sig-
nificant influence in this respect as well. Because of the high eiectri‘cal conductivity of
the solar atmosphere, observable features such as active regions (which are so hot t'hey‘
emit thermal radiation at soft x-ray wavelengths) reﬁect the magneti:é field structure
above the photosphere, so their evoiution la'régely foilows the surface motions of the-
ﬂu};. As a‘ consequence, the diﬁerential rotation at the surface layers is important to
understanding most of the large-scale behavior of the observaBle Sun.

This (iissertation is prirna.rily comprised of three éections which explore the role of
differential rotation in observable solar phenomena. In Chapter 2, differential rotation
rét'es of soft X-ray features in the solar corona é're investigated.’ The rotation profile
s qua.n.tified by a method of harrnonic ﬁltering using the Lomb-Scargle Periodog_rém.
This approach leads reasonably to a quantitativé discrimination between uncertainty
estimates and spec;cral leakage of the fundamental rotation frequency due to the
presence of multiple rotating tracers. Mean rotation rates as a function of latitude.
and year are calculated for tHe years 1992-1997 (foughly the declining phase of the last
solar activity cycle). The corona is foﬁnd to have a small but measurable latitudinal
gradient :111 rotation rate. The presence of multiple features places a lower bound of 1—
2% on the r‘elative uncertainties with which a “mean” fotation rate can be measured.

The results are compared with autocorrelation estimates and found to agree within
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C‘hapter 3 presents the discovéry that, during the early declining bhase of the ,bre—
vious solér activity cycle (no. 22), the south polar coronal hole extension alternated
between two modes characterized by their width and Totation rate. This behavior is
understandable in the context of a description of unipolar rhagnetic regions according
to a flux transport model developed l\)y Sheeley, Nash and Wang (SNW). T:he‘ flux
tran'spbrt equations are solved uéirig a mé‘asureéi source function as input. Results
'are shown to reproduce the two observed modes; one of the modes is demonstfated
to be a consequence of the presence of an “active longitude”, These. results provide
a caveat to the. SNW discussion of the impact of flux sources on unipolar magnetic
flux regions.

The formation Qf poleWard—migrating coronal magnetic structures assbciated with
high-latitude solar prominences is considered in Chapter 4. These structures are
observed to have axial fields which are inconsistent in direction with models iﬁ which
differential rotation acts upon a liné—tied, coronal magnetic .ﬁeld along a polarfty
inversion line running é-ast—%ﬁe,st. Van Ballegooijen and Martg‘ns (1990) poin_te'd out
that the correct axial ﬁ‘elds are prodﬁced when the polarity inversion line begins at a
large tilt angle (= 90°) v;iith respect to latitude, but considered this mechanism to be
implausible for solar prominences. This chapter argues that decaying active regions
provide the regions of unipolar flux between which prominences are observed to form,
and demonstrates ilOW “Joy’s Law” provides a range of iﬁitial tilt angles for axial

fields to be fprmed with the correct orientation.




CHAPTER 2

CHARACTERIZING ROTATION RATES IN THE SOFT

X-RAY CORONA

2.1 Introduction

The rotation of the sola? corona is a,_subject of some interest, particularly insofar as th_e‘
latitudinal dependence appears to deviate from that of the underlying photosphere.
While there have been many studies of coronal differential rotation, tﬁrough both
observation (e.g:; \‘Nhite—lig’ht K—corolna:' Haﬁsen?‘ Hansen, & Looﬁis 1969; Fisher‘&
Sime 1984; E‘e XIV “green-line”: Sime, Fisher, & Altrock 1989; Wang et al. 1997; and
microwaves: Aschwandén et al. 1995) and extrapolation of photospheric data (e.g_.,.
‘Hoeksema 1984; Hoeksema & Scherrer 1987; and Wang et al. 1988); the potential of
soft X-ray (SXR) data has yet to be fully exploited. Some ir;itial work in this direction
includes the Skylab observat'ions of app‘arently rigidly rotating coronal holes (Timothy,
Krieger, & Vaiana 1975) and "an early a.pplicatioﬁ of Yohl%oh-data (Kozuka et al.
1994). Presently, however, the Yohkoﬁ database extends over a half an activity cycle,

providing an unprecedented opportunity to étudy temporal and spatial variations in
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the SXR rotation rates. Also, the Yohkoh Soft X-Ray Telescope (SXT; Tsﬁneta et al.

"199_1) provides da'ta of a higher quality than was possible at the time of Skylab.

Like emission-line data, the solar SXR emission is dependent upon both the plasma
temperature and density. Sime, Fisher, & Altrock (1989) conjectured that the Fe XIV
~ signal describes the convolution of local heating centers with overlying density struc-
tur;as; the SXR data could provide cofnplementary insight in a further investigation of
this possibility. Unlike an emission-line stud&, however, the SXT is a brpadband in-
strument Which is capable of simultaneously observing and identifjfing active regions,
“quiet corona”!, and coronal holes (i.e., trac_ers éf the SXR signal) in an unampiguous
way. Furthermore, the broad temperature response of the SXT, as opposed to rela- =~
tively narrow response in em'ission—liine observations, mitigates agaiﬁét the acquisition
or loss.of features because of temperature changes (although it should be mentioned
that the SXT response is biassed towards higher temperatures). This ability to make
a direct association between co,mpoﬁents of the SXR signal and various structures of
the solar atmosi)here facilitates the .understandinr.g of the emergence and evolution of
subsurface ma.gnetic ﬂﬁx, as well as the organization of the inte_rplanetary magnetic
field (IMF) and solar wind.

Previous studies of coronal structures indicate that larger—scal'e features can per-
sist fé)r sgv.elzal synodic rotations (cf., Fisher & Sime 1984), and perusal of stackplots

made from SXT images supports this observation (Figlire 2.1). Indeed, light curves

1Here, “quiet corona” is used to denote the diffuse, unresolved, non-active region emission seen
by the Yohkoh/SXT. ‘
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madé of the solar SXR emission show a clear modulation which can be readily at-
tributed to the rotation of var,ious identifiable and persistent tracers across the visible
hemispherel Traditionally (e.g., Hansen, Hansen, & Loomis 1969), the persistence of
such tracers has been used to justify the application of the autocorrelative rﬁethod
to produce a charactefistic rotation rate for the data. However, the rnﬁiticomponent
corona can display‘ several different rotation rates over timescales comparable to the
lifetime of a tracer feature, as evidenced in Figure 2:1. The method of partial spectral
décompos{tion developed in this paper is an attempt to utilize spectral analysis to
describe the significant comp‘dnent rates of the. coronal rotation sighal, using irreg-
ularly sampled data. In this paper, synoptic observations of spatially resolved SXR
emission are converted to time-series, which are then analyzed for harmoﬁic content
by what is essentially least-squares ﬁtting.‘ ;I‘he time-series are considered to have
;chree types of components: (a) a characteristic rotation signal (to be operationally
defined in Equation (2.9)), (b) perturbations on timescales comparable to the tracer
lifetirnes (months), and (c) perturbations on short timescales comparable to the sam-
pling rate (an hour). The data variance associated with the second case is ascribed
to gradual evolutions and variances in the amplitudes, phases, and durations of the
tracer signals, and an estimate of this variance is used to chéracterize the “a‘ctual”.‘
spread of rotation rates among the coronal features over the colirse of a year. The
third case is used to estimate the measurement uncertainty of in(.iividuajl data‘value's,
and thus place u’ncgrtainties on thé rotation rates.

The purpose of this paper is to present the use of the Lomb-Scargle Periodogram
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(a) Stackplot of S60 in the ALMG filter (b) Stackplot of N15 in the ALMG filter
Figure 2.1: (a) A Carrington stackplot of 60° S, well outside the activity belt, as seen
by Yohkoh/SXT. The timespan is from November 1991 to August 1995. The largest
features persist for well over a year, and smaller features can be seen to evolve. The
slopes of features moving down the plot indicate their individual rotation rate relative
to the Carrington period of 27.3 days, (b) A similar stackplot for 15° N, positioned
over the most active latitudes. The tracers slope in the opposite sense from (a),
indicating that they are moving faster than the Carrington rate. Note how different
features can be simultaneously moving at different rates. The presence of strong
parallel features will produce harmonics of the rotation frequency in the periodogram
analysis.
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in a method which addresses two Wealcnessgs of the autocorrelative approach: identifi-
cation of simultaneous f;)tation rateés, and discrimination between the Variaﬁce among
these tracer rates and short-term “noise” which contributes to the uncertainty in the
measurements. A separate anﬁlysis of the data by autb_correlation démonstrates that
the two methods give consistent results for the mean rota’pion rate as a function of lat-
itude. The groﬁndwork is laid in Section 2.2 with a brief discussion of the dataset and
reduction methods used to produce the time-series. Section 2.3 d‘escr.ibgs the princi-
pal analysis method of the paper and presents results. The data are re-analyzed in
Section 2.4 by autocorrelation for compariéon and checking with the results of the
spectral analysis. Also, autocorrelation provides a measure of tracer lifetimes which

is consistent with the assumptions of this study. .Section 2.5 contains some further

“discussion of salient points.

2.2 Data Reduction

The datasets are derived from processed Yohkoh/SXT images, called “SFD images”.
The SFD images are composed of a long and‘ short-exposure pair of images to provide
a dynamic range of 1 x 10° (in instrument units DN). Th'e pair of exposures are taken
with the same diagnostic filter, are corrected for background and saturation, and ;':Lre
normalized in time and resolution (I\/EOr-rison 1994). This study spans the six years

1992-1998; after removing corrupted images, the mean sampling rate for the SFDs

was approximately 20 per day for the Al.1 diagnostic filter, and 40 per day for the
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. AlMg'ﬁlter. The six-year datasets are Separated into. one-year segments which start
on the Beginning of each calendar year. Datéset's of éne—year length were chosen
to mitigat.e, seasonal variations of the Earth’s velocity about ;ﬁhe éun. Modulations
of the data due to the Earth’s distance from the Sun and the tilt of the solar .axis
are addressed by the method of data reduction as des;:ribed below. This .'length (of
one year) encomi)a_s'ses several cycles of thel frequencies under (;onsideration, while
remaining comparable in scale to the tracer lifetimes (as shall be demonstrated in
Section 2.4.3). !

To study the latitudinal .variation of the solar rot-ation., time-series are analyzed
for different latitude regions. These latitude zoﬁes are defined by boundaries along
- heliocentric laﬁtude and 1ongiltudel lines in each image. Each zone spans oné degreé in
the longitudinal direction and is centered on the central meridian, Each zone spans
fifteen degrees in the latitudinal direction, and they are centered every 15'deg from
- 60° S to 60° N, giving a total of 9 zones. The prc.>por’pions of the zones Wefe chosen ;co
provide'high fesolution in the longitudinal direction (glong which the solar rotation is
measured), While maiht_aining a sufficient number _Of pixels in each zone to 'provide a
statistically meaningful estimate of the meaﬁ SXR emission. The longitudinal spaﬁ of
one degree ié also the approximate a‘ngu‘lar rotation of the Sun dur‘ing one orbit of the
Yohkoh spacecfaft (~ 97 miﬁ), which is about half of the sampling rate for the SFD
imaées in either diagnostic filter. (The.logic of this aprangemenf is discussed further
in Section 3.2.) The location of the set of zones was chosen to minimize proj'ectiqn

effects.
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The image daté are réduced to a time-series® for each latitude bin © and year
T: y(@,'T). An element of a time—séries (y; = y(t:)) is calculated using the spatial
average of the SXT signal over the zone’s pixels, at -inﬁage time ¢;. This spatial
averaging corrects for variations of the apparent shgpes and sizes of the zonés due to
the annual cycling of the solar B0-angle and Sun-Earth distance.

Frequency analysis is performed on the natural logarithm of the data:
Z(6,T) =InY(O,7). o (21)

While the time-series ) could be analyzed directly for rotation signals, it is worth
. considering that the SFD images have a dynamic range of six orders of rr-l-agnitude,
and only the bright cores of active rregi_ons access the upper three orders for extended
‘periods of time (e.g., over a solar rotation). At such a scaling, the time-series are
dominated by.brightness spikes which ;:orléespond to a&_;tive regibn centers. Although .
the solar rotation can be seen as a general modulation of the SXR “background”, the
spectrdl conteﬁt of the active létittldes is greatly affected by these impulsive features.
Such effects in‘clude convolutions of the spectra with high frquenciés (i.e., “ringing”),
and even suppression of peaks. Figure 2.2 uses periodograms to illustrate these effects

on the data in the frequency domain. (A periodogram is an estimate of a function’s

2The SFD database is composed of images, each taken with one of two diagnostic filters. Data
taken with two different filters cannot be related in a simple way, so instead the database was
partitioned into two concurrent sets, analyzed separately, and the final results averaged together.
For the sake of simplicity, and since the two data sets were treated identically, the “filter label” is -
not made explicit in the description of the analysis procedures.
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power spectral density, or PSD. This is analogous to the set of |c(cv)|2, where oU>)
are the Fourier coefficients of an evenly-sampled function. The particular type of

periodogram used in this paper is described more fully in Section 2.3.1.)

Frequency (nHz)

Frequency (nHz)

Figure 2.2: faj The periodogram of an uncompressed time-series (latitude 15° N,
year 1992), calculated in the neighborhood of the rotation fundamental (% 410 nHz)
and first two harmonics. Carrington rotations 1851-1864 of Figure 2.1(b) correspond
to this time-series, (b) Periodogram of the same time-series after the data has been
logarithmically compressed. Note the suppression of “ringing” and the emergence of
two more significant peaks. (The frequencies of these peaks can be identified with
tracer slopes in the stackplot, and so can be argued to have physical relevance.)
Note: the power scaling should not be compared between (a) and (b), since they are
normalized differently.

However, the corona is composed of structures of widely differing sizes, magnetic
strengths and connectivities, and differing plasma densities and temperatures, and
active region cores represent only one (albeit an important) component. Images

of the SXR corona, as illustrated with data from SXT and similar instruments, are
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typically displayed on a logarithmically—compressed scale (of integrated photon energy
in the cése of the SXT, viz., Tsuneta et al. _(1_991)), and reveai many of the coronal
features described.in ﬁhe pﬂenomenology. As the apparent rotation rate of the soft
X-ray corona is a function of thé (possibly variant) rotation rétes of these features,
which iq turn reflect thé features’ boundary loca.tions, it is useful to de-emphasize the
i)()'wer of active region cores in the uncompressed data relative to the contribution of
other types of features. A Iogarithrﬁic scaling emphasizes thé “background rotation
modulation” mentioned above. For latitudes close to the equator where active regions
are present, the log-compressed time‘-series are much less imp»ulsive in character, and
more sinusoidal, thgn the non-compressed 'versioﬁs. In the case of latitudes Iﬁoleward
of the activity belt, where active regions are absent, analyses éf the compressed and:

uncompressed data do not give significantly different results.

2.3 Spectral Analysis

This section describes the principal method used to analyze the time-series data
for rotation signals. The Lomb-Scargle periodogram gives an estimate of. the power
_spectrum of a time-series, such as can be produced‘ by traditional Fourierr analysis.
Before going ipto mo.re detail on the mé;chod of data analysis, a brief introduction to

the Lomb-Scargle periodogram is given.
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2.3.1 The Lomb-Scargle periodogram
The power spectra were produced using the Lomb-Scargle periodogram (LSP) (viz.
Scargle 1982; Horne & Baliunas 1986). For the tirhe—seri'ejs Z, with Ny number of
elements z; = 2(¢;), Scargle (1982) defines the normalized periodogram as a function

of frequency as

1| [ - 2 coset; - 7))

20% . Nlcos2 )(t; — )

+‘[Z;V°1(z(t i) — z) Smw(t -~ 7')]2

iy sin® w(t; = 1)

where 7 is defined by the equation

tan(2wr) <Z sin 2wt; > /(% cos 2wt]-> : (2.3)

o1 f

and

7=1
L
, 0L = T S (-2 ' (2.5)

The advantages of this approach over the conventional discrete FFT are that the
LSP is designed to handle unevenly sampled data without bias and that the height
of the most significant peak in the frequency domain gives a measure of the “false-

alarm probability”, i.e., the statistical chance that the peak is due to Gaussian noise.
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Fundamentally, the LSP performs a linear least-squares fit of a sinusoid of the given

frequency,

2(t) = Ay sin(wt — ¢y,), (2.6)

to the time-series data (Press et al. 1992). Hencé, the periodogram can easily be
used to select filtered signals & la Equation (2). The spectra were investigated over a
frequency range that encompassed reasonable values for the rotation frequency and

its first five harmonics..

2.3.2 . Method

To determine the solar rotation (and its spread across time and traéers), an iterative
scheme is used to filter out the most .signiﬁcant sinusoidal fitsS to the data. More
precisely, the periodogram is first calculated across thé eﬁtire range, and ther} recal-
culate(i at a finer frequenc& resolution in the neighborhood of the highest peelLk. The
most significant frequen‘_cy, W, determined:by the highest ﬁeak in the periodogram,

is used to perform a linear least-squares fit to the data with a sinusoid of the form
’lpk(t) = Ak sin(wkt - qSk) - (27)

This signal is subtracted from the data in the time-domain. A new periodogram is
then calculated and searched for the new most-significant peak, etc. In essence, the
data are partially decomposed into a limited set of sine Wa{res,‘ accordihg to the form

of Equation (7), where £ =1,2,..., K ..
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The decomposition iteration is continued until all signals‘ of amplitude A; such

that

- , : .
MZE@ ' ' (2.8)

are found, where o is the total statistical deviation of the time-series data. Of these, -
only frequ'enci-es which fall between 370 and 470 nHz (synodi.c periods éld.B and
24%.6, respectively), or within the respective frequency ranges in the case of rotation
harmoﬁics, are retained. (It was straightforward fo identify higher frequency signals -
Wi:ch particular fotatioﬁ harmonics. The presence of higher longitﬁdinal Wavenumberé
was 'vel“iﬁed by referring to the ‘correspoﬁdi.ng stackploi:ss.) The boundaries of 370 and
470 nHz were chosen arbitrarily t;) embrace the frequency range within which one
might reasonably expect £o observe the rotation signals of persistent tracers. The
sensiti‘vity of the results upon th'e’ choice of boundary values was not investigated
-quantitatively; however, a casual survey of the data suggests'that the majority of the
extracted ‘signa.ls were located comfortably within these limits. |

The weighted (by the signal-to-noise ratio) mean and deviétion of this subset of
frequencies are taken as the mean rotation frequency and sp;*ead for that latitude and -
time period, for that diégnosti‘c filter. The final results fo’1~ the two filters are then

combined.
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2.3.3 Frequency determination and uncertainties

The harmonic content of the time-series Z(©, T) may be presumed composed of har;
monic signals of various (and varying) amplitudes, phases, and durations, which are-
forme;d by the repeated péséage of persistént features across the field of observation.
An attempt to derive a single characteristic rotation rate would presumably use some
weighted combination of these signals (if they were known). Insofar as these “real”
signals differ from pure sinusoids of one-year length, spectral analysis will not be aBIe
to provide a finite one-to-one set of signal solutions, but it is assumed that a finite
set of sinusoids Which represents a sﬁfﬁcient amount of the harmonic content of the
data will have a (weighted) me;m and deviation which are sufﬁ.ciently chlo’se‘ to that of
the distribution of the “real” signals,.so this mean can be used as the characteristic
rotation rate, and the deviation can be used tovch'aracterize the “real” variations in
tracer signals.

The basis for this set of assqmptioﬁs' lies in the distinction of perturbations as pre-
sented in the Intfoducﬁon, to wit, perturbations on the timescale of tracer lifetimes
(slow), and perturbations on the timéscale of the sampling rate (fast). A.perfectly con-
stant tracer signal could ideally be fit with a single sinusoid of equal power. Changes
in a tracer signal Which are gradual compared to the lifetime and the lgngth of the
time-series will cause -the corresponding spectral peak to 1eak some ;)f its povs;er-to.

sidelobes. It would require more than one sinusoid to fit the same amhount of power

as in the ideal case, and the total power of the sinusoidal fits will have a distribution

3
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that is maximally (by least-squares estimation) close to the power distribution of the
tracer signal.-
Following this reasoning, the characteristic rotation frequency w(@,’f) for the

time-series Z(0,T) for latitude © and calendar year T is defined as

‘ w(0,T) = zikj’gj’” (2.9)

where the wy éorrespond to those frequencies iteratively derived from the LSP which
lay within the expected synodic fundamental frequency range of 370 to 470 nHz, or

harmonics?®,

as used in Equation (2). The signal-to-noise ratio

& =k | .(2.10)

is used as the weight, where

AL )= 2= S )P -

o

Ny —1

is the variance of the data after removal of the sinusoidal fits. As discussed above, the
variance within the set of wy is taken to represent a physical variance among tracer

rotation rates, and hence describe a gamut of “real” rotation rates on the Sun. This

”

SHarmonic signals of the fundamental rotation frequency were included in these calculations by
d1v1d1ng their frequency by thelr order. '




el Ll

18

is defined by the weighted variance ‘

' K | 2
2 0,T)= Zk:lgk(wk_fu) .
A Sy

(2.12)

Next we estimate the precision of the frequencies determined from the LSP anal-
ysis. First, the “fast” noise in the time-series data is used to put uncertainty limits
+Az; on the data z;. The Yohkoh satellite has a 97-min orbit and collects data during
about 60 min of that period. The latitude bins are one d:egree wide, which is approx—-
imately the rofation distance of the Sun over one Yohkoh orbit. Hence, the variance
of the time-series data Z (@,.T) among datapoiﬁts from the samelor‘bit are caused by
transiént SXR brightenings and non-uniformity of the SXR corona over spatial scales
of 1° (heliocentric), and represent a,.real uncertainty in the measuring process. The
sampling rate is approximately twice per orbitA, for each of the two diagnostié filters.
For calculation of this error estimate, the data are binned by spacecraft orbit number.
For those orbits ¢ having two or 1’;’101‘6 data points, a statistical deviation is calculated
and the value assigned to Az. The set of Az; for each time-series was found to have
a very robust median value, so this median was ad;)pted as a constant value for ‘the'
’ respective ti‘me—s_eries. Now, the resolution in freqﬁenéy discrimination can be defined
as follows. Over the course of a tracer lifetime, two simultaneous signals w; an‘d Wy
are considered to be critically resolved if one signal lies Wﬁhin z £ Az at all times
t; and the other signal only lies Within.zi + Az; for half of the times ¢;. Assuming a

tracer total lifetime of 6 rotations (which is consistent with Figure 2.1), all time-series
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Table 2.1:

SXR. coronal synodic rotation periods (0.7 days) : spectral analysis °

Year Latitude Bin . ,
—60° —45° —-30° —15° Q° 15°  30° 45° 60°
1992 281 278 28.0 274 272 272 275 28.0 28.1
1993 28.2 272 273 275 274 276 275 274 278
1994 277 274 273 271 271 274 274 273 27.8
1996 279 275 272 271 269 27.0 26.9 27.0 274
1996 28.2 28.0 274 274 272 26.8 273 27.7 280
1997 28.5 289 283 272 272 273 278 28.6 28.8

give a relative uncertainty of %‘ﬂ ~ 0.025, or, for a reasonable example of a synodic

frequency, w = 410 4= 10 nHz.

2.3.4 Results

In this section, the method of partial decomposition described heretofore is applied to
the data to characterize the rotati.on of the SXR corona during the declining phase of
the last solar activity cycle, l.e., the years 1992-1997. The mean profile is compared
to other layers of the atmosphere to demonstrate two general features of the coronal
rotation: (1) the latitudinal gradient is comparatively shallow, and (2) the rigid rate
is approximately equal to the equatorial rate for sunspot groups. The questions of
north-south asymmetry and rigidity can be respectively quantified by fits to a line
and to the tradi_tional form w =a — bSih2 0 _ csin* . Additionally, th.e decomposed
set of signals 1, (t) facilitates quantitative measur;e of the variance émong traéer rates.

The analysis method provides a single rotation frequency per latitude bin, per

year segment, per diagnostic filter. Since the time-series associated with the filters
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are ;ﬁectively simultaneous and independent, the final frequencies were calculated as
avérages between the two filter values. Table 2.1 lists the periods corresponding to
theée synodic rotation frequencies, which have been derived using all of the sigliliﬁca,nt
components of the fundamental rotation and the first four harmonics, vveighte(i by the
signal-to-noise ratios, according to Equation (2.9). For the sake of clarity, plots of all
of the ro‘;ation proﬁie curves are not included here, but the details of the latitﬁudinal

~and témporal variations can be discerned in Table 2.1. (Note that the 2.5% relative
uncertainty derived in tl_le previoﬁs sectic;n- becomes about a 0.7 absolute uncertainty =
for these values.‘) For all years; the rotation rateé of the active latitudes (between
30° S and 30° N) appear rigid, although they also lie within about 1o of the sunspot
group rates as determined by Howard (1984), so the question of rigid rotation within
the activity belt is not clearly resolved within the uncertainties.

This behavior is evident in Figure 2.3, which averages the rotation rates across
the yearly pa,r’ameter to produce a single rotation curve for the éntire time périod,
which covers roughly the descending phase of the last activity cycle. Curves for
sunspot groups, the K-corona, and the photosphere are overplotted for c.ompa,rison
and context, although one is cautioned_that these other studies were done during
diﬁe_rent cyéles,'for different phases and covérage of the 11-year a:C‘tiVitsf cycle. This
caveat might explain the surpﬁsing apparent discovery that the SXR corona rotates
faster than the K-corona at high latitudes. (This is revisited-in Section 2.5.) The

error bars indicate the precision of the frequency estimates, as deﬁngd in the previous

section. There is a strbng‘ suggestion that the corona rotates rigidly, with the higher
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Mean Rotation for 1992 - 1997

S - Latitude - N
Figure 2.3: The rotation profile across latitude for all years averaged. The error bars
indicate the uncertainty. Short solid line: sunspot groups; thin solid line: Mt. Wilson

Doppler measurements of the photosphere; and dashed line: the white-light K-corona.
This figure borrows heavily from Figure 9 of Howard (1984).

latitudes moving faster than other layers of the atmosphere.

The rigidity of the latitudinal profile is best described by a polynomial fit to the
symmetric component of the data. Table 2.2 includes the coefficients {a, b, c} cor-
responding to the traditional model for describing solar differential rotation. The b
term is negligible in all cases, so the c term is considered for the amount of differ-
ential rotation. According to these fits, the difference between rotation rates at the
equator and the highest measured latitudes (60°) are at about I-2a of the estimated
uncertainty in the values. This implies that any differential rotation is very small,
but measurable.

The asymmetric (about the equator) component of the data is most simply fitted
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Table 2.2:

C.

Curve fits to sidereal rotation rates

"Year w=n+ml w=a=bsin’f — csin?9 .
(deg per day) - (deg per day)

n m a b c
1992 14.0 0.0003 14.1 —1x 107 0.6
1993 14.1 0.0006 14.2 —6x10"% - 0.4
1994 14.1 -0.0003 14.2 5x 1077 0.4
1995 14.2 0.002 143 —-5x10"% 05
1996 141 0001 142 1x10-% 0.8
1997 13.8 0.0004 140 1x 106 1.0
Mean 14.1 0.0008 14.2 5 x 1077 0.7

by a line, and ’fable 2.2 contains these coefficients, too. The slopes m ére too small
in comr.)arison to the estimated uncertainties to suggest or conﬁrm (a,ny north-south
asymmetries in the rotation rate for time 'p.e?iods of a year or longer.

The coe.fﬁcientls. in Table 2.2 suggest that the differential gradient (term c) in-
creased, and the coronal rotation rate (terms n and a) decreased, with the riée of the
new actiyity cycle, but at only a 1o level of certainty. Reference to Table 2.1 indicates
that the most poleward latitudes exhibi’;ed the largest variance in rotation rates (2¢
certainty), while the temporal behavior of Jatitudes within the activity; belt is not
clearly dete;rmined within the estimated limits of uncertainty. Figure 2.4 explores
further, comparing years 1994 (bottom of solar activity cycle) and 1997 (start of new
cycle). Specifically, the latitude bins nearest the emerging flux of the new activity
cyclg are most greatly affected, approaching the projegted curve for sunspot groups.
This effect is fc.>r the overall rotation profile fo red'uc.e its mean r.otation rate, and to

become more differential.
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Rotation for 1994

Latitude

Figure 2.4. (a) Differential rotation plot for nadir of the activity cycle. Note the flat
profile of the data, and that the rotation rates for the 45° bins are faster than the
other curves at those latitudes, (b) Similar plot for rise of the activity cycle. The
45° bins show the biggest change, causing the rotation profile of the data to be more
differential. (See Figure 2.3 for key.)

Not only can the mean rotation rate of a latitude bin change from year to year, it
is an argument of this paper that there can be multiple tracer rotation rates at each
latitude during the year. The variance s2 (see Equation (2.12)) provides a measure
of the spread in rotation values. The calculated s2(0, T) show no strong dependence
upon either latitude O or year T. For all latitudes and years, the deviation Vs2 of the
tracer rates about their mean is approximately I-2cr uncertainty levels. In terms of
the partial spectral decomposition method, this implies that the power in the vicinity
of the solar rotation frequency (and its harmonics) is more widely distributed in a
few significant components than the resolution of uncertainty estimation. In terms of
SXR tracers, this is interpreted as a spread in rotation rates which is measurable at

the bounds of certainty in this study.
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2.4 Autocorrelation

The technique of autocorrelation has often been applied in previous studies of coro-
nal rotation: Pgrker, Hansen, & Hansen (1982), and Sime, Fisher, & Altrock (1989),
for example. This approach tp period estimation 'avoidé some of the problems of
direct Fourier analysis (like aliasing), while permitting a straightforward idenﬁﬁca—
tion of any dominant signal. Furthermore, Fisher & Sime (1984) demonstrated how
the diminution of the rotation peék at advanced lags due to the evolution of coronal
tracers can be described as an exp;)nential decay, thus providing a méaéure of tracer
lifetimes. The method of harmonic filtering, as described in the previous section, is
useful for analyzing a spread of intermixed rotation rates in a quantitative fashion, so
the two methods may be used in a complementary fashion to describe the evolution
of coronal SXR tracers. .Al'so, ﬁ’eriod estimations can be co¥npa;red to compare re-
sults. (It should be noted that autocérrelation is akin to Fourier analysis—the cosine
transform of the autocorrelation function gives the Fourier power spectrum-—and the
Lomb-Scargle Periodogram is essentially a least-squares fit of sinusoids, s'o discrepan—.
Cies in the results contain information about how well these methods represent the

harmonic content of the data.)

2.4.1 Data correlation

. The autocorrelation procedure requires that the data be evenly sampled. To accom-

, plish this, the log-compressed time-series data were binned by spacecraft orbit (a
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period of approximately 97 minutes) and averaged; interpolation filled the data gaps.
(2(0,7) ~ 2'(0,T), and z(t;) — 2'(¢,), where b =1;2,..., By.) The autocorrela-

tion function pz (L) of the time-series Z’ as a function of the lag L is

B—L¢ 4 ] ! ]
(2 =2z, — 2
Pz (L) — b=1 (Bb—L p ( bj;Lz ) (213)
b1 (% — 2

The most significant positive peak in the range of 249.6 to 31¢.3 was identified, and the
center-of-mass calculated-as the period estimate. Finally, the results were averaged

between filters.

2‘.4.2 Results

The SXR differential rotation, as calculated by aﬁtoconela’cion, agrees qualitatively
with previous investigations of the corona, and agrees quantitatively with the results
of the spectral analysis presented in Section 2.3. The values in Table 2.3 are within
the uncertainty (£0.7 days) of the corresponding entries in Table 2.1, with only a

couple of exceptions.

2.4.3 Correlation timescales

A fundamental assumption of this study is that the SXR rotation modulation is
produced by the repeated passage of persistent features, and that the timescale for
this persistence is on the order of several months. Evidence to support this has

been presented in Figure 2.1, which shows stackplots of SXR synoptic data for two




26

Table 2.3:

SXR: coronal synodic rotation periods : autocorrelation

Year Latitude Bin

—60° —45° -30° -—15° 0° . 15° 30° 45° 60°
1992 278 278 27.8 277 276 275 277 278 278
1993 27.8 277 2777 276 274 275 276 27.8 27.8
1994 275 275 275 273 273 27.3 275 275 275
1995 2v.8 276 276 275 271 274 27.6 27.7 27.7
1996 283 282 282 279 278 278 281 284 283
1997 286 286 284 282 28.0 282 285 286 285

distinct regions. Since éach strip of the stackplot represents approximately 27 days,
these figures convincingly den;onstrate the persistence (downward streaking) of some
coherent eiements of the corona for months or longer.

A more quantitative estimate of structure lifetimes using the autocorrelation func-
tion was introduced by Fisher & Sime (1984) in their study of the fotati:onal propertieé
of the K-corona, and has also been used to good effect by Sime, Fisher, & Altrock
(1989) in their study of coronal rotation using fhe Fe XIV emission-line. They define

the timescale 7, by

. Pcorona
= —-corona 2.14
! 111 P(Pcorona) . ( )

where Peorong is the lag of the rotation period. The parameter 7, is simply the
timescale for (laxponential de-correlation of the data at the rotation period, i.e., over
time 7, the ﬁrobability of seeing a repeat .passage of the tracer around the Sun drops
by 1/e.

Figure 2.5 displays the timescales for the six-year period of the study. Also in-
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Mean Correlation Timescales

U 80
0
B 60
0
é 40
V)
E 20
F 0
1990 1992 1994 1996 1998

Calendar Year
Figure 2.5: Timescales for exponential decorrelation of SXR features. The datum per

year is an average over all latitude bins. The error bars indicate a standard deviation
in timescale for the latitude bins in that year.

dicated is the span in timescale values over the latitude bins. During the declining
phase of the activity cycle there appears to be a trend towards shorter tracer lifetimes,
and the range of lifetimes decreases as well. The time for one e-folding is between one
to two rotations, which is comparable to the results found by Fisher & Sime (1984)
for the green-line corona. As in their study, the results imply tracer lifetimes longer
than one solar rotation, at a minimum, and as long as two in some cases, further

validating the assumption of persistent tracers.

2.5 Discussion

In contrast to calculating the rotation frequency directly from the centroid of a peak in
the autocorrelation function (which considers all of the power in the selected frequency
range, due to both noise and signals), the approach developed in this study only gives
weight to the power of a finite set of the most significant signals which demonstrably

approximate the actual data. This method also provides a natural (if somewhat
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arbitrary) distinction between the uncertainty due-tc; noise and the uncertainty due
to a “real” spread in the values of tracer rotation rates during the year. Simply, the
deviation amongst the most significant fitted signals represents ‘qhé physical spread of
the solar rotation rate, and the deviation of the data after removal of these signals,
On, i8S conside-red to be the deviation of the: noise.

The set of isolatgd signals can be co_mbined to estimate a mean rotation fr;aquency
of the time—§eries data, weighted by the signal-to-noise ratio. Results of studying
the corona with Yohkoh/SXT data indicate that the SXR corona shows some of the
.saltme qualitative rotational behavior as.discerned in other studies, such as those of the
white-light corona by Hansen, Hansen, & Loomis (1969). and ﬁisher & Sime (1984). in
particular‘, near the equat.or the corona rotates af ;a speed close to that of the photb—
sphere. (The uncertainty lévels do not permit identiﬁcétion with sunspot or Dop,pler
rates exclusilvely.) The differentilél profile with latitude is almost rigid throﬁg}‘lout theA
period of the study; hox;vgver, uncertainties are small enough to measure the amount
of differential'rotation, which would allow a 1.owe.r 1t.)ound to be placed on the differen-
tial rotation measure. The mean rotation rates anci differential measure are observed
to change over the course of the s’qud&. The deceleration of the corona to photospheric '
rates at the latitudes of new-cycle emerging flux is suggestive of .the possibility that
(1) this observed evolution is tied to the solar activity C}'r.cle, and (2) the corona can be
broadly affected by localized flux concentrations. This sugg.estion is made Ey observ-

‘ing that the increased incidence of concentrated flux corresponds to the emergence

of new-cycle active regions, which produce a rise in the overall SXR emission at that
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latitude and strongly contribute to the observed rotation modulation. The rotation
rate of active region tracers is éxf)ected to foliow the photosphere mére cldsely than
thbse c;f large-scale, diffuse rggions (Wang et al. 1988). Nevertheless, this s.tudy is of
insufficient 1§ngth (six years) to tie any firm conclusions to the activity cycle.

Not only does the mean rotation rate at the latitude of activity (and equatorwards
of there) tend to adhere clbsely to the photospheric profile, but it is also observed/ that .
the latitudes poleward of this latitude tend to show a more rigid profile. (Refer back
to Figure 2.4.) Since the SXR corona is optically thin, an instrument’s line of sight
passes through a large volume of the solar atmosphere. Hence, projection effects on
the solar disk around large structures, like active regions, can be significant at higher
latitudes. The projection of ;cracer structures across higher latitudes could influence
the differential rotation profile to appear more rigid in that region. In principle, the
contribution of projection effects across latitude 1tn)ins could Be investigated by cross-
correlating (between latitucie bins) sets of significant components. Tracer structures
which project across two latitude bins should produce similar componen’gs in each
latitude’s specfrum. Since the LSP is equi.valent to linear least-square fitting of si-
nusoids to the data (see Section 2.3.1), components can be Coﬁpared in aﬁplitude,
frequency, and most importantly, phase.

The differential rotation curves included from other studies are intended to pro-
vide some context to the Figures in which they appear, but may not be suitable -
for strict comparison. It bearAs repeating tilat these»studies were done for diff_eriné

- coverages of different activity cycles. As an example, it is pro’voéative to note that
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the SXR profile is more rigid, and hence fgSter at higher latitudes, than the K-corona
curve. The opposite situation is perhaps expecfed, as the SXR emission mostly comes
from altitudes lower than those observed in the study by Hansen, Hansen, & Loomis
(1969). The apparent inconsistepcy be’bween results and expectations is perhaps due
to a discrepancy'in rota’oibn rates from different acfivity epochs. Furthermore‘, broad-
band SXR emission is affected by.both- plasma temperatures and emission measures,
whereas white-light observations are dominated sélely by electron denéity. The convo-
lution .of héating centers with density sﬁuctur.es in the corona may show up different
features in X-rays than in white-light.

The spread in spectral components of the rotation “band” is equal to, and some-
times moderately larger than, the frequency resolution.imposed by the uncertainty
estimates. This quantifies an observation which can be méde by visual inspection of
stayckplot.s, such as those in Figure 2.1: the SXR corona can evince rﬁ'ultiple rotation .
frequencies simultaneously, in the same latitude bin. As a consequence, one expects
thét the concept of a “mean rotation rate per latitudé bin” brelaké down_at fhe levgl ,
where relative uncertainties on the freqﬁencies reach 1 ~ 2% More sophistic'a,ted
studies of coronal rotation rates will need to take multiple signals iﬁto account, or
re-éxafniﬁé operational definitions of the rotation rate, insofar as the data from this

six-year study is representative of the general beheivior of the corona.
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CHAPTER 3

BIMODAL BEHAVIOR IN SOLAR ROTATION RATES

3.1 Introduction

It has been observed that the rotation of the solar atmosphere varies greatly among
types of features. In pa.rticﬁlar, many large-scale magﬁetic patterns appear to' rotate
more slowly -tha,n the local photospheric plasma in which they appear, and have
a more “rigid” profile versus latitude than smaller features or the Doppler—rﬁeasured
photospheric plasma. Although corOna;l holes are the most commonly cited example of
this phenomenon (e.g., Timothy, K?iéger, & Vaiana 1975), the unipolar d_istribqtions
of magneﬁc.ﬂux at thel photosphere in which the coronal holes ;re roc;ted can also
' disp’lay this behavior, especially at latitudes away ffqm thé activity belt.

Sheeley, Nash and Wang (hereafter SNW) have done extensivé work (Sheeley,
Nash, &"Wang 1987; Wang et al. i988; Nash; Sheeley, & Wang 1988; Wang, Nash,
& Sheeley 1589; and Wang & Sheeley 1993) demonstrating'that this "behavior can
be explained purely by surface flows (e.g., differential shear, meridional ﬂ\ows), and

the eruption and diffusion of concentrated magnetic flux. Their work is based on
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previous ﬂux—transpofﬁ models (e.g., Leighton 1964 and Devore, Sheeley, & Boris
1984). They point out that it is unnecessary to invoke hiddeﬁ motions of structures
or layers beneath the photosphere.

The rotation rates of coronal features can be followed in the solar soft xX-ray
emission, such as is measured by the Yohkoh Soft X-ray Telescope (Tsuneta et al.
1991). This paper introduces the observation that duﬁng the declining phase of solar.
.cycle 22, the south polar cofonal hole extension exhibited two separate “phases”.
These phases were characteri,ze& by shape, rotation velocity, aﬁd relatively Aabrupt
transitions. The behavior of the coronal holes reflected that of the underlying unipolar
magnetic patterns, which in turn evolved in a manner consistent with the SNW
model. This papér also deﬁlonstrates that the obseryed bimodal behavior can be
adequately described by the (observed) emérgence of concentrated flux through the
photosphere and its subsequent .transport across the surface. It is argﬁed that one
phase corresponds to the “random” emergence of flux across longit‘ude (and about the
activity belt), and the other phase is produced by the presence of an active longitude

at which flux is repeatedly introduced to the photosphere over several rotations.

3.2 Observation of Bimodal Behavior

The Soft. X-ray Telescope (SXT) onboard the Japanese satellite Yohkoh records the
broadband thermal emission of the solar corona above about 2 MK. Coronal holes,

being lower in-plasma density and temperature than the typical “quieﬁ corona”, ap-
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pear as regions of little or no sigl}al. During the years 1991-1994 thé sun entered the
declining phase of solar cycle 22 but the overall SXR brightness of the sun Wa's still
high enough that coronal hples appeared in contrast. Stackplots of SXT data ;at high
la,titudes‘ clearly indicate the presence and local behav_igr of the polar coronal hole
extensions (c.f., Figure 3.1 and Weber et al. 2000). |

As time‘ advances down the sfackplot, it aﬁpears that the coroné,l hole alternated
between two beha,viofs, or phases. In one case the hole appear“s to have a slow
rate of rotation (as'indicated by its slope on the stackplot), be rel_ativély narrow in
lohgitude, and weak in the sense that the extent of the region is poorly defined due
to the régistration of some SXT signal. This is labelled the “slow (S) bhase”. .In‘ the
other case, labelled the “fast (F) phase”, .the hole recurs at the faster Carrington rate
(as indicated by a vertical slope on the stackplot),‘ is wider (~ 150° in longitude), |
and is well-defined i'n'itsAexteI-lt. Fu»rthermore; the transition Betvizeen these. phases ié
relatively abrupt .(1—2 rotations) veréus the lifetime of the phases (~ 6-10 roté,tions).

Not surprisingly, a cOmpérisoﬁ with Kitt Peak magnetograms for the same period .
show;'s thafg the locations and shapes of the coronal holes follow those of the weak
unipolar magnetic regions of the photosphere in which they are i"Aooted. It should
be noted, héwever, that the boundary of a coronal hole lies some d'istanpe within
that of the encomﬁas;sing unipolar région Wﬂich is necessarily circumscribed by a
polarity inversion line. Coronal holes correspond to regions of open field lines, and
the ma,intenance'of a coronal hole boundary at a polarity inversion line would imply

a large surface discontinuity in the magnetic field and Ampere’s Law would require
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Figure 3.1: A Carrington stackplot of 60° S, well outside the activity belt, as seen
by Yohkoh/SXT. The timespan is from November 1991 to August 1995. High soft
x-ray signal is shown in black; the south polar coronal hole extension appears as a low
signal (in white). The stackplot has a width of 720° so features appear doubled in the
horizontal direction. The solid lines indicate the approximate center and stackplot
slope (i.e., rotation rate) of the coronal hole region at different times. The alternation
between the (S) and (F) modes is clear.
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improbably large and steady current-sheets in the corona.

100 200 3
Carrington Longitude

Figure 3.2: This plot shows the longitudinal coordinate of large bipoles of concen-
trated flux in the southern solar hemisphere, as observed in Kitt Peak magnetograms.
The latitudinal coordinate is suppressed. The sustained infusion of flux at ~ 85° lon-
gitude during rotations 1874-1878 is the feature of note here. Also notice the lack of
new flux immediately eastward of this region.

Figure 3.2 shows the longitudes of flux concentrated in bipoles in the southern
hemisphere over several rotations. (The latitudes are suppressed.) This data was
gathered by identifying groups of contiguous pixels with values > 800 G in the Kitt
Peak magnetograms. (This method is described in more detail in Section 3.3.3.) The
timing of “F2” in Figure 3.1, and the behavior of the westward boundary of the
coronal hole in particular, corresponds to the appearance of sustained concentrated
flux at about the 85° longitude (shown boxed in Figure 3.2) for Carrington rotations

1874-1878. Also notable is the lack of concentrated flux in the area to the immediate
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éast of the acti'v‘e longitude. The westward boundary of the coronal hole during this
| time holds steady at about tirle 45° longitude. The diécrepancy in .lvongitude between
the flux sources 'and the coronal hole is ascribed to their separation in latitude. The
flux locations in Figure 3.2 are in the vicinity of the éctivity belt around 13° S latitude,
w;vhile the stackplot displays the coronal hole at 60° S..
The relationship between the active longitude and an F-mode can be describéd
by considefing flux transport on the photosphere. Concentrated flux (perhaps from a
sunspot) will diffuse away from the area at which it emerged into the solar atmosphere..
The motion of individual flux (_alements'will follow a random walk across the surface
“according to the changing flows of the sﬁpergranular network. Thé‘ elements are .
also subject to orderéd translport, such' as the solar rotation (which intrpduces shear
between latitudes) énd possibly meridional flows. The flux from a concentrated region
is destined to be cancelled out by flux of the opposite polarity, or to spread out intp a
unipolar region possibly lo_cated some distance away from its origin. If concentrated
flux were continually intro'd‘uced at a single lo;:ation over a time peri'odA sufficient for a
stationary pattern to form, there would be a unipolar region which is (a) contiguous |
to thé flux source, and (b) at rest relative to the continuing source. This paper claims
that the F-mode corresponds to the situation where the unipolar region associated
with the polar coronal hole ex.tension becomes éttached to, r;md sﬁsta;ned by, a source
of continuous emergence: an active longitude. It necessarily rotates at the ra;.te of
the flux source, which may be faster than the rate at the latitude at which it is

observed. In contrast, the S-mode corresponds to the case where flux sources are
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too ephemeral to bring large unipolar regions to rest in their frame. The following
" sections demonstrate the two observed modes according to quantified flux emergénce
as measured in Kitt Peak magnetograms, and the-SNW model of the subsequent

diffusion and transport of this flux.

3.3 The Zohal Model

Sheeley,. Nash and Wang have developed a deséription of the formation and mainte-
nance of unipolar flux regions accbrdiﬁg to flux eruiations and surface transport of flux
elements by superéranular diffﬁsion, differential rotation, and meridional flows. Using
observed flux eruptions and numerical iﬁtegration of the transport equations, they
reproduce the general global distril-oution of ‘ﬂux over the course of a solar cycle, .and
they have convincingly modelled the behavior of CH1 (Wang & Sheeley 1993), the
prototypical coronal hole observed and analyzed by Skylab (Timothy, Krieger, & Va-
igna 1975). These successes encourage an application to the question of the bim-oda,l
rotation rates. In this section the transpért equations are presented, reduced, and

analytically solved to examine the import of flux eruption for the bimodal behavior.

3.3.1 Flux-Transport Equation

To6 investigate the observed behavior of the large-scale unipolar regions it is sufficient
to describe the magnetic flux distribution on the photosphere. Although electrical

conductivity is high in the solar atmosphere, and thus the i)lasma and magnetic field
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' motioﬁs are strongly coupled, the mass density decreases quickly ehough with height
that the higher altitu.des (i.e., the eorona) cannot sigpiﬁcantly affect the motions of
the magnetic ﬁeld at the photosphere. B‘eloW the photosphere, the plasma pressure
is much -stronger than the magnetic field Iﬁressures v(i.e., Bpigsma = ?Bif > 1) so the .
evolution of the flux distribution on the solar éurface is determined by lateral surféce
flows (via the strong coupling to the plasma) and the emergence of new flux.

The field distrib‘ut'ion on a surface (such és the photosphere) is a scalar function.
Even though the magnetic field is a vector field, only ‘_ohe component normal to the
surface (B, at the photosphere) is relevant, so the flux-transport equation is a scalar
equation of time-evolution for the magnetic field’s normal component. For simplicity,
this scalar hereafter will be labelled B.

Expressing the surface flows together as a surface current I' of B, the motion of

flux about the surface is given by accounting:

dB
dt

: .S(Vx, t) =

where S(x,t) is the flux source term as a function of position on the surface x and
time ¢, and spatial operators like V are understood to be in two dimensions on the

surface. The surface.current function can be given as

['(x,t) = —kVB + vB. o (3.2)
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The ﬁrst térm on the RHS represents “diffusi‘on” down the concentration gradient By
random-~walk processes. The second term encompasses “organized” flows.

Leighton (1964) developed the idea that the solar supergranulation acts over time
as a random-walk ,f)ropess on the photosphéric magnetic flux, and that this effect can
be described mathematically like the diffusion of “atoms” on a 2D surface. Hence,
the diffusion term in Equation (3.2) is understobd to represent supergranulation aé
a flux-transport mechanism. The coefficient & is set by fitting the diffusion model to
the effeét of supergranulation on the Sun. Leighton suggested ~800-1600km?s™! as
a possible range of values for &, b.ased on estimates of the decay of localized mag-
netic bipoles. More recent work based on measurements of the motions of magnetic
flux elements (e.g., & ~ 200-250km?s~" in Hagenaar et al. 1999) and on modelling
(e.g., & ~ 400-800km?s~! in Wang, Nash, & Sheeley 1989) suggests more conserva-"
tive numbers. For this paper, thé diffusion coefficient was set to x _ 1000 km?2s1.-
This number was set high to compensate for the exclusion of poleward flows in the
FTE Sheeley, Nash, & Wang (1987) have demonstrated the importance of merid-
ional tranqurt terms for reproducing solaf patterns with the ﬂux—ti‘ansport model,
and their results indicate that poleward ﬂows may be a n(_ecessarsr addition. It will |
be seen in Figure 3.4 thét .th'ere 1s apparently a stronger meridional transport on the
Sun than the model produces, so the choice of x does‘ not appear t.o err on the side
of excess. | |

The most obvious organized flow on the photosphere is due to the la.titudinal

shear of differential rotation. Another possibility is meridional flow from the equator
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towards-the péleé. There is somé evidence for the presence of such ‘ﬂo§vs (c.f., Duvall
1979, Howard & La‘bgnte 1981, and Topka et al. 1982). It is important that the flux-
trénsport equation allow for some kind of meridional transport, usualiy a combiﬁation
of diffusion and polewaird drift which acts to retard the shears imposed by differential
rotétion, and Wang, Nash, & Sheeley (1989) founci a good average fit to the behavior
of the Sﬁn by including a meridional flow of amplitude 1'0 m;_l.

Combining Equations (3.1) and (3.2) prod‘uc'es‘
&B =kV?’B -V - (vB) + S(x,t). (3.3)

The surface, its coordinate system, and the physics-of v(x,t) remain to be specified. -
To make the ﬂtlx—transport equation analyticaliy tr'actable, two simplifications are

rﬁade at t.his point. (1) The photosphere is described by Cartesian coordinates on a

planar surface. (2) The organized flow v(x, t) is c‘hosen to fit the differential rotation

profile; no poleward meridional flows are included. The planar approximation will

apply as long as the solluti‘on hasv length scales A < Ry, where R, is the solar radius.

. The benefit of the second enumerated choice will be illustrated in Section 3.3.2, where

it will be seen'hovv the functional form of a poleward dl;ift can complicate the search

for a Green function.

These two approximations allow Equation (3.3) to be expressed as

8:B = £0,°B + £0,2B ~ v;,8,B + S(z,y, 1), (F.T.E.)
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where 1;he z-axis lies in the “azimuitAhaI” direction, parallel to the eqﬁator, and the
y-axis lies in the “meri'dion‘al” d.irection, perpendicular t'o the equator. This is the
speciﬁd form of the ﬂux—transﬁort equation (F.T.E.) for this analysis. The model
* includes diffusion of flux by supergranular flows, aﬁd latitudinal shear by différential
rotation. The latter is descﬁbed by a velocity vector which is everywhere parallel fo

the equator and only varies with latitude, i.e.,
V(X) = Vot (2,9) = v2(y)X. ' (3.4)

The functional form of v, (y) can be fitted to the observed differential rotation of the

Sun. An adequate formula is
v (y) = v ~ 5Y°, (3.5)

virhére R= Ry, and vg and {2 are varied t‘o produce a.mateh to observations. Figure 3.3
matches this fofmula at 0° and 65° to the Snodgrass (19.83,) rotation rate for nonspot
magnetic fields in the photosphere. The angular velocity is converted to a linear
velocity on the Cartesian plane of the zonal model using the solar radius Ry as

the length scale. Using Ry = 7.0 x 10%km, this leads to vy = 45kms™ and Q =

(1.1 x 1075g71,
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Figure 3.3: A comparison between the empirical Snodgrass (1983) rotation profile
{solid line) and a parabolic fit like Equation (3.5) {dashed line). The parabolic fitting
parameters {VvO, are fixed such that the curves match at 0° and 65°. For the
latitudes of interest, the fit is good to about 1-2%, which is the approximate level of
uncertainty on solar rotation measurements.

3.3.2 Zonal Moments of the Flux Distribution

A full numerical or analytic solution to the flux-transport equation (F.T.E.) would
provide complete information on the scalar field B at all times t. However, the present
goal is merely to understand a few characteristics of large-scale unipolar regions, such
as their location, rotation, and approximate size and shape. This more limited set of
information is readily obtained by solving for the low-order longitudinal, or “zonal”,

moments of the flux distribution, where the n-th moment of B(Xx, y, t) is defined by
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. integrals over the longitudinal coordinate z as
[ 2"B(z,y,t)dz -

T B s R

In this subsection, it will be sh.own how the zero-order moment can be solved using a
“Green function. This Green function can also be used to solve for the first- and second-
order rﬁoments of ’ehe field. These three zonal moments are sufficient to describe the
" flux distribufipn from a point source Wi’qh a Gaussian profile.
The unnormalized zero-order moment is the total latitu‘dinal ﬂu;c ®(y,t), hereafter
called the “zonal flux”, where

@(y,t)E/oo B(z,y,t)dz. - o (3.7)

—0Q

An eé:mation for ®(y,t) is found by integrating [ (F.T.E.) dz;

/ (6,B] dz = / [(50:2B + 50,2B — 0,0,B + S(z,y,8)] de, (3.8

which can be reduced by integration by parts and Equation (3.7) to
. 82 =k0,2® + / S(z,y,t)dz (3.9)

(where it is presumed that B and 8,8 both go to zero as z — +00). For an impulsive

¢
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point flux source at time ¢ = 0,

S(z,y,t) = Sp §(z—x0) (5(.y—yo) 5(t) o (3.10) _

and Equation (3.9) C.anl be rewritten in the form
L& =1{8,— K8} & =5 6(y—10) 6(¢t). (3.11)

(The notation 6(z—z) indicates a Dirac delta function located at z = z;.) Except
for the constant factor of Sop, this is the form of the operator equation for a Green

function, i.e.,

L G(y, yo3t,0) = S(y—10) 6(2): | (3.12)
The solution is the Green function for diffusion in one dimension:

1

Gi ) ,;t7tl =
fo(y Y ) *47“@ (t—t’)

e~ w0’ /4x-1) @y _ ¢\ (¢)), (3.13)
and so

®(y,t) = SoGoig(y,Yo;t,0)

- \)fTo—me"‘y‘y°>2"4“t®<t>‘- (3.14)

(The step-functions O(¢t — ') and ©(t') enforce causality for point sources at times ¢’

where 0 < ' < t.) The reader should not be surprised to discover that ®(y,t) evolves
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only according to diffusi'on. A latitudinal shear cannot affect th_el zoﬁal flux. This
result (for a spherical surface) was previously demonstrated by Leighton (1964).

At this point, the rationale for omitting poleward ﬂows can be cleériy illustrated.
.It is presumed that the velocity v(x) is comprised of the differential rotation velocity
Veot(Z, y)? a vector which ‘is everywhere péra‘lle‘l to the equato?f and only varies with
latitude,

Voor(,4) = v (9)%; a (3.15)

and the meridional poleward flow v,oe (2, y), a vector which is everywhere perpendic-

ular to the equator and also only varies with latitude,
 Vpote(,9) = vy (V)7 (3.16)
Referring to Equation (3.3), the divergence term can be written out as

- V- (vB) = (0yvs + 0yvy)B + (v;0,B + v,0,B),

= (0yvy)B + (0, B + v,0,B). (3.17)

The first and third terms on the RHS are due to the poleward flow, and their inclusion

in the velocity leads to two extra terms in the F.T.E. Equation (3.11) becomes

{at - /ﬂ(’)’y2 + 0,0, —'I-' (8yvy)} ® =5 6(y—yo) 6(2). (3.18)
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The homogeneous equation has changed. The-presence of the first-order partial
derivative implies that the corresponding' Green function cannot be Gpig. In ret-
rospect, omission of poleward flows h.as greatly simplified tlhe‘ search for a Green
function solution. |

The presumption to model the flux source function as a point source also has merit.
First, ‘this‘ led to a natural solﬁtion by a Green function, and more complicated source
fuilctions.can'be described by a linear combination of such solutiqné. Second, there
is a physical basis in that the greatest sources of photospheric flux are asséciated
with sunspots, and appear in relatively small regions (qompar_ed toA the solar radius)
and with relatively high concentrations of flux (compared to the background level).-
The fitting of point sources to Kitt Peak magnetogram data, is diécussed in detail in
Section 3.3.3.

The form of ®(y, ) indicates a Gaussian profile across latitude. It seems reasonable
to assume that the decaying po‘int-source .Wﬂl have a ‘Gaussian-like -profile across
longitude as well. Such a profile has thrée free parameters, so the first three moments

of the field should provide a sufficient approximation of the form

)
B((E,y,t) ~ —‘\/%y,A_a)j e—(.“’*@’))z/zsz’ . | (319)

where ®, (z), and Az? are functions of y and ¢, and

Az? = (2?) — (z)% | | (3.20)
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This rendition of the magnetic flux distribution according to a Gaussian composed of
the first three longitudinal moments is hereafter referred to as the “zonal model”.

The first-order longitudinal moment follows from Equation (3.6); -

ffooo zB(z,y,t) dz

(z) =

@(y, 1)

. f_oooo(g_}’xo)B(f: Y, t) dé.

B &(y, 1)

_ f_oooo é‘B(f)y)t) df x0<I>(y,t)

- (y,t) . (yt)

_ flyt) .

= 500 + o, ~(3:21)
where .

fwi= [ eBleva (3.22)

The variable § = = — =z is introduced to symmetrize the integral about zy. Next, the

first-order moment equation is derived by integrating [z (F.T.E.) dz.

-0 —00

/ z [0;B]dz = / z [k0,’B + k0, B =~ v,0,B + S(z,y,t)] dz,

3tf + xoat@ = né‘yzf + $0H8y2§ + ’Uz(I) + X Sg (S(y——yo) 5(1}), ) ‘ (323)

where it is assumed that I{B,xB, 0y B, 20, B} all go to zero as * — £ oo. Three

more terms can be eliminated by Equation (3.11), leaving

O f = KB, f + v,®. - (3.24)
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The homogeneous part of Equation (3.24) is identical to that of Equation (3.11), so
its Green function is the same. Thus the inhomogeneous solution to Equation (3.24)

is readily found:

fw= [ [ eyt b)ew, vl avar (3.25)

The functions G(y,v/,t,t'), vz(y'), and ®(y/,¢') have been completely specified, and
the integral is easily solved. The solution for f(y,t) is inserted into Equation (3.21)

to produce a closed-form solution for the first moment;

1Q ‘ :
A{z)(y,t) =20 — VK (5t +v° + yyo + o?] - (3.26)

Following the same procedure, the second-order moment of the magnetic field can

be determined. The moment:

[2 z*B(z,y,t) dz

(@) ®(y, 1)
gy, t) fly,t) | : o
= 08 —I-2a:0q)(y,t).+x0, | (3.27)
where ‘
g(y,t)E/_oo EB(¢,y,t) d¢. (3.28)

The integral [ z? (F.T.E.)dz after integration by parts and eliminating terms with
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Equations (3.11) and (3.24):

B9 = k8,9 + 2 [k + v, ((z) — 20)] B, (3.29)

where the set {B,zB,«*B, 8,8, 20,B, 220, B} is presumed to go to zero in the limit -
z — oo, Equation (3.29) has the same homogeneoué structure as Equations (3.11) .
and (3.24), and so can be solved for g(y, t) (and thus (z?)) with the same Green
funcfion. The importance of the seclond—order moment (mz) extends no farther here
than its contribution'to Az? ac.cording to Equation (3.20), which in turn is useful for

approximating the flux distribution according to Equation (3.19).

| 3.3.3 - Source Function Based on Magnetograms'

In Section 3.3.2 a Gaussian approximation of the flux-distribution was developed
with the first three moments of the field. 'The input to this model is represented
by the flux source function S(x,t) Wl’;.iCh describes the appearance of new flux on
the surface accorc_ling.to the flux “conservation” equation (3.1). The approximation
formula (3.19) was constru;;ted for an impulsive point source. Since the evolution
equations are linear, a more Coﬁplicated source function can.be described with a
superpositidn of such point.sources ovér space and time.

Synoptic charts of Kitt Pea1.< magnetograms were analyzed for appearances of
new, concentratedﬂﬂux. A subéet of pixels fron.‘a each chart, identified as locétions of

high magnetic field, were used to represent point sources containing the predominant
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amount of new concentrated flux. The threshold criterion for selecting pixels was a
minimum value of 800 G. (This I'xraiue was chosen to compromise between collecting
a managedbly low number of pixels and adequately representiﬁg the spatial extent
and shape of new flux regions.) Although backgrouﬁd levels of flux were generally in-
significant in comparison to new flux, these levels were estimated for each Ca'rril.lgton'
rotation (from the evolution of ﬂﬁx 'introduced in earlier rotations) and subtracted
from the measured values of new flux.

The flux 'sourceslwere grouped into bipoles. Unipolar subsets for which no oppo-
sitely polar- subset could be found were discarded. Where the_ total (signed) flux in a
bipolar subset was not equal to zero, the pixel values in the pole of lesser absolute flux
were multiplied by a uniform factor such that the total bipolar flux was zero. The
latter correction was ‘nec.essary; it was discovered.that otherwise the net imbalance
of (select.ed) flux inl-ez;mch hemisphere quiékly éreW in opfaosition to the solar dipole
. field. (Le., the “leading” spot polarity ‘Was dominant.) At this point in the solar
activity cycle the sola-ur dipole had already formed and has remained stable well past
the appearance of the current activity cycle’s flux, so this result presented a s’grong
inconsistency.

The flux distribution at time ¢ could then be calculated according to the present
model from the empirically;—derived point sources at times ¢'. where 0 <t g t. The
results of thié.procedufe are presented in the next Section to explain the F-mode

behavior.
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3.4 Results

The approximdtion method described in the preceding Section can be used to con-
struct maps similar-to the syrllo‘ptic char‘ts made from magnetograms. The flux-
distribution was solved on an area with an “azimuthal” length of 27 R and a “merid-
ional” width of TRg. The © = 7R ends were connected to avoid léss of éigniﬁcant
flux. The Gaussiaﬁ “amplitudes” of the diffusing point sources, and hence their
- influence on the net distribution, dropped off quickly With distance relative to the
curvature length-scale of the Sun (Rg), so this choice of surface did not appear to
present serious curvature concerns. Figure 3.4 compares a synoptic chart constriicted
in this manner with some K'i_tt Peak data. In both plots, areas of weak and mid-
range field strength have been assigned saturation values on the greyscale in order to
more clearly indicate the extent of unipolar flux reéions. The modelled exarﬁple was
produced from ten preceeding rotations’ worth of point source data. This method
appears to reflect the measured cﬁstribution of ﬂﬁx in general. However, the zonal
model fails to reproduce as large an amount of positive (white) flux near the south
poia,r cap; this is probably due to the model’s neglect of organized poleﬁard flows.
Figurel 3.5 compares a stackplot made frém Kitt-Peak magnetograms with a stack-
plot made from the psuedo-magnetograms produced by the field approximations, such
as the one in Figure 3:4. The stackplot shows only a latitudinal strip of the Sun over
720° of longitude, so features a'ppear twice. Fach strip going down the stackplot rep-

resents one solar rotation. For Figure 3.5, flux magnitudes were suppressed so only ‘
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the polarity is indicated. Figure 3.5(a) was constructed from smoothed Kitt Peak
data. This picture h'elp's to illustrate how well the methoa models the behavior of
the unipolar region associated with the seuth polar coronal hole extension (PCHE),‘
which appears as the wide black lane. Again, the model reproduces the qualitative -
behavior of the data. In particular; at around Rotation #1875, new negative (black)
flux is seen to appear on the righthz;md (western) boundary of th‘e region. This has the
‘eﬁeét of “fixing” this boundafy at an almost constant longitude for several rotations.
The extra ﬂu}.c also allows the opposite boundary to continue to expan(i. The sx%r'elling
is less significant in ’the Kitt Peak data at this lé,titude, but the reader may 'disqern
that the “intensity” of black (i.e., the amount of negative flux) incréases.

Why does Figure 3.5 show the behavior of the PCHE at 35° S instead of at
60° S7 As can be'diS(':erned in Figure 3.4(a), the flux distribution in the southern
'h-emisphere is relatively axisymmetric (i.e., all negative) at latitudes poleward of about
35°. Nevertheless, the longitude of the PCHE at 60° S will follovlv the longitude of the
major non-axisymmetric ﬂux distribution (that is, the extension of the negative region
towards the equator), at latitudes cl'os;er to the equator. Therefore, it is assumed
that the most poleward.la'titudes containing a non-axisymmetric di_stribﬁtion should
provide a reasonable prbﬁy for the behavior of the coronal hole at mor;e poleward
latitudes.

The relevance of the active longitude is investigated in Figure 3.6. These small
stackplots are both prodﬁced from the zonal model in a fa.shion identical to that of

Figure 3.5(b), excepting the-source function. For part (a), the flux source function
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Figure 3.4: (a) A synoptic chart of Kitt Peak magnetogram data. The data was
smoothed with a boxcar width of 5 pixels, (b) A synoptic chart for the same rotation
produced from the approximation model described in this paper. No smoothing was
imposed. White and black regions indicate positive and negative flux, respectively.
The scaling emphasizes weak and mid-range field strengths to locate unipolar flux
areas. Grey areas are scaled differently and indicate regions of greatest flux concen-
tration.
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only includes input from ﬂ‘ux'concen;orations identified with ’ghe ‘active longitude (seev
~ Figure 3.2), starting with Carrington Rotation #1874. (The single flux source at
a nearby longitude in Rotation #1873 is also included as a reference vpo‘int for the
PCHE.) This figure shows how the zonal model reproduces the “fa_st’; mode for the
time period correspondiﬁg to the phase labelled “F2” in Figure 3.1.. The character-
istics previously ascribed to the “fast” mode in.the PCHE behavior are discernable
here. (1) A wide pattern is formed.- (2) The righthand (western) Eoundary remains
at the; same approximate longitude. Although it is not apparent in the scaiing of this
figure, the longifudina,l center of thk;, region, weighted by flux magnitude, also remains .
close to a constant longitude. (3) ’i‘he pattern is established relatively quickly; ie.,
within 2-3 rotations.
Part (b) uses all of the flux sources\ from the same rotations ezcept for those sources
associated with the active longitude, so the behavior of the region is illustfated in the -
- absence of the ideﬁfiﬁed active longitude. In contrast to Figure 3.6(a), the negative’
uni.pola,r region does not significantly change in width or rotation rate. This behavior
replicates the “slow” fnode as the normal behavfor of the region in the presence of flux
sources randomly distributed in time, and without the flux injection from a continual
source at an active longitude.. As a result,‘ this model predicts that the “F2” mode
would not have appeared in Figuré 3.1 'if the active longitude haci not been present..
This section establishes (1) that the methodology can sufficiently describe the flux
di.stribution on the solar surface; (2) that the active longitude produces' a stationary

unipolar pattern with the correct location and shape, on the timescale of about two
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Figure 3.5: Stackplots for 35° S constructed from magnetogram synoptic charts, such
as those shown in Figure 3.4. (a) Kitt Peak data which has been smoothed and scaled
to emphasize weaker fields, (b) Results for the zonal model which have been similarly

scaled.
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Figure 3.6: Stackplots for 35° S constructed from magnetogram synoptic charts for
the time period corresponding to the “F2” example. Both stackplots were produced
from the zonal model, (a) Flux pattern formed using only the sources associated with
the active longitude. Here the grey region indicates insignificant flux levels, (b) Flux
pattern formed by all sources except those associated with the active longitude.

rotations at a given latitude; and (3) that the existence of the F-mode requires the

presence of the active longitude.

3.5 Discussion

It is observed in the declining phase of solar activity cycle 22 that the south polar
coronal hole extension alternated between two phases which are described mainly by
shape and rotation rate. It has been shown that one phase (the F-mode) is dependent
upon the presence of an active longitude of concentrated flux eruption, and that the
other phase (the S-mode) predominates in the absence of such an active longitude.
Hence, an understanding of this bimodal nature of the coronal rotation rate must
refer to an investigation of the longitudinal distribution of flux eruptions in general,
and a study of active longitudes especially.

The result that the flux source term 5(0, $;t) can strongly affect large-scale flux
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patterns is recognized and discussed in the SNW model. It is treated there in a general
way. Its effect in their study of Skylab’s CH1 (Wang & Sheeley 1993) is implicit (and |
hence somewhat hidden) in their numerical anaiysis. This chapter attempts to extend
their analytic discussio_n of S(6,9,t) by connectling gi clear, qualitative variation with
its definite effect upon a large-scale pattern.

SNW also discuss how rigidly rotating unipolar patterns form at latitudes above
the activity belt as the alternating curved stripes frém decayed active regions. These
patterns aré supported in a balance between latitudinal shear and meridional trans-
port via diffusion and.possibly poleward flows. The appearance of new ﬂux- sources
can disrupt thi-s rigid rotation as the field in their vicinity will naturally be iﬁﬂu—
enced to f0110§v their differential rotation profile. Hence, flux eruptions are expected
to cause the unipolar regions to depart from rigid rotation. In the case of an active
'longitude of sufficient duration however, a stationary and rigidly rotating pattern is
supported by a strong source signal. Ultimately though, this is the case that proves
their lfule. ane the domineering actix}e longitude\ vanishes, the unipolar pattefn finds
itself in a state of imbalance betwéen the léfcitudinal shear and meridional transport.
Differential rotation will ensue as the pattern migrates égain towards homeostasis,
according to the SNW description. .

The zonal model pro(rides a sufficiently good approximation to reproduce the gen-
eral behavior of the observed phases, but more sophisticated a,halysis would probably
require a ﬁumerical approach (c.f., Sheeley, Naéh, & Wané 1987). Two significant

approximations of the zonal model are the absence of a poleward flow and the use
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of a non-spherical surface; inclgd-ing either greatly complicatés the analytic discus-
sion. As discussed in Section 3.3.2, the functional form of a poleward flow would
change the homogeneous equations for the first and secona longitudinal moments; as
a co.risequence', the_(l}reen~ functién Gpiff could not be used to solve for all of them.
The E.T.E. WO}lld clearly be ‘tricki‘er to deal with on a‘sp‘hel‘aical surface.’ Although
the flux distribution'across the entire ;solar surface is modelled in this chapter, the
contribution from each point source is generally dnly significant to regions within a
distance d S Rg, so it is presumed that the solar curvature has minimal impact on
‘the sblution. Howeyer, Sbherical equations would be readiiy handled in a numerical
analysis.

Apart from issues of approximation, there are several interesting directions in
" which this work could be extended. Only the “F2” case éxample is fully explored
here; several other S and F—ﬁodes oc.curred in the same time period which should
be modelled to more firmly establish. .the argument of active longitudes. It is also
possible that the bimodal phenomenon can only c;ccur in the declining phase of the
solar activity cycle, when it is possible for large-scale unipolar regions to develop
stationary behavior at latitudes well away from the activity belt. Active longitudes

and PCHEs could be studied at other times in the cycle.
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CHAPTER 4

AXIAL FIELDS IN QUIESCENT PROMINENCES

4.1 Introduction '

Solar prominences are coronal magnetic structures in which relatively cool (5000~
10,000 K;c.f., Hirayama, Na,ka,gorﬁi, & Okamoto 1979 and Heasley & Milkey 1983) and
dense (10* e~ cm_3;. c.f., Landman 1985 and Foukal, Hoyt, & Gilliam 1986) plasma is
suspended at coronal heights (10%-10° km) above the photosphere. The.surro.unding
corona is about 100 times hotter and more rarefied, so the prominence material must
be thermally shielded from the corona by‘its magnetic fields. Prominences a,ré invari-
ably located along segmen’ﬁs of pOlarity inversion lines (PIL) which separate regions
c;f positive aﬁd negative flux through the solar surface. Some prominences are associ-
ated with the sunspot latitudes. This type is short-lived and migrates equatorwards
with the sunspots over the course of the solar activity cycle. Other prominences form
poleward of the activity belt and move to higher latitudes. (The polar crowns are
comprised of such prominences which have migrated to the boundaries of the po-

lar coronal holes.)_ This type of prominence may last for days or even weeks and is
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Figure 4.1: (a) The observed direction of axial fields in quiescent prominences for
each hemisphere and relative to the polarity distribution of the surface flux, (b) The
sense of shear for arcade lines over a polarity inversion line (PIT) as produced by
Model A. Note that the components of sheared field along the polarity inversion lines
agree with the sense of the axial fields in (a). This figure is based on Figure | of
van Ballegooijen & Martens (1990), with the notable exception that the pair of PILs
in each hemisphere represent young, poleward-migrating prominences, and do not
describe polar crown prominences.

described as “quiescent”.

The magnetic fields of prominences projected above the solar limb can be measured
by the Zeeman and Hanle effects (Leroy 1989). The results indicate that these fields
are mostly horizontal with components parallel (axial) and perpendicular (transverse)
to the long axis of the prominence (Athay et al. 1983; Querfeld et al. 1985). The
overall field is close to axial, usually at an angle of 15° to 30° with respect to the
prominence axis (e.g., Tandberg-Hanssen & Anzer 1970; and Leroy, Bommier, &
Sahal-Brechot 1984). Much has been made of the direction of the transverse fields
in the discrimination between prominence models, however, Rust (1967) and others

later (c.f., Leroy, Bommier, & Sahal-Brechot 1984) point out that the direction of the
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axial fields also imposes constrainfs on the nature‘of prominence formation.

The dire_ction of the axial field b obeys a hemispheric dependence (i'llu'stratea
in Figure 4.1.a) such that b =+d X ¥, where the plus sign applies in the northern
hémisphere (and minus in the southern). The vector i péints acrc;ss the PIL from
the positive to the negative side, and # points radially outwards from the Sun; the
V.ector'ﬁ generally altgrnates with the solar activity ;:ycle.

As aresult of the high electrical conductivity of the solar atrnoéphere, the magnetic
ﬁelci is “tied” to the plasma and at the photosphere the plasma motion dictatés the
motion of the field. ‘Hence, shearing flows on and below the surface will rotate fields -
initially transverse to become axial. The solar differential rotation (i.e., the latitudinal
gradient of the rotation) produces shear flows at the surface anci is a natural candidate
for explaining the hernis,pﬁerical dependence. However, van Ballegc;oijen & Martens:
(1990) demonstrated how an arcade, initially constructed of potential fields with the
PIL running east-west, whiqh is sheared by differential rotation will acquire an axial
component which has the opposite direction to the observed direction of axial fields
in solar quiescent prorriinences.’

They proposed two mechanisms which utilize the C.Iifferentiall rotation to produce .
axial fields which match observations. In their first solutioﬁ (hereafter, Model A), the
PIL must be rotated by the shear by more than 90°. They discounted this idea on the
grounds that q1.1iescent prominences (am_i polarity iﬁversion lines) at high latitudes
are almost always .oriented east-west and are not observed to rotate through large

angles. Their second solution (hereafter, Model B) invokes subsurface di_fferential
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rotation and a complicated process which involves three stages of reconnection and
the eruption of a heretoforé unobs‘erved helical ﬁeld.

This paper argues that polarity inversion lines of prominences can indeed be ro-
tated through angles greater than 90° whe;n they are associated with the dispersé,l of

active regions, and hence the simpler Model A should be reconsidered.

4.2 Neutral line rotation

The creation of an axial field component via the differential rotation is modelled in
van Ballegéoijen & Martens (1990);' their case for initial angle Gy > 90° is illustrated
in Figure 4.2. In this desc‘ri-pti.on, the field lines are initially potential in an-arcade
formgtion_at right angles to the PIL (Figure 4.2.a). The field is “line-tied” to the
motion of the photosphere. Thé rotational shear in the local frame of reference is

given with the surface velocity:
Vg = —WY, vy =0, (4.1)

where the z-axis runs east-west and the y-axis runs north-south, and w is the radialiy
ou‘tward" component of vorticity associated with the differential rotation (w > 0 in the
" northern hemisphere). |

The PIL begi_.ns at an’angle 3y with respect to a line of constant latitude and as
© time advan;:es B(t) — 0. The angle o between the field lines and the PIL begins at

90° and also becomes more acute with the passage of time, i.e., the initially transverse
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Figure 4.2: (@) Initial configuration of a potential field arcade over a polarity inversion
line (PIL) with symmetry along the axis. The thick arrows indicate the direction of
a shear appropriate to the northern solar hemisphere. The angle /30 between the PIL
and a line of constant latitude begins at a value greater than 90°. (b) The arcade at
a later time where the fields have moved according to a linear surface shear. The PIL
has rotated, and the angle a between the PIL and the fields is no longer equal to 90°,
which indicates there is an axial component. This figure is based on Figure 3 of van
Ballegooijen & Martens (1990).

fields are sheared such that they gain an axial component (Figure 4.2.b). Figure 4.Tb
indicates the direction of the sheared fields in each hemisphere. A comparison with
Figure 4.1.a confirms that this mechanism produces the observed direction of axial
fields for young, poleward-migrating prominences. This mechanism of neutral line
rotation is not argued here to produce the correct axial fields for the older population
of prominences which form the polar crowns. The pair of PILs in each hemisphere of
Figure 4.1 is intended to indicate the arrangements for alternate advancing fronts of
quiescent prominences.

This result is mathematically described in van Ballegooijen & Martens (1990)
as a function of the initial angle PO and time. For the case where 0° < /0 < 45°,
neutral line rotation gives the incorrect orientation of the axial component. For the

intermediate range of initial angles where 45° < Po < 90°, the arcade shear gives the
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correct axial orientation at early times ¢ < ¢;, and the incorrect orientation at later

times ¢ > ¢;. The reversal time ¢; is given in their Equation (7):
t1 = w(tan By — cot By). (4.2)

They point out that for Bo just under 90°, t; might be long enough fo-r a prominence
to form while the axial fields still have the correct direction. Once the prominence
forms, it is believed that the axial “correctness” would be frozen in, so for short
prominence formation time scales, the range of favorable initial angles may extend
below 90°.

This mechanism (Model A) was deemed implausible-by.van Ballegocﬁjen & Martens
(1990) since they believed that such large initial tilts of"the PIL were not oBserved.
In fact, theré is a large population of polarity inversion liﬁes which starts with this
magnitude of tilt. Active regions arise. as two concentrations of oppositely—polarized |
magnetic flux. Described as “Joy’s Law” (Hale et al. 1919), the long axis of this
" bipole is, on average, tilted with respect to latitude such that the leading polarity
is closer to the equator than the following polarity (for a statistical treatment; see
Fisher, Fan, & Howard 1995). ’i‘he PIL begins as the perpendicular bisector of the |
long axis and thus must be at an an:gl'e Bo > 90°. Figure 4.3 displays the dispersal
of flux from a l;ipolé according to a flux-transport model which includes a parabolic
rotation profile and diffusion. The center of the bipole begins at 15° N with.an initial

tilt angle of 10° towards the equator. This pattern is regularly observed in magne-
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\ x\

Equator

Figure 4.3: Evolution of a flux bipole from two point sources of opposite polarity
according to diffusion and parabolic shear across latitudes. The positive (+) polarity
is marked by long dashes, the negative (— by dash-dot-dot-dot. The curved solid
line indicates the polarity inversion line (PIL). The horizontal solid line indicates the
solar equator. Parameters are fit to solar values of differential rotation and diffusion
and the solution models the decay of an active region at (a) 0.1, (b) 1.0, and (c) 5.0
solar rotations (see Chapter 3). Contour levels are shown to indicate shape and are
not similarly scaled between figures. Note the rotation of the PIL.
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tograms, and was modelled as early as 1964 by Leighton (Leighton 1964). The PIL

is observed to rotate over time. Statistically, most of the large regions of leading
polarity at high latitudes will arrive through this configuration. Insofar as the fields
retain their topological connectivity to the following region of opposite polarity, the

correct axial fields should be formed in the conceptual manner of Model A.

4.3 Discussion

The second solution of van Ballegooijen & Martens (1990) for the formation of axial
fields with the observed direction was based on thve observation that for small By, the
subsurface sections of the arcade are sheared to 'ﬂave the correct axial component.
M‘odels-, such as that of Priest, van Ballegoc;ijen, & Mackay (1996). are based on thié
mechanism. In the preparation phase of their model, the sheared arcades would b’e.
expected to show axiﬁl cbmp’onénts with the incorrect orientation; however, fhey
argue that the coronal fields intermitteﬁtly relax to a potehtial configuration on a
timesca;de of days according to the tearing mode instability.

In contrast, Model -A' of van Ballegooijen & Martens (1990). produces the cor-
rect axial flelds almost immediately, although the initial field conﬁgurétion of active
regions is never that of a unifqrm arcade with symmetry along the axis. The argu-
ment that the shear of active regions produces the correct axial fields requires further

investigation into the efficiency with which the initially concentrated flux diffuses out-

ward along the polarity inversion line to form the sorts of unipolar regions between
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which prominences are found. The assumption that. the fields are “line-tied” may
also need deeper cénsidefation. It is apparent that magnetic reconnection takes place
in the solar atmosphere, and is probably a key-mechanism in the evolutior; of the _
largest coronal structures (c.f., Wang & Sheeley 1993, on the ri;gid rotatioﬁ of ‘coronal
holes). Recqnnectioﬁ can ailow Sheé,red ﬁeldé to relax,. which could greatly impact
the progression of Model A. Oﬁ the other hand, reconnection is probably necessary
to éonst.l“uct a pr.omi.nence in the inverse topology (Pneuman 1983; van Ballegooi-
jen & Martens 1989). The question.is ﬁot whether reconnection takes place, but
CoN

~whether it significantly changes the connectivity of the local fields td regions located
far away from the PIL, or allows the coronal fields to relax to their potential state
on thé timescales associated with the formation of filament channels. lActive region '
structures are ’observed, to resist compléte relaxation, sometimes for several solar ro-
tations (i.e., months), so the quesﬁon remains open on how well the axial fields can
be maintained in Model A under solar conditions.

Joy’s Law states that there is a statistical tendency for active regions to ﬂave tilt
angles such that the leading polarity-is closer to the equator than the follovx}ing one.
However, there is a lot of scatter in the distribution of observed tilt angles, and a non-
negligible part o-f‘ the population corresponds to initial angies Bo < 90°. As mentioned
earlier, angles By just under 90° can still lead to correctly orieﬁted axial fields if the
prominences form early ‘enough to freeze the axial direction. The smalll number of

quiescent prominences which are observed to violate the hémispheric rule for axial

direction are predicted to' correspond to the small population of active regions which
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go against Joy’s Law, i.e., which supply initial angles fy too much less than 90°. A
statistical compari_éon‘ of th_e‘se' two populations could be made to test this hypothesis.
Convergely, an éssumption‘ of correlation could be used fo estimate ¢;, the prominence

formation time.
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