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The surface (pholosphere) of the Sun is thmeaded throughout by magnetic felds. Groops of magnetic
fields form magnetic Featumes (of a wide mnge of siees in fux and area) on the sudace whene the Aelds
are directed inlo or cut of the Sun. The aim of 1his thesis is o examine in detail the foor key processes,
emergence, cancellation, frugmeniation and coalescence, which determine the behaviour of small-scale
magnetic features, in the Sun’s pholcephere. 1 identity features in bolh Hinoded™MEL and SOHOWATT full-
disk o enable [or the=e processes to be examined ai the currently =mallesi observable scales and caver an

entire solar cycle.

The emerging event frequency versus Aux distribution, for intranetwork emenging regions to active ne-
gions, is found o follow a power-law distribuiion with index —2.50, which spans neady 7 orders of magni-
tude in flux (10" — 10%% Mx) and 18 orders of magnitude in Frequency. The global mte of fux emergence
is found to be 3.9 2 10* Ma day ™. Since the slope of all emerged Quxes is less than —2 this implies that
most of the new Aux that is Fed inbo the solar atmosphens is from small-scale emeging eveni=. This single
power-law distibution over all emerged Nuses suggests o =cale-Uree dyname, therefone indicating thatl in
addition to dynamo actions in the tachocline producing sunspots, a lurkbulent dynams may act throughoud

|.|'II.' COnyCc |]I.'II'I o

Similary for cancellations 1 fnd a power-low relationship between the hequency of cancellation and
the peak flux lost per cancelling evenl (for eveniz detected in both Hinode/NE] and SOHOSMIDT full-dizk),
with slope —2.10, Again, the process of cancellalion appears to be scale free and the slope is less than -2

indicaling that numerous small-scale Features ame cancelling the majority of Qux on the Sun.

I also e=limate the |'|.1:\-'_]ucn|::,' of all surfmce procoss=es at solar maximum and |]n|:|, 1.3 = JUF. 451 |:|l'-,
403 107 and 3.6 2 10 events per day over the whole solar surface for emergence., cancellation, fragmenta-
ticin and coalescence events, respectively. All the surface processes ane found Lo behave in a similar manper
over all flux scales. The majority of events for all processes cceur in fetures with fux below 10™ M,

which highlights the dynamic mature of the magnetic carpet.

eing BOHOMBT Full-disk daia [ ineestigate the cyclic waciaiion of the 4 key processes thmowghoui
cycle 23, It is found that the mie of emerging evenls, cancellations, fmgmentations and coalescences
varied in anti-phase with the solar cycle by a faclors of 3.4, 3.0, 2.4 and 2.2, mespectively over the cycle.
Mot swiprisingly, themfom, the number of petwork Features detecied throughout the cvele also exhibils
an anti-phase variaticn cver the solar cycle by o factor of 1.9, The mean peak Qux of tmcked small-scale
network, frmgmeniing, coalescing and cancelling Features showed in-phase relaticnships with the solarcycle
l'l:,' factors of 1.4, 1.7, 24 and 1.2, :I'EHPL'I.'l.rI.I.”:". The total lux which s |.'r|.1|:|3-|.'|:| and cancelled 1‘.-3,' =mall-
scale events, varied in anli-phase with the solar cycle, by a factors of 1.9 and 3.2, This is cleady due o the
variation in the r.||.|.r.|'|.'|1-1:|.'-::-l'i:rl'.|-|.':rgjngI and i:unl:u.'“ing events and the (act thal the Aux of individual eme @ing

evienis showed no cyclic varialion.

The resulis in this thesis show that the large-scale solar cycle plays a complex mle in the surfece pro-
cesses leatures undergo. The fact thal the number of ephemermal regions emerging has an anti-phase variation
to the solar cvele has a knock on effect in the number of features which are available to undergo surface
processes. Also decaving active mgions, during more aclive periods, contribube more small-scale feaiures,

with high Hux densily, into the nebwork which has an effect on the suifoce processes.



This work has revealed the significant imporiance of small-scale feabores in the Aux budget through
coniinual emergence and cancellation, plus highlighted how through dynamic surface motions, small-scale

features form the fundamental componenis wilth which the network is developed.
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Chapter 1

Introduction

1.1 The Sun

The Sun is .-Iu:-.l an averge 02V main sequence slar rnidwu_'r' l|'||1.1|.|g|'| its lile at 4.5 hillicn e af ape.
Howewer, whal makes the Sun so distinct from other stars is its close prosimily o the Earth: the mean
dislzmince from Sun to Eath i= 14 10* km.. in |.'|.1n'|r.|uri.-=.-::-n ko the next closest star, Proxima Cenlzard,
which is OL2T million times furher away, The closeness of the Sun allows For unique observations helping

us 1o understand the Sun and other stars in considernble detail.

rllhl\.' HI.II'I i.ﬂ I'I'Iudl.' up -::-I-vu.ri-::-u.-r. IH}'I.'I'!A., s BOCn iI'I nl.'IJI'L I I., I\.J.l.l'l |.1|'1.-.-‘|'|'I|.'|1 I'Ii].ﬂ I:"!-l-ll'll.'l r|I1.1r.|I.'I'|.i|.'!-|. rJ.“h.h

layer will be bricly described belows.

Coun

F roioe pharn ——

LETaa

Figume 1.1z Caoon depicting the layers of the Sun and  =ome  common  so-
lar  sbruciunes, Image Cowrdesy of  SolaScapes, Spece Scienco In=tituie,

hitp:ifarawe spacescience. capEduc ation/Rescurces oo ducatcr CumricolumMaledials B olamscapes’  Fig-

urel . pdil

1.1.1  Interior Strocture

At the centre of the Sun, up o 0.25 solar cadii, is its core. Tempermtune in the comre eaches up o 15 » 10°
K and it is the mosl dense I1.'Ei|.1|'l of the Sun with Jn:n:-.il:.' of 16 = 107 kg m *. The |'|-Ig|'| lemperatare and
pressure in the core provdde ideal conditions o allow nuclear Fusion 1o lake plece. Fusion in the Sun’s come
imolves Hions fusing togelher 1o foom He which meleases vast amounts of energy in the fomm of photons

(ELIW) and nevtrinos. The epergy released in this wast fusion reacior is imnstened from the core up o the
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surface through bwo Fones.

The first is the madiative zone where the energy is transfened without any bulk Aow of materal, since the
region is still very dense (200 kg m™3). The high temperature (8 = LIF — 5 » L0* K in the mdiative zone
mieans all electmns are stipped from atoms. Therefone, encgy is transfemed in the form of pholons which
are conslantly absorbed then re-emitied. In total it akes about 170 thowsand years for pholons Lo tansfer
their energy out of the mdiative @one, during which time the pholons lese significant amounis of energy.

The second wone is the conveclion zone. As the dl:nsil:,' and bemperatore reduce at around (U7 solar radi,
conveclion bocomes the main mechanizm which transfers enengy to the surdace of the Bun. The reduced
temperature here (5« 105 — BR00 K) allews some beavier nuclei 1o caplure electrons. Thus al the base
of the commection rone radiation i= absorbed withoul being re-emitted and so the material at the base of
the convective zone heats and cnpund.'l \'_':lI.I.SiI.'IE it to s, 11 takes abowt 10 d.a}'x For p|a:m'.|u Lo gl Fresm the
botiem 1o the top of the comection zone. As the hol material reaches the surface it rdiates ils encgy as
:|.1n|.iE]1I irakcy SERECE, which then cools and sinks back to the botiom of convection zone, where the Process

is repealed.

440
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Figure 1.2: The abowe image shows the miation mie of the Sun plotled againsl radivs. Below 007 salar
mdii the solar inlerior miates as a =olid body afler which differential rofalion mpidly lakes effect cans-
ing the miation rate 1o vary with boih Ltitede and depth. Image courtesy of Global Oscillation Mebwork
Crrouphitp:fgong. nacoedud

Belween the mdiative zone and the comeection sone is o thin |.u3,-|:|; with o thickness of  0.04 time= the
solar radius, called the tachocline. Below this layer the Sun motates as a solid body (with a moiational pericd
of = i'ﬂduy:'l and above ]l.. in the comection FOANE, differential rolation lakes effect 1= shewern in Figu:n: 1.2
The effect of differential mtation incmeases wntil at the photosphenc level the motation mate s = 25 days al
the euitlor and == 35§ du:,': al the FIJ]L'E. The xl'u.'al']ng af the p]u.'lmu. in the tachocline |:|_'|-'\-|.'|.' between the
uniform rofation of the rediative zone and the differential rolation abowe is belioved o play an importani
role inthe large scale solar dynameo, which i= the mechanizsm thal genenes the Sun’s large-scale magnetic

field.
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1.1.2  Photosphere

The photosphere is the lowest layer of the solar aimosphere and is observed as the solar suface, since
her gaszecus malerial changes from being completely opague 1o parially transparenl. The photosphere is
much thinper than the layers below it, at only abowt 5300 km thick, and has a greatly reduced iemperature
of between 4500 K and &0 K. Throughout the photosphere dynamic motions are observed on all scales,
caused by the overshoot of convection flows from below. Superzranules are the largest sudace manifesiation
of the convection cells. They have an average diameter of between 13-18 Mm (Hagenoare, 200015 and a
l}'pi-:u.| liletime of a few d.a}-x [(%imon and ].i:iE:thn, | G54, f.i\'i.n.g.slun and Omall, 1974 e Rosa and
Toomre, 20041, At the cenlers of these cells are upllonss of ot plasma moving at a iypical speed of 0.3-4.7
km= 1 [l’lu:kull, l'.:'ﬁ:'l-]. When this hot p|:|=r|:|:| reaches the sudace it i= |:||.|.5|'.u.'|:| Ay from the cell center al
a speed of between 0.340.5 km s~ ! to the cooler down-Aow regions at the edges of the supergranu lar cells,
whene it de=cends into the convection zone al a .".pn:-l.'d ol 0. 1-0.2 km = 1 [Eimun and ].i:iE]1I|.1n, J":'fln'l:l.

Conveciion in the pholoaphers can also ke seen in smaller cells knowen o= grmnules. Thess ame about 10
times smaller than supergranules with a diameter of less than 1400 km (Lang, 22X They are alzo muach
shorter lived and only last = & minotes (Bahng and Schware=child, 1961). Qiven theic size it is estimated
that there am moughly | million grnules on the Sun al any one time (Priest, 1982), Supergrmnules and
granules can be seen by observing Doppler shifis, cavsed by phobespheric maieral in moiion, in spectral
lines. An example of a dopplergmom from 3O0HOMAL is seen in Figure 1.3 The light and dark regions

show maleral which is moving towards and away, respectively.

Figure 1.3: A full-disk depplegmm from SOHIVADT in which supergminule cells can be seen. A doppler-
gram, such as thiz one from the B0HO spacecmafl, shows molions on the Sun's surface with areas moving

toward us appearing dark, and areas moving away, bright. Image courtesy of SOHOMIT] (ESAMASA)

Ma.g.n-uli.-: p|'||.' nomena are also |'|i.3.|'.||3,r evident in the F\huluxphu:n:. Mugnul]: Aux tubes E.IL'I.'II.'I'.J.lL'd. in the
solar interior rise through the photosphers and into the atmosphens. Fool-poinis of these Aux tubes ane visi-
blein muignelogrims of the Fh:)h:ﬁphi:lr as white l:'p-::-sili.h:'l and black fr.u.'gul]ﬂ."l rl.'l:lE,nCl.iC features cuvu:rinE
a wide mnge of scales from active regions (o few limes 1% M=) dovern 1o the smallest intmnetwork ([
features (10" Mx). The magnetic Features that 1 will be studying ane visible in magnetograms such as those
from Kitt Peak, the Michelson Doppler Imager (M) aboard SOHO (Schermer et al., 1995 (Figure 1415
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and thoee derivied from the Stokes | and YV pammeters fom the Narosrband Filter Imager (MEFL aboard
Hinode (Tsuneta el al, 20081 I will be using boih SOHOMI] and NF] dala ihroughoui this thesis and a
full description of the data is given in Chapter 2.

Figure |.4: These two images of the photosphere of the Bun were obserned simultancously by SOHOM]
in both white light (left) and a magnetogmm (right). In the white light image sunspats can be seen which
comespond o the active negions highlighted in the magnetogram. The wegions cuizide active megions, con-
taining small-scale Mux are known as the quiet-Sun or magnelic carpet. Images courtesy of SOHOWMIT]

(ESAMASA)

Figures | 4left and right show full-dizk white light and magnelogrmm images of the photosphere mken
by SOHIWVMDI, mespectively, Whilst only the sunspols are visible in the white light image, both lage-scale

and small-scale featumes are visible in the magnelogmam.

1.1.3  Chromosphere and Transition Region

Above the rl|'|-::-|.-::-.-'.|.'.\|'||:|1.' is the n'.'|'||1.1n'||.1:-.rl|'u.'n.'. which is about 1500 km thick. ﬁ:-::-mclhing rather .-:.urrlli:-.ing
begins 1o happen thmughoul the chromesphere, which appears to go against the laws of thermodynamics:
the te mperatore at koitom of the chro n'||.1hp|1|.' re mabches |.'.\|'||.1l|.1hrl|'u.' ric lzm poralures, o I-.il.u-.l SR00 K, bul al
the top the temporatume has increased to == 10000 K. Inthe trapsition region above, which is only 200 km
thick, this kemperature incremse continues, bul with a much steeper gradient, reaching empemlurs of up
toa millicn K. Figure 1.5 shows the tempemiume gradient throughout the solar atmosphene. The density i=
also greatly reduced from 200 20 1074 kg m ™ at the base of the convection zone o 10 x 107 kg m™ 3 at

the bottom of the transition region. On reaching the comna the density is = 1= 10712 kg m 3.

The presence of magnetic fclds in the chrmomesphene and transition megion, resulls in a highly non-
uniform medium which produces many interesting features such as spicules, Gbrils, chromospheric net-
wortk and solar prominences, all of which can ke seen in Figure 1.1 and Figure 1.6, Chromospheric and
transiticnal regicn dynamics can be seen cleady through a mnge of spectial lines including Ca 11 {e.g. SOT

aboard Hincede), Ha (e.g. Big Bear Solar Observatory) and He 1 {eg. Mauna Loa Bolar Obserealory).
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Figure 1.5: This plot zhows the tempemiune against height in the solar atmesphere. A dramatic increase in
temperature ocewrs bebween the convection zone and corona ina layer called the transiticn region.

Figure 1.6 Images of the chromosphere as observed by the Solar Optical Telescope aboard Hincde., The
left Agure showes a sunspol on the disk and the right image shows spicules protruding from the limb of
the Jun, a small sunspot (datk spct on the disk) and & prominence (horizontal filamentany structure) bodh

ohserved in the Ca 1 H line at 327 A. These image= highlight the complex configuriions that are created
by the magnelic fields on the Sun. Both images courtesy of Hinode JAXANASA

1.1.4 Corona

The comna is the oulermosl Feut of the salar ulrr.r::-sp]1c|.1:. ."-l:ll‘linE at 7= 2 Mm aboens the surface and ex-
tending all the way to the Earth and boyond ok interplanctary spoece. It is also the hotlest part of the
:llmuxphl.':rt with lemperalores in the inner corona |unEinE belween 1 million K o in excess of 10 million
K. The sowrce of the heat is the Poynling Aux injected by the convective motions moving the magnetic Geld
that thremls through the pholosphere, with the enegy being siomed in the magnetic Aeld. What is unknown
is the mechanism by which this energy is released into the upper atmesphere. This i= ofien refemed o as the
comnal heating problem. The problem of the hot comna iz one of the meost discussed topics of the Sun and
two main healing mechanisms have been proposed: reconnection (e.g. Stoereck 1999; Hudson 19491 ; Pries)
and Forkes 20000 and wove heating (eog. Alhay and White 1978; Abdelatif 1987 Assis and Busnardo-Mielo
1987 Davila 1987: Einaudi and Mok 19871, with the likelihood that both mechanisms contribute.

The cormomna shines through visible sunlight being scatiorsd by electons (K comna)l o dust particles
i(FF corona) in interplanetary space, bul due 1o it being much f@inter than the loyers below it can only be
observed in white light at cclipses cr by using a comonagraph (Figure L7 left). The strcthure of the comna
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Figure 1.7 MAbooe left is a SOHOTASCO O3 white light image of a luge coronal mass ejection (CME)
and rght a SOHVELT image at 17 1A showing the solar corona al a temperaturs of about | million K. Both
images couresy of SOHO (ESAMASA)

is |'|i1.'|1|3.' vitriable l|'||'--|.|g|'|--|.|l the solar q.':.-'n.'|-|.' E"--l'--nul.'lur\l'l imugun’- cf the corona near the solar minimum
reveils large radially extended struciures, known as streamens, straddling the equator, whilst the poles are
n.'|uLi1.'q.'|:.-' dim. Armwnd the solar maximom, the |;||l_-._---;._-:||.._- slructure of the corma becomes much meore

complex with streamers extending mdially in all directions

Because of the fempermiume of the corona, it mdiates mosl of s energy at X-may and EUY wavelengths
and can be viewed vsing instruments such as SOHOVELT and TRACTE. EINY and X-Ray ohservations show
bright complex active regions. These highly dynamic active region Aelds can produce large-scale encrgetic
evenls such as CME's and flares. Small-scale hot fexlures known as X-my bright poinis ame alss seen.
These ensgetic evenls woonfigure stressed magnetic fields o lower enegy slales, releasing ensigy in the
process. Ouiside these bright megions are dark regions. These are known as comnal boles where Geld
exlends radially, Cuizide coronal holes and active regions, theme ane also dim regions conlaining quisi-Sun
fizlds. The corcnal emision varies l|'||'--|.|g|'|n.'-ul the solar q.':.-'n_'||.' |L'-J|.|-\.'in3 al boith }n'..-lu:.-' and EUV wave |q.'nl.'l|1.~'-

by a factor of 100 and 2, espectively, between solar maximum and minimom

1.2 Magnetic Activity on the Sun

The eyelic behavicur of the Sun was discovered in 1843 (Schwabe, 1843 but it was nol until magnelic
fields were fust detected in sunspois in 1908 by Hale ( 19%05), that the cyclic varation was linked to magnetic
ficlds. The solar magnetic cycle goes though two global eld maxima'minima. Belween these the polarity
al the poles meverses and cnly when the magnelic feld ks retomed 10 iz odginal poladty is the opcle
complele. The 22 year magnetic cycle plays a pivolal mle in the evolution of the active Sun, indeed the
Il wear sunspot cycle is a consequence of il as well as the periodic vadation in the number of lage-scale
features, such as Hares, CME"s and prominences. It is now known that magnetic fields, which ane anchoned
in the phodospher: and extend oul io the corom and beyond, are the principal reason for the varded slructure

in the solar atmospher, on both lage and small scales,

The existence of the solar magnelic felds in the solar atmesphere indicates the presence of dynamo
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miechanisms below the surface. The ongin of large-scale Aelds bas been studied extensively and they are
muost likely the preduct of @ global dynamo active at the comvection zone in the tachocline (Mollat, 1973).
The crigin of the magnetic carpet has =il to be fully wnderstood. Tt is weclear if thers is just one dynamo
process acting on all scales, as recenily suggested From obserwtions (Pamell et al., 20087, or whether
there is a separate small-scale turbulent dyname (Mepeguexi and Powguet, 1989:; Dumey et al., [%93; Lin,
1995; Tobias, 2002 ), producing small-scale felds, just below the photosphens. This question is investigated
further in Chapter 5.

Throughout this thesis, | will use pholospheric magnelogmm obsenalions (o investigate magnetic felds
in the phoiospher. In magnetograms, the foot-paints of the Gelds can ke seen as magnetic lux Features
over a wide mnge of luxes from 10" — 103 Mx. They are known to underge 4 processes: ememzence,
frugmentation, coalescence and cancellation (Livi 1 al., 1985; Schrijver et al., 19971, Emegence s the
prooess by which new flux amives in the pholosphere frem the comeection sone below. In obserations of
the pholcsphere emergence is identified by the appeamnce of bipolar lux fealures, or a cluster of negative
flux and a cluster of positive flux, which will increase in flux and grewe in @rea as the Aux ube emerzes.
There is no iypical size for the emenging bipoles, mither il has been found ihai they are part of a continuous
spectum of Auxes From 1009 Mx to 107 Mx (Hagenaar et al., 20031

The other three processes can cocur anytime after the emergence of the featunes (Livi et al., 19851 Frag-
mentation invalves the splitting of a single, large leature inte two or mere smaller features WV eabec, 1971
Smithson, L9731 The converse of thiz is coalescence, where two or more like-polarity feaunes coalesce 1o
from a single, langer lfeatore (Yrmbec, 1974; Martin, 1988, Cancellaticn of Aux cccurs when o opposile-
polarity Features come into clese proximity, leading o Qux decreasing through either submergence below
the photosphere or by lifting of a closed magnetic loop into the corona (Livi el al., 19853 Depending on
the initial lux of cach feature, partial or full removal of the fealumes coours, Like emengence, the other pro-
cesses occur over a conlinoum of luses. When studying the magnetic field in the phoicaphers the Features
are generally split inio two categories: active regions (= 10°" Mx) or guiet regions [ 107 Mx), sccording
to their Hux. The following twe seclions describe both types of fealures paying parlicular atlention o the

quizt-Sun as these featunes are the main subject of this thesis.

1.2.1 Active Regions

Active regions ame the lagest manifestations of magpetic Hux on the =olar sucface and the longest lived
with a lifetime of days 1o months (Sclanki, 2003). They conlain a multilode of magnetic features over a
range of luxes from 0™ Mx and above, with the largest foatures, sumspots, typically having Aux of 1022
M= (Harvey, 1993, In white light images of the photcaphers sunspols appear dark againsi the background
(e.g. Figure 1.4, This is doe o the fact they ame about 2000 K cooler than their surmounding=, as thelr
concenlmbed strong magnetic field mesticls the comeection of heat from below the pholosphere. Active
regions have o complex magnetic stucture and are very dynamic which is the reason why they are often
macciated with Hares and CME's.

Active region Hux is susi@ined through the emergence of sunspois which are bearvily infuenced by the

global magnetic ovele (7222 yeur). The sunspod cvcle is hall of the global magnetic cycle at 7211 years and
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Figure 1.3: & graph of the Sunspot number index versus dale. Three historical moomstructions ane shoawn:
the monihly sunspot number (orangel, and yearly sunspot number (red), and the Group sunspot number
i(klue) (genemlly deemed o more reliable reconstruction between LGL0 1o 17500, Image courtesy of Paul
Charkonnean, Physics Dept. Universite de Monineal

defined as the reversal of the palarity of the leading spot in an aclive megion. Esch sunspot cycle follows the
rise and fall of large-scale activity on the 8un as shown in Figure 1.8, The 11 year sunspot oycle is clearly
evident here. One Feature 1o nobte is the period between 1645 and 1715 where pruclically no sunspois
wee chserved, known as the Mawnder Minimum which coincided with a mini ice age on Earth. Like the
magnetic cycle the sunspot cycle can vary in both length and amplitede. The emegence of sunspois, on the
photesphere primarily ocours in two bands, one in each bemizphers. Al the beginning of the sunspot cycle
{zalar minimom), aclive regicns appear al £45 degree= latitude but as the cyvele progresses 1o maximuom,
the amas of new emegence migmite loward the equator reaching £15 degrees. The emergence mte of
active regions Is 8 times greater at the =olar maximum than al the minimom (Harvey and Zaaan, 15993),
The orientation of the active regions is also very systematic and the majorily follow Hale™s polarity L.
This law =iates that al any given time, the leading poladly of sunspols in aclive megions, in the directicn
of rolalion (east to west), will be the =ame in the nothemf=outhem hemisphere, but opposite to that of the
southern/morthem hemisphere.

The |:||.'1.'|.'||.1|.-.-n'||.' nt ol a su nspeyl in the |.'.\h|.1L|.1hrl|'u.' re can lake un:,-'wh.' re From a few hours 1o severml du.:,-'.-:.
(Fwaan, 1978; Bolanki, 20031 The emergence process of active regions is very dynamic and commenly
coalescence and cancellation are seen 1o occur wilhin the emerging megion (Vmbec, 1974; Solanki, 20603;
Handy and Schrijver, 2K ILis thought that the thick lux tubes associabed with the sunspols ane composed
of a number of thin Aux tibes. For some mason in the convection sone the thick tube splits into smaller
bundles of wubes which rise separalely but coalesce back into the lage Qux twhes once they ane on the

surface ( Vabec, 1974; Solanki, 20037

.Iﬁl.lll'llﬂl.lt."l'l cancellaticn and EMErgenos A l_'r'rlin.' E] "_'r' l|'|-::-ul.'|1l = |.1r.|p|.1:q.ih.' processes, ll'u.':.- can both occur in
an emerging aclive rogion due to the presence of U-loops (van Diel-Gesetelyi et al., 20000 The emergence
of fux genemlly occwrs due to $2-loops dising From the convection zone, [-loops have essentially the

opposile configuraticn to [-leops Le, their fool-points will appear as magpetic fealumes in the pholosphere
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but the Aux lube will ke concave below the photosphere. 11 is thought that U-loops occur when bwo 8-
loops emenge ingeiher which are connected by the sime tomidal Aux twhe or through comeection zone
reconnection kebween opposite-polarity foot-poinis of neighbouring £2-loops (Brovwer and fwaaan, [0
van Diriel-Oeszbelyi et al., 19492). Eventually the concave pari rises causing iwo fooi-points of the U-loop

to cancel.

The decay of the aclive regions can begin before they are Fully emerged (Mclntosh, 19811, Langely the
decay of an active region ocours around the border, where small magnetic fealures Ffmgment from the Tager
source and move rmdially oubwards al speeds of vpto | km s ! (Shecley, 19499; Brickhouse and Lakbonte,
1988; Wang and Firin, 19923, 1i has been estimated that this mdial flow of small scale Featunes mmoves up
to 5o 100 Mx he ! from an active region (fwamn, 1974; Livi etal., 19855

As they decay Aux From sunspots slowly disperses inko the sunounding regions and their Aux is either
transporied pole-wards or equator-wards via mecidional Jows, Also during the decay phase, as well as
d]xp-uming into the xull‘-c:-und]ng ficld, the -::-pp-c:-:ill.'-p::-hl:]l_'.r compaonents move apart (Fwaan, 1978 The
flux which is tansporied pole-wards is of opposile polarity o the curent polarity of the Qux at the pole,
thus upon memching the polar Aux it ultiimately cancels it, cavzing @ everse in polarity. The Aux which is
transporied equator-wards is of opposile polaritly o the aclive region Qux appreaching the equator from the

other hemisphere and these uxes also cancel.

.22 Quiet-S5un

Small-scale rn:lEni:lii: Features wene fimst obszrved in ]1ig|.'|-rl.':|.1]|.1li-::-n magnelogrims in the I.'HI.']}' L8 s
i Beckers and Schrober, 1968; Harvey, 197 1; Dunn and Fdeer, 1973 Sienflo, 1973; Livingston amd Hareey,
1975%; Smitheon, 19751 These obsorvations revealed that there was a small-scale misL‘d-pulu:’il}- companenl
of magnetic ficld ubiquitously outside active regions. Over time the imporance of small-scale fetures, in
the strmiciure and .".uﬂu.in]ng of the mag netic carpel, has become apparent. When small-scale featues were
furst discovemed it was thoought that they were just the remnanis of active regions, dispersed by dilfenzniial
rolation and comeection (Bumba and Howard, 194653, but it was soon discovered thal the quict-Sun was
sustained by ephememl regions (Harvey and Matin, 1973 Harasy ot al., 19751, Over the yoars obserations
of the pholosphere have continued to improve and this has revealed Aux Features, and the emegence of Aux
features, on continvally reducing scales. Initially it was assumed thal outside lage sunspots and plage
regions there was practically no magnetic field. Bubsequent analysis over the years has nevealed this =mall-

scale magnetic component may contain a large fmaction of the Sun’s magnetic flux,

{(Quiet-Sun magnetic features have flux in the mange of a few times 10" — 10™ Mx and can be divided
inbe intranetweork (1M, metwork and ephememl regions (Livingston and Harasy, 1975; Zcin, 1957; Hareey,
1993 Keller et al., [994; Wang et al, 1995), These fmtunes and their properties are discussed fully below.,
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1221 Meltwork Fealures

Metwork fealures were the Grel feabures b be observed in the quizgi-Sun (8imon and Leighion, 1964, Shee-
lew, 1966; Howaud, 19673 Their feld extends out into the solar atmosphere producing a “network” of
conneciions thal (practically] intedink= all magnetic features. The Aux in petwork Features mnges beiween
= 10" — 10%" Mx (Martin, 1988; Wang ot al.. 1995; Hagenaar et al., 19991, Spatially the featunes have
tvpical diameters between 10° — 10* km and typical areas of few tens of Mm® (Ramsey et al., 1977; Wang
elal., 1995 Wang, [988; Meunier, 2005, In the pholosphene, the network is observed to be comprised of
mixed pu]u.ril:,' Features which meside in sl.l.pn:rgl.anulal: lanes and at verlices (8ch rijw:r el al, 194971 Thus, al
any one lime the network covers between 15-2005 of the surface (Foukal <t al., 1991}, correponding o 10%3

l-[:l. il.'l &l I{H.CL' nIJI-

The magneiic network is susimined by ephemer regions, decaying active regions and the coalescence
of IN fields (Martin, | 985; Schrijver et al., 19975 A previous estimabe of the imporance of cach of these
componenis found that almest %1% of the network was the me=idual of emeging bipolar regions (Ffrom
ephememl regions vp o active megions) with the remaining 10% coming from IM features and decaying

active |.1:3,i-::-n: (M arting 19907

The network feld evolves on supergranular time scales with the features continually undergoing Fmg-
mientalion, coalescence and cancellation, with clher nebwerk, [M and ephemerml region Featvres (Martin,
19881, The lifetime of netwodk Features is iypically about a Few bowrs to a few days (Wang et al., 193%; Liu

el al., 19943 The movemnent of network features is relatively slow with an averge velocity of 0.06 km s~

(Firin, 1985).

1,222  Iniranctwork Fealores

In 1975 magnelogrmm observations of the photosphene mevealed mixed-polarity small-scale features, jus
abcane resclulion and inside supergmnular cells (Livingston and Harvey, 1975; Smithson, 1975), These
features became known as intrmnetwork fields and are the smallest and weakesl of the guict-Sun Features
with fux in the mnge of a few times 10'%- 4 few times 10'%Mx and diameters tvpically Jess than | Mm
(Harvey, 1977; Livi et al., 1985; Zicin, 1985, | 987, Martin, [988; Wang, 1988; Wang et al., 1995; Titls and
Schrijver, 1998), With a Few limes 107 Mx Feing the lower bound with cumrent chservational resalution (it

is likely, with improved insirumental rescluiion, that there are even smaller concentrations].

Generally observations have revealed that the emegence of TN Featumes bends to cccur as clusters of
mized-polarily Features moving mdially From a localised emergence centre, inside a supergranular cell
(Firin, 1985, Marin, 1%938; Wang et al, 19951, But there lave also been observational examples showing
the emergence of [N bipolar pmims which behave like ephemeral megions (Zicdn, 1985; Wang et al., 15495),
This has mised the question of whether oo not IN lemtwmes ane a continuation of ephemeral regions down o
smaller scales. This is one of the topics which will be investigated in this thesis and is discussed in Chapler
h

Alter emergence the motions of 1M fields are driven by gmnular and supergmonular Aows, which sweep
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IM features 1o verlices and boundaries where they become part of the network (Parker, 1963; Zhang et al.,
1998b). IM features move more mpidly than network features ot a typical speed of 0,25 2.0 km s~ (Zicin,
1985; Keller et al., 1994; Wang et al., 1995 de Wijn et al., 20083, They ame wery dynamic and continuously
metge and cancel with both netwodk and other IN features (Livi et al., 1985, Wang <t al., 19955, Toe io

their =mall Aux content, IM concentmtions tend 10 vary on granular timescales and thus kave lifetimes of

minuies to hours [?_'han.g, et al, 199985; de 'W]_-ln el al., 20080

Ewen though IN fields ame intrinsically weak, their dynamic naiune and vhiquitous distribution suggest
that they proaide @ valuable conbribution to the odal solar magnetic lus budget (Socas-Navarm and Sinchez
Almeida, 20021 Indeed, it s thought that as much as [P Mx, which is = 20%. of the tial Qux in quiei-
Hun, is in form of [M elemenis @t any given time (Wang et al., 1995) To maintain this level of Qux 1079 Pl

dary U st ke emenging (and cancelling) in the photosphere (Zirin, 1935; Wang o al., 1995),

With the mosolution capabilifies of instumenis ever increasing, there is still considerable interest in
um:h.'r:landin.l_: the c:-l'i.._e.in and behavicur of I'I'Ji]EI'II.'l]I: Fields, inClLI.d.iI.'IE dl:lCL'mi.ninE the size of the smalles
magnelic features on the Sun (Domingues Cordenia et al, 2003 Sinchee Almeida o al., 2003; Sccas-
Maraure et al., 2004 Manso Sainz et al., 2004; Khomenkeo et al., 2005; Dominguer Cerdena el al., 2006k, a;
Harvey et al., 20007; Sdnches Almeida, 2007; Orogeo Sudree et al., 2008; Lites et al., 20083 To date there
is oo indicaticn that the IN features have any sort of variation thmoughout the solar magnetic oycle.

1.2.2.3 Ephemeral Regions

Ephememl mgions ars small bipolar regions which emerge preferentially near supergranular Foundaries
[WunE, L&A, ]1=|1'u:,', 199375, The initial .".l:pu:mli-::-n belween the uppuxill:-puluril}' Flll.':ljﬂi is in the raAnge al
2-9 Mm (Marlin ard Hareey, 1979 Chae et al., 2001; Hagenaar, 20011, They typically have Aux in the
range of L0 — 1P Mx [Harvey and Martin, 1973; Harvey et al., 1975; Harvew, 1993; Chae el al_, 2K
Hagenoar, 2001 ; Hagenaar el al., 20033, with total arcas From 105 10E's Pm= {Hareey and hartin, 19730

After emergence mosl bipoles initially mowve apart mpidly in opposite directions with velocities of any-
where in the range 0.1-5 km s, slowing down as the opposite-polariiy features move apart (Harvey and
Martin, 1973; Bom, 1974; Firn, [955; Chou and Wang, 1987; Barth and Livi, 19905, It is still voclear as
to what drives this separtion and both the mechanisms of bucymney and the supergrmnale hovizonial Ao
driving the Foot-points of the lux tube apart have been proposed (Zicin, 1985; Choo and Wang, 19871 Noie,
hovwever, thal not all uppuxill:-pulu:ril}' features of eme @ing hip-c:-lL's. sepaarabe. 5rn:||||:|'|:l]p|.1|.-|.': with less lux
oflen stay at & conslant separation through their life (Zirin, 1985). During the emergence phase the borders
of exch Fu]l.' 1.':||.pu.|:||:| atamleol 2.3 km s 1 []'|ag|.' N=1AT, Eﬂ:]l], whil=l the lux in each pu]l.' increases al a rake
of between 2-300 = 1015 Kx (Harvey, 1993; Chae et al., 2001; Hagenaar, 20011, As they ane moving apart
the Nux Features deifl towards the boundaries and verices of SUpeETE ranular cells, oflen l'Lug.mn:nlinE :||-::-|.'|E
the way due o granular convection (Simon et al., 20000, When the Features reach the network they lose
their idl.'nl]l_'r EE |.'ph|:r.r|.n:|.:|| :n:gi.-::-rﬂ and h-ugi.n their life as networdk features. The lifetime of an tF\hL'mCIT.lJ
region i= defined as the time the opposite-polarnily features can be recognised as a bipole. This is tyrpically a
few hours o a Few days, larger bipoles tend to be recognised For longer (Harvey, 1993; Harey and Martin,
1973 Harvey et al., 1975; Tide, 2XEb; Hagenaar, 200010
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The Frequency of emerzence of ephemeral regions over the entire solar suface is of the orderof 107 - 109
regicns per day (Harvey, 1993; Chae et al, 2001; Hagenaar, ZX1; Hagenaaret al., 2633}, This comesponds
to a Aux emergence rate of between 1022 - 1023 Bx day ~! iHarvey et al., 1975; Harvey, 1993; Title, 200k,
Chae et al., 2001; Hagenaar, 20013 Jimon et al., 2001}, From this fux emergence mte it can be estimated
that the time taken 1o reoycle all the quict-Sun flux on the 3un must be of the order of a few hours (Hagenoar
el al., HH03; Close et al, 20055 The small-scale IN Aux emegence mie estimated is slightly higher than
this at 1.1 = 10% Mx day I over whole solar suface (Martiner Oonzriler and Bellot Robio, 20085, fAx
this is for features of mean Aux 0.1 2 10'% Mx, this would imply that =107 small-scale emenging Features
appear mach day (Marines Gonraler and Bellot Bubico, 2000597,

Ephemeral mgions do not share sunspol’s inclination to emerge with a prefered orientation or latitnde
(Harvey and Mardin, 1973; Hagenaar, 2611, Also mther than incmease in number at solar maximum the
opposite effect has been found with the number of ephemeral mgions decreasing between minimom and

maximum by a Gctor of sbout 2 (Marin and Harvey, 1979, Marin, 1985; Hagenaar et al., 2003

A pumber of investigations have been done o fnd the melationship between 1IN emerging regions,
ephememl regions and active megions (Hagenaar, 20001; Hagenaar et al., 2003 OF padicular interesl is
the emergence Nequency, Aux emergence e, odentalion and varation of emergence cver the solar cyele.
Unlike active regions, ephemeral regions and small-scale IN emerging regions have been found o havee ne
prefened orientation (Harvey and Madtin, 1973, Hagenaar, 20001 ; de Wijn et al., 2008). Ephememl megions
also appear 1o vary in anti-phase wilh the solar cycle by a factor of aboul 2 (Martin and Harvey, 1979 Mar-
tin, 198%; Hagenaar et al, 2003, bat it is wnelear if the same s tue for IN emerging events, Delermining

the relationship between Qux Ffeatures of all scales is one of the key aims of this thesis.

1.3 Outline of Thesis

The aim ol this thesis is o investigale further the emengence and behaviourol the currently smallest obser-
able Hux leatwres and 1o fully investigate the behaviour of small-scale features coner an entive solar cvele, In
the introduction questions have already been raised as o the origin of small-scale fields and the relationship
between fealures of dilfercnt Quxes. | aim o answer these guestions plus a few more in the chapters thal

feallowe.

T develop an undersianding of the processes which small-scale lux features undergo, 1 directly analyse
obserations of magnelograms on the swiface of the Sun. Two types of data are vsed, SOHOCMIDT Tull-
disk and MEL/Hincde, which, together, cover solar cvele 23 and have wuving me=aluticns. This allows the
observation of magnetic Qux featwres over nearly 7 orders of magniiude in Qux. The dala seis and thelr
prepamtion are discussed in detail in Chapler 2

['.h:lpll:r 3 foouses on how o extrmct uselul information from the magnekogmm dala sets. Two Feature
identification methods, clumping and downhill and the tacking approach are presented, which are used
throughout the thesis. There are various approaches and sssumptions which have to be made when sepa-

mating Nux Features from beckground noise in the data and when following their evolution throughout time.
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The implicaticns that can arise from these are discussed.

A well as being able to identify Aux Featores, 1 want 1o be able o investigate their origin and the
precess of emergence in the photosphere. Chapler 4 focuses on developing thiee methods of detecting the
emergence of new Hux Features in magnetograms: the Bipols Comparison method, the Tracked Bipalar
method and the Trcked Cluster methed. Three methods are developed to belp ascertain the best approach

of Anding small-scale emerging Hux in magnetograms.

In f']mpl.q:l.'i, [ i.mll:sligu.ll: the results of magnl.'l]l: feature identification, ll'.u:l::i.n._e. and eme rgence detection
using the Hincde/NEI data. This chapter highlight= the sdvaniages of bocking Featumes and the difference
it makes 1o the owlcomes of the emergence detection :l]gu:rill'lms. I alse inw.':li.g.uh.' the Process al the

emergence of [N Aux, o see i it is an extension of ephememl region behaviour down 1o smaller Auxes.

The evalution of Features in Hinede™Fl i= also considered (Chapler 61, 1 have developed algorithms (o
detect the processes of Frmgmentation, coalescence and cancellation. Whilst cancellation has been the focus
of a few studies, there is litle likemture on the processes of fmngmentation and coalesoence especially al

II'I'.H]]I. IIEI.L'I-

Chaplers 7 and & mowe on o imvesligating the vadaticn of small-scale Features, their emengence and
evolulicn, ceer an entite solar cycle vsing SOHOVMDI full-disk data which covers the pericd from the
minimum of eycle 22 up to the current minimum of eycle 23, 1 also compare the re=ulis 1 find for features

observed using SOHOMI o these observed by Hinede™E] in order to Gnd iF there is any relationship
between [N, neiwork and sctive region Aelds.

Fimally, in Chapter 9, using the chamcteristics of the small-scale emeging and cancelling evenis detecied
in both the Hinede™Fl and SOHOWMID] T sstimate the viakility of quist-Sun coronal heating through these

ProCEsses.



Chapter 2

Magnetic Field Data and its Preparation

Throughout this thesis 1 will e using magnetic feld data sets from both the Michelson Doppler Imager
(WMD) aboard the Solar and Helicspheric Observatory (SOHO) and the Marrowband Fillergraph (MFEL
from the Solar Optical Telescope (8017 on-board Hinode. The data sets are prepared in a similar manner
for each chapter 5o, 1o avoid repetition, a thomuegh description of the data seis and their prepacdion is

presented here.

The instruments which provide the data, the data seis themselves and the prepamtion of cach daia set are
described in & 2.1 and § 2.2, with the former focusing on the SOHOPDI data and the lalter considering
the Himode/™EL data.

The last secticn (5 2.3) details Gnding the residual noise estimate of each data set (the Anal reduced noise

alber r.ll'l.1|.'|.'hhiI1E 1, which is an impl.1|1.u.n| Ju unlily and is vsed in the identification of mag natic data.

The aim of this thesis is o stody the evolution of small-scale magnetic Features and their variation over
the solar cycle. | use the Hinode!ME] data for studying the smallest observable quict-5un fealures but,
since Hinode has only been opemiional since 2006, 1 use SOHOMADT 1o study how the small-scale featwre
dynamics vary coner the solar cyvele. The main differences between the MDD full-disk and MFI data, ae
thelr resolulions which affect the sizes of Features identified; small netwodk and IN Features are difficult 1o
identify in full-disk magnetograms as their Aux iz often below the mesideal data noise and their arss ae of
the crder of one MDD pixel. Higher mesoluticn data allows for more detail to be observed in the struciunes of
identified featunes i a single magnetic feature in full-disk magnetogram data may appear as bwo or more
features in higl'n:r resclution data, Helfone any unu|:.-:q.i.-=. is underaken all the data sel= are prl.'pr\-:x'l.'.-:..-:n:d. 8]

enzume wscful and sccwrmte informalion about the magnetic feld is obtained

2.1 Solar and Heliospheric Observatory

The S0OHO satellite (Domings et al., 19945) is a joint Mational Aceronaotics and Space Administation
(MASA) and Eurcpean Space Agency (ESA) project and was launched on December 2Znd 1995, with oper-
alions beginning in April 1996, S0HO continually observes the Sun thmoughout its orbit of the Sun aboud
the Sun-Earth |.u..|:'rungiun l r.vu-lnl e I'I-q.'n.'l-l'-'\.'|_'|: the puinl where the ylu'l.'-lluli-::-n:ﬂ and ucnll'-ll'l.lgu| force ol
the Earth and Sun are balanced) which i= 1.3 = 10% km from the Eath. The three main objeclives ol the
miszion were: [ 1) sludying the solar interior vsing helinseismology, (2) sludying hesting mechanizms of

the solar corona and (3] investigating the solar wind and iis acceleration process, SOHO has cumently boen

14
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in operation for a complete salar cyvele from the minimom of cvele 22 up o the present minimum. This is
a unique cocunence for a satellite and allows an in-depih siudy of the vadation of small-scale Aux Features

throughout the cycle.

There are | 2 instuments on board (Dominges et al., 19995

= Solar interior and surface instniments:

— M iMichelzon Doppler Imager).
— GOLE (Glokal Oscillations at Low Freguencies)

— VIRGO (Variability of Salar Inudiance and Crovity Oscillations ).
= Trmnzition region and coronal instruments:

— EIT (Extreme ultravinolet Imaging Telescope).
- CD8 (Comnal Diagnostic Spectometer),

— SUMER (Solar Uliraviolet Measurements of Emitted Radiation).
- LASOO {Large Angle and Spectmmetric Cormnagraph).

— IWCE (Toaviolel Comnagraph Spectmometer).

= [n-zity zolar wind inzirumenis:

— EWAN (Solar Wind Anizoimopies),
— CELIAS (Charge, Element, and lsclope Analysis Sysbem).
— COSTEP (Comprehensive Suprathermal and Energetic Particle Analyeer),

— ERME (Energetic and Relativistic Muclei and Electron),

This thesi= focuses on the evolution of flux features in the pholcephere, which are the foot-poinis of
mu.;._:nl:Lil: fields. From SOHOY, T vee level 1.5 and 1.8 M dais (Scherner et al., 19959 which has been
exlensively used For studying magnetic fields in the photosphere (Title and Schrijver, 1998; Choce ot al.,
2[:']]; ]'|ag|.' NAAr, E[I:IJ: I[ugl:nau.r ol u]., 2[1]3: Parnell et u]., E[I:F':':l. The instrument ]mugus the Sun l|'||.1.1ug|.'|
polarizing flbers, centered on the Ni [ 7678 Al £190mA) photospheric absomption line, using a 1024 5 1024
p]:u.'] COD comera. MDD can observe at bao spalial resclutions: (1) full-disk which has a 4 arcsecond pi:l:|:|
resolulion (pixel size 2 arcseconds) with a 34 % 34 arcmin feld of view, and (i) high-resolution, which
ha= a 1.25 ancsecond resolution [pi.:u.'l sire (L6235 arceeconds over a 10.5 = 105 arcmin field of view. The
difference in the Doppler shift in the dght and left circulacly polacized light from the i 16768 A line, is
a measure of the Leeman =p|illinE which i= Fu'\-::-p::-rl.iun:l] to the I'I'JuEl.'lL'l]I: Aux d-l.'n:i.l:,r. Since the nmgnl.'l]l:
flux density is just the ling-of-sighl component of the magnetic Aeld avernged over a pixel, ling-of-sighi
magnetograms can be constructed. MDD full-disk magnetograms iypically have a cadence of | minule or

9 minubes.
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2.1.1 MDI Full-D¥isk Preparation

The majority of the daia used in thiz thesiz i= in the form of 2OHOMDT full-disk magnetogrmm sequences.
The impelus oo choosing high-cadence Tull-disk MDI magneiogmams, cver high-resolution MDD magne-
tograms was becaose, initially, | wanted o compare my results o previous esulis by Hagenaar (20001 and
Hagenoer et al. (2060031, The MDUTull-disk daia alse allows the identification of Aux featumes over a lager
number of coders of magnitude than the high-resolution M data, with full-disk MDD providing the higher
end of the scale from 10" Mx up o 10%* Mx (and Hinede extending this down to 10" Mx). High-cadence
dala is required so that =mall features, which may only have lifetimes of the order of tens of minutes, can
be identified and trmcked. All the full-disk data sets vsed hove an criginal cadence of | minute. The long
durmition of the data sets allows for the evolution of lager, longer-lived, fealures to also ke investigated.
Furthermorne, high-cadence, long duwmtion and large Geld of view data prosvides better statistics due o the
large number of letures identified. There are suitable SOHOVKMDT full-disk magnetograms available al
regular intervals coer a compleis solar evele (From between the minimuom of cycle 22023 in December 19556
to the minimum of cycle 23724 in December 20083, These allow a detailed imvesligation of the variation in
many aspecis of small-scale flux features over the lage-scale solar cycle. Table 2.1 shows the year, stari

dale, izt time and duration of exsch of the data sets, used in thi= thesis.

Figure 2.1 shows an example magnetogmm from cach set. The data stars at the solar minimem of cycle
2423 (Pecember 1996) and iellingly the magnetic feld in the data for this year is very quict. The data el
conlinue to bie faidy quiel, with only a few high latitude active regions appearing up uniil December 19959,
where lower lalitude active regions are present as well. This active period continues through to January
2003, where there i= a clear reduction in activity, The sctivity in the northern bemisphere is greatly reduced
for this year, with the scuihem hemisphere remaining active. Between January 2004 0 Febmary 20007 the
activity continues 1o decrease with only a Few decaying active regions in these dala =els. From December
2007 to March 2708 only a few very small active regicns appear. From Oclober 2008 1o the last data sel
taken on December 2008 there are no aclive regions present

Ax 1 am interested in i.dunli.l'}'i.n._e. small-scale fealures in magnelogrmimes whose Hux will often be .-Iu.sl
abcans the noise level, the noise in the data needs to be meduced as much as possible. Thus further processing
Wik upp]i.-l.'d o the=e dula. Al the p|'.|-::-|.-::u.|:||.'||:|1'.-: levsl, Twvish te un:||:,r=|: the radial component al the nmgnl.'l]l:
field. This ensumes that a direct comparison can be made belween the magnetic Aelds of lmtwres From
varicus positions on the surfece. To extmct this from the line-of-sight component observed, all pixels are
multiplied by ——, where 2 is the heliocentiic angle. The assumption bere is that the magnetic feld of all

.-T_.\_||:r_-:| |

com|]

photospheric femtures is mdial. As tends to infinity towards the limb (20 = 905, a heliccentric culodl
Viewgogf = 437 §s chosen. | chose this value after trialing the cutoff values 307, 45, 60, | discounted the
value G0° a5 femtures were difficull 16 tmck towands the limb at this coteff value, The results for feature
identification using a A0 or 45° were very similar but the €, rp = 43° was chosen as the data sels with

this culofl conlained a greater number of features, thus giving betler stalistics.

Prajection effecis (due 10 the curvature of the 3un) are taken into scoount by applying an area comection

to cach pinel. The cormected ama of cach square pixel is then given by:
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[ o=s ] ﬂ,: E
Acia _|I _|| R aan (6. e i
=g, =0,
where R iz the mdius of the Sun, 2; is the co-latitude and @, is the longitude of the pixel. The magnetic
field from each pixel is comered o Aux by muliiplying the criginal signal detected From each pixel by the

comecbed pixel area.
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Figume 2.1: Example magnelograms of the data From each M full-disk data set, with pixe] salumtion £50
Mz em™*. The date of each magnetogram is given at the iop of each plot.
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Satellite instruments are highly wulnermable to cosmic my impects on their debectors, so it is desimble
to reduce their effect as much as possible. In paricular, cosmic rys may hit move than ane pizel and =o
spalial comparizon technigues o spot these pixels do not always work, Cosmic ray effects are remeved by
de=piking images using ‘zspike” (Delorest, 20045, This ideniifes the pixels alfected by coammic my hiis, by
comparing the pisels from the meference frame, temporally (£ n frames, where here n =33, to ird pixels
which have a value which is either unrealistically high or low. These bad pixels are then mplaced with the

miean value of the sunounding good pixels, in the reference frame.

Ter further reduce the spatial noize, From granulation, in the SOHOMDI full-disk data, o Goussian type
smeothing was wsed. The data set was =plit inko bwo sets, cne contalning only positive pisels and the other
conlaining only negalive pizels. The polarities were considered sepamlely, o prevent small-scale bipoles
from dizappearing. Each pixel was smoothed by accounting For the mask of ¢ight pizels suncunding it
Each pixel ez, .8 r!"l_, is smoothed spatially in the following way:

= k0280 R 01280 b B )25

Adter smoothing, the positive and negatlive components were recombined.

MBE,DL‘LIJEI.T.!H‘L"- ame al=o cormected for I|:r|.'|p|.1:|=|. noise, due ko p—m.-::-d.q: cecillalions mudi.l'}-i.ng. the aeig-
nelic field strength along the line-ol-zight and pholon counting statistics, by applying a Guaussian tempoml
ine E: e k . . -
smicaith Ing. Euach pl:l.-l.] 1'[:: il Tig then becomes

:I',‘-’I_I | g[l:n:r:‘_j I:I | gl:i':ll:r'fji_l | glﬂ_l[rﬁ}g}

- L+ 2g(1] + 2g(2) + 2g(3)
where: |
glx) —_— ?
vix

The centre of the Gaussian is the weference frume and the temporl avemge i= over 7 fames (3 forwards, 3
backwards and the centrl Fame). Temporal ovemging and spatial smoothing allows for betber association

of Features bebween Frames as it has the resull of enhancing each magnetic Feature over amea and time,

At this slage the images in cach dala st arc at = | minute cadence. P-modes can affect magnetic Aeld
ohscrvalicns as the F.\l'||.1|.-::-5|:||'.u.'|.'n: s lowards and LR fromus. T ave rage magnelograms covera § minute
cadence o compensale for the effects of p-modes as these have been found 1o have o dominant frequency
al 5 minute=. This is done wsing the header informaltion from each image, o average coner = 5 minules.
Missing images can caunse this o vary mesulting in o cadence of 4-6 minutes. Afler all the conections have
been applied the resultant data sets @re 8- 10 bowrs long with a cadence of 4-6 minute= and cover an area of
445934 103 Mm? per Frame.

Despite the SOHO website stating that all the magnetogrmm data was calibrmbed o level 1.2 01 was dis-
convered that the data 1 obtained was u:lu:|||:,' al two different calibrution levels: level 1.5 for the December
1996-July 1997 and March 2008-Diecembor 2008 dala scis and lewel 1.8.2 For the intermediate dala scts.
Whilst the level 1.8.2 data have :llrl.':l'_:l'_l,l' had 2 d'—'E“-"'-' ol correction for p|a|.-|.' scale, zem offset and .-r.«:n:::il]-.-'ilg,I

elfect=, and the most severe cosmic rays have also been remeved, the level 1.5 data are uncalibrated for
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these effect=. On analysing both levels of data it was clear thal the mean field sirength of the pixels in
the level 1.8_2 dala was considerably higher than those in the level 1.5 data. Thersfore, o comection factor
had 1o be applied to the level 1.5 data. This cormection Factor was applied once all the data seis hal been
processed by the methods abowve. The comection Factor was found by comparing the magnetic feld values
of each dala sel. It was found that a comrection Facior of 1.84 applied to all pisels gave magnetic field values
for the Necember 1996-July 1997 and Manch 2008-December 2008 daia scis which were consisient with
those values fownd For the October 1997-December 2007 data zels.

2.2 Hinode

The Hinode satellite, the suecessor 1o Yohkoh, is a joint collabomtion between the Japanese Acmospace
Exploration Agency's Inslituie of 8poce and Acronaotical Science (ISARIAN A National Acronavtics and
Space Adminiztmtion (MASA, United Siabes) and the Science and Technology Facilities Council (3TFC,
United Kingdom) (Kosugi et al., 26171 It was launched on 22nd September 2006, with the first dola being
made available in April 2007, Hinode arbits the Earth in a quasi-circular sun-synchronous cobit which
allows comlact with o ground station in Morway in neady every obit 1o downlead dula, Hence, obserations
are possible 24 howrs a day For about 8 months of the year Hinede has a mission life = 3 years and (s
principal aim throughouot this time is o wnderstand the ole of how eneey is geneomied in the pholosphere
and how this epengy affects the upper comna and inler-plansiary space. 1t has three packages on board:

= BOIT (Solar Optical Tele=cope), which is a while-light telescope and vector magnetograph, uses po-

larizing optics to measure magnetic fields in the solar phobosphere.

= El% (Extreme Ulimviclet Imaging Specirograph) lakes high-cadence, moncchromalic images of the

tranzition regicn and corona of the Sun.

= XNHET (Solar X-Kay Telescope) is a high-resolution, grxing-incidence telescope with the primary
purpose ol chasrving the gememtion, transport, and emegence of solar magnetic fields, as well as the
ultimale dissipaticn of magnetic energy in forms such as lares and pico-Oares, corcnal heating, and

coronal mass gjections

SO is the telescope vsed for studying photospheric magnetic fields (Tsunela et al., 20083 Tt consists
of two instrumenis: the Optical Telescope Asembly (OTA) and the Focal Flane Package (FPFP). OTA i=
a 50 cm diffmction-limited Cregoran lelescope and the FPP includes the nareovband fillergraph (NFI,
the broadband filkergraph (BFL) and the Stokes Spectmo-Polaimeter (3P, The combined 801 system is
optimized for the accumbe measumement of the veclor magnetic feld in the pholcephene and dynamics of
bioth the photosphers and chomosphere associated with magnetic fields.

T use NFI data as -::-pp:m:d to 8P data since the 3P rasters across the Sun ko Fu'-::-ducl.' i.m.a.g.-l.':, 50 all]1-::-uE]1
its mesolution and the sensitivity are veny good, the cadence is oot high epcugh For backing the evolution
of small-seale feature=. NF] daia i= primarily chosen due to the much higher lemporl rezaluticn. Despite

NF1 data harving a reduction in both spatial resclution and sensitivity, compared with the 5P daia, Features
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with Mlux of order 10 Kx can =1ill be clearly identified. The maximum Geld of view for NFI is 328 = 164
arcsecs with on board pixel rescluiion at (.08 ancsecs, but the data is binned 2x2 before it i= seni to Earh

to give a pixel mezalution of 0. 16 acsecs, as this improves the signal 1o noise mtio.

2.2.1 NFI Data Preparation

The data sequence was obtained on the [%h September 2007 between 1 2:44 1T and 17:43 LT from MFEI,
using the Ma I D resonance line at 5896 A, in the Solar Optical Telescope (30T package aboard Hinode
i Kosugi et al., 20007 Tsuneta el al, 208). The data was originally prepared by Craig DeForest (DelFonesi
el al., HEIW). Line-of-sight high-resclution magneiograms wene decived from the observed Siokes pamme-
ters | and W by At sublmcting the MF] pedesial of 800 digitizer counts from each W, 1 pair. Then, we apply
the comeersion Factor of (Lamb et al., 03}, who used a simultaneous M1 and Hinode data set o calibrate
the Hincde data, and multiply the pixel mtios V71 # by 6555 Mx cm ™=, whene F+ = § —2 3 200, FOMINT.
FOMNINT is taken From the header information and indicales how many images anc integrated, in this case

it is B. Below is a description of the data processing steps.

The original Aeld of view for MEL was reduced because of a mpored glint pear the left hand side (1e-
Fomest et al_, 2009 and due o the presence of air bubhbles in the index-maiching Auid in the tunable Alier
in the upper right hand porion of the image (Ichimobo et al., 20083, The meduced feld of view i= 138 =
O arcsecs (B3 » 600 pixels). The radial component of the magnetic field was extmcied from the magne-

tograms by applying a corneclion o cach pizel, whem 0 s the heliocentric angle. To despike the

image=, and remooe :-::ﬁrr:;ll:ll::q,r hits “z=pike’ (Defonest, 2004 is used to identify bad pinels, which are then
replaced with the mean value of the surmurding good pixels. Further spatial smoothing, applied o educe
instrumental noise, was achieved by applying a 2 pize] FPWHM Cavssian kernel. To reduce the effect of
prmode oscillations images were smoothed tlemporally by applying a 3 mioute FWHM Gaussian weighting
funclion Finally the NF] daia woae decommlved vwsing an MF] point-spread functicn, which was decived by
DeFonest et al. (2009 using NF] observations from the July 2008 eclipse. The resulling data consisted of

200 images with a precise M0 socond codence starling at 12:44 ITT and ending at 17:44 1T

A comparizon of both the magnetic field images in Figure 2.2 neveals thal the high-mesalution MFL data
identifies much smaller featune=, and move of the guict-Sun structure, than the full-disk MD] magnetograms,
The white box in Figune 224 shows the field of view of the NFI data compared o the full-disk M1,

2.3 Residual Data Noise Estimate

In the chaplers that Follow, the daia which is processed here is analysed using various feature identification
programs and other event detection algeadithms. In coder 1o apply the Feature identification programs, an
e=limate of the mmaining noise in the prepared data is requined. Since the methed for delermining noise is
the same in all cases, it is described in detail here.

Ay obecrvalion is subject o both systematic and random enors, those which are known continual enors
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Figure 2.2: Example processed magnetograms from (o) full-disk MDD (white square is the Geld of view of
the prepared NET) and (k) NFIiHinode, both with pixel satwration 230 Mx cm ? Moo these images were
not taken at the sime time.

in all measurements and thoes which are cavsed by unknown or unpredictable changes, nespectively. Inthe
dala discussed in this chapter systematic crrcas can manifest themselves inways such as field dimming due
to active megions, pixel gain enors and ageing of the serscr. Random enors can become present through
mdiation damage of pixels, instrumenial noise and unprediciable change= in emvironmental condition=. The
miethods aboane are dezigned o minimise these emoas and thers effects on featume identificalion and tracking
a= much as possible. Howewer, after preparation the processed daia still has some residual sysiematic effecis

and random errors due 1o the fact that none of the comection techniques are perfect.

T . —
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]_'iEurl.' 3. ]]i.:l.-::-E ram, HiW, of the p]:u.'] Huxes in the pn.'j:au:f_:l Hinede data. A Qaussian, G, is Glked
to the come of the hi.sl.-::-E ram § =olid i, with the centre of the Gaunssian (dashed) and FWHM (dobied] madzed.

Ter fired the residual onise in the daia the first step is 1o plot the hislogram of the distribution of pixel
Muxes (Hz00. By assuming that the core of the distribution conesponds to noise and that it is Oavssian
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iHagenaar el al., 19949, 1 parabaolic At is then applied 1o the central part of the distribution

[

F(ed] = Homuze ¥ 92

The halt-widih half-maximum of the Gavssian, &, i= defined as the signal ermr and is used 1o determine

a minimum threshold in Featwre identification. An example of the histogram (5[40 and the Caussian A

(57 [403) From the ME] data is sheown in Figure 2.3,
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Figure 2.4: Histogram, HiW), of the pixel luxes in the prepared full-disk MDD data from (a) December
19906 and (b Tanvary 2003 . A Cavssian, OO0 is fted to the come of the histogram (solid), with the cenire

of the Qaussian (dashed) and FWHA (dotted) madzed.

The value of o found for the Hinode data was 4 Mx em ™. The valoes of = found for the full-disk
dala are listed in Table 2.1, It can be seen thal the value of & varies 5|]g|‘|l|3,r in phu:l.' with the solar ::,'|:|i:.
This can partly ke explained by Potis and Diver (2008}, who found that the sensitivity of the piscls and
the uniformity of the Aeld of view in the MDD CCT changed ower the solar cycle as a mesolt of mdiation

damage. optics damage and genenl ageing of the instrument. 1t can also be seen that there is an asymmetey
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in Figumes 2.3, 2.4 aland k). This asymmetry s always apparent when plotting the distibution of the pixel
fuzes due to the imbalance of lux on the porion of disk under observation.



Chapter 3

Feature Identification and Tracking

Magnelograms of the photosphere reveal the patchwork natwre of negative and positive polarity magnelic
features om all scales. Analy=is of these features is used o give an insight inlo the dynamics of magnetic
fields in the photosphene. In this thesiz, | analyse magnetograms exiensively, with all the analysis stemming

from magnetic feature identification and magnetic feature bracking.

Feature identificalion in magnelogmms is the process of sepamling oul geonine concentmticns of Aux
(known as flux Features) from the background poise on a fame by frame basis. Featwme bucking is the
prooess of associating magnetic features between iames in order bo follow their evolution, Meither of these
processes has just one approach and, depending on the assumptions made, mesulis can vary, This chapier

de=scribes the fealure identification and tmcking algodthms, which 1 use throughout this thesis.

Small-scale fealume identification has been |.1n1.'-::-inE since the |90 when obserations mevealed thal
the quict-Sun contained a lage amount of the Sun's sudace Aux (Beckers and Schroter, [965; Harvey,
1971; Dunn and Firker, 1973; Stenflo, 1973; Livingston and Harvey, 1975; Smitheon, 19755 Original
observations wore magnetogrmph photographic plates from observatories such as Kit Peak and Mouni
Wilson (Habcock, 1953; ] |ur'."|:_l.-', 19711 .-I'-'inE.-:lun and | |u.n-\.':.'. 197 1) and the unu|3,-'.-=.-lh of the quicl-‘.‘;iun i
bamod arcund defining the small-scale features, their behavicur and discovering theirongins (Marting 15938},
Initially the typical Aux of features analysed was of order 10'% Mx on a length scale of a few hundred km
i Livingsion and Harvey, 1969; Harwey, 1971, As observations improved in sensitivity and resalution, the

.‘ii-l'l.' l!:ll. |.|'II.' ri.'i.lll.lﬂ.'h WI'I-||.I1 \'.'I.1LI|I'_‘I I'\lL I.1|'|.1I.'r'ﬂ.'|J IJL'\'.'I'I.'J.‘H.'IJ. :"ll'll:' i!- p sy l'_‘k:l\'l-'l'l e = I'q.'w |.i|1'||.'!-| I[]IR hl"': [w..ll'lll:'

el al., 1995],

[nitially quict-Bun, small-scale fealumes wore identified manoally (Martin, 1983; Hareey, 1993; Wang
clal., 1995 The PO of featune identification prl::-l.'lt.-a-:n:d o aulomaled methods for o oumber of reasons:
the move from phologmphic plales o digital data, the inemease in the amount of data, and the impetus 1o
upph,' 4 moae -::-|'~_i|:\-:li'."|: unu|_'|-':-.i.-=. ter dada. In pu.rlin.'uh.il'. new salellite instrumenlts For rru.'u.-:.urinE r.l|'|-::-L-::q.-=.p|1-\.'|'-I|.'
magnetic fields, =such as SOHOVMDI (lavnched in 1995), provided obsorvers with o vast quantity of high-
cadence magnelogram ohserwations. The u.d.vunlul.'t.-: ol antomaled identification of fealures, as -::-rlrl-c:-:-.-l.'n:l 8]
manual identification, in data like this is the speed at which a large number of features can be identified, the
uhi"l}r L id.n.'nlil'_'r' structure within Aux fealunes and also id-l.'nlil':.'inll:' weak Qux Features which can be missed
by eye.

The tracking of feaiunes has enabled betler extimates of feature lifetimes to be made and also allowed
the svolution of feaiunes o be followed (DeForest ot al., 2007; Lamb et al_, 2008). This was mosily done

manually until the late %'s, bol the development of avtomated identification metheds, has led 10 auto-

25
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mited trucking algorithms. Automated tmcking methods allow For a mone in depth study into the precesses

uf 5r.r|.a|.|-5¢_'u||: |.-I.'il|.L1I.1.' I.'"¢'I.'I|.I.I.|.i|.'ll.'|.| EI]!IGFL'THI. I.'I[ SI'I.'I:I”-ECH.IL' |.'|u.1 i]l.'ll:' ]1'!3"«‘-" |J1C |'.|IJ]I.'|-\HI.1I'I EIJTl..iJI.'\L' slructure i5

obtained (Schrijver ol al., 1997, Hagermmar et al., 199499,

[Ising data of magnetic feaunes thal have been identified and tmcked Pamell ct al. (20065 found that the
distribulion of all featres identified in observaticns from Hinode/™EL and bath M Cull-disk and high-
resalulion, Follows a power-law over 5 orders of magnitude of lux. These mesulls suggest the presence of a
scale-Nee element in the production of the surface Nux, either in the form of a scale-Free dyname or through

surface processes crealing a scale-free distribulion.

The femture identification and lr.u:kinE melhods vsed on all these data sels are the same and =0 he m, o

prevent repetition, 1 explain these methods in detail.

3.1 Feature Identification

There ame 3 main automated featwre identification algorithms: clumping, dewnhill and curvature. Each
varies in their definition of a flux feature and =0 the mesulls of the algorithms are sensitive o the methods
used and the assumptions made (DelFones=t b al., 2007; Pamell ¢t al., 2% In this thesi= | only wse the
clumping and downhill appreaches which are described below.

The clumping and dewnhill methods were developed by Pamell (2012) and Welsch and Longeope
(200035, mespectively, Hers, | describe the clumping and downhbill algorithmes, which 1 have used, to identify
features. The following steps described in thiz paragmph are the same regardless of the method wsed. The
original data i= split into two cubes, one cube containing only positive pizels and ope cube conlaining cnly
negative pixels. The feature identification i= applied to these cubes sepamtely and then the cubes ane ne-
combined after the algorithm is complete. The features ane identified in each single-polarity fame in bom
and Figure 3.1 a shows an example Frame, of size (x,y) (where =,y are the = and y size= of the criginal anay,
respeclively), conlaining only positive piacls. Belone featumes can be identified, ghost-cells (of value sem)
necd oy ke added arund the fame, increasing it to size (x+29+2) (Figure 3. 1B). Thiz allows for a mask
of B pixels 1o be placed arcund any pizel in the criginal part of the fnme, containing the data. Each pixel
which iz below the cutod iz el to zem, wheme the culoff i= o (where m ? and 7 iz determined From
the processed data in Chapter 23 The remaining = non-eero pizels am moked in descending order, with
cmch pizel being given a vnigue integer lubel according o ils position in the mnked list e integer amy
[rme — 1.2 1], with n comesponding 1o the highest value pizel, m — 1 o the second highest pizel and =0
on with | being given 1o the lowest mnking pizel. This is shown in Figue 3. 1c. The remaining pixels are
now ready o be gowped into featlures, Featwies are found by leoping through coch pixel in descending
order and crealing & mask of cight pixels amound them, as seen in Figure 3.1d. The value of the central
pixel is then compared to the cther cight pixels in the mask. IT the cential pizel is the lagest value then i
label is unicwched, however if ome of the sunounding ¢ight pixels has a larger wilue then the centml pixel
is melabeled with the luger valoe label (Figures 3. 1e and 200, Once this process has been completed for
eviery pixel in order singly peaked features will have been identified as shown in Figures 3. 23 and 330
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Figure 3.1: Canoons illustmling the steps of downhill and clumping feature identification, as applicd to a
single frame, (a) Initially two cubes of single polarity data are created Le o create the positive cube all the
negalive polarily pixels ans set o womo. (b Then ghost cells, of value sero, are placed arund the original
data, () To identily the features, each pizel is listed in descending order and given a wnique integer label
acconding ko its position in the list (the higher the pixel value the bigger the integer labell. Once the pixels
are in descending order o mask is placed over cach pizel In order (from highe=t 1o lowesl), covering the
pizel and the cight surmunding it. The cential lakel is compared o those surnoanding it (d-0. 15 it is the
largest then its label remains the same (d), but if ope of the surmounding pixels has a larger valoe then the
centrl pixel takes that label too (o0 Thiz process Is mpeated For all non-eero pixels,

This i= the stage whore the two algorithms diverge. Al this point the features which have been identified
are conliguous same-sign pixels with Qux abowe a lower cutoff, that are singly peaked (ie. as Figune 3.3
shows), which is the definition of 2 downhill feators. This method is called ‘desnhill” because cach feature
only hoe a zingle maximum in absolute Aux and all pizels decreaze in absolute walue (Aow downhill) as
you bead away from a lecal maximum. Consequently the features idenlified by the downhill approach are
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known as lux poaks.
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Figure 3.2 (a) Data aller the steps in Figure 3.1 are completed and dowwenhill features (Hux peaks) have been
identified. In crder to identify the clumping Features (flux massifs) the steps from Figune 3.1(d-) mus=t be
repealed until none of the non-rems pizels change their labels when the mask i= placed upon them.

In order 1o fAnd the feaiumes, known as Qux massifs, identified by clumping, all features which have non-
zaro labels adjacent 1o one another need to be given the same lakel. This is achieved by applying the cighi
pizel mask o all non-zeo pixels again, changing the value of the pixels if there is a lager pixel value in
thi mask. This is repeated wnlil no pizels change their value. The result i= groups of =ame sign contiguous
pizels, with Aux above the lower culodl, which share @ vnigue lakel as shown in Figures 3.2b and 3.3k,
These Hux mazsifs may ke multiply peaked, bul do not haee o be.
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Figure 33 Canoons illustrating how featues are identified using each method: (@) the downhill methed
segmenls the ﬂngl-l.' flux massif inke three Qux plmkx m.'p.ululr\d al the saddle p-::-i nls. (b lthe n'_']|.1rr.|ping muzthed
identifios one |=|g|.' Aux moesif above the thre=hold (=1} the curvature method identifies the comes of the three
pr.:l::x abcoe the threshold.

Oince all the features in the positive and negative data are identified, the ghest cells are removed and the
F.uxi.li'l.'l.' and r.u.'gul]'n: cubes are recombined. [.rsing the =ame i::tumpl-l.' frames as thal in Figu:l: 2.2, the fea-
tures found wsing koth the clumping and downhill methods hore been coloumred, in the MEL (Figurne 3.4 jand
full-disk datm (Figure 351 An additional example has alss been prvided for the full-disk daia in Fig-

ure 3.5, which coniains an active region to highlight the differcnces between the clumping and downhill
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methods.

Like the downhill method, the curmture method identifies the demiled stciure of photospheric mag-
nelic Features, However, the downhill appreach is wsed here because, unlike corvalure, no comection factor
is required to determine the luxes For the photespheric Aux featunes. The difference essentially belween

the clumping and downhill methods is that flux peaks are Qux massils divided along theie saddle-lines.

After the downbill and clumping Feature identification i= applied to the data sels, amea Aliering i= applied.
When wur]-flng with data cunlu]ni.n._e. Features with ﬂu.:i:sjuﬂ aboone the residual data aoise. it is uselul o
reject small-features, because the likelihood of False positives is much greater. A minimum area value of
4 pi.'l:i:|5 is defined which is C\\'.]I.Li".'u.ll.'ﬂl. tex OIS fl.'!m:J for the Hinode?!NF] and between 7.84-11.08 fl.'!m:J
idepending on the position on the disk) for the DI full-disk data at disk centre. A lifetime critecia is al=o

:lppﬁl.'d. alber Feature association, which is discussed in the next section.

fad

Figure 3.4: {a) Flux massils identified vsing the clumping methed and (k) Qux peaks identified vzing the
downhill method in the same MF] example frame as in Figure 2.2b, taken on the 19th Seplember 2007 i
12:52: 14 1T, The blues and magenla colours are the negative Features, whilst the reds and velloaws are the
positive Features. The background pixels have been saturated ot £+ 30 Mx em™ %

(Onice the features are identified their chamcteristics are found: Hox, area and centre of Aux (a3 Qux
wwighicd cenbre equivalent 1o the centre of mass). From Figure 3.3, 0t is obvioos thers will be o differonce,
belween the mean arca and Hux of features identified in i:lumping and dewenhill data, with the values l"l.'inE
found in dewnhill boing smaller. Small IM and ostwork featumes will often be identified as individual Aux
missifs and Aux pq:uk: 3 Il'u:_'r arne li]i.n:l].l' Eag=] |3.' have one ux Fl.?k.. bl |:|@-|.'|.' features, identificd as u..".ingll.'
flux massif, will tend to ke segmented into multiple Aux peaks by the downhill approach. This in bom will
allfect the Aux distributicons found |'.-_'|-' the different methods for a E.iw:n dula sel. with features identified
by the downhill method having a distributicon which s enhanced at small Auxes and dops off Faster than
features identified by the clumping method.

Hurnulhi.n._e. that also needs 10 be considered is the resulis of the |:|umpi.r.|3. and deawnhill :lppruurh-u: ir
they are applicd o data sets From differnent instroments with different mesolutions. Applying the downhill
method 1o dala with increased resolulion has the effect of id.l:nli.l'g,ring more =stcture (Aux pCi.IJL"-:I within
larger Aux Features (e there will ke a reduction in the number of larger features identified). This is ideal if
the aim of the feature identification is to Eain i.n:iE]H inio the i:ur.n.ph::t sbraciurne -::-I']u.@i: Aux Featumes, such
as sunspots. Howewer, if the aim is to compare Features from ditferent instraments with different rosolution,
then the clumping method is mome suitable as the lamger Qux massifs it idenlifies are much less dependent

on instrumenl sensitivity (Parmell et al., 200699, For both methods, iF the resolution is increased the noumber
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Figure 3.5: Flux massils identified in full-disk data from December 1996 (a) using the clumping methed
and (k) the dewnhill method and From October 1997 () using the clumping methed and (d) wsing the
downhill methoed. The blues and magenta colours are the negative features, whilst the reds and vellows are
the positive features. The pixel saturation is at £ 100 Mx cm 2.

of small Nux peaks and massifs detecled will increase, Pamell ot al. (20069 imvestigated the probability
distributions of Huxes of massils over varying resolutions from Hinede™EL MO high-resclution and B
full-disk data and found that they follow a zingle power law, showing thal the features found by the clumping
method are lagely invariant o different instrumeniz and resclutions.  Also, for the dewsenhill methed, a
drwback of identifying the lux peaks is thal they are very tansient. The Facl that dewmbill identifies local
maxima in Aux makes it susceplible b flux Auctuations due 10 poize or solar comvection. The bonus of
clumping is that the structwre of flux massils identified are not dependent on the tmnsient peaks of fux they

conlain.

3.2  Feature Tracking

Adthough a large amount of wseful infoomation can be gained about us features by just identifying them,
tracking the features allows for peak flux, peak anm and lifetime to ke determined.  Another bencht of

feature bracking is allowing o mom accumie delermination of when and how o leature is borm or dies.
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When the preparation of the data was discussed in Chapler 2 it should be noted thal whilst demsiation
was applied 1o the HinodedNF] data during the prepamtion of the daia, no demsiation was applied o the
SOHOMIDT Full-disk data. Here [ briefly explain why this does not alfect the process of featume tracking in
the SOHWMIIL Tull-disk data. Demtation of full-disk data would be done with respect to a reference frame
which requires that you reduce the field of view furlher as pixels will mot always be present on the disk. This
is not desirable as | have already reduced the Geld of view as discussed in Chapier 2. Also, it i= unlikely thai
the motation will have a significant affect on Feabore association for the following reason. The Sun mlates
with a synedic miation velocity o — 13.30 — 2300, — 1.62ain"0. deg per day al any co-latiinde 0.,
this gives a maximum rotalion mate of 565 km in 5 minwies al the equator, which is the cadence of the data.
At 2 maximum speed of 5 km =~ ! (Harvey and Mariin, 1973; Bom, 1974; Firin, 1985; Snodgmes, [983;
Chow and Wang, 1987; Barth and Livi, 1990 Keller et al., 199 Wang et al., 1995; de Wijn et al., 2008)
a featvre will move 1500 km in 5 minuies. Thus the combined mazimum disiance a features could move
is 2165 km in 5 minuies. This is a maximum mevement of jusl over | pixel of the full-dizk daia. As the
minimum area of a feature is 4 pizels, the miation is oot large encugh o prevent features being asscciated

accurabely Febween frames using arca overlap, which is the method wsed, as discussed below.

Feature trcking immlves associating a featlure in one Fame with a featore in the previcuws fame. This
would be simple and straight foremrd if features ended 1o typically cvedap just one or no other features in
the previous frame. Hownover, complicalions arise because multiple features often overlap. This can oocur
for several reascns. The processes of frmgmeniation and merging lead 10 a “one 1o many” overap and a
‘many 1o one' overlap, mespectively, [t is alzo possible o find “many to many” overlaps of features which
may arise through a combination of these processes. Helow, we brielly describe how we deal with each

s,

A.2.1 Associating Features

I consider each pair of conseculive Frames o find the associalions between lealumes. In order for teo Tea-
tures to be associated between Frames they must coveclap and have compamble Qux 1 lock at each feature
& in frame j and compare with the comesponding pixels in the 3-1 frame. Comersely, Talso compare each
feature & ! with the conesponding pixels in frume §. All cases which can occwr ame discussed below, In

]_'iEurl.' 36 there is a cartoon p]l:lu:r-t: o ilustimle cach case.

= MNone o one: 1T ‘]?i conerlaps ne like-polarity Featunes in fame -1, ‘]?i i= said to have ‘appeared’ and

is given a new unique label.

= Ome fo nome: 17 'i?"' : overaps mo lke-polarity Fealures in frame g, itis said o have 'disappeaned”

and it is vnique label is pot vsed again after frame -1,

= Ome toone: I there is 3 unigue oveclap between like-polariy Features 'ii"" " and 'ii'i, thizn ‘]Fi will be

given the unique labe] of 'ib';i ! and the feature is Hagged as ‘pro-existing.
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Figure 3.0: An illusiration of the various coses which can ocour when assccialing fealures belwaeen brames.
(a) Mone to one (appearance), (b1 one to pone (disappeamnce), (2] one o one (direct association), (d) one
to many [fragmentalion), (€] many to cne (merging] and (6 many to many (combination of processes).

= (e o many: IF 'J:'_‘:: : everlaps m like-polarity features in frame § (8, .-.-.'-bim:l. the unigue lakel
al !i?;' : is pm,:-.q.'d on 1o the feature in .|' which satisfes the I'-::-|||.1w-lng conditions. Let featune 'J:-i“

7—1 . . =1
fex £ 1.l ovedap & with an area of w;,  such that

m

il - g1
Z”IJ.'\-'I _-..'J'll .

=]

i—1 . . . =1 e s . . - .
where A7 7 is the anca of the Feature 7. The *=7 is reguired since it is posible that some of the
pinels of $f ! may overlay nothing in fame 7. All features i, with
Fit |
b - )

n I = _I
Al rn
. . . - - R . . )
are potential candidates For taking the unigque label of & . IF there is only one featune which satis-
Aes the condilions Il:~||.||.-::-rnuLI|.'u||_'r' takes the d-?';' label. 1T severml Features salis I-g,-' the criteria then the

: T R . .
feature & with W] /% " closest io one is taken and the other features are lagged as ‘appeared

through fragmeniation” .
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= Mamy toone: 1Fn like-polarity features in 3-1 [ﬂifl : .-...'il';in b overlap a single fealurs '51"'; in frame 3.
then 'ii-i receives the unique label of the feature which =atisfies the following conditicns. In a similar
manner to the cne-lo-many case, let feature 'ii';;n ! (e = ..., nlowerdap 'i]i'i with an airem of ﬂim such

that

ra

7o oad
Zﬂﬁﬂ :"'ik -

ET

where A7 is the area of the feature &7 As above, all features 37 ' with

E]
Tkin -, |_
.rii Tm
ame podenlial candidates For passing on their unigue labels ko ‘]?'i. I there is only one such featur
&b ! which satisfies these conditions then this feature gives its unique label to & IF thene is mome
than one feature, then the Featurs 'ﬂ?‘:ﬂ ! with '-]-"1_I I.n'"']-"i closesl o one is laken. &ll the other Feature=

are then lagged as “disappeared through merging”

= Many o many: 10 n like-polarity featuees in frame -1 ['ﬁfl I,...,‘lfﬂ I:|-::-".r|:|'|.ur.- with rm featunes in
Frame ; l:"i?‘k:l,....'ibi 1, then we can end wp with more than one Llabel being carvied forward from 3-1
| {5] _.l I['L':I'\C.  [a] |:||.'I|:rr'|-'|.|in|: which feabures ame associnled belween ﬁ.'.lr.n.l:s. we combine the rules used in
the one-to-many and many-to-one cases. All feature pmims -;]-g;n ! o= L. nland & (= 1, m)

which xuli.sl'}- the fu]l.-::m:inE IJ'r‘H::I'I:lPPiI.‘IE and Jux ratic rules are |:l-::-|.q:nlia|. candidates for association

7—1 k]
1 : 1

e
e fT
1 = —  and ;=T
m n
AL, ALz

Fl.LrIJ'.H.'L'rnurc. in all siluations that the abowve criteria do not lead o uniqm: u.'::u:i:lliun:.. the further
comslmint that "-l-""_-_‘:_l I,."'-l.-"'*:_T is closest 10 one is applicd. Once unique associations have been eslablished
the labels from the 'i?;!ﬂ ! features are bansferred 1o the ‘}i._l features where :lpprupl']ull.'. Features
From -1 which are not associaled are dagged as “disappeared throvgh menging” and the Featumes
Freom. Frame _|I which are not asscciated ame I]u.'r_:En:d as 'appl.':lltd. IJ'.|r|.1|.13.|'.| fl'.:.;._:ml.'nl:lliun'.

Further data ﬁ|l|.':rinE is applicd al this slage, in the form of a lifetime criteria: fealures must live |.-::-r.|3.n:|.'
than 4 fames For Hinods™E] (eguivalent to & minutes) and 2 fames for the MBI full-disk (equivalent 1o
10 minutes). Care has b be taken when appl_'rinE |]I.|.CI.']I'IE to the downhill data as e rnuvi.n._e. [wature= can
resull in the swiss cheese proflens (DeForest et al., 20071, This ocours in larger features that are segmented
l'l:,' the dewmhill identification method and can result in short lived features that ame embedded in a ]u.@i:l.'
feature being remornsd and producing @ hole, To ovmid this all Features which are single lus massils in the
clumping approach, but are multiple Qux peaks in the dewenhill approach, are identified. This is achieved by
finding all Aux poaks which have a shared boundany with ancilher like-polarity ux peak, as this can only
oo For the case of a large Hux massil with multiple lux peaks. Any Qux peaks which satisfy this criteria

are are lageed as "worms' and will not ke remeved by the lifelime Aliering algorithm,
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Oince every pair of frames has been comsidered the association process Is complete and each Feature will
hawe 0 unique label which remains with it for iis entire life. This means that the frame of birth and death of
gach feature can gasily be delermined by identifying when a Featwre's unique label appears and disappears,
respeclively. The approach above alss provides information on the nature of esch bidh and death and in

doing 5o all incidences of frngmenting and coalescing are recorded.

Despite having informaticon about the birth and death of each tmcked feature there s still, some ambiguily
which needs to be mesolved. Trcked lmtwmes can gither be bom through “appearance” ez, Figure 3.6a)
or ‘appesr through frmgmentation” (e.g. Figure 3640, Furthermore, the lerm “appearance” oovers tracked
features being boan through genuine emergence, as well as the coalescence ol sub-resclution llux of an
existing dispersed fealune, causing it ko appear aboee the threshold (Lamb et al., 2008). Similacly a feature
can gither die threwgh “‘disappeamnce” (eg. Figume 3601 or *disappear through mezing' (e.g Figure 3be),
where "disappearince’ covers both cancellation, due o the inbermction with an oppesite-polarity Featwre, and
the disper=al of lux cawsing the peak flux of the featume ks Fall below the Muxs threshold, The nexi chapier
describes the algorithms developed to delermmine which “appeamnees” ame avthentic, whilst the algorthm

created o detect genuine cancellation is discussed in Chapier 6.



Chapter 4

Detecting Emergence in Quiet-Sun

Magnetograms

Emergence of fux inio the quict-3un occurs thmough the emergence of ephemeral regions and TN flux.
Ephememl regicns observed in magnetograms have been extensively studied providing informalion aboul
their charactenstics and bebavicur (Harvey and baring 1973 Martin, 1988; Harvey, 1993 Title, 200K0k;
Hagenamre, 20013, Ephemeral regions are typically bipoles which initially appear close o supergmnular
boundaries with a sepamtion of betweeen 1.9 and 8.9 Mm (Wang, [988; Schrijver et al., 19497; Chae ot al,
2001; Hagenmar, 2001 ). Once emerged, the opposile-polarity components of the ephemerml region scparate
al a e of between 2-9 km s~ ! at approximately 130 degrees from each other (Martin and Harvey, 1979
Chae et al., 2001 ; Hagenaar, 2001). Fluz from the ephemernl mgions quickly disperses ints the surrounding
nelwork, giving lilfetimes for ephemeral regions of a few hours to a few days, Ephememl regions have Hux
inthe range of 10%% — L0'% Mx (Harney, 1993; Chae et al., 2001; Hagenaar, 2001; Hagenaar et al., 2003,

with the lower limit on the flux attributed to instrumental limitations.

The process of IM emerging Aox is less clear. Some obserations have newcaled the emegence of [N
features in clusters of mim:d-puhril:.' Features n'||.11.-in1.' |'.|.d.iu||3,' From a lecalized rl-::-:-.il-lun. whilst others
show the emergence of an IN bipolur pair which behaves like an ephemenl region (Zivin, 1985; Martin,
|'§'ﬂﬂ; “-'unl.' ot :1|., |-:_;|-c_;|-_!.;:|_ This has mised the quq.':-.liun ol whether or oot [N feature= are & continuation of
cphememl regions down to smaller scales. This chapter discusses bow to detect these emerging ephemeral

regicn and emerging I Aux in magnelogrmms.

4.1 Detecting Emerging Events in Magnetograms

In crder to develop a detection algorithm for newly emezing Aux one muast ficst consider phys=ically how
flux might emerge. There are tavo hypolheses regarding the structure of ephemerl regions as they emerge.
The frsl i= thal as a Hux tube rises bom the conveclion #one inte the photosphene a pair of opposite polarily
features appears in the photosphere with the same absaluie lux and area (Figure 4.13. The second is thal
az a flux tube rises from the convection zone it is shredded by coovective loawvs, Thos, miber than just a
pair of features appearing on the photosphere, a pair of clusters of fealumes appears, one positive clusier
of femture= and cne negative cluster of features, as seen in Figure 4.2 (Fwman, 1987; Wang et al, [905;

Hagenoar, 2001 Theometically the total absclule fluxs of each clusier should be the same.

Furthermeore, delecting emergence in magnelograms is not strightforward sinee emerzence s not the

s
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Figure 4.1: An illusimtion of the bipolar Qux emezence hypothesis (a) as seen in the photosphere and (b)
o= seen ina vertical cut.
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Figure 4.2: An illustration of bipolar cluster lux emengence as seen in (a) the pholcsphere and (B a vertical
cul

only process by which new Nlus fealures can “appear’ in magneiogmms. There are, in fact, three processes
of “appearance” (Lamb et al, 20087 In addition o emergence, new fealures can appear following fragmen-
taticn o when sub-resolution Qux merges logether to form a feature which can then ke identified using a

detection :||E|.1:rill'|m.

Consequently three methods have been developed 1o And newdly emeged Aux, which are described helow.
Tweo methods assume Qux emerges in the fom of bipolar pais of opposite polarity lux (Bipole Comparizon
and Trcked Bipolar), are discussed. & third methed allows for the possibility that Aux emecges in the
form of opposite-polarity clusters of Featvmes (Trcked Cluster). The Arst method 1 considersd was the
l'l]p::-h: i:umpal.']xun method, which is an inll:lpn:l.aliun al the methoed used in ]]u.Ei:nual' el al. (1995 and
Hagenoar (200013, in order 1o maks a comparison with previcuws resulis. This method is applied 1o the
identified features befor l|'||.'3,l ame backed. Aller anu]}'xi.n.g. the results of this method, it became clear thal
features were counted multiple times, during emengence, beoause the Features were nol tacked over time,
Furthermone, when this method was :lppﬁl.'d. to the MF1 dala, there were a |a|g|.' number ol nun-un]quu
pairings wheme fealums were associated with bao or mone opposile polarily Features, meminiscent of the
definition of a how a clusler CMETgonCe would aAppear ['.unm.'qucnﬂ:,' taey more Hux deteclion methods
wore developed. The second Aux detection methed is the tmcked bipolar method, which is applied 1o
the imicked data. Thiz method just deals wilh the et issue mised by the bipole comparison method and

amzsumes small-scale emergence Is bipolar in form. The thisd method s al=o applied 1o the tecked data
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and assumes clusler-type emergence as suggested by the non-unigque pairings. Below all three emergence
methods are described in detail. The mesulis of these melhods once applied o the MEL and K11 full-di=k
data are presented in Chapiers 5 and 7, respectively.

4.1.1 Emergence Detection Method 1: Bipole Comparison

The bipole comparison (RO method assumes that az a lux tube emenges From the convection zone two
opposile-polarily leatwres form in the photosphene, with the same absolute fux, e they foom abipole. As
thi flux tube continues ks emenge the Features grow and move apart, as illusimted in Figore 4.1 Thus, in
the BT Method, 1 divide the identification of Aux emergence inke 3 steps: (1) finding bipoles in individual
frames, (2} determining newly emenged bipoles and then (3) selecting unique bipoles.

4.L11  Bipole Identification

In frame j, the ith opposite-polarity paic of fmtures consizis of a positive feature &7, with flux '-]-"I'i_ arxd
a ru.'gul]w.' feature 'ﬂ?'li with Aux "-l-"'_" . The shoriest distance between the boundaries of 'i]?';i. and ﬁlf is
defined as &, For this pair of fealures 1o be a Bpole, & must be = 7 pizels (812 km) for NFI and 5
p]:u.']x (70-12.00 Mm d.n:p-und]ng an the p-::ﬁili.-::-n on the disk) foo full-disk MDD These values were found
to give the best msulis after visval inspoction of the data with varying A, Furthermong, the Quses of the
opposile-polarily features ane expecled o be similar, hence:

¥ |

e — .
_"I-":'l @

1M

Bl

Aovalue of 3 was chosen For g following teials invelving values of g from 1-5. Manval inspection of the
data, rewealed that walues of pclose 10 | led to many bipoles being discounted and p oo large (near 53 led
to the Fui:ring al features which werne not connected. [|:||.'=||.|3,r one would expeck the Fuiru.r Features of a troe
hipole 1o conlain equal amounts of Aux, but this is mely the case since features In a bipole can meze and
fragment from birth, which may change their lux significantly (Mariin, [988). Alzc, instrmimental noise

can lead 1o apparent imbalances of Aux.

Speculating on the effecis on the overall emerging event statistics Found due to different values of g, il i=
]i.bt:l_'r thit a meduction in A would |:||1.1|:||.1|:c a reduclion in '|'.-ip|.1]|.'5 cover all luxes |.'||.1'|=.'|.".l1:|'5]i.._=.|'.|l|3,' mereso in
bipoles with greater Aux as is the features ame les likely to bave the same absolute Qux. Comersly if @ was
inereased. s |.|.r.||ik|:|:,' that |:]1=ngi.r.|3. the value ufpw-::-uld have a measuable ]mpurl on the AvETAge Auxes
and arcas of the bipoles ideniified. Thuos, the distribution of bipole Auxes versus number would maintain a
similar shape, albeil with the skeepness lowands the @il vwarving slightly, but shilting vedically depending

on the value of o
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4.1.1.2  Finding Emerging Bipales

The next shep is to delermine whether the identified hip-c:-lL's. ArE W ST TEorses. The data array is :plil
inbo a positive polaily amay and a negative polarity army, for each Fame 3. All features which ane deemed
to he peirt al a l'li.p-::-|=|.' p:lir ame then dilated h:,r 3 pi.':|:|5 in wach frame, PH:J-L:II.I.E]I'IE new fealures ]'.l'i]i';!. and
]'.I'ﬂi":i . The process of dilation involwes incmeasing the amea of the feature by adding extm pixels amound the
enlire pl.':riml.'ll:l' ol the feature. The dilaticn of 3 pi.1|:|.". wzed here means that the diameter of thw feature
in any direction will increase by 3 pixels. A dilation is applicd 10 each featore o take inlo account that i
can mowie, frmgment or merge between frames., A dilation of three pixels, conesponding o @ sepamtion of
2 pixel= (232 km for Hinode and 7=22.4-4.8 Mm, depending on the position on the disk, for full-disk K131},
i chosen on the assu rnpli.-::-n that fealunes move with a vcl-::-t:i.l:,r =l lms= 1 [-'_:IIL' Wi_in [ § u.|-. HI]E]. wos writhin
the cadence of the data (%9 = MF] and =5 minuies full-di=k MDI) the features move oughly 180 km and
=261 km, For NEL and BMDI full-di=k |1.'5p|:\-:li.=.l1:|3,r. The pi:l:|:|5 of each |]¢§; are then cumpu:n:d with the

comesponding pixels in the §j — 1 Fame for the undilated Features. Four possible situations arize;

. Fealure ]]'ﬁ'f uv\cr]uj:u with no li]-u:-pulu:ril}' Features in the _.I- — 1 [rame. In this case 'ﬁ;; is ﬂuggl:\d =1
BT Eing.

2. 1F I everlaps with n like-polarity features in the § — 1 frame, then its flux 97 is compared to the
Huxes of the = uwrhpping feulunes, IF '-I.-'gi, is EiEI.'I]l.-ICil.I.'IlI._'f' hiEEcr than the sum of the Auxes of the
Features it overlaps, E: a '-]-'i ' then the feature 'ﬂ?',i s Nagged om emerging:

= , i
3wt L (41
k=0 Pk

The value of pg is chosen 1o be the same as pand hence, g = 3.

i ]'.I'ﬁf overaps n like-polarity features in frame j — 1, but Equation 4.1 does not hold, then the
Feature 'i]i";i is said 1o beee been present in Frame 3 — 1 and it muost be investigated forther. One of two

things= may have coormmed

(al If the Aux of 'i?;! salisfies:
L §
—= < 3w =
i dei]

then the fealune is Hugped as incressing,.

(k) Altemnatively, if the Aux of 'ii'f- salisfies:
Zwi o= 1w,
k=0
then the feature is Hageed as decreasing.

Ter ke an emerging pair the bipole 'i]?‘li_ and & must comprise of either two features that are Aagged as

emerging or one emerging feature and one increasing feature,



4.1 Detecting Emerging Events in Magnetograms ]

4113 Selecting Unigue Bipades

Oace all the emeging bipolar paims have been ideniified il needs o ke determined which pairs ame noi pari
of a unigue fealune pairing. A non-unigue pairing can cocor For bwvo main easons. Fustly, iF a toe bipole
coincidentally emerges close io other appearing features, ii= fealures may be paired with one or more of
these olher features, whether they ame genvine emengences or nol. Secondly, IF a cluster of positive and a
clusterol negative fealures emerge together, due, For instance, o the lux tube being shredded by convection
as it rises through the commection wone, then this could also lead o the multiple paivings of featunes. Thuos,
the aim of this siep is to identify which non-unique pairngs are due o coincidental nearky appeamnces and

which am due 1o cluster-like emeTgence.

Ter findd oot if there are any clusters of same-sign Hux appearing together, all the newly emerged feature=
in each frame are dilated by three pisels in tum 1o God oot i they heree like-polarity emerging neighbours.
If an emerging feature has a like-polarty emerging neighbour these fealunes are said o be associated. The
aim here is to find all the thicd-party like-polaniiy associalions in onder that like-polarity clusiers of Features
can ke identified. In order 1o do this an asscciation matrix is wiilized (Cloze et al_, 2K15).

IF there are W like-polanty Features in a frame then the initial asseciation matrix, Assoeg, will ke an
N N omatrix, 11 a feature ¢ s asseciuted with a feature & then Assocg (1, ] = 1, else Assocp (i, k)
0. Clearly, the matrix will ke symmetde, since association is commutative.  Furthermome, all Fetures
are assumed ko be associaled with themaslves and so the diagonal elements of the mairix ane non-zemns,

Assomli, ] = 1

r”1i:l‘-t:|.-|:lu:r|:,' associalions are found sirnp]}' h:,r |.1:|:-|.'u.IL'\-'_:| ml.1|lip|.i.-:u.|]un of the matrix h:,r izl
Aspoe, = Agsoe, ¥ Assoc, | n= 1,

where all non-zem values of Assoc, are fxed at each siep to 1. This siep i= mpeated until the enties of

Assor, no longer change, i« uniil

N N
Z Awaec (0, K z Assoe, 1 k).
151 =1

The non-zers enides of the #** row of the final matris can then be =imply read off o reveal all the Fetures

which belong 1o the clusier thal imvolves the 2ih feature.

All pop-unigue bipoles are considered in twm and the associations of all their like-polarity features
imnestigated. Mon-unigque bipoles coniaining leatwmes which are desmed to ke part of a cluster ane kept. For
example, if two bipoles hove 1 common negative feature, bt ditferent positive fealunes which are asscciabed

in the matrix, then the two pairs are deemed 10 form a clustor emergence.

For the remaining pon-unique paitings which are pol found to be immolved in cluster emergences, the
flux mtios of the Fetures in each Bipalar pair are considered and the bipole with the rtio closest o wnily is
regarded as the true emerging bipole and is relained. The ciher bipoles are mmoved.
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4.1.2 Emergence Detection Method 2: Tracked Bipolar

In the BC rr.u.'l|'||.1|:|, l"]FIIJI.lL'H are identilied in sach fr.]ml.', ki l|'.u.'}' are nol azsnciated between frames. 'l"hux.
it was not possible to follow the evolution of the identified emergences and al=o Featwes were multiply
counled as 'h-t:i.n.g. i:l'l'.l-L'LE]I'IE. Ter addre s these issues 0 method was |:||.'1.-|:||.1p|:r_:|. the trucked l'li.p-::-|a|' methed,
which used data in which the features have Feen tracked, in the manner described in Chapler 3. Apart From
l"l.'il.'lE upp]i.-l.'n:l ter brucked data, the backed '|'.-ip|.1]|.' method is ey similar b the BC methed. Indeed, the Grsl
and last steps of this mothed ame the same as that wsed in the BC method, bul the second step which imeolves

identifying hipolar emegence is differnent.

411 ldentilying Bipolar Emergence

In order to identify emerging bipoles, bipolar pairs of features 'i]i";i_ and 5};; identificd in the tracked data
are required. These are lound wsing the Bipole Identification the methoed described in B4.1.1. To find which
of these bipoles are actually emerging bipoles, the “birth” infoomation obtained in Chapter 3 is used. To be
classed as an emergence, both features of @ bipalar pair muest be bom within 10 frames (15 minuies) oc 3
frames (=15 minutes) of cach other for ME] and full-disk, mespectively. To investigaie which bipoles are
newly emerged, one mefers back 1o the dedails of the feature tmcking in Chapier 3. The bidh of a feature
is gither through “appearance”, which can be a genuine emergence or coalescence of sub-resolution flux,
or “appeamnce through Fragmentaiion”. For a bipolar paic io be classed as emerging either both Features
must be Hagged as ‘appeared”’ or one Featume must have boen Aageed as “appearcd” and the cther lagged as
'appu:lltd. l|'.|n.1|.13.|'.| ﬁuE menlation”.

A in the previous method, many of these emerzing bipoles do not consiituie unigue pairings, o the
Selecting Unique Bipoles approach of §4.1.1 is used o determine which pon-unique pairs form clusier
emergences and can be retained and which should be removed.

4.1.3 Emergence Detection Method 3: Tracked Cluster

The tmcked clusier method is designed 1o identily emerging clusters of features From a trocked data set (e,
emerging events that immlve mone than two fealures of oppesite polanty). The approach applied here is
quite different than in the two previous metheds, however, it still immolves three stages. The bocked clusier
is only applied to the MF] data, so all the defined parameters ane those used for the NEL

4131 ldentilying Fealure Emergencos

Using the tracked featurss, featunss which have 'moently appeared”, are Hagged in cach frame. A feature

'ibgi is said 1o have 1:r\n:l:l:r.|l|3,- ur.prul.rd’ if -

. It was bom by “appearing’ or ‘appesring through hagmeniation” sometime within the previous 10

Frames (15 minobes).
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2. Itz Aux 11";! is initially small: |"-|-""'| < ., wheno e is taken to ke 2.7 1017 M= l:';- ol all feature Quxss

ame below this valoe).

3 lis area ..-i';i i= iniLi.u]l_'r small: ..'1;; = ...F, where [T is taken o ke 03 Mm: {—; of all Feature areas are

below this value].

4. Itis Qagged as "appeared through fragmentation’, but the feature 4§ (7 — L0 = & = 7] from which it

Fragmented is agged as ‘recently appearcd'.

All fewiures that satisfy the above cribera are retained for the next siage of the analysis, which imvolves

finding opposile-polarity associations,

4.1.3.2  Finding Like-Folarily Clusters

Ter find recently-appeared like-polarily clusters all wcently-appeared Features within a given Fame are
dilated by 3 pixels to see if they have any like-polarity neighbours. Any like-polarity neighbours must be
born with 5 frimes (=7.5 minvies) of each clther before they can be associated. Clusters are then identified
by crealing an association matrix, as described in 54.1_1. MNote, that thiz slage doe= nol remove any like-
polarity Features, il simply identifies clusters. If @ mcently appeared Feabure does nod belong 1o a cluster i

is still melained.

4.01.3.3  Finding Opposite-Polarily Associations

Unlike the other two methods which start off l'l}' i.dunli.l'}'i.n.g. features which have -::-|:||:l-::-=i||:—p|.1|a|.'jl_'|r nl.']gh-
bowurs, the opposile-polarily associalions are left o the fnal step of this methed. In order 1o identify i
our |.1:\-:|:nl]}--:||:|p1.':||1.'|:| Features ang peurt of an rmctgi.n._e. ewenl all ‘rece nl|._'|-' :lppl.':lltd' lone Features o all the
features in a like-polarily cluster in bame 3 are dilated by 8 pixels (as vsed in the BC methed 54,115 An
emerging event is defined as a ‘mcently appeared” lone bocked Feature or like-polarity cluster of tracked
features that has at Jeast ope association ko either an oppesite-polacity lone tmcked leature or a like-polarity

cluster of opposile-polarity featumes, which are bom within 5 frames (727_5 minutes) of sach other



Chapter 5

Small-Scale Emergence in Hinode/NFI Data

The emergence of small-scale Qux is known ko occur through ephemeral regions and TN Qux. Whilst the
emergence ol ephemenl regions has been studied extensively ( Harvey, 1971 Harvey et al., 1975; Hareey,
1993; Hagenaar, 20011} the emergence of 1IN Fatures is less well documenied. Even though TN fields are
intinsically weak, their dynamic nature and ubiguitous disteibution seggest that they provide a valuable

coniribution to the boial solar magnetic Aux budget (Socas-Navarm and Sanchez Almeida, 2002).

There is known to be small-scale emegence cocurmring with luxes of = 1007 Mx (Zidin, 1987) but there
is slill an ongoing debate as to the process of [N emergence.In § 1.2.2 1 discussed in the introduction how the
general consensus was that IN features emezed as mixed poladty clusters of fealvres from an emergence
centre, inside supergmnular cells (Zirin, [985, |987; Martin, 1988; Wang et al, 1995). However there
have also been suggestions that as obssrvations improyve, IN emergence may actvally ke an extension of

ephememl regions (Zivin, 1985; Wang et al., 1995).

With the launch of instruments like MELHinode, TM um.:rl.'inE featunes can ke ohserved in detail (Ichi-
mote el al., 2008; Lites et al., 20083, Martines Conzdler and Bellot Bubic (2008 investigated 6% emerging
M I'-'"-"F"" in Hincde NFI and BEI data and found TN L'rru:l'ging features have fux l:,-'pi..'ﬂ”y in the minge
2 p 10" — 220 107 Max, with an average of 9.1 = 10" Mx. The separation of the emerzing event Foot-
points was found to be between 1-4 km = ! The total lux emenzence rate they estimated was 1.1 3+ 10%
M= per day over whole salar surface. As only 69 loops wene considencd, a larger sel of emeging evenls is

n.'quin.'d ter comfirm these results.

This uhuph.'r aims 1o invl.'.-'J.il.' ate the eme rgence cf IM Aux in Hinode/ME] mignologrims in which mag-
netic Features can be identified down to just below 10 M [ will vse both of the featbore identification
methods and all three of the CMErgence delection :1|E-::-ril|1m:q. rln.'.-:.q.'nl.q.'d in f'hu.r.\ll.'r 3. This will allow bedh
an imvesligation into the offectiveness of each method but will alss allow a more accumte conclusions o be

drrwn abowt the chamcteristics and nature of TN CMSIRErce.

5.1 Data

The dala used in this chuph:rtw.' re chlained on the | th ﬁ:cpl.-l.' mber 2007 between 12:44 UT and 17:43 UT
using the Marmwhand Filter Imager (MFI) aboard Hincde (Kosugi et al., 2007; Tswneta et al, 2008). The
dala and its prepamtion are described in detail in Chapter 2. The data set has 200 fames with @ cadence of

00 seconds and spans 5 hours,
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Aon estimatbe of the residual noise of the data, afler processing, is required for the identification of fAux
features and is measured by Giting a Oaussian curee o the come of the pixe] Aux distdbotion histogram
i(Figure 231, as described in Chapter 2. Here, = = 4 Mx cm 2. By defining a pixel value cutofl of 2o (3
Mx em™ ), the risk of identifying spurious features is reduced.

5.2  Feature Identification and Tracking

Identified Features Clumping  Dewnhill
Mumber of Features Identified (10" em ™= day ™ ) 3696 5428
Mean Features Flux (¢ 1017 Mx) 1.7 1.2
Mean Fealure Area (Mm? ) s 1.3
Tital Absolute Flux (Mx cm ™ ? fame 1 .G 6.7
Tracked Fealures Clumping  Dowenhill
Mumber of Tracked Flux Features ¢ = 107" cm * day ™ 13 4.3 370
Mean Peak Flux of Tracked Features (= 10'7 Mx) 1.3 09
Mean Trocked Feature Area [l[m!] s 0.4
Mean Trocked Feature Liletime (| minubes) 15 a9
Total Absclute Flux (Mx e ? frame ') 6.3 6.3

Table 5. 1: Chamcteriztics of the identified and trucked features from both the clumping and dewenhill feature
identifeation programs,
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Figure 5.1: Histograms plotied on log-log graphs showing the distribution of (@) Qux and (k) area of the
features identified by the clumping and downohill algorithms.

For Feature identification, I use both the clumping and downhill identification algorithms, as described in
Chapter 3. Tis clear from Table 5. 1op kalb) and Figunes 5. La and b that the particular feature identification
miethod doe= alffect the results in some ways. The downhill method identifies approzimately 1.5 limes as
many fealures as clumping, but the averuge Qux of cach feature in downhill i= appresimately 15 limes
less than the ovemge lux of the clumping fetures and similardy for feature ameas. Hence, dowenhill and

clumping ohseree more-or-less the same total fux From all fealumes, as cne woold expect.

InFigure 5.1, histograms of the identified feature Muxes and amas show that al the small-scale end of the
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distribution scale (less than 3 = 10'8 &z in fux and 3 Mm? in area) downhill identifies mome feaiunes than
clumping. Al larger scales, the downhill distribulion drsps off mone mpidly with only clumping identifying
features with Auxes above 109 Mx and areas abowve 7 Mm®. In light of the discussion in Chapler 3 this i=
no surprise, as fealures which are identified as individual Qux masifz will ofien be segmented inte muliiple
flux peaks and this cccurs most often for large fealumes. The effect on the downhill fux disiribution is an
increase in number al small luxes and a mpid drop off compared o the clumping methed at larger luses,

which is exactly whal is seen here.

Tweo of the emergence deteclion methods applied ks delect emegence evenis equire that the features
are Imcked thmughout the data, as deseribed in Chapier 2. The me=ulis of the feature tmcking applied io
thie Ml data, are presenied in Table 5.1 (botiem half). The mean valves found efer o the mean of all the
arvailable resulis

The tracked mesulls al s highlight the difference in structume bebween Aux mazsifs and peaks. Again there
are about L5 times a= marmy deveenhill featumes as there ane |:|urnp]ng Features, with the downhill Features
having 1.5 time= less Qux and areas 0.2 times smaller than the clumping cones. The avemge lifetime of the
trmcked Features in the downhill data is abowt (L6 fimes the lifetime of the tracked features found in the
clumping data. This is because Qux peaks are mome susceplible to local Quctuations in the daia due o cither
granulaticn or noise, as discussed by Pamell et al. (2005, By emoving the sho-lived Features (lives of
less than 4 frames, § minwiles), the total coerall Qux that is counted is educed by 5% for lux massifs and

6% For Hux peaks, indicating that shori-lived fealumes do not coniain @ large amount of the surface Aus.

The tracked fealure charscteristics p|.1:5-|.'nl.-|.'|:| in Table 5.1 meveal that there are 93% Fewer tmcked Features
in the clumping dala and downhill data than there are individoal Aus massifs or Qux poaks, espoctively,
This is due 1o the fact that the tracked features have AvETAge lifetimes of about 15 and 9 minutes l:'lf] and
frames ), respoctively, For the clumping and dewenhill dala, in comparison o the individual Aux massifs and
peaks which last just one frame by definition.

Menw that the Features can ke followed over their lifelimes, the ovempge peak Qux ol the tacked Features
can be calculaled. Interestingly, these peak Auxes ame lower, by = 25%, than the average flux of the
individual Aux massifs or peaks This counter intuitive resull arises becanse large leatures are iypically
long lived (Lin and Rimmele, 1999% and, for the mean peak Qux, | zimply iake the mean of a single (the
maximum) flux value for each tmcked featume rather than the mean of the Aux of the featumre in every frame.
Herce, the number of large Auxes is considerably rechiced when calculaling the average peak Aux of the
trmcked |.-L1|.I.I.I1.'5, thus ||.1'A-|:ri.r.|3. the re=ult.

In Table 5.1 and Figures 5.1a and b it can ke seen thal the Ffeatures are in the TN mnge of Quxes and
arcas, Wang et al_ (1993) thought that as much as 1079 Max, which is = 20% of the iotal Aux in quiet-Sun,
was in the form of IN features at any given time. By scaling up 1 estimate that 3.85 = 1093 Mx is present
on the =olar surface at any one time in the form of backed 1IN fealumes, which agmees with Wang et al.
{ 196953, Firin (19851 andWang et al. {1995) found that io maintain this level of Aux, 107 Mx day ™! must
be emerzing (and cancelling) in the pholcspher: . The next section detects emergence in both the downhill
and the clumping data bo see iF this is the case.
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5.3 Detection of Flux Emergence

The results from all three emergence event delection methods applicd 10 both the clumping and downhill
Hinode!NE] dala are given in Table 5.2 The values for the peak Aux and peak area given For the Bipole
Comparison (B method are found wsing all the individual identified featumes in cach fame, since the
B methed is not upp]i.-l.'d to the tracked data. This is alse the reason the lifelime of the -L'ml.'lEinE evenls
is not given for the BC method. The values for the peak flux and arsa for the Trscked Bipolar CTH) and
the Tracked Cluster (T methods ame the maximum values of Qux and amea the cmu@ing event has du:ring
its lifetime. The lifetimes for the TH and TC methods ans defined as the time during which the emerging
evenl's -::-pp-::-silL*—pu|u.|.']l}' Features, 'ﬁ_: i with flux '-|.-'=- Hi—» ﬂli:.l':,r the n:-::-ndil]un% = :% = A and there

are me intemctions of the emerging event foalunes with any featurs not associated with the emerging event.

Eipole Comparison Method Clumping  Downhill
Mo, of Emenging Bipoles Identified

Cr 1% o day ™ 1) G].5 700
Mo, of Flux Featwres Involved in Emergence

(10" em ™ day ™ 94,9 L16.6
Mean Peak Bipole Flux (10" Ma) R.E 5.4
Mean Peak Bipole Amwa (M m2 4 03
Percentage of Retained Non-Unique Pairings iy T3
Total Absolute Flux (Mx cm™® day™ ) 470.4 3414
Percentage of Tolal Burface Avea Wherne Emergence Occurs BT Ba
Tracked Bipolar Method Clumping  Downhill
Mov. of Emenging Tmcked Bipoles ldentified

(10 " em  day 4.2 7.1
Mo, of Trcked Flux Features Invalved in Emengence

Cr 1% o day ™ 1) T4 11.1
Mean Peak Tracked Bipole Flux (= 1019 Mx) 1110 T1
Mean Peak Trecked B ip::-h: Area I:]L[m!] 7 5
Mean Tracked Bipole Life {minutes) 1007 11.0
Percentage of Retained Non-Unique Pairings 45 55
Total Absolute Flux (Mx cm ™2 day 1) 380 502
Percentage of Tolal Burface Avea Wherne Emergence Occurs 19 23
Tracked Cluster Methaod Clumping  Downbhill
Mov. of Emenging Tmcked Clusiors Identified

(10 " em  day 23 16
Mov. of Trcked Flus Features Immlved in Emengence

(10 " em  day RS 10.6
Mean Peak Tracked Cluster Flux (10" Mx) 1410 14.1
Mian Peak Trecked Cluster frea (W rnﬂ] 1.0 1.0
Mean Trcked Cluster Life { minute=) 18_R |82
Percentage of Relained Clusier Pairings 55 [
Total Absolute Flux (Mx cm ™2 day 1) 326 38R
Percentage of Tolal Burface Avea Wherne Emergence Occurs 16 L7

Table 5.2: Results from all three Hux emegence detection methods for both clumping and downhill,

Overall all the emerging events detected were in the Aux mnge of 0930178 210" Mx and area range
of 0.1-218.9 Mm® with the mean peak Auxes and areas being between 5.4-14.1 % 10" Mx and 0.3-1 Mm®,
respeclively, depending on the detection method wsed. The number of emenging events range from 2.3-T9
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w1071 em ™2 day ! which is 1.4 =107 — 4.8 = 10® negions per day assuming the emerge wniformmly over
the whole surface. This is considerably more than the mnge of 0¥ - 117 mgions per day determined for
ephememl regions (Harvey, |93, Chae et al, 2001; Hagenaar, 2001; Hagenaar et al., 20031 1 find the fux

emergence rake here i be 32.6-116.6 Mx em™? day ™! which is equivalent to 2.0-7.1 2 10** Mx day

We compare these 1o the rosuliz of Madtine: Qonzdler and Bellot Rubic {2009, whe identified 69 emeng-
ing leops in Hinede SF NFI and BFL Marines Gonziler and Bellot Bubio (2008 found the Aux in the
feol-points of emerging loops to be in the mnge 2 — 20 x 10" Mx, which is in good agreement 1o what
I find here. They also found a Aux emergence mbe of 1.1 2 10%* Mx day ! cwer the whole solar surface,

which is less than the Aux emergence mie [ find above,

Obviously in Table 5.2 it can be seen that the rosulis of the emerging events depend on both the Feature
identificationn method and the Lmergence detection method upp]i.-l.'d ter the data. The pext two sections

provide o detailed comparizon of which factors have the most impact on the resulis chlained.

5.4 Comparison Between Methods

This section looks at both the difference bebwesn the CmeTE ing evenls detected in the cl urnpi.n.g. and downhill
data, for ach method, and it compares the emengence detection methods with cach other. The emerging
evenls detected in the clumping and downhill data ane D::-mj:ﬂltd. b asse=s whether or pod an CMErgence
detection method detects the =ame emerging events regardless of bow the features ame identified. Also,
it allonws [or an in\'uﬂi.g.uli.-::-n inlo how the i:ump-::-&ili.-::-n ol an urr.u.':rE]ng evenl, delected both in the down-
hill and clumping data, varies. Comparing the emergence detection methods themselves will show if the

oocurnences of € M IREnce detected ane ind.n:p-undl:nl-::-l.' the method used.

54.1 Comparing the Effects of Different Feature Identification Methods

The resulls in Table 5.2 demonsimte that fewer |:rn|:|3.inE evenls are idenlified in the i:lumping data than in
the downhill data for each method which is consisient with the Feature identification and tracking resulls
fram %ﬁ.l In both the BC and the TB resulis, the Aux and area of the urnl:lg.inE evenls vary helween
the downhill and clumping data as expected, e, the peak Qux and area of emerging evenis detected in the
downhill datz tends o be smaller than those detected in the clumping data. However, there is little difference
in the mean Aux and mean area of emerging events iF the downhill cr clumping data is used when detecting
hipoles vsing the TC methed. This suggesis that TC methed detects basically the same emeging evenls in
both downhill and clumping. Thiscluim will be imestigated later in this section. For the tacked emergence
detection methods there is no significant differcnce belween the emerging event lifetimes and the feature

identification method used.

The total fux emerged per em™ * day ! varies with the Feature identification method used. Depending
on lhe emergence deleclion method wsed, sometimes more Aoz is found b emerge in the downhill data and

sometimes mone in the clumping data, bowever why this is the case is not clear from the resulis in Table 5.2,
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By dimecily comparing individual emerging events in the downhill and clomping data for sach emergence

detection method, later in this section, T am able o gain some insight as o why this is the case.

The results in Takle 5.2 highlight that [or each methed thene are more non-unigue and clusicr pairings
when the method is applied 1o the downhill data than the clumping data. On analysing the non-unigue
pairings for the BC method further, il i= Found that, for the downhill data, the mean number of bipoles each
feature i= associated with is 1.4 bipoles and 2 bipoles for negative and positive features, respectively. Forthe
clumping data these numberare 1.4 and 1.7, These numbers are also found e the TE method of emerngence
detecticn and the mesults revealed that each feature, egardless of polarly, was associated with 1.3 bipoles
in the clumping data and 1.6 bipoles in the downhill data. For both the TB and TC metheds, the number of
associated bipoles for sach feature is larger for emergence detecticn methods applied to the dovwenhill daiz.
The increase in multiple paidngs for emerzing evenis detected in the downhill data is likely o be o nesull
of the difference in the struciure of lux massifs and Aux peaks which has already been discussed.

]33,' .-Iu.sl ]uuki.n.r_: al the characteistics of the i:rm:l.'gi.n.g. events from each methed it is difficull 1o B
conclusively why there i= difference between the non-unique and cluster pairings belween cach method and
belween the emerging evenls in clumping and dewnhill data. A visual companson is undertaken later in

this section 1o help clarify this isue.

Ty compars the actual evenis detected in the deowenhill data and the clumping data, for cach method,
cach |:r.r|.n:|.'gi.r.|3. event detected in the |:|umpi.r.|.r_: data is taken in tum and its pi:l:l.'|: determined. These same
pixcls are then found in the downhill data and the downhill Features with which they are associated are
determined. The comasse of thiz is als done, where the downhill emerging cvents are compared to the
clumping dala. Thers e four possible oulcomes: 1) the emerging event is only detecied in one of the data
sels, 21 The urr.u.':rE]ng evenl is delected in both of them |.'il|'||.'r1.':l::|-:l|3,r the smme or 5|]g|‘|l|3,r different, ie a
hipole in one data set matches bao positives asscociated with one negative in the other data set, 3) only the
positive component of the emeging evenl is delected in both dala sels and 4) only the negative component
of the emenging event is detected in both dala ssis.

Forthe BC method it was found for T5% of the emerging evenls detecied in the clumping/dosenhill daia,
only the positive fexlune from the emerging event wos identified in both the downhill/clumping dala sets.
As there was a strong polarty dependence in this mesolt, the identified Features themselves were analysed
further. It was found in both the clumping and dewenhill data there were 14% and 24% more negative
identified features than positive identified features. The increase in the number of negalive features means
that the likslihood of @ p::-tﬂliw: featume l'lu]ng associaled with the same ni:'_e.ulim: feature in a different data
sels is mduced. For the BC method, what is detected as being an emenging ovent is very depondent on
the fealure identification data sel it is applicd tr. For the TH methoed almest 60%: uftrr.u::g]ng evenls ore
identified the same in both the clomping and downbill data, 20% ane only identified in one of the dala scis
and the final 2066 hove |.1n|._'|-' the Pt:-iil]'ﬂ: or nuE.'.lliw.' component identified in bath data sei=. This ug:lin
indicaies a high level of cormelation between the fealure identification data wsed and the emerging evenls
detected. Finally on analy=ing the difference in the emerging events found by the TC method, in both
clumping and downhill data, 1 fnd that 80% of the emerging events ame identified in both the data seis. The
mu._iur]l}' of the |.1:mai.r.|inE urnl:@inE evenis detecled l'l],' the T methed are identified i.r.|_i|.1xl one of the data
sels. The emerging events found From the TC methed are therefore reasonably independent of the feature
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identification dala used.

S4.0.1  Vispal Examples of Emerging Events

Ter guin a betber undesianding of the above resulis, some visual examples of the emerging events deiecied
in clumping and dowenhill data, are presented. In all examples only the Featunes of inberest are coloured,
rather than all the fealumes.

Bigsk - o pard s

Figume 5.2: Example of a bipole (positive Feature ted and negalive Feature purple) identified by the Bipole
Comparison in hoth the clumping and downhill data sets, with pizel sateration £30 Mx cm™ =,
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Figure 5.3: Example of a bipole (positive fealume med and negative feature pourple) identified by the Tracked
Bipolar methed in both the clumping and downhill data sets, with pizel saturation 30 Mx cm ™2,
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Figure 5 4: Example of a bipole (positive fealume med and negative feature pourple) identified by the Tracked
Cluzler method in both the clumping and deawnhill data sets, with pixel satoration £30 Mx cm™ ‘

w
P

The first three e:u.mple: show a I:li.p:-l.t idenlified in both the c]umpi.rl.g_ and dewenhill dala sets for the
R method (Figure 5.2, the TH method (Figure 5.3) and the TC method (Figume 541, As the BC method
is applied to un-trmcked daia the bipole can only ke identified for one frame. These figuns highlight that

emergence ofben coours in mgions which contain many other features.
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The bipale in Figune 5.3 highlights that these small-scale emerging evenis do not always move apar
quickly bui often stay in cless proximity as the Features grow. It alss shows that the opposiie-palariiy
components of the bipole do not always appear to be bom in the same fame. Figuwe 5.4, again shows
msymmelric emergence, but the cvermll behaviour of the bipole is more akin o what would be expected of
an ephemeral region, namely that the features gron and mose apar simultancously afier emergence. Bolh
the bipole= shown in Figures 5.3 and 5.4 detecied in the tracked daia are examples of emergence evenis thai
reach full maturity in the order of 4-6 fames (G- 18 minate=), which is found to be the typical time mnge

il.l1d. i.i J1'II.1I:|.'I SI'.I::II'H.'L' |J'.|J.I'I |J.'II.' li.ml:!i .I'-::-u Hd. |.-I.'I:I' I.'_P]'ICIT.H.'I.HI I.1.'E,il!:l'll-

Figume 5.5: Example of a bipole cnly detected by the BC method in the downhill data (positive featune med

and negative featuwme purple), with pixel saboration £330 Mx cm
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Figume 5.6: Example of a bipole only detected by the TE method in the clumping data (positive feature med
and negative Feature purple), with pixel saturation £30 Mx cm ™2

]_'iEurl.' 5.7: ]_'_'mmpll: af a l'l]pul-l.' -::-r.||:,r delected l'l}' the T r.r|.|:|.'|1-::-t:|.n in the downhill dula [pc:uili.'.n: featune red
and negative Feature purplel, with pixel saburation £330 Mx cm ™

O all the emerging events detected by the three methods it was found that 13-15% were only identified
in €ither the clumping or the downhill data. Figures 5.5, 506 and 5.7 are all examples of such emerging
events Again there s only one frame for the BC method example (Figume 5.5) as the method is applied
to un-tracked dala, so the evolution of the bipole cannct be followesd. Looking at the fgures it is nol

clear why these emerging evenis are only detecied in one =ot, as all the emerging evenls seem o exhibil
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characteristic emergence behaviour, However, most of these 13-15% of emerging evenls appear in regions
already coniaining lux feaiures and il is possible that these pre-existing Fealures impede the ability of the

emergence detection methods 1o (accuwmisly ) delect emergence.

Oine aspect of the detected emeging events this compar son bopes to shed some light on, is why there are
s0 many non-unigue and cluster emegence events identified in all three methods, Ane cluster emerngence
evients due bo localised emergence cenlers where genuine clusters of mized-poladly Aux emege, oris a Aux
tube being shredded by conwection as it emenges, as seen in & 4.1, Allemalively, are the metheds Failing 1o

separabe hipoles which are coincidentally emerging close 1o one another?
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Figume 5.5 Example of a non-unigue pairing (positive feature red and negative featumes blue and purple)
identified by the Tracked Bipolar method in the clumping data, with pixel saturation £30 Mx cm ™2
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Figure 5.9 Example of the same pairing (positive featume red and negative featunes blue and purple) as in
Figure 5.8 but this time identified by the Tiacked Bipolar methed in the downhill data, with pizel salumticon
£30 Mx cm 2.
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It waas Found in % 5.3 thal mome closter emerging evenis were found in the downhill data than in the
|:|umpi.r.|3. dala foor cach method, which is not :|.1|.p:ri:]ng since a :i.n.g.li: feature in clumping data is oflen
identified as two cr mone Features in the downhill daia (Parmell et al., 20060, Figoes 5.8, 5.9, 5,10 and
511 are inbended o show visua”y the differences belween nun-un]qul.' and cluster Fuirings detected in the
clumping and downhill data, The ficst tweo examples (Figures 58 and 5.9 are a case of a nop-unigoe
pairing ketween bipoles; two negalive (porple) features sharing a positive (red) fealure. The intetesting
thing to obscrve is that in the clumping dala the pegalive featume beging as just one leature which then
fragments inlo two, whereas in the dowenhill data two megalive featuwes are idenlified from the start of the

CmErgenoe.

There are twn effects o consider due to the scgmenting of fealures into Aux peaks by the downhill
feature identification method. The sl iz when there ane twe -::-pp-::-siLL“-p::Jal:]l_'r fAux massifs identified in
clumping and one of the massifs has mulliple peaks. In the downhill data then this emergence is likely 1o
be nom-unigque as the Qux masif which iz singly peaked will be ssscociated with each of the Aux peaks of
the multiply peaked feature. The sccond is where there §s o non-unigue pmiting in the clumping data, for
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instance when two positive singly peaked flux massilfs are associaled with one negative (doubly peaked)
massil. In the downhill daia the latier case would ke detected as two bipoles, as esch one of the positive
features, has its own negative feature, Many of the non-unique pairings found in downhill data were due 1o

this feature segmeniing effct.

]_'iEurl.' 510k ]_'_'!:.'.lmp]u al a cluster eme rgLnce l:'p-c:-sili.'-'n: features red and r.u.'guli.'n: fealunes Fu rp|c'| identified
l'l:,' the Tracked Cluster method in the i:|urnp]ng data, with Fl]:l.l.'] saturation £30 Mx cm ™=

Figure 5.11: Example of the same cluster emergence (positive features red and negative features purple]
az in Figure 5,10 bt this time identified by the Trcked Cluster method in the downhill datm, with pixel
saturmtion £30 Mx cm ™2,

The zecond two examples (Figures 510 and  5.11) shew how a cluster, detected by the TC method,
varies when detected in downhill and clumping data. In the clumping data a bipole is seen originally. Then
a second r.u.'gul]'n: [p|.1|.p]|.'] feature eme rgos. As the puxi.liw.' [red) Featurs BIOaws 50 do both of the nl:Eali\-L'
features, In the downhill data, however, mome features ane imolved in the emergence, and by frame 5 thee
are: three p::ﬁilim: I'L':llu:l:x, a= well as the two nl:Ealiw.' [eatures. It is difficult tov delermine which, it any, i=
the correcl emengenoe, as on visual inspeclion they both behave as an emergence should. One thing o mole,
from leoking at these examples, is that as the emergence progresses the clusters becomes mome bipole like.
Following the evolution of manmy of the cluster emenzences reveals that most eventually evolve Inte bipoles,
once The fealures are fully emerged. Indeed, if this emegence was viewed at a lower resclution it is likely

it would appear as a bipole nod a cluster from the outset,

Figure 5.12 shows a cluster detected by the TC methed in both the clumping and dovenhill data. Tt
drws allention 1o the qul:sliun af the source of cl uﬂl.'rl:mn:l.gi.n.g. evenl= This u:l::lmph: Appoars ko conlain a
complex localised emezence centre, where numerns mixed-polarity fealures emerge. By eye it is possible
lo =moparbe momy al the fealums into '|'.-ip|.1]|.'5. The ql.1|.'."4.i.-::-r.| is whether or not such c::amp]l.'s should be
separabed or left as clusters? The implications of separting the cluslers is o lower the peak lus and anca
and potentially reduce the lifelime of emerging evenis, but chviously increases the number of emerging

[ ]
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Figure 5.12: Example of a complex cluster ememgence (positive fealures are meds, yellows, greens and
ormnges whilst the negative features are purples and blues) identified by the Tiacked Cluster method in the
downhill data, with pixel saturation £30 Mx em™* i This cluster was also detected similardy in the clumping
dala).

e

5.4.2 Comparing the Effects of Different Emergence Detection Methods

The differences bebween the emergence delection methods will now be inspected. A comparison of the
number of emerging events detected by each method shoeas that the BC methed delects many mom emeg-
ing evenis than the bao trmcked methods., The BC methed is applied o un-tracked data and so identifies
bipoles ineach Frame with no information about their leng-term history. As the data bas o %0 second ca-
dence, this implies the BC method multiply counts evenis that last longer than %) seconds, as | anticipated
in §4. would be a problem. MNote, however, that multiple counting of evenis is nol the only problem with
the BC methed. 1F the number of trncked emerging eveni=, found by the TH and T methods, is multiplied
by the mean number of fames these bipoles live (= 7 fames for downhill and = 12 frame for clumping),
the resull is ==42-54% and 38-60% Fewer events than found vsing the BC methed applied to the clumping
and deawnhill data, wespectively, This means that the BC method is not only mulliply counting the emerging
evients found by the bao tracked methods, bui it is also identifying extra bipoles as emerging evenls. This
resull is emphasised when the iotal number of emerging features ars found as a percentage of the total area.
The BC methed finds that B7-35%% of the iolal observed region has emergence al some poinl, whereas the
TR and TC methods fnd that emegence ocours in only 16-23% of the observed regicn. Considering the
reducticn of the number of tmcked fealumes compared 1o idenfified features due 1o lifetime Aliering, it is
likely some of these extra events imolve lmtures that live for less than 4 Fames. However, the BC methed
may also idenlify emerging bipoles when bavo opposite-polanly features, which are not newly emerged,

move close 1o one another and happen 1o satisly the BO critecia discossed in Chapler 4.

It is clear that there is o dramatic difference in the npumber of emarging events bolween the BC method
and the tracked emergence detection methods, but what about the charmcteristics of the emerging events?
The peak Nuxes and areas of the emerging events [ound by the TR and T'C methods are lurger than these of
the bipoles found using the BC method, indicating that the BC method is detecling emerging eventz before
they have reached their peak Qux, Becowse the features are trcked for the TH and TC methods, the e
peak Hux of the emerging evenls can be Found. Ned sumprisingly, the peak luxes and arcas of the TC evenis
are al=co lurger than those fownd by the TH method, since a large number of TC events involve mome than

ton featumes.

The mean lifetime of the emerging evenis, detected by the TR and TC methods, is the time during which

the emerging evenl can still be ecognized as such, without significanl inkemclion with pre-existing feaiunes,
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The emerging evenls detecied by the TC method tend o be longer lived than those detected in from the TH
method as the TC method detects all the Features in an emerging events nol just bipolar pairs of opposite
polarity Features, thus there is mome chance of the emeiging evenis in the TC methed being recognised For

longer.

Both the B and TH methods have a high number of nop-unigque bipole piings. The T method was
de=igned specifically o identify cluster emengence evenls, in order Io better gauge bow numerous they are.
The numbers of clusters that are identified using the TC method, as opposed 1o bipoles is 1.28 =107
em ©day ! and 157 210" em ™ ® day ! for the clumping and dewnhill data, respectively. For the BC
method there are 4006 <107 em ? day ™' and 37.8 10 " cm ™ ? day ™! events which are non-unigue in
the clumping and downhill data, respectively. Using these pairing resuli= and assuming that the non-unigue
pairings consisl of one positive feaburne sssociated with bwo negative lealumes or vice-versa, then this would
amount to 203 %10 " em ? day ! and 289 107 % cm * day ! clusters, in the clumping and downhill
data, Similarly for the TH method the number of non-unigque events in the clumping and dewnhill data is [L8
#1071 em F day ' and 3.8 x10° "% cm ¥ day . Using the same assumption as in the BC methed as to
the nature of the non-unigue pairings, then the number of clusters in the TB method would be 0.9 = 10718
cm™* day ! in the clumping data and 1.9 107" cm™= day ™! in the downhill data. The oomber of TC
clusters is less than the estimabed number of clusiers found in the BC method, even i the lifetimes of the
emerging evenls are taken into account in the TC method. However, comparing the TR and T methods, i
is found that in the clumping daia the TC methods detects slightly more clusters than the TH method butin
the downhill data the T method detect slightly less clusters than the THE method.

An algorithm has al=o been created o avlomatically investigate the difference bebween the detection
methods. This algorithm iz similar 1o the one for comparing downhill and clumping, discussed in the
previous sub-section. To compare the emerging evenis detecled by each methed the compariscn must be
done for the emegence detection methods applied 10 clumping and dewnhill data sepamtely since as we
have =een the type of identified data vsed can affect the w=ults. Tawo methods are compared al @ time and
there are separate algorithms For comparing the teo bocked methods and for comparing a tmcked methed 1o
the BC method. In the tracked method algorithm, as the methods will ke applied o the same dala set, only
the unique labels of cach feature in the emerging cvent need to be compared. Comparing the BC method 1o
a tracked method is slightly different &= they are applied o un-imcked dala and tacked mespectively, so the

unicue labels in cach dala =ei cannot be companed.

Starling with the emenging eveni: detected by the BC method, 1 find pixels peraining to cach featwre
in the emerging event and then fnd the fealures that these correspond b in the tracked data. Then I find
il those trucked features have been detecled as an emerging event by gither the TH or T'C method in the
tracked daila. The converse of thiz is done for comparing pixels from tracked features to the BC methed. The
possible culcomes of such a comparison are the same Four as those discussed in the previcws sub-section,
For the BC and T comparizon 1 am comparing bipoles and clusiers which 1 do not necessarily expect 1o
be identical, as the BC and TH metheds both detect bipoles a comparison of their emerzing evenls should

bie mone insightful.

Mot xul'pl.']xi.ng.h,r. when the BC method is cumpu.l.'n:d to cither of the trucked methods, most of the omerg-
ing eweniz found by the BC method are cnly found by the BC method. Bemember the tmcked data hos had
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the minimum lifetime criterian applied o il so there will be emerging evenis detected by the BC method
which will not ke present in the tmicked data due io this consimint. Aside from the emerging events cnly
detected by the BC methed, it is the TC method which the BC methed shares the most emerging evenis
with. [On comparing the BC method 1o both the tracked methods, simulianeously, neady 50% of hipales
identified by BC are in peither bracked methods and less than 1% of BC bipoles ars identified by all three
methods. This accounts for 0608 107" cm ™ ? day ™! emerging events.

For the TH method, it has mom emerging evenls in commen with the TC methed, with almest 80% of
the TH emenging eveniz also being detected by the TC method, the remmining 20% were nol detected al
all. In comparizon, only 25% of the TE emerging evenls where detecied in the BC method. This implie=
that a large oumber of the emerging evenls delected by the BC method, ans not detected as emerging once
the fealures are tracked. Again comparing TE bipoles, simultaneously to the other two methods it can be
shown that 0% of emerging events are only found in TB, with 3% of TB bipoles (003-0.6 =10 "% cm ™ ®
day ™! 1 found in all.

Finally, examining the TC methed in comparison 1o the other two methods, shows that the TC methed
ha= G53% of ils emerging events in common with the TH method, bowewer there are also 20% not identifed
al all by the TH methed, 8% only the positive featwre is identified in both and 7% only the negative feature
is identifed in both, This is alss shown comparing the emerging evenis found in the TH methed to the TC
method. Comparing T bipoles 1o the cther two methods shows that cnly 4% ame found by the TC methed
alone while, 20% of the TC clusters are alss Found by both of the other two methods. Again comrerting this
1

into numbers reveals that 05 =107 clusters em ™ day ™! are found in all 3 which is in agreement with

the TB method but slightly lowser than what was found For the BC method.

S54.21  Vispal Examples of Emerging Events

A visual companson mgain is utilized o provide some insight inte the diferences bebween the emergence

detection methods. Again only the leatures of inberest are colowmnd.

L Fil Triw'sd- 24

Figure 5.13: Example of a bipole (positive feature red and negative feature purple) identified by all metheds
in the clumping data, with pixel satumtion £30 Mx cm™ %

Figure 5,13 shows an example of an emenging bipole which is identified identically by all three methods.
As mentioned before emerging events mre mone likely o be identified by more than one method if they

oceur in a relatively Aux free region as shown in the example.

A the results in §5.3 show, the BC method identifies many mone emerging features than the bwo tracked
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miethods. As the BC method is applied 10 un-tracked data the hiskeoy and evolution of features in emerging
evenls cannol be determined. In order to find out how the spuricus emerging events arse 1 nelate the
evenis detected by BC o trcked data o determine the history of the fealunes in emenging evenis. Visual
inspeclion of the emerging events detecied reveal that it is ofien the case thal a long-lived feature whess Aux
is imrcreasing (hy, For example, coalescence of sub-resolution Aux) is pained with a newly “appeared” feature
of opposile polarily crealed by an accumulation of sub-resclution flux thal mises it above the detection

threshold so it can be identified as a feature.

Figure 5.14: Example of where the Bipole Comparison method sssociabes a long-lived (positive - red)
feature, which was bom in frame | (] only show it from 611 with @ newly appeaned (negative - blue) feature,

born in frame B4, o creale a false bipole emereence, with pixel satumtion £30 Mx cm ™2,

An example of this type of behavioar is shown in Figue 5.14, where a long lived positive (ned) Feature
which has been in exisience since frame 1, becomes paited with a newly appeared negative (purple) feature
in frame 34, To identify this socalled emergence, the BC method only considers frames 83 amd B4 which
alone appear o Ei.'ﬁ: reascnable evidence of eme rEence. Iti= |.1n|._'|-' apparent alter the data has been tracked
that this is nol meally an emergence and that the positive featwre has already boen in existence for quite

:urn-l.'Li.mc.

Ina sy=lem as dynamic as the small-scale quict Bun this can ofien cocur These types of events ane nol
identified by either of the bmcked methods zince in these methods all the featumes of an emegence event
musl ke bom within 10 fames (15 minuies) of each other. This explains cne of the masons why the BC

miethod produces an over estimale of the e of lux emegence in the quiet Sun.

It was showwn abowe that the stncbure of delected emengence evenis can vary depending on whether they
were delected in the clumping or downhill data. Here the structure of cluster emerging evenis is compared

belween the three emergence detection methods.

Flg.ults 505, 516 and 5.17 shoavs how the same cumplc:l. omergenoe event is identified ]‘.-3,r the three
methods, They illustmis that in comples cases of cluster emegence, the three methods often identify
different features as 'h-t:i.n.g. immolved. Duoe o the more strd ngent conzlmintz ol the TH methed, it tends o Ly
and simplify all emergences into bipoles no matter how complex they are. On the other hand, the BC and
T methods can connect unlikely Features 10 foam a cluster emergence, which needs to be improved on.

Again o follow the evolution and fnd the histcaoy of the BC emenging event | related it 1o the tmcked daia,
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]_'iEurl.' 515 A clusler cmergence identified l'l:,' the BC method in Frame 181 [nl:Eali'w.' featunes - -
F-]I.'Ilrl'll.u.ll.'! and F.u:i.li'l.'l.' fealures - Ll'dnr-::u'ungl.'s] in the |:|urnp]ng data l:'l.-::-p ronw) and downhill data (botiom
TEYR ). [1||:u:r|3.', in the downhill data mome and 5|ig|.'|l|._'|r different featumes are detected than in the n'.']umping
|:|:|I:|. with pi.:n:l salurmtion +30 Mx cm !.

5.5 Emerging Event Peak Flux Distributions

Figure 5.18 shows a log-log plot of the histogram of Quses from emergence evenis found by coch omer-
gence delecticn method, in both the clumping and dewnhill daia sets. As expected. the distibutions of the
emerging event luxes found by the B method, vsing the clumping and downhill data, are much higher
than those Found For the TR or TC methods, since, in the former, the events are cownbed multiple times. Ti
is clear, that the BC methed Ands not only many mome small-scale bipoles, but also in the clumping data
sel many more large-scale bipoles oo, than the two trmcked methods. This is in line with whal is alneady
known aboul the distibulions of Qux massils and Aux peaks (DeForest et al., 200071 This suggesis thal
the extra emerging events fownd vsing the BC method invelve features with both small and vnusually large
fux.

The o TC methed curves are extremely similar, as expected, since we have =een for both dowenhill and
clumping the T methed identifies mamy of the same emerging events. The majerity of the TC curves ae
lowver than the TH curees, as Fewer clusters are identified, than the TH method™s bipoles, due to over hall of
the clusters containing more than two features. Abowve 5 3 1007 Mx all four bracked corves follow o similar

distribulion. For the TH method the downhill data finds marginally mome events than the methed applied o
the clumping data. In the clumping data bowewer mome large-scale bipoles ane identified.

Fl.._E.I.LIL' 518 sugoesks that the distributicn of crnu:l'E]ng evenl Nuxes may Folloaw o power L. Howvewer,
since these distribulions extend over no mome than 1.5-2 decades in flux, any conclusive statement= will be
saved For when the distibutions found here are compared with previous results from other authors and the

distribulions [ find for full-dizk emengence (Chapter T), 1o find il there is a single power law disteibution
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]_'iEurl.' 5.160: As Figuu: 5.15, but thiz time the cluster omErgenoe i= detected u.".ing the TE methed. The TH
method has a lundl:nc}' L uvursimp”f_-r cmergence evenls down o l'l]pul-l.'x, 50 [nds less leatures immlved
in the omrgence event than the BC method. Pixel saturation £30 Mx cm ™% Movie |:|]px available the
sccompanying [,

exlending over all small-scale emerging fealures.

In l'_Jgu.n: 515 it is noticeable that there is a pl.'a]-:.l'lu:rr.r::-'.lrl' in all the distributicons, below which the
number of Features dops of mpidly. This i= likely o be due to the Qux, ara and lifetime criteria applicd
to the data when Featunes ane h-u]ng identified and tracked. ]i:,r :rl:rr.r::-".ring pi.'m:L". with small Auxe=, lifelimes
ar arcas, this can remeve small features that would possikly have peak emerging flux in the mnge belwoon
the lwurneover flux and the drop ofT value. However, it is nol possible to tell From the data if this is a boe

tumoven'peak or it is =imply due b @ combination of the featune identification and tmcking eriteria

5.6 Conclusions

The aim of this chapter is 1o chamcterise the behavicwr of TN emenging Hux and examine how the methods
and assumplions wsed to And the emerging events can hawe an effect on the results oblained. Small-scale
features were Arstly identified in the Hinode!MNTI data vsing both the clumping and deswenhill feaure identi-
ficalion methods. The clumping method identifies Aux mazsifs above @ given lower culofT and the downhill
method divides the lux massifs along saddle points G there are any’ into individual Aux poaks. This nesulis
in there being more features identiied by the dowenhill methed which have a smaller mean area and Aux
plus @ shoer lifetime (as Jux peaks are more bansient), than those featwes identified by the clumping
miethod. Despite these differences in the features identified by the clumping and downhill method, there is
prctically no difference in the iotal absoluie lux detected by boidh methods,

Three emergence detection methods are vsed: Bipols Comparzon (B0, Tracked Bipolar (TH) and
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]_'iEurl.' 50T As FI.E,I.LIL' 5.15, but this time the \'.']L1!li|.ll.'|.'CI'I'.|lL'LEI.'I1CI.‘ is delected u5ing the T method, with pi:l:|:|
satumtion £30 Mx em 2. Here, the T method has identihed less{more | Feature= in the |:|umpi.r.|3.l:'|:|m1:r.||:|i|]'l
dala than the BC method as 11-Ci.r.l.|_! imvolved in the emergonce evenl

Tracked Cluster (1T The first methed 10 be considerned was the Bipole Comparizen method, which is an
inberpretaticon of the method vsed in Hagenaar (2001 (which is Fully described in Hagenaar et al. (19997,
in order 1o make a comparison with previcus wesults, This method assumes that emerzence Is bipolar in
form and is applied to the identified Festures belfone they ane trecked. After analy=ing the results of this
method, it became clear that Features e counted multiple times, as emergence events, bocawse the Features
are not trcked over time. Furthermore, when this methed is applied to the MFL data, there are a large
number of non-unique pairings where featumes are associabed with bwo or more opposile poladly feaiurmes,
reminiscent of the definition of a how a cluster emergence would appear Consequently two mome Hux

delection methods are used.

The second flux detection method, the tmcked bipolar methed, s applied 1o the tmcked data. This
mulhudjuﬂ deals with the frel issue mised l'l}' the hipu]l.' :-::-rnp-:lli.s-::-n method and assumes small-scale
emergence is bipolar in fomm. However, this methed identificd that there are manmy non-unigue bipolar
p:lj:ring: of IN cml.':rEinE [watvres. Thus, the third method dL“-ﬂ.‘I(:-PD\'.:I. the bracked clusler method, waimes
cluster-lype emergence o imvesiigale how numencus cluster-type emergences are. Cluster emengences are
found to be common, bul s difficult e say if they could be resolved as bipoles at higher resolutions or iF
they ae a single bipole shredded by comvection as emerge. 1 find that the different feature identification
miethods and the emergence detection metheds have a vanring effect on the struciune and characled stics of
the emerging effects detected. Whether oo not the features ane tracked before emergence is detected seems
to ke the greatest influencing faclor

Depending on the analy=is undertaken, each of the emergence methods has = sirengths and weaknesses.
The BC identifies the largest volume of emergences in bolh number and Qux inpul This is because the
miethod often multiply counled emerging events due to the fealumes not being tracked which meant that no

minimum lifetime critecia had been applied yet so there were more Features 1o begin with and older Features
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Figume: 5.18: Log-log plot of emergence event luxes against Frequency of emergence cm : day L

could be identified as emerging if they Fulfilled the crberia of the BC algorithm. The fact thai this methed
is just applied to identified featumes alloaws the resulis o be directly compared with the well known resulis
of This method is compuiationally Faster than either the TB or TC methods because no tmcking is applied

and is ideal if all that is required is an upper Found estimate on the rate of emerging Aux and featumes.

Hewwewer if the evoluticn of Features afler emergence is the primary focus of a study then it would be
recommiended thal either the TH or T methed is vsed. If the features are not trecked as in the case of the
R method the the evolution of the emerging events cannot be followed to find the lifetime, poak area and
peak Aux. The TH and T metheds allow For this, As well as this the TC and TH metheds identify i and
when the emerging fealures interact with other Features and iF so, bow soon after they emerge. [t is telling
that the majority of bipoles in the BC method are identified belore their maximum development as the Qux

and areas were smaller than those of the tracked metheds.

The TH and T methods also have individual advantages. Computationally the tracked bipolar methed i=
less consuming than the T'C method although both metheds produce similar ux disiriboticns. Thus the TH
miethod is more desirmable if the nature of an investigation is simply 10 And the lus distibation of emerging
evenl= The (act that the TE method identifies bipoles also allows the evolution of emerging evenis asier

o foollowe

]]L':pi.l.q: the TC method 'h-t:inE moire rt:-mpl]l:al.-l.'d and cumpululi-::-na“:,r more dl:mandinE it dewes allow an
insight into the natwre of emeogence al small scales and whether it is primarily in the Fform of bipoles or
clusters, which is nel fully undemstood. IF this method was applied 1o dala of warving resolutions it would

help o elarily if the likelihood of cluster emergence i= cormelated with the resolulion of the data
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Generally for the purposes of comparizon with other resulis and as the majority of other reseach exam-

ines hipoles, it is kest to use one of the Bipolar methoeds.

The IM emernging events | find in the Hinode'NF] data have mean peak fux of between 5.4- 14,05 1019
M= and mean peak area of between 0.3-1 Mm®. The frequency of emergence is found 1o be in the mnge
23790 10" em? day—1 (1.4-48.2 20107 day ™ cwver the whole surface] and flux emenzence rate of
between 32.6-4704 Mx cm ? day ' (2.0-28.7 210 Mx day ! cver the whole surface), depending on
the leatures identification and emergence deteclion method used. Previous estimates of the contributicn of
IN emerging Aux 1o the total Aux budget have found of crder 1077 Mx day ™! cver the whole surface (Wang
gial., 1995 Martines Conzaler and Bellot Rubio, 20095, 1 find several times 105 kx day ! for the tracked
emergence detection metheds but the Bipole Comparizon method detects considerably mome Aux than this.
Itis likely that 1 fnd a1 greater rale of Hux injection due o the aviomated detection approaches [ used. which

are betber al detecting very small events than *by eve' appmaches.

In this |:]1a|:|h:|.'u:i.r.|._=. thres CMErgEnce detection methods | have been able o undecstand the chamcleristics
of IN emerging events more clearly and pul a bandle on the amount of Qux emerging due 1o small-scale [N
emergences. Chvemll, none of the Aux detection methods is pecfect, as is apparent on visual inspection of
data, There are siill emergence evenis thal all three methods miss, although these cases are e, and also

emch method ideniifics some events thal are questionakle.



Chapter 6

Small-Scale Feature Evolution as Observed by
Hinode/NFI1

DNespile the name, the quict-Sun magnetic carpet is actually highly dynamic. Magnetic features are conlin-
uously undergoing evolution driven by How patbems in supergmnuolar cells. In photospheric observalions,
ephememl regions and IM lux Femtures are seen o emenge inside these cells and are driven o he supenzmn-
ular vertices and lanes where they form the netweak, Flow patlems cause features Lo comanze., resulling in
coalescence {where bwo like-polarily features merge 1o form one large Feature) or cancellation (where two
opposile-polarily features mutually lose Aux, atthe same e, olten wesulting in the mmoval of the weakest
feature and a significant reduction in the Aux of the stongest), respectively. The photospheric Howe pattemns
can also cause features to break up inio teo or more smaller features: 2 process known as fmgmentation.
These processes mean that pholespherc lux is continuously changing and results in a so called moycling
of the phoicspheric Aux. Previous eslimates of the flux recycling time vary from a few hours io o Few days

(Schrijver et al, 15997, 1998; Hagenaar, 20011 ; Hagenaar et al., 20003, 20033,

Coalescence, fmgmeniation and cancellation in small-scale phoiospheric magnetic features have been
observed zince the eacly 70s (Viabee, 19715 Smithson, 1973; Koemle, 1979; Livi et al., [935; Lamb ctal.,
20081, Cancellation of opposite-palarity Features occurs belween pairs of features thal are previcusly un-
connecled Le. leatwmes that did not emerge together, Observations ol cancelling Features show that cancel-
laticns are associated with magnetic reconnection cccuning al the pholospheric level (Priest el al., %4
Longoope, 19981, with the e of cancellation being related o the speed of approsch of the two opposile-
polarity Features, in accordance with the Sweel-Parker type reconnection medel (Padeer, 1984; Lites et al.,
1995; Chae ol al., 2000, 20020 Chae et al., (2002) vsed high-resolution MBI data to investigate small-scale
cancelling Features (with lux of order 10'*-10"" Mx) and found the flux loss mie per cancelling pair was
eatimated 1o be between 1.3-3.5:10" Mx hr ™', which conesponded o o converging speed of 0.27-0.35
kme .

FI'..ll.' mentation and coalescence have been studied and discussed less than cancellation. It is not clear
why thi= i= but it may be because these processes do pol obvicesly appear ko be asscciated with heating or
dynamic comnal or chromospheric events. However, understanding these processes, and finding out howe
numerces they are, would help 1o provide insight inlo how lux is dispesed and what the mixed-polarity
nalure of the photospheric field is. Il has almeady boen suggested that the Fagmentation of ephemaral
regicns and the coalescence of IM features supply the lange magnetic foatwies thal make uwp the quizi-Sun
network (Martin, 1990 Scheijver et al, 1997 The mesults of Lamb et al. (2008} favour the pile up of

IN features as the dominant souwme, whilst Martin (1990} e=iimabes that ephemeral regions prowvides the

0l
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network with at least %1% of ils feature=. [1 was alzo previously found in observations of the behaviour of
network elemenis, that the mis of merging i= twice that of fmgmentaiion, which alss seems o favour the
latter soumce of network Aux (Lo et al., 1994, However, the models of the magnetic carpel presenied in

Parmell (20011 sugpest that fngmentation shouwld be mome than 3-5 times that of the m@ic of meging.

Studying the motions of small-scale magnetic fealunes is also imporant in order o undemstand the con-
pling bebween the plasma and magnetic feld and hence what is driving or hindering the movement of
features on the pholcephere. Large concentrations tend to move slower than small ones (Hagenaar et al_,
1999 and this may be due lo the respective depths at which they are anchomred: small ones are believed
to come From just below the photosphene whilsil langger ones may be anchored low down in the convection
zone. Mlso, it seems that the larger the Aux concentraticn the mome slable the Aows are arownd it (Hagenomr
el al, 1%, Indeed, the mean square velocily of concentrations decreases slowly with increasing Hux

(Schrijver et al, | ¥4%; Hagenaar et al., | 999,

A found in f'h:lpl.q:l'-’i. Hinode!NF identific= 1M fields and the CMErgEnce ol these IN fealunes behawves
in a similar manper o large ephemeral region emagence. Here | consider whether the other processes thal
IM fields underge, are quantitatively similar to the processes larger Features underge. Having found the
emergence ates il would be wseful 1o fnd fmegmeniation, coalescence and cancellaticn mies in order 1o
determine what the dominant surface processes are in the quict-Sun. Knowledge of these processes should

hopefully further cur undersianding of the crigin of small-scale felds,

The secticns below describe bow the Hincde/™NE] data is used 1o evaluale the evolution processes under-
gone l'l}' small-scale fields. F']L:lh,r, in :i fi.1, 1 describe how the cancellation detection uJEurill'lm works The
cancellaltion resulis ane then presented and compamned to the emergence resulls fom the previous chapler.,
ﬁul:-::-nd.h.', in § 62,1 u:l:p]ujn henw, from the birth and death information oblained |‘.-_'|-' feuture Im:k]ng in
Chapter 3, information about the chamcteristics and mles of fmgmenting and coalescence femtures can be
derived. The frrmgmenialion and coalescence mesulis ame presented al the end of this secticn. Finally, 5 6,31

looks at the evolution of the tracked fealumes detected as emerzing in the previous Chapter.

6.1 Detecting Cancellation in NFI/Hinode

When cancellation occurs there are two ways the cancelled fux can be remewed: (00 through reconnection
in the loaw stmosphere leading to an £-shaped loop which subducts the Aux below the surfece (Priest ot al.,
1994 Pamell et al., 1994 (Figure 6. 1a) or (i) when meonnection occurs below the photosphere leading
to a U-shaped loop, which transfers the flux inio the uvpper atmosphere, as shown in Figume 6.1k (Zwaan,
1987: Harvey et al., 1999; Kubo and Shimizu, 20071 Harvey et al., {1990 wied 1o determine which of these
possibilities is most common in the quiel-Sun by comparing pholcepheric and chromospheric ohsermtions
and found that 44% of cancelling hipoles submerge, [8% of cancellations result in a rizing lux tuke and
for the other 38% they could net tell.
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In magnetogmams, bolh of these processes ame observed as opposite-polanty feabores in close proximily
that mutually lose lux. 1f the pair of features hove a similar absoluis Aux then they will simulianeously lose
equal amounts of Aux and meduce in size, ofien msulting in the disappeamance of one or both features, 1f the
twn opposite-polarity fealuncs are dramatically different in size then both feaiures will lose equal amounis
of Hux, bul the larger fealure may often retain its criginal area and if it loses only a small perceniage of (s
overall lux, whilsi the smaller featume can exhibit the typical cancellation behavior, reducing considerably

in area and flux and ofien svenlually dizappearing.

Ter detect cancelling events, an algorithm, similar 1o the initial bipole identification process (5 4.1.1), i=
developed. The aim is o identily cancellaticn by frst identifying opposite-polarity pairs of fealumes ineach
frame and then investigating how the lux in each pair behawes. A bipolar pairol Features is identified ineach
i Frame @ the i** opposite-polarity pairof fetures 'i]i",i_ and ﬂ?',i Lwith luxes of '-]-",.i_ and "-I-"'" L respeciivaly.
Te ke a cancelling event exch bipolar pmir must have a minimum distance between the boundaries of the
features of = 3 pixels (= 0.4 Mm). 1 choose a smaller distance between the opposite-polarity feaiunes,
than in the emerging case, @ cancelling Feabures mowve together, mther than aparl. The smaller distance
also reduces the likelihood of questionable paiings. Mote, I do oot apply a lux miio criterian here as
cancellalion can ocour belwesen any two opposile polarity featumes regardless of the difference in their
absclute Auxes. 1 also leave all non-unique pairings as a luge feature can cancel with one or more opposiie-

polarity Feature simulianecusly.

When detecling cancellation events it is nol just the close opposite-polariiy fealumes that go on o die thal
need 10 be considened, as featwres oflen do not actually lose all their Bux following cancellation, Hownewer,
az | have trecked the femtures 1 can investigalbe the wardation of flux of both features in an opposite-polarily
pair. | define cancellation as the overall loss of at least 20% of the absolule Muxs From a paic of toecked
opposibe-po larity Features over a period of 3 or mome frames (= 4.5 minvles). There is no constrain on the
mtics of Aux lost in each feature == the cancelling pairs are not alvways observed 1o lose a similar amount of
flux because features can be cancelling with numerous fealunes at the same time, or lager features may be

both cancelling and coalescing or Fmgmenting al the same time.

The mesuli= of the algorithm are presented in Table 6.1, The speed of approach of the cancelling featumes
is Found |‘.-_'|-' mn:u:u:ring the mte of |:]1=ng|.' of the i:l:lgl.' :l.'pal.:lliun ol each Fuir-::-l' upp-::-sill:-pulu.l:il}' Feature=
between each frame. In Fame j, the separtion rl"", of the opposite-polarity features '5]?'" and 4, is defined
az the distance belween the neanest '-":IE'-'5 al’ 'i?"_r unl:l‘]?;; . The pi.:u.']x |:\-c:-n1:'~..']:m-::-m:|.i|.'|gI o the |:=rn'_'|:||]ngI eyl
features in frame k ame found. In Fame §, the initial sepaation of all pixels [.T'I'i 7 ) associated with the
negalive fealures l:'ﬂ?'_!: 1 are compared 1o all the pi!l.'l![.f;;_ g,l"' i associated with positive Fetures ['i]?;;_ 1.

where the smallest diztance between any two oppesite-polarity featunes

.{;! 1II|'II[IF - 1': :I? } [E':I - E'::.:'!:

is the initial zepamlicn of the opposile-polarity components of the cancelling event. The speed of approach

is then the mte this sepantion reduces belween Fames,

Meste, the time of inleraction is the time over which both Featwnes are decmeasing in Qux. When counting
the todal Aux lost it is ensured that the Aux from noo-unique pairings is not muliiply counted.



G0 Delecting Cancellation in NFL/Hinode [

6.1.1 Cancellation Resulis

Resuli= ['.lu.mping DNewmbill
Mumber of cancelling pairs (3 10 = cm ° day ') 14 20
Mumber of features imolved in cancellalion f}i 103 12 om 2 |:|u.3,r 1 ] 232 N
Mean lux lost per cancelling paic (1 07 Mx ) 33 20
Mean intemction time l:'minull.'.".:l L6 o7
Mean llux loss mbe per cancellalion l:':l-Z JUN Max= I'I 5.3 33
Mean speed of approach (km s by .19 rLiil
Surace area where cancellation ccours (56 32 2R
Tetal Aux loss (Mx cm ™2 day ™) 46,9 385

Takle 6.1: Results for the cancelling events detected in both the dewnhill and clumping data.

The Aux loss mte per cancellation is a few times 10" Mx s~ for the cancelling events, which have

mean Aux of crder 107 Mz, The rate of flux loss is in geod agreement with previous results af between

8w 1008 — 20 10" Mx ! found from investi gating cancellation in features, observed in BRSO and
MDThigh-resolution magnetograms, with Aux between 107 — 1077 klx (Livi <t al., 1985; Wang <t al.,
1988; Harvzy, 1993 Chae et al., 2002). Howeewer, the cancellations | observe intermct, for on average, jus
10 minuies compared to 1-36 hours for the cancellations observed by Wang «t al. (1988) and Chae et al.
(200025, The=e me=ults showe that the mie of Qux loss is appamntly independent of the Aux in the feaiunes,

but thai the durmtion of cancellaiion appears to ke proporional to the size of the feaiunes,

I determine the spead of apprach of cancelling feaiumes, from the closest edges of the opposite-polarity
features moving towards cne another whien they mulually lose Aux. The speed of approach ol the cancelling
features that | found is bebtween OU10-0 19 km s b (for features with pre-cancellation Qux of order 1ot
M=), Chae et al. (2002 and Litvinenko and Main (1999 observed cancellations in high-resolution b1
magnelograms and Kitt Poak NS0 full-disk daily magneiograms, respeciively, and found that features of
the order of 1010 Max advance towards one another ot between 0.27-0.35 km s I, which iz more 1han
double the speeds that 1 find. Chae <t al. (3121 measure their speed of approach From befome the opposile-
polarity Feabores begin b cancel, bul found that this speed meduced by hall when the opposite-polarily
features began 1o cancel. As | measure the speed of approach from when the Features begin o cancel, this

is likely 1o ke the reason in the differencies.

The 5pn:-|.'|:| al uppr\-::a'_'h al’ c:lr.r:l.'|]i.r.|._=. features has alwo been determined IJ1i:ut1:li|:ul|3,r: Chae et al. (2002)
used the Bweot-Parker moonnection cancellation medel developed by Litvinenko and Martin (199599 1o
e=timate that the commemging speed of cancellation giving a Mux o mie (per event) of order 2.5 5 1019 Mx
5 L is 0L076 km s~ L. This estimate is in much belter agreement with the approsching speeds | caleulate
rither than the previcus speed observed.

Al the starl of this seclion it was menticned that Ji.ndinE -::lr.m:|]i.r.|3. Fratures wis nod .".impl_'r a case of
searching for fealunes which died in subsequent Fames, as it was pol guamnteed that a fealure would lose
all of its Qux ina 5ing]|.' occurrence of cancellation. Here, cach |:=|n|:i:||]ng Fli.lj.l.' is ]mn:sligulr\d to find whal
happens 1o the fealums. For the cancellations delected in the doavnhill data it is found that for 505 of
cancellaltions both features die at the end of the lux loss period, For 45% only one Ffemture dies and in 5%

none of the features involved die. Similarly for those detected in the clumping dala, in 41% of cancellations
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both fealures die, in 51% one feature dies and 8% no Ffeatures die. Thersfore it appears that in the majorily

uf Caiis -::-r I:ill.'ll:i:“ﬂl.il::lﬂ E1 Il:i]ll. ono I.'I[ |J'.H. ﬁ.':llu s d.il.'i.

In Table 6.1, it can be seen that the number of cancelling pairs debected and the number of Features
imvolved in cancellation is a factor of 1.4 times larger in the downhill data compared o the clumping data.
However, the llux lost and the llux loss mite per cancelling pair is L6 times less in the downhill data in
comparissn to the clumping daia. This is consistent with there being more tmcked features in the downhill

dala which have cn avorage o smaller peak fux, These differences wesults inthe tolal Aux loss detecied in
the downhill data being lower by a f@elor of (.82,

A for the |:r.r|.n:|gi.r.|3. cvenls, | compars the cvenls detected as i:u.m:ru]linE in the |:|urnp]ng data and in the
downhill data. This is done in the same way as il was for comparing emenging evenis, i.e. by identifying the
pizels of fealums associabed with o cancelling event in the clumping dala and finding if the comesponding
pixcls in the downhill data contain cancelling features and vice versa. For the clumping data 15% of can-
cellaticns are detected -::-n]}- in the n'.']umping data. Whilst &80% of cancelli ng ovenks detected in the n'.']umping
dala ame also detected in the downhill data, Inoa Curther 13% and 12% ol cases only the positive cr negative
feature of a cancelling event detected in the clumping dala is alse detected as cancelling in the downhill
data, Comparing those cancellations debected in the downhill data o those detected in the clumping daia,
1 find that 4% are only delected in the dowenhill data alone. 56% of the dowmhill cancellations amre also
wholly delecled in the clumping data. TFor 15% and 14% of the downhill cancellations only the positive or
negative Femture is also detected in the clumping dala, respoctively.

Cancellation is nulul:l]]}' l|'||.1|.1g|'.|l al me the -::-pp-::-sill: process o omergence. Since the Hux in the |:||.1i.-|.'l-
Sun iz obsorved to remain approsimately constant cver a pedod of doys 10 wecks, the il Aux emerged
cach day and the total flux which cancels cach day in the guiet-8un should e more-or-less equal. The
numbers of cancelling pairs cannol be =imply compared 1o the number of emerging pairs as features may
cancel muliiple times withoot losing all of their flux. This is highlighted by the et that the oumber of
features imnolved in cancellation is less than double the number of cancelling pairs and indicates that there

is cancellaticn |.'|-c|:|.|.|'|.']ngI hetween more than two Features, as was hypulhl.':]r.q:d curlier.

A the cancelling algorithm is applicd o tmcked data, iis resulis are only compared 1o the resulis From
the tracked emergence detection methods. Tt is found that the fux lost in Mx cm ™ day ™! for cancellation
detected in the clumping daia is = 30% higher than the mibe of lux emegence detecied by both the TR and
T methods. For the downhill data, however, the wial Aux lost is similar 1o the lower bound of the mte
af flux cmergenoe found l'l}' the tracked CMErgenoe debection methods. I the amount of Aux lost l|'||.1.1ug|.'|
cancellation is greater than the amount detected as gained through emergence and the tofal flux in the
observed anca rermins applu:l.i.n'l.al.-l.']}- constant then this can indicate two Ih]n.g.s. The st i= that Qux miy
be fed inko the system from langer-scale features, that break up and move into the mebwvork or secondly that
there is j:‘t:ﬁ&]l"l._‘r‘ sub-resolution Aux CI'I'.H.':I'E]I'IE into F\huluxphu:n:, which is not detected |‘.-_'|-' the TH oo TC

micthods, as emerging, in the provious Chapler.

It is believed that cancellation occwrs between previously unconnecied opposile-polarity fealures, ie.
pairs of features that do mol emerge together (Livi et al., 1935; Schrijver et al., 19970 1 investigate if this

is tue by comparing the cancelling pairs o the paits of Features found o be emerging vsing the tracked
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emergence Jetection methods. For those bipoles detected by the Trcked Bipolar methods, in both the
clumping and dewenhill data, none of the bipales cancelled with themselves, However, for those delected by
the Tracked Cluster method, just under &% of clusiers underwent some cancellation Fetwesn their opposite-
polarity componenis, regardless of whether they werne delected in the clumping daia or the downhill daiz.
Obviously the likelihood of cancellation cccunming in a clusier increases as the size of the cluster increases..
Interestingly they indicale thai there are possibly U-loop cancellations (Figure 6.1b) occuming between the
features in the cluster emergence. This suggesiz thal ephemeral egions and IN emergence ocours in the
same way as aclive region emegence in which U-loop cancellations are regularly seen (van Dricl-Oesziclyi

ol al., 200000, This idea is discussed Further in % 6.3.1, where [ consider the evolution of emerging events.

6.1.2  Visual Examples of Cancellation In Hinode/™NF1

Here, fiwve visual examples of the delected cancellation evenis are presented, with only the featumes of
inberest coloured. The Gt example (Figure 6.2 shows o pegative (turquoise) Feabure close 1o a posilive
{orange) feature. This cancellalion event was detecied to kehave in the same manner in boih the clomping
and dewenhill data. As the lime progresses, it can be scen that both leatwres reduce in size and fux, leading o
the full cancellation of Foih fealunes. Figume 6.3 shows how the lus varies with time during this cancellaticn
evenl and indicaies that the negalive fealume loses 1.4 times as much Aux as the positive feature. This
suggests thal there is sub-resolution positive Aux that is not observed as being involved in this cancellation
evenl. Inlerestingly they also appear io miate as the cancellation progresses. The ermor size of the Aux of
the features is given by the area fem ™23 % cololl (Mx cm— 13 of each Feature in each frame where the Qux
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Figume 6.2: Anexample of acancellalion event detected identically in both the clumping and downhill data.
As the time progresses, the negalive (turguoise] feature and the positive (omange) featlure milate and reduce
in koth Hux and avea.

The second example (Figune 6.4 alzo had the same stuciure in both the clumping and the downhill daia.
This shows a case where only one of the features involved in the cancellation dies. In frame 94 o positive
ired) feature can be seen with @ pegative (blue) feature. Initially the fealumes appear o be of similar size.
The features mutvally lose lux for 8 frames (12 minuies), aller which the negative fealure begins 1o gain
flux again and the positive lux continues o fully cancel. During the time when the negalive fealume is
cancelling it loses G0 of its fux, belore rising again 1o just above i initial Qux. This siluation of only one
feature dyving is obvicusly more likely o happen if, like in the instance illustraled here, the features initially

harz an imbalance of fllux.

In the next fgure 1 show a silwalion where neither of the features die during cancellation. Figune 6.6
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Figure 6.3: The absoluie luses from the cancelling Peatures detected in Figure 6.2 ane plotied against time.
The turgueise line and the omnge line represent the tuguoise and orange featwres espectively. The avemge
enar bar size Is plotied in the top right comer.

Figure 6.4: Cancellation of a positive (red) feature with a megative (blug) featwe in which the positive
feature dies, but the negative Feature loses just cver 206 of its initial Aux, Befomre gaining Aux again. This
is detectsd the same in both the clumping data and the downhill dala

shows o negalive (purple) feature alongside o positive Cred) feature. Figure 6.7 shows that For the fist =26
minules (9 frames) of the interaction, both features mutvally lose lux. Afier this point, the negative feature
inereases in Aux, whilst the red featwre continues 1o lose llux For a few more mineies befone gaining Aux
also. This case of neither Feature cancelling fully occurs in only 3% and 5% of the coses of cancellaticn
detected in the downhill and the clumping dala, respectively. In most cases they initially star like a typical
cancellation, with two oppesite-polaity fealumes meving close and losing Aux, bul for some reason these

features begin io gain fux and mowve apart before they have cancelled Fully.

Flux features oflen appear not ke be touching when they are cancelling. This is primarily to do with
the threshold constraint applied in the feature identification algorithm. Figume 6.5 shows a caroon of the
Claussian curves of Qux, of a positive (red filled curve] and negative (blue filled cures) foature which are
cancelling. The threshold is plotied as a dotbed line. After the feature identification algorithm is applied 1
only observe the Aux above the threshold (hlled arcas of the fux curves). What can be seen s that although
the Hux curves of the fealures are overlapping ie., the fealures are cancelling, there is a gap between the
filled arcas of the curves which | obesrve,

The last visual example (Figure 6.9 shows o comples case of cancellalion where multiple opposite-
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Figure 6.5: The absoluie luses from the cancelling Peatures detected in Figure 6.4 ane plotied against time.
The red line and the blue line mpresent the red and blue features, mespectively, The avermge enor bar size i=
plotied in the top righl comer.,
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Figume 6.6: An example of a cancelling event wherne neither of the intlerncting features die. The negative
{purple) Feabore and positive (red) feature begin o cancel as neamal, both mutvally losing lus, Howewer,
before gither feaiune has fully cancelled they both begin io gain Aux and move apari.

pulu:ril}' features cancel xi.mu|lu.nL'\-::-|.|.=|3,r. r"]guu: %2 shoows how this pu:rl]l: ular i:u.nn.']linE cvinl is delected
in the clumping dala, the red and yellow features hove positive polarily and the purple and blue Featums
hame nug:lli'w.' p::-|:|.ri.l:,r. It is obvious that the med, the blue and the |:||.|.|'p|.-|.' features meduce in area as Jux
cancels in these features. This case of complex cancellation is more likely to occur when thers is a large
flux region, sunounded by smaller features. Figure 6,10 shows how the Tux of the fealures vary over lime in
the clumping data, again the colour of the lines indicates the Qux of the leatures in Figume 6.9 with the same

colour [t can ke zeen that all the inlerscting features lose Aux For the entire time the interaction ocours.

In the dovwahill data I:T"]guu: fl.':.rl'.-]. cancellation i= =1ill detected in thi= ||.1|.'uli.-::-r.|. bt it lesok= ey dilferent
and there are now three sopante cancellation events. Case | s the pegalive turquoise featume cancelling
with the pc:tﬂliw: orange feature. The l|.1|.'quu]m.' Feature was detected in the \'_']L1mFiI.'IE dula as the ]i.g.hl blue
feature, bul the cmnge Feature would have boen part of the red feature in the clumping data, Case 2 the
F.uxi.li'l.'l.' lime Zreen Femiture in Frame O is another pc:-rl.iun al the ]u.@-l.' red fealume in the |:]|.1rr.||:|inE dala and
is found to ke cancelling with the moyal Blue negative Feabore (the purple feature in the clumping datal. As
the Features cancel the disiribution of Aux within the moyal Blue fealune changes as it segments inlo two

flux peaks. Cancelling case 3 is the roval blue and purple negative featunes cancelling with ancther positive
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Figure 6.7: Thi= is the Aux varation in time for the cancelling feaunes shown in Figume 6.6, The negative
(purple) feature and the positive (red) feature initially cancel like noomal, bodh mutually losing Jux, before
giining Hux and moving apat. The avermge eoror bar size i= ploited in the lop dght comern

-
AN
i "

Wt N, .:l‘-\.\"'

Pesitive
e
.-
-
-
o :
L - -
.'. -
= -~ E
-
-
.-*""5:.

Fux | = — Threshald
——

o

Memiive

Figume 6.5 Cartoon of the Gavssian Jux curves of a positive {red filled curve) and negative (hlues Glled
curve | fealume which ane |:an|:|:||]ng. The dotted line is the Qux threshold criteria :lppﬁl.'d. in the identification
:l]gu:rilhm.

(red) feature in frame 4 (6 minwtes). Comparing case 3 1o the clumping data it can be seen this is part of
the yellow positive Feature, which cancelled for the full time in the clumping data. This example shows
that when detecting cancelling eveni= il is nol always as staight Torvard as two opposite-polarity feaiunes.
That is why the cancellation algorithm allemes Fealures b be pained with meare than ome opposite-polarily
feature, The reascn cnly o podion of the criginal red feature is detected as cancelling s due to the Fact thal
the downhill Feabore identification method segmenis large Aux regions inlo single Aux peaks and only this
particular peak is found o lose Aux.

In the clumping case the concellation was detecled as one event. In the dowenhill data, however, it
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Figume 6.9: In this figure a complex case of cancellation can be seen in a) the clumping data and &) the
downhill data. Itcan ke seen thal one complex cancelling event in the clumping dita i= split into thee when
detected in the dewwnhill daia,
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Figure 6.10: A plot of Aux versus time For the feaiumes obearved to be cancelling in a) Figure 6.% and k)
Figure 6.9k, It can be seen that although, the cancellation involves multiple featunes all of them continually
lose Hux during the intermction time. The avermge enor bar size is plotied in the iop rght cormer.

APPCiLTS Gk thiee separate evenls. Fﬁgum .10k shows the lux versus lime in the events in coch of the three
cancellations that are detected in Figure 6,90, Unlike the cancellation in the clumping data, the three cases
lose Aux cover different times, mther than all the featores |.q:h::i.|'|.£h Hux [or the entire time.

6.1.3  Distribution of Cancelling Flux

T gavge further how the cancellation and emerging resulis compare, the distributions of Hux lost per
cancellation event (Figure G.11) are plotted alongside the distibutions for the peak Huxes of emerging
evenls detected, vsing the TH and TC metheds, in the previous chapler. The cancellation distributions
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found actually look similar to the disteibutions For the tracked methods of emergence detection, which are
over plotied as dashed lines. There are more cocurnences of cancellations losing less than 107 Mx of
flux in the dewnhill data than in the clumping data. As discussed above, in the majority of cancellations
which occur one or both features die. This indicates that in the downhill data the majority of Aux Features
which are cancelling have smaller Aux than those detected in the clumping data. Both have a peak in their
distributions at about 3 3¢ 10'7 Mx, which coincides with the mean peak fux lost for the cancellations e
found in Takle &.1, below this value of Qux the distribution drops off.
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Figure 65,11z Log-log plot of the fux losl percancelling pair wersus number of cancelluions compared wilh
the distribution of the Aux eme @-L'd Per event from the p:n:'-'i-::-u.". |:]1:||:|ch'. whene the suhﬁcn'.pl.v. c and d mefer
to clu rnp\]ng and downhill dala, r|.':p|:\-:li=.l1:|3,r.

Mot surprisingly 1 find that distribution For the clumping data has an extended fail and detects cancella-
ticns with Aux loss of over JU“' M=, whereas the cancellation in the downhill data has a maximom Hux
loss of 4 = 10" Mx_ Like the emerging features the tails of the cancellation distributions appear to follow
o poaweT lanw. However, due o the small ninge al fluxes observed not much con be said aboul this at the
moment, but, in Chapler B, | determine the cancellation of Aux in full-disk M1 magnetogroms enabling
this distribution o be extended. In Chapier 8. | consider whether cancellations follow o power law and, if

so, whal ils slope is,

The cancelling event distribulions koth extend o larger luxes than the emerging event distributions. This
is nol SI.I.I'FII.']Hi.r.IE. as cancellation can cocur bebween features al army stage in their life and in Ffeatures of any
size, wheroas features are only defined as emerging unfil they interact with other fealumes, during which
time their lux s cfien <1ill |.1:|ali1.'|.'|3.' small. As in Figu:n: 5.18, it is nodiceable in ]_'iEurL' .11 that them i= a
peaktumeer in all the distributions, below which the number of feaiunes dmops of rpidly. As mentioned
in Chapter 5, this is likely to bz due 1o a combination of the feature identification and tracking criteria and

not a bue poakfivmever for the peak Aux lost per cancelling event.
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In this secticn, | have been able to detect small-scale cancellation and imvestigale ils nature. However, my
method cannct determine how lux is remowed from the phobosphere, as we do not compare our ohserations
to chromospheric observations o see iF the cancelled Aux cises or subducts. This would ke the next step 1o

fully wnderstanding the evolution of small-scale featumes

6.2 Detecting Fragmentation and Coalescence in NFI/Hinode

In order 1o find frngmentation and coalescence automatically, 1 again wse the tocked data. In order to tmck
mu.;._:nl:Lil: feature= it is necessary ko ﬂ:l.r_: Festh rl'..lEI'I.'II.'nl.iI.'IE features and i:uu]l.'.".q:inE features. In pu.rl.il:l.l.lal.'.
fragmentation involyves the 'birh” of at least one feature whilst coalescence involves the 'death’ of al least
one [eature. The manner |‘.-_'|-' which [eatures can be bom or can die is described in delail ul.-::-n.g. with the
feature tracking algorithm in Chapter 3. Here, 1 discuss the assumptions, resulls and implicaticns of fnding
fragmenting and coalescing Features in the tracked dala.

Fl.'.l.g.mn:nluli-::-n iz the spﬁlling ol a ﬂngl-l.' mag nelic Featume into two or more smaller featumes. In mag-
nelogmms, there are three outcomes o this process: (i) the mesultant fragmented features will all be above
the Feature detection IJ1n.':|.1|.1]|:|; [i]'l woame of the resnltant features will be akooe the detection IJ1r||.':|'||.1|.d. ki
others may fall kelow it and (iii) noone of the fragmented Features are above the threshold, hence none of
the [emtumes ane deteclable with the aulomated feature identification :||E-::-rill'|m.

The tracking algoriihm discussed in Chapler 3 only identifies the first two cases as fmgmeniation. The
tracking algorithm works by associaling features between Fames o each Fealure has a unigue label For
its entive lifetime. In the AGrst bwo cases, the luge fealune in frame |, belore fmgmentation, will tronsfer
it is label o the lagest of the newly crealed, smaller, Features it ovedaps in frame j+1, whilst the other
|.11.'|.':r|:||:l|:|inE features in frume j+|. are classed as *hom l|'.||1.1|.1g|'| l'mgmn:nluli.-::-n’. [n the third cose. if all the
resultant fealumes are beloww the threshold then the Feature and its label will disappear between frames and
thus will be lageed as *disappeared’. The number of evenis which disappeared in this way ans extimated in

the next section.

The fmgmentation algorthm is designed o fnd all features which are bom throwugh frmgmentation and
azzcciale them 1o their parent feature. In pacticular it determines the e of Fagmeniation and also finds the
number of Features involved ineach bmagmeniation. By knowing the frame of fragmentation and the unigue
label of the features immlved, [ can find the llux and area of the parent fealunes just before they fmgmeni

and [ alzo And the Auxes and areas of the featoures produced. The fgmeniation mesults ane presented in

Table 6.2,

Coalescence is the comnerse process, where two or more like-polarity feaiures coalesce and form a single
feature. A= for fmgmenlation, in okeervalions, three cases can cceur: (1) bwo or more tacked features above
the thre=hold may merge o foom a single feature, (001 bwvo or mome tacked featumes, some above and some
below the threshold, menee 1o form a single Fealure and (1ii) tao o mome Fetures, all below the threshaold,

form a single feature which appears abowe the threshold,

A in the case of fagmentation the tacking algorithm only identifies the ficst two cases as coalescence.
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In the first two cases the largest of the initial individual small features before coalescence will transler s
label i the single large feature alter coalescence and the others will be Hagged as 'disappeared through
coalescence”. In the second coame, if there are bwo or more features above the threshold then this will be
treated the same as case one. If only one Feature is above the threshold which iz coalescing with Features
below threshold features to form a lager feature, then this will =sem like a single feabore Increasing in
fux beiween frames and will not be recognized o= coalescence. The third case will not be identified as
coalescence al all; as sub-resolution Hux coalescing b Form a fealure abowe the detection threshold will
resull in a new feature simply lagged as an ‘appearnce’ (see Chapter 3 for the full definition). These latier

cases are discussed in the next section.

A coalescence algorithm was created b ind features which die through coalescence and find the parent
features, The analysis of the resolis is similar to that of the fmgmentation algorithm and the resulis ane also

given alongzide the frmgmentaticn resulls in Takle 6.2,

['.]L':n{_'r.. alter eme rgence, features can undl:lg-::- cach of the other surface PO ses m|.1|lipl|.' time=. 1 find
the time of frst frngmentation and compare 1o the time of first coalescence, in crder Lo gain an insight inio

whal happens to fealures immediately aller they emerge.

6.2.1 Fragmentation and Coalescence Characteristics

Table 6.2 shows that there are more cases of fmgmentation in the downhill data than in the clumping daia.
This is not surprizing as there are more features identified in the downhill data to stard with. The mean
flux of the features bom throwgh Fagmentation is a Factor of 3 larger in the clumping data compared o
the downhill data. Similarly the mean Aux of the features which frngment in the clumping dats is almost a
factor of 4 larger than in the downhill data . This is due 1o the difference= in mean peak Aux of the features
identified by the downhill and the clumping data. [t can be seen, in boih the clumping and the downhill daia,
that most (mgmentation evenis invelve one featune splitting Into b, and the Duaes of the Features imolved

reveal thal mest of the flux is mtained in the new Features miher being lost in sub-resalufion features.

Mo ]uukinE al the coalescence mesalts in Table 6.2, il can be seen thal there are more coalescences
detected in the clumping data than in the dewnhill dala. This is not what was expected considering the
fr.]gml.'nlu.l]un rasulls and with the ]-Ln-::-\-.r|L'r_:|3.n: that there are more Features identified l'l}' the downhill methed
than the clumping method. Hewever on visually inspecting the evolution of the features in both the data seis
it is clear that in the downhill data sel many of the cases of coalescence Found by clumping are not delected
by the algorithm, as the meged fealures retain their identity as individual Qux peaks mither than actually
coalescing o from a single featume. My algorithm detects coalescences by identifying those Features which
die (lhose features whose individual label is no longer in the data set) in the process, so if mo fealume dies,

the coalescence will cocur without being detected.

f.-::-c:q]ting at the Nuxes of the [eatures which coalesce and the |1:5u|li.r.|3. features reveals ugu.in that the
fluzes of the femtwes in coalescing events in the downohill data have much smaller Auxes, than those in
the clomping data, due to them being zingly pemked. This i= also the case for the amas of the feaiunes.

The mesults also indicabe that coalescence is most likely o ocour betwesn bwo fealumes merging o form a
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Fragmentalion Resalls Clumping  Dewenhill
Mumber of Fragmentalions imvolving above threshold Faatums ooe =19 =2 a1, .1 14.1
Mumber of Fragmentalions imvolving sub-resolution featums w17 = = a1, 1.6 125
Mumber of tacked Features involwed in fragmentations w19 a2 w1 9.5 195
Mean lux of each parent featurne belfore fragmentalion 01w .54 4z
Mean lux of each featune produced through Frgmentation «et ., 0.75 23
Mean arca of sach parent fealure before Tmgmeniation ae?, 2,96 (LRSS
Mean area of sach femture produced through Frgmentation s, .41 047
Mean number of features produced by a Feature fragmenting 21 23
Aea whiere fragmentation ocours (5% A0 k]
Mean time until first fragmentalion {minutes) 1.9 105
Coalescence Resulis Clumping  Dowenhill
Mumber of coalescences immlving above threshold featums e 19 =i 1, 9.5 .2
Mumber of coalescences including sub-resolution fealumes (oo 19w a1, a9l 1.6
MNumber of trucked Features involved in coalescence (< o1 -3u 1, 133 1.6
Mean lux of each feature which coalesces w1 072 [L05
Mean lux of each resulting feature after coalescence (110, |.38 [l
Mean area of each Feature which coalescos saasz L.33 [L25
Mean area of sach nesolting featune alfter coalescencoe me® 2.59 45
Mean number feaures which menge to foom a single featune 23 22
Aren where coalescence ocours (%) 52 36
Klean time uniil first coalescence {minubes fi.d 5.6

Table 65.2: Results of the algorithms to identify cocvnences of frngmeniation and coalescence.

single larger Feature. The fact thal in mest cases the Hux of the constiluent features adds wp 1o that of the
nevely merged femture reveals that there are nol many cases of coalescence detected which immlve exia

sub-resolution fealumes which are merging with observed features,

In the previous chapter and in the previcus secticn, the emergence and cancellation evenis detectsd in
the clumping and downhill data, were compared to help gauge the ditferences in how features are identified
and how this affects the various algorithms applicd 10 the data set=. For the Frugmentation algorithm applicd
to the |:|urr.||:|inE data 1 find that 35% of the fmgrr.u.'nluli.-::-n: detected in the i:|urnp]ng data are nol delected
in the downhill data. Only 4% are detecled completely the same and | 1% ane detected differently in the
dowwnhill data. For the dewenhill data rIT.IE menlations 94% ane |.1n|._'|-' detected in the downhill data, 2% are
detected the sime in both data sels and 4% are detected differently in clumping compared 10 downhill.
ﬁim]luﬂy [or cuses of coalescence, 1 find that in the rlurnp]ng duta B3 an |.1n|._'|-' detecied in the n'.']umping
dala, 5% are detected the same in both the clumping and dewenhill daia and 129% are detected differenily in
the ditferent data sets. For coalescence in the dewenhill data I find that 74% are only found in the downhill
data, 105% are detecied the same in both data sets and 153% are detected differently in both daia sets, Tiis
not surprizing lhat these results are so different considering the difference between the structure of Features
identified. In the nest section we consider visual examples of fagmentations and coalescences and show
how the difference= in struclure can lead to event not being detected in the downhill data. The fact that the
dovwnhill data splits lange Aux regions inte individeal Aux peaks, can lead o exim cases of hagmeniation
being detecied in the downhill daia.

In Table 6.2, the perceniage of the suface area where fmgmentation and coalescence ocowrs shows thal

the greater the number of events detecled the greater the percentage area they cover, obvicusly, Visoally
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observing where hagmenlation and coalescence can coour in the data for both clumping and downhill
rewzals that it is spread over the surface. The higher the concentmiion of the feaiures the more frngmeniation
and coalescence ocours. Large fealumes tend 1o fragment and coalesce frequently, continoally destroying
and producing small-=cale features. IF there is some proporticn of healing initiated by Fragmentation, i
would ke continuous and well distributed.

Comparing the times of first aclion of the features following their emegence, indicates that features
are more likely ke undergo coalescence fist. As coalescence is the Al surface process thal the Features
underge afler birth, il is not surprising that the luses and arcas of the fetwres which coalesce are found
to ke smaller than those fealumes which Fagmeni (Table 6.2 As o large number of clusiers were found io
emerge in Chapler 5, il is oot surprising that coalescence cocurs Arsl. This indicates that the small-scale
emergence evenls found in the MEL data also exhibit the same behaviour seen in larger active regicons, whene
clusters of mixed-polarity emege and coalesce as the region develops (Vmbec, 1974; Solanki, 2003; Handy
and Bchrijwer, 200010,

A discossed in Chaprer 3, tmcked Features can ¢ither be bom through “appearance” (Figure 3.6a) or
‘appear thrwgh fmgmentation’ (Figune 3.6d). Futhermome, the term ‘appearmnce’ covers bracked leatures
being bom through genuine emergence with o detected opposite-polarity Feature, genuine emergence with
a undetected opposite-polarily feature and also the coalescence of sub-resolution Aux of an existing dis-
persed leature, causing il to appear above the threshold (Lamb et al., 20081, Similady a feature can cither
die through “disappearance’ (Figure 3.0b) oo *disappear through coalescence” (Figure 3.62), where “disap-
pearance’ covers The cancellation of a lfetwre with a detected opposite-polarity feature, cancellation with
an undetected opposite-polarity feature, and the dispersal of Aux cavszing the peak Aux of the feature s Fall
below the Hux threshold. In the previouws chapter and in this chapier 1 have found all cases invoelving the
genuine emergence and cancellation whene the features are delected. Furthermore, Lamb ot al. (2008) in-
vestigated genuine emergence and cancellation in which only one of the featumes is detected and determined
that ils occwmrence was mae. Here | investigate how many cases of bagmentation resull in all the resuliani
features being sub-resolution and similarly how many cases of coalescence imolve only sub-mesoluticon

features merging bo Fform a feature above the Aux threshold.

The TH and T CMETEEnCE detection methods ame vsed p|u5 the [I‘JEI‘I’.H.‘I.‘I[HJ]IJI‘I results Lo find which
features ame not identified as appoaring through penvine emergence or frmgmentation in the dowenhill and
|:|umpi.r.|3. dala. U&ing the TH Emergenoe detection method and the l'l.ag.mn:nluli.-::-ns [ find that 36% and 43%
of appearances, foo the downhill and the clumping data respectively, are nol accounted for and are therefor
classed as ‘coalescence of sub-resslution ux’. Similady using the TC emengence detection method 1 find
30F% and 34% (for the downhill and the clumping dala, wespectively) are classed o “coalescence of sub-
resalulion Aux”. To And out hew common the death of @ Feature is through the dispersal of sub-resolution
flux, T use the resulis from the cancellation algocithm § 6.1 and the coalescence wesults from this section.
The amount of deaths not accounted for is 30% in the clumping data and 36% in the downhill data. The
actual number of events imwolving sub-resolution Features is presenied in Takle 6.2, They show that the
amount of Frgmentation and coalescence detected, in Features abowe the Aux threshold, by my algornithm is

a lewer bound on whalt iz actally cccuring.

I now compare the number of events 1 find in Table 6.2 o what 1 lave found Tor the emerging evenis
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identified by boih the tmcked emegence detection methods in § 5.3, | take the mean of the number of
emerging events [ound by both the Tricked Bipole and the Tmacked Cluster method to gei the number of
emerging events in the downhill data, 3.3 %107 Y em ™ day ™!, and in the clumping dais, 4.8 =10 YWem ™
day . Comparing the number of fragmeniation events io these I find that there is between 1.4-4.2 times
more Fragmentations than emerging evenis, in the downhill and clumping data respectively. For the number
of coalescences, | find 1.9 lime= more in the clumping data and 2.0 fimes more in the downhill daiz.
Bemember, however, that in the previcus pamgraph, | found that it is highly likely that thers are in facl
exim cases of frigmeniation and coalescence which amre below msolution. Adding these sub-resolution
evinis o the number of ovents actually detected would then take the number of fragmentations 1o belween
3.5-R.2 times mome in the clumping and downhill data, respectively. The number of coalescences would

increase to botween 2.7-3.9 lime= more in the dosvnhill and the clumping dala, respoctively.

The numbers of sub-resslution fragmentation and coalescence events may look like it accouwnis For a
conziderable amount of the evoluticon events, but how muoch Aux do they aclually add or emove from the
system? It is found that in the downhill data the sub-resolution fragmentations remove 002 Mx cm™®
frame ™, whilsi exacily the same amount of Aux is injecied by sub-resclution coalescence events. In the
clumping daia 001 Mx cm™? fame™ ! s mmoved through sub-resolution fragmentations, but the same
amount of Aux is alss added by sub-resolution coalescences. The iotal Aux per cm® per frame found for the
tracked features, in the previous clapter, was 5.3 Mx cm™? Frame ™! in both the downhill and the clumping

data. Thus, these sub-rezolution evenis only account for less than 1% of the Qux on the sucfce ai any

instant.

Mg well as just leoking al the number of events, o bry and gel o handle on the behaviour of the feature=
on the surface I also look at the total number of features which ake parl in fmgmentation and coalescence
compared b emergence. For the clumping data the number of features taking par in Fmgmentation and
coalesconces is =3 times les= than the toial number of features, for both emergence detection methods.
Bepeating this for the downhill data 1 find half as many Features immlved in fragmentation and 4 times less
features imalved in coalescence compared 1o emegence. There appears 10 ke a shofall in the number
of features which frigment and coalesce compared (o the number of Features immlved in emergence. This
could be due 1oz (i1 the constraint that the ragmentation and coalescence detection algorithm is unable 1o
identify surface processes if they are the resull of or results in sub-resolution lux or (i) simply that ol
all of the emerged feaiures experience such processes, 1 have already shown that it is likely that there i=
a high number of sub-resclution coalescence and fragmeniation evenis which go undetected. 1F 1 caloulate
the percentage of features present thal interaci | find that 38% of features Fmgment and 54% of Ffeatures
coalesce in the clumping data and 52% of features fragment and 305 coale=ce in the downhill data. These
resulis seem to indicate thal most fealures intemcl, but a high perceniage of inbermctions are vndeiecied due

to the Hux being below resolution.

6.2.2 Fragmeniation and Coalescence Visual Examples

Here some visual examples are presented of fragmeniation events which ame detected, with only the fea-

tures of interest coloursd. The frst example (Figure 6.12) shows a fmgmentation evenl which is detecied
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identically in both the clumping and the downhill data.
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Figume 6.12: An example showing o Ffmgmentation detected identically in bolh the clumping and downhill
dala. There is crginally cne positive (red) fealure in Fame 16 which has split inle two featunes (red and
yellow) by frume 17.
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Figume 6.13: Thiz example shows a cose of fmgmentation identified in the clumping dala but pot in the
diwnhill data.

Visual inspection of the data revealed that frmgmentation events ame typically detected differently or only
detected in one ol the data sets. This i= becauss fngmentation (and coalescence) depends =significantly on
the fealume identificalion method vsed. This will be mons FuJ]].' discussed further on in this section cnce
comlescence has al=ce been considered. For now I will present two examples which highlight couses of
the differences between the frmgmeniaticns detected in clumping and downhill data. Figume 6,13 shows
how a case of hmgmentation can cccur in both the clumping and deawnhill data bul only be detected in the
clumping dala. Initially in fame 25, in the downhill data teo pesitive featumes can be seen (omnge and
yvellow), which are the individual flux peaks of a lager Aux wegion. This same Qux wegion is identified
as one positive (orange) fealume in the clumping daia, In Fame 26 the Qux megion splits into bwe separate
regions This is detecied as fagmeniation in the clumping data as o new featwre is born, howarver in the
downhill dats there are the same number of Features in both frames and despite them being sepamted this

doe= nol count as a frmgmeniation as no new feature is bom.

The final Fagmentation example (Figures 6.14a and 6.14k) shows a large negative Aux region in frame
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Figure 6.14: An example of 1 Fmgmentation which is detecled differently in the same lage Aux fealume in

downhill and clumping data.

29 detected by downhill as various Qux peaks (cyan, Blue and puples) and in clumping as a single (lighi
blue) lux massif. Clearly the region bas a different structure in the dowenhill and clumping daia. In frame
30 a feature fragments off the lop of the Aoz region in downhill {swrounded by the red squane) but in the
clumping dala the region has only changed shape. Looking @t this Aux megion in the clumping daia the
difference in the structure s immediaiely obvicus, The ux region is detected as one lage feature, which

doe= nol fragment between frames.
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Figure 6i_.15: This is an example showing a coalescence detected in an identical manner in both the clumping
and downhill data.

The fist visual coalescence example (Figure 6,151 shows a coalescence event which is detected the same
in kb the clumping and the downhill data. In frome 5 there are bwo negative Features (light Blue and dark
blue) which have merzed together by fraome O to foom g single larger feature (light blue). This indicates thal
the label of the light blue Feature in Frme 5 has been tmnsfermed o lhe feature in frame 6, whilst the dark

blue Feature is tagged as “died throwgh coalescence”.

An example of when coalescence is detecied differcntly in the downhill and the clumping data sets i=
seen in Figure 6,16, In the downhill data, when the two singly peaked features coalesce inko a single lager
regicon, this region is still identified as two individual Aux peaks. Thus, this is nol detected as a coalescence
a= o Feaiture dies. In the clumping dala, bowever, as it is just Hux massifs thal are identified the tao Features

merge into a single feature and cne of the criginal lux featunes dies, so this is detected as coalescence.

A second example of coalescenco'fragmentation delected differently is shown in Figure 6,17, In the
|:|umpi.r.|3. data them is a I.H:I'EL' r.u:gullvc Mux :l:'g.i-::-n debected as a xi.n._e.h: [L|.1|.'|:|uui.m.':| feature. The three
features of interest surrouwnding the region are colowred. Between frames 6 and T il can ke seen that the
surrcunding Features all coalesce with the large features 1o form a single negative Feature. In the downhill

dala howeewer, the large region is separated inke individual Aux peaks. In the Arst case of coalescence this
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Figure 6.16: This example shows a case of coalescence which is delected by the algorithm in the clumping
dala but not the downhill data.

is still be detecied as a coalescence evenl bobween the light Blue feature and the turquoise fealure, as the
l|.1|.'quui.m.' Feature dies. Howewver in case 2, il can be seen thal dusp]l.-l.' the '-"-'Ei'-'"-" rn-u:rg]ng I.-::-Ei:IJ'.H.'L' the
features relain their individoal Qux peaks and 50 in the downhill daia this is not be counted as a coalescence
evient. The example shown in Figure 6,17 alss highlights that one of the main causes for difference= in
the coalescences detected in the two data sets, is the segmentation of luge Aux egions inke individual fox
peaks by the downhill data.

6.2.3 Fragmentation and Coalescence Distributions

Tes help wizualize beiter the differences in the magnetic featwes undertaking Fagmentation and coalescence,
I now look at the distributicns of the Aux (Figore 6.151 and area (Figure 6190, Belore 1 discuss the results,

it i= woath recalling that the distributicon of feature Auxes (Figure 5. 1a) in the clumping dala manges From
S 10V Mx up o 5 109 Mxand 5 » 107 Mx to only 10 kx for the downhill data.

From Figuncs .18 il can ke seen thal in the clumping data fealures can both Fragment or coalesce over
the entire mnge of feature Auxes. However, features have mome of a tendency b coalesce up o 1017k x,
alber which they are mome likely to fmgment. For the downhill daia features will fmgment over the entine
range of fealunes Muxes but they will only coalesce wp to 6§ L0V Mx. Again in the downhill data there is a

tendency for small features (up 1o Zx 1099 kx this time) o coalesce rather than Fagment.

Moaw comparing Fmgmentation in the clomping and dewenhill data (Figure 6.18), it can be seen that there
is more frmgmentation detected in the downhill data For features with Tuxes less than 3 = 10" Mx. Mot

surprisingly, though, the downhill distribution drops off before the clumping one does. For fagmeniation
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Figure 6_17: This Ggure illustmtes thal whether the Fragmentalioncoalescence algorithm s applicd toa)
the clumping data or b) the downhill data can affect what is delected as fmgmenting and coalescing,.

again the distribulions reitermte the resulis found in Table 6.2, namely that thers is more coalescence de-
tected in the clumping data than in the dewenhill daia and again the downhill coalescence distribution drops
off more quickly. Mole that koth the coalescence distributions begin the same and only diverze afier 1019
k= This probahly signifies the Aux above which features can begin o have muliiple lux peaks and as |

have already discussed in the previous section, this can inhibil the ability 10 detect coalescence.

Again befome looking at the distributions of the areas from fragmenting and coalescing features 1 mefer
back to the arsa probability distibulion of areas of all features from the previcus Chapier (Figure 5. 1h).
Figure 5.1k shows that the mnge of aneas for clumping features is 0.06-70 Mm? and for the dewnhill
features the range is 0.06-T Mm®. With this in mind it can now be seen in Figure 619 that for the clumping
and the downhill data, coalescence and fragmentalion occurs cover nearly the whole mnge of ancas. Mol
surprisingly the area distributions, for coalescing and Fagmenting, behove in a very similar manner o the
flux distributions and highlight the resulis given in Takle 6.2, In the clumping dala features are more likely
to coalesce up 0.6 Mm®, after which they are more likely to fragment. For the downhill data there is a

preference for features 1o coalesce mther than fragment up 1o 0.2 Mm®.

Comparing the distribulions Ffor the flux of frrgmenting and coalescing features found here, 1o the dis-
tributions for the Qux of cancelling and emerging events (Figure 6010, il can be seen thal there is mone
fragmentation and coalescence coner all mnges of Aux. From the distribulions presented bere it is diffculi
to say whether or not the processes of frigmeniation and coalescence are scale-free. This will be mone
thormoughly imestigated cnce coalescence and frugmentation have been detected in SOHOWDT full-disk
dala.

Ter help understand further the process of coalescence and fagmeniation 1 also plot the probability dis-
tribution of the ages of the features when they intemct (Figure 6200, This plot shows that the TN features

identified here can interact any time after birth, which is consistent with Livi et al. (19851 who have previ-
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Figume 6.18: A log-log plot of the hisiograms of the Hux of Frgmenting featunes (abowe the Qux threshold)
in the dewnhill (red) and clumping (crange) daia seis. Alzoothe hiziograms of the Hux of coalescing Features
{abowe the Qux threshald in the dowenhill (Blue) and clumping [green) dala sels.

ously considered network Features with Auxes over 1017 Mx observed in BES0 magnetogrms.

6.3 Emerging Region Evolution

This section looks at the evolution of IN emeging mgions 1o examine in more detail the relationship be-
tween them and ephemernl regions. It has already been sheawn that the emergence mie of 1IN emerging
regions Is parl of a smocthly decreasing distvibution of emerging events including ephemeral regions and
active mgions. Furthermore, IM regions emerge both as bipoles and clusters of Aux. This secticn looks at the
evolution of IN emerging regions o examine in more deiail the mlationship beltween them and ephemaral
regicns In the intreduction (5 1.2, 1 have already discussed the emergence evolution mesults found by ather
authors for ephememl regions and active regions, Here | investigabe the chamcleristics of I[N emerging
regions and compare my results o theee found for IN emerging regions and ephemerl regions by other
authore. The IN emerging region evolution mesults are presented in Table 6.3, How these resuli= were

determined and their implications are discussed below.

The following methods for determining the emerging region evalulion are cnly applied o the emerging
evenls detecled by the Tracked Bipolar and Tricked Cluster methods, as it is nol possible 1o follow the
evolulicn olherwise. The emerging evenis identified by these methods can be cleady folleaved through time
in the data. The fArsi thing 1 calculate is the initial and final separation of the opposile-polarity regions of

the emerzence.

The prcess of fnding the edge sepamtion of two features has already been described in § 6.1 The

initial edge separation is measured in the st Frame in which the bipole is recognised. This process is then
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Figume 6.19: A log-log ploi of the hisingrmams of the area of Fragmenting feaiunes (above the Qux threshold)
in the downhill (red) and clumping (crange) data seis. Also the histograms of the area of coalescing Feature=
{abowe the Qux threshald in the dowenhill (Blue) and clumping [green) dala sels.

repealed for successive fmmes until emergence has been completed. The mie of edge sepamtion, of the
opposibe-po larily mgions relative o ope another, is also measumed, which is the speed of separation. All the

separation results are presented in Table 6.3,

The wmle of expansion of ama and mbe of increase in Qux are measured From the ime of the emerzing
eviznt's birth ko the time of the first feature interaction. They are determined via a stmight Forward compar-
ison between the lux and amea of the Features in conseculive Frames. The lime of expansion welers o the
length of lime after the birth of the emerging event during which the emerging event is actively growing in
flux orarea. T measure the expansion mte of the edges of the emerging evenlt features, | assume the la-
tures are circular and compane the feature’s mdil (found from the area) in consccutive frames. The resulls

are presented in Table 6.3,

In the intreducticn, it was repo ried that the initial scpamation of the opposite-polacity features in ephememl
regicms, with Ruxes of 10'7-10°" Mx and areas of 60-100 Mm®, was in the range of 2-9 Mm (Martin and
Harvey, 1979 Chae et al., 2001; Hagenaar, X111, These results wene lound wsing Full-disk magnetogram
data from Kitt Peak, BRSO and MO with resclutions of 2-97 acsecs. The mesulls for the initial sepamticn
presented here in Table 6.3 show a mean initial separation of TG Mm, for the IN emerging evenis which
have mean peak Nux of order 1087 Mx and mean peak area of less than 1 Mm?. This is despite the fct that
the emergence progrms can identily an initial sepaation of wp o 0.8 Mm., This redoction in sspamticon
between [M emerging events and ephemeral regions iz mol surprising considering the high resclution of the
Hinode!NE] data and the meduction in area and Qux of [N emerging events companed o langer ephemaral
regicmz

The increase in separation, ketween the initial and final walues, for the clumping and downhill emerging
evenl= in the TE methed is 19% and 1096, wepectively, Similady for the TC method the increase in
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Figume 6.20: A log-log plot of the histograms of the age of featumes when they fragment and coalesce (for
features above the lux threshold) in bodh the downhill {ved and Blue) and clumping (omange and green) data

sels.

separation is 51% and 33% for clumping and downhill. The difference between the TH and TC methods
resulis is lkely o arise from the increased lifetime of the cluslers and the increased number of Features
in the clusters, allowing the featumes o separabe more. The fnal sepamtion of the emerging events i
tvpically under | Mm for both methods, Sivin (1955) has previcusly found that weak llus emerging evenls
oflen separated loss i at all, as a vesull of observing ephbemerl regions in BRSO magnelogrums of 2-37
resalulion. Ohn imvesligating the emerging ewenls, il was found a furher =2% of emerging events in each

case did not hawve any increase in separation throwghout their fstime.

At oa fest glance it seems wnuwsual that the initial sepaation speed should be pegalive. Looking at the
|:.:par.|=i-::-n resulis |:||1.'5|:r.||.q:|:| in Takle 6.3, it can be seen thal in the initial few minubes of the life of an
emerging evenl, the arcas of the individual Fetwres expand. On futher examination, it was discovered thal
this 1.':l:pu.n5i|.1n is ]ni.li:l”:,- prealer thal the HFL‘L‘I'_:I al’ .".q:pumli-::-n ol the fealures in the umu@ing ewent, thus
giving a negative melative initial sepamiion speed of the opposile-polarity components. When the this initial
feature amca uxpun:]un fnishes alter a i:|.1|.1|:||i: of minubes then the sq:pu.ruli.-::-n xpuL'\-'_:l becomes p-::-sili.\n: and
the opposite-polarity componenis start moving away fom one another. The speed of separation fownd here
is in the mange of what has been previously Found for the sepaimation speed of emerging regions with Aux
mnging From - 10! Mx, of betweeen 0,1-5 km s 1 (Harvey and Marcting L973; Bom, 1974; Zidn, 1985,
Chou and Wang, 1987; Barth and Livi, 19905,

The Qux E:\-::-wll'l rabe [ound here for CI'I'.H.'I.E]I'IE events detected in NEL (=22 104 Mx s 1) is [-2 orders
of magnitude less than the Aux growth mate of 2-30 = 1059 Mx 5! which has been previously found for
|:_|:|]1crr.u.':r.'.||. "'-'E]'-“""‘ with mean pn:uk Aux af a few 10" M=, detected in M full-disk magnelogrmims (e
gl al., 261; Hagenaar, 200011, Harweey (19931 found that when investigaling the emergence of ephemeral
regions in the mnge of 0.2-33 10" Mx using BRSO Kitt Peak full-disk magnetogrms, the growth rte
of the emerging mgions scems o be linked 1o the peak flux the region atlained. What T fnd here agrees
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Tracked ipaolar Clumping  Downhill
Lifetime (minules) 107 11.0
Mlean initial separaticn (Mm) (106G [0
Mean fmal separation (Mm) .8 ny
Mean initial edge separation speed (kms 1) 12 -0.3
Mean firml edge separation speed (km s~ 1) 0.8 07
Mean ama expansion mils (W m? 51 (RIA]E 0.0l
Mean outer edge expansion rale (km s Ly .5 (1.1
Mean time of spatial expansion (minubes) 1.7 1.5
Mean fux increase mbe (10 Mx ™ 1) 2.2 2.1
Mean time of lux ipcreasing {minutes) 2.0 21
Tracked Cluster Clumping  Downhill
Lifetime (minules) 18R 18.2
Mean initial separaticn (Mm) 0.7 ns
Mean fimal separation (Mm) 1.0 ny
Mean initial edge separation speed (kms ' -] -0.2
Mean fiml edge separation speed (km s~ 1) 0.9 0.7
Mean ama expansion mils (W m? 51 (RIA]E 0.0l
Mean outer edge expansion rale (km s Ly .5 .5
Mean time of spatial expansion (minubes) 2.2 1.5
Mean flux incroase mbe (= 1004 Mx s~ 19 2.3 21
Mean time of Mux increasing (minutes) 25 21

Table 6.3: This table shows the emergence evolution resulis for emenging evenis delected by the Troacked
Bipolar methed (top) and the Trecked Cluster method (kotiom).

with this. Comparing the Mux increase mie | find bere (Takle 6.3) 1o the flux loss mte in Table 6.1, mveals
that the increase rate is slightly smaller than the lux cancelling rate of between 3.3-5.3: 10" Mx s ' The
cancellations | observes intemct, foron average, just over 10 minuvtes, compared 1o belween 11-19 minutes

for emerging evenis

The expansion of the borders for the emerging events is of the order of 115 km =~ in all cases which
is less than the border expansion mbes of between 1-3 km s~ ! found for ephemeral regions with Auxes of
10V 0™ Kx (Harvey, 1993; Hagenaar, 20011 Contrasting the times for the full Aux increase and ouler
edge expansion ko ocour showes that it iakes =lightly longer for the emerzing events to meach their maximom
flux, at just = 2.2 minutes, than the outer edge expansion which takes = 1.9 minutes. The time of dux
expansion is considerably less than those found by Zirin (19831 for ephemeral regions of order 10" Max,
using BR300 full-disk daily magnetogmms, who estimated an initial Fasler expansion mbe wp o 30 minutes

after birth and a reduced expansion mie for up o a few hours,

6.3.1 Emerging Region Lifetime

Here 1 investigate M emerging regions as they evolve and inlegrte into the magnetic network. The main
aim is 1o beller undersiand the procosses these evenis undl:lg.-::- l'|.1|.|-::-1.-.ring CmErgEnoe and what determines
that they are no longer emenging events. The IM emenging megion evolution mesults are presenied in Ta-
ble 6.3, The Arst thing | calculate is the initial and final sepanition of the opposile-polarity regions of the
emeorgence. Rogardless of whether they are applied 1o deavnhill or clumping, = 1/ of emerging events had
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no growth in fAux or amea after birh. A further =2% had only area expansion and =6% only increased in
fux.

InTable 63,1 I present the results, in tems of the percentage of overall emenging evenis, of what fclors
determine the erd of the emerging phase of IM features, The end of the emerging phase is deemed to be
when the emenging opposite-polarily components are no longer associaled with one another through the
flux ratio test (Equation 4.1, or when the features of the emergence have inbermcted with other Features

which ame nod part of the emerging event.

Each emenging event Is taken in lum and, in the mme subsequent 1o its birth, each Feature asscciabed
with the cvenl is examined to see if il has .I-r.J.EmL'nIL'\d. coalesced or cancelled with any cther foature.
The interaction of these is only significant if it involwes another Fealume not associated with the emerging
event. The tolal Aux miio is alse found lf["]1=|p|.-|.':r 4], as part ol the erleria for l'u:]ng an rmclgi.n.g. evernl
imvolves the total Aux of the positive features of an emerging evenl being within 1/3-3 of the il Aox of
the nl:Ealiw.' features. 11 one of the urru:rE]ng evenl features dies and it cannot be related 1o eithercoalescence

or carcellation, then it i= delined as an unexplained featune death.

Cavse of deaths of as a percentage Tracked Bipolar Trcked Cluster
of number of newly emerged events Dowohill  Clumping Downhill  Clumping
Fragmeniation:

Positive feature 1m0y 1.2 4.6 21
Megalive feature 11.3 121 1.5 1.0
Coalescenc:

Positive feature 21n i 21z 370
Megalive feature 19.5 iz4 18.9 321
Lancellation:

Positive feature 58 4.5 54 4.9
Megalive feature .5 5.0 4.0 4.0
Flux Ratio Ouotside Range: 0 1] 48.0 4164
Unexplained deail:

Positive feature 191 4.6 4.6 iR
Megalive feature 181 . 14.0 53

Table &.4: This takle shows the possible reasons for an emerging evenl to no longer be reoognised. Foreach
miethod the cause of loss of identity is given az a % of the ial noomber of emeging events. Mote that each
emerging evenl can undergo mene than one case of death.

The resulis of applving the=e critecia b the TH and TC emengence delection method ane now discussed.
Looking at Takle 6.3.1, it can be seen that the otal perceniages are grealer than 100%: for all cases. This
indicates that in many of the emerging events thore is more than cne mazcn foc them coming 1o the end
of their emerging phase. For the TH method the most common cavse for the end of the emerging phase is
that one co more of the features in the emerging event coalescences. This is also the second most commen
cause for the TC methed. In § 6.2, we have already seen thatl, alter birth, featres ame most likely o undergn
comlescence frsl, so these mesults are not surprising. For both metheds, those emerging events which are
detected in dewnhill are less likely to Fragment or coalesce. This has again been discussed in § 6.2, and is
due to the structure of the devwnhill feaiure.

For the TH emergence detection method none of the emerging events have a Qux mtio which is cwiside
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the 1£3-3 range during the time they ame defined as emenging. For the TC method, however, almost half
of the clusters delected, have a large Qux imbalance of the positive and negative components. This resulis
from the emerging evenls in the TC method often containing more than 1wo oppesite-polanty features. The
greater number of Featunes associated with an emerging eveni in these cases increases the chances of the
emerging event losing Aux balance as il emerges, due o these emerging fealunes interacling with other

.ﬂ:ulun:s..

The emergence of small-scale IM Qux can be shown to have both similarities and differences to ephemaral
regicns They both have 1 chamcterislic growih in Aux and @irea and move apart. However, the timescales for
these actions is much less for the IM emerging events 1 have found than for the lager ephemeral regions, The
flux and area growth mbes are alss an coder of magnitude less than those found for ephememl regions. By
comparing the evolution of IN ephemeral regicns alter initial emergence 1o traditional ephemenl regions,
it can be seen that whilst the traditional end of the ephememl region emerging phase was when the Features
frugmented and joined the network, here it is found that the IM emerging event Features ame most likely 1o
coalesce than fragment. The picture given by my resulis is that the majority of the Features survive for a
time after being pari of an emerging eveni and inbersct with preexisting magnetic features, ooalescing 1o
form lager features which may then go on o form part of the network. These nesulis amwe consistent wilh
what is known about IM features and agrees with the suggestion by Martin {1950 thai the netwodk is buili

up in pari from [M featumes.

6.4 Conclusions

In this |:|_-|;|F||,.:|_-'| inw.':liEal.-L'd the surfzice procosses Features wnder 2o alter ST TEEnCe il.'ll.'lud.-ll.'lg evolution
alter emergence, Fragmentation, coalescence and cancellation. Emerging megion evolution was analysed
for the emerging events found by the trncked emergence detection metheds: Tracked Hipolar and Tracked
Cluster, It is found that the IN emerging evenis exhibit similar behoreioor o larger ephemeral regions, bul on
smaller scales. The um:xi.l.n:-pa]urily companenls are l_'rpii:u”}' between 0.5-0.7 Mm aparl upon detection
and genorally move less than (03 Mm apar ducing their groavib. The lus groevth mile of the emerging
events is of the order 2 101 Mx s I. the uuLL'ri:dgL' r.:]:nnxi-::-n mbe is I:,-p]:all:,r 05 km = ! and the time
over which this spatial and Aux growth occurs is only of the order of 2 minotes. The initial edee separation
:pl.'i:d is ni:'_e.ulim: (1.3~ -0 lkern = ! i o the -::-ull:l'i:dgl.' u::pu.n&iun rabe is grealer than the e of m.'[.ulul]un,
but as the growth of features abated, the separation speed increased o between 0.7-0.9km s L. The feature
identification method cr the emergence detection method applied had litile effiect on the cvermll emerging

evolulion nesults.

After emergence il is found that fealures ae more likely 10 wndergo coalescence st indicating thal
the small-scale omergence ovonls found in the NFI data also exhibit the same behaviour seen in ]u.@n:l.'
active regions, whene clusters of mized-polarity emerge and coalesce as the region develops (Yrabec, [974;
Solanki, 2003 I[und}- and SCI‘IL‘].-l'r‘\L'I.'.. XL The e of l'mgrn-:nluli.-::-n iz found to ke 16534 =10 18
em  day ' (98-20.7 %107 day ! over the whole surface] with most fragmeniations invelving one feature
splitting into two and the mean Aux of parent fragmentation feature being 042-1.54 3 10'% Mx. The mite
of coalescences is similar to the mte of fugmentations at 1.5-2.3 =107 cm ™ day™ ! (9.2-14.0 = 10°
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I cover the whole surface). Like fragmentations, most coalescences imvolve two features that merge

dany
into o single feature. The mean fux of coalescing Features is smaller than Fagmenting feaiumes al belween
(05072 = 10 Mx. The fragmeniation and coalescence detected is found 10 depend significantly on the
feature identification method wsed, with the processes being mome difficult o deiect in downhill daia due
to the tmnsient nature of the Aux peaks. From the hisiograms presented in this chapter it s difficult 1o say
whether or nol the procesass of fragmentation and coalescence [ollow a single distribuiion cver all Aux
scales. This is mone thomoughly investigated once coalescence and fragmeniation have been detected in

SOHOMATT full-disk data.

The cancellations detected in the Hinede™F] data are found o exhibit the behaviour seen in cancellation
evieniz in the network, Mamely, the oppesite-polarity features mowe together as they cancel and muioally
lose flux. The speed of appreach is found 1o be between 0.1040.19 km s ', whilst the mean Aux loss mie per
event being between 3.3-5.3 ¢ 10" Mx &' This is in good agreement with previcus results of between
2H 107 — 202 10" Mx &', found from investigating cancellation in features observed in BRSO
and MDLhigh-resalution magnetograms, with Aux between 10 ¥ _10%" Bx (Livi et al., 1985; Wing et al.,
1988; Harvey, 1993; Chae eial., 2002). The mean mie of cancellaticn events is found to be between 1.4-2.00
w107 em~? day ! iRA-12.1 % 107 cancellations per day over the wheole sucface), similar o both the rate
of fragmentation and coalescence. The iotal Aux Joss mie at bebween 38.5-46.9 Mx cm? day ™! (2.3-2.9
w 10% Mz day ! owver the whole surface). The distribution of Qux lost per cancelling event versus number
of events appears to follow o power low but ihis is investigated further once cancellation has been found
in SOHOMDT full-disk, &= a langer scale of Auxes will give a mome conclusive result. Unfodunately using
the Himode/™F data I was unable to ascertain the lux removal in a cancelling event is due to an £-loop or

Tl-lewop.

This chapler has emphasised the extremely dynamic nature of IN featumes and hinted at @ relaticnship o

larger network Features. This possible nelaticnship is investigated in the chaptoms that follow,



Chapter 7

Variation of Small-Scale Emerging Flux Over
the Solar Cycle As Observed in SOHO/MDI

The large-scale global magnetic Aeld follows a well documented cycle which lasts on average 22 yeams
{Hale and Micholzson, 1925%; Friis-Christensen and Lassen, 199]; F"E‘E‘L‘ ol al., 199591 This warialion in
magnetic sctivity has many consequences for large-scale features on the Sun. At solar maximuom thems is a
rise in the number of sunspots and in the Frequency of CME"s and lares. Active meglons alsos experience a
shift in their latitude of emergence as the magnelic eycle progresses from minimuem o maximum, emerging

initially at high latitnde= then migrmling foward the equabor as the cycle progresses.

Studies of the varation of qui.:l—?zl.ln mugnl.'l-h.' fizlds meveal both differences and similarities in theic
behavicur, o large scale Gelds, over the solar eycle. Meunier (2003 and Hagenaar et al. (2003} koih
-|I'I"|"|.'!-||.ii._."i].||.'l'_‘| nebwork Features in MOT full-disk magnelogrims over the pl.'ri-::d. 1996 until 2002, ||:11.'1.'nuu|'
gl al. (2003) found that the number density of network features decreased in anti-phase with the solar oycle
|-|!,- a factor of == 155, Meunier (2003} found that comer the same p-:li-::d there was an incroase il'l-phi'lhll.' |-|:.- i
factor of 3 of nobwork featwres per frame. Foukal et al. (19910 al=o find that, in Kilt Peak magnetograms,
the number of network features increases in-phu.-:n: wilh the solar u_'r'n'_'h.' |-|:.- a fmctor of 1.5, ||ut:|:n:~|u.r el al.
(20037 and Mewnier (20003 both found that the mean lluxs density per small-scale featune increased From
solar minimuem b maximuem and $ew nin:l'l:j::l:]."'-_l calculaled this increase 1o ke 2659, J"';|I|'||.1|.|g|'| the Aux per
feature is increased from minimum to maximom, the total luxs contained in the guict-Sun netwerk is found
to be uh:inging -::-n|3,-' WI.'Hl‘EI_'r‘ l|'||1.1|.|g|'||.1|.|L the =olar u:,-'\r.'lq.' {Labonte and Hoeward, 1982; 1 |u1.'1.'nu.:~||'q.'l al, 200137,
(n plotting the distributions of the number of network features versus arca, Mewnicr (2006}, noticed thai
l|'||.'3,I Followed a PR Lavr wvhich was sleeper at the wolar minimum and shallewoer al the solar maximuom,

with the distributions continuing to larger Huxes al solar mazimoum.

Oine of the most obvions changes in the large-scale solar cycle is the emergence mibe of sunspots through-
out the u:,-'n.'h.' which increases |'~_'|-' a factorof == 8 al solar maximum. Tnlike active |'|:Ei|.1n.-:,1.'|.'.\|'||.' muzral g icins
wore previously found o vany weakly in anli-phase with the solar cycle by a factor of 1.5 (Mariio and Har-
vEY, |':.:|_|"':.:'; 0| u|1.-ln. 19588 Meunic T, 203 . There also aAppears Lo ke nios dislinel odentation of the tr.\l'l.:rm.'l'..d
regiom bipoles and o prefoned htitude of emegence, espocially with respect o the solar oycle (Hagenaar,
2l 1 IHE‘L‘ naar el al., 2000305

For the first time there is a saiellie in o unique position to have observed the Bun For a complele solar
cycle. SOHD was launched in | 996 and has continued o provide observations of the photospheric magnetic
fizld, |.|.-:in1.' M, up e the present duy. l]:q.inl.' |'|-Ig|'| codence SOOVMDT full-disk dala ssl= From belween
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December 1996 o December 2608, 1 investigate the emergence of small-scale magnetic fields over an entire
solarcyele. The aims ans (1) to resolve the uncedainties in the behaviour of neiwork features throughout the

solar eyele and (2) to inwestigate the relation=hip ketween the features in the intranetwork and the network.,

7.1 Data, Feature Identification and Feature Tracking

1 study 17 SOHOMDT full-disk magpelogmm sequences spanning a complele solar cycle From the oycle
2423 minimum uwp to the present cyele 2324 minimum. The preparntion of the dala is detailed in Chapler
2. The sequences have a cadence of 4-6 minules and are more than 8.5 howrs in doration. An estimate of
the residual noise of each data sel is |.1:\-L]|.|.ir||.'|:| for the identification of flux features as described in f']mpl.q:l.'
2. I choose a cuteft of 2o, for cach data sel which rnges bobween 10.98- 1299 Mx cm 2 This culedT is

:|.1|.-ﬁi:i.-|.'nl|._'|r loww =0 that small-scale Aux is =16l identified bul that noise effects ane ﬂgni.l_u:unll_'r meduced.

In Chapier 5, the mesulis of applying boith the clumping and downhill metheds of identifving featunes in
MNF] magnetlcgram data were compared. Here, again, magnetic features muost be identified in the prepared
SOHOMATT full-disk magretograms. However, 1 choose o apply only the clumping method of identifi-
cation bocause the focus of this study is the overall wardation of small-scale surace flux, not the transieni
variation in the struciune of the lux within Aux megions, as deiected by the downhill methed. Indeed Parnell
glal. (2008 Ffound that clomping methoed was mome suitable for comparing Hinede™F] and S OHOW
ax the lux mussifs it ideniifies are much less dependent on instrument sensitivity. 1 alwo wish o analyse the
nalure ol the evolution of features and, as seen in Chapler &, it is difficult o detect fragmeniation and coa-
lescence accurately using the donwnhill data. Furthermore, Chapbers 5 and 6 highlighted that ithe difference=
in the Features identified by clumping and downohill did not diastically affect the otal Aus observed o have
emerged or cancelled. Thus, the conclusions we drauw on the nalume of emergence, =hould not be biased
by just using the clumping data. The identified features are associaled between frames v=ing the feature
ll.'.lcki.n.g. u.pprl::-ul:]1 datailed in [1|'|u.pl|.'r 3. afler which the pl.'ak Hux, Fl:uk area and lifelime of cach of the
tracked features is found. The chamcierstics of the tmcked Fealumes ame presented in Tabkle 7.1, The defi-
niticn of small-scale features ilppl]l.‘."- to thoss features with pl:uk Aux of = 107 Mx. This value is chosen
since Pamell et al. (2009) found, From a comparizon of ux distributions at =o0lar minimom and maximom,

that features with Auxes above this walue il -::-l'l'-'_:h.l.ri.n.g. solar minimum.
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Firstly I leok at the varation in the number of small-scale features detected throughout the cycle (Fig-
ure T.la). Theme is an anii-phase wariation in the number of small-scale features over the solar cycle by a
factor of at most 1.9, This is in agreement with Hagenaar et al (2003}, rther than with Foukal et al, (1991)
and Mewnier (2003) who found an in-_p]msucu warialion.

By comparison Figure 7.1b shows how the number of features with fluses = 1077 Mx oy over the
cycle. The number of large-scale Features incmeases by a factor of = 22 from minimum o maximom. The
decrease in the number of network featunes in anti-phass with the number of sunspols sugges=is a connection

between small and large-scale features.

Hewwewer, these numbars ans ml.'aninEh:m wilhoul some Indication of the ACCLIRICY of these numbers and
the ormas associabed with the methods wsed to indentily and tmck the featumes. Yarious instrmental faclos
can affect the number of Feature= identified, =uch sx the cadence which tend to affect sho-lived lewe-Aux
features more scculely as does the wsolution of the images. By varying the cadence of my images and the
]mp-::ﬁq:d Hux cutoll (=] Tcan Eiw.' =l I.1.1IJE|.'I estimale of these effects on the numbers. Re rnuvi.n.g. CVETY second
image in exch sequence gave a cadence of rougly 10 minutes. The number lange-scale features (= 10%"
k=) rhungl.'d. mi.nirn:l”:.'. Henwewer the number of small-scale Featwre= (= ||:|:JII Mz meuced l'l}' a fmctor of
14, Increasing the cacdence nesulted again in little change in the large-scale Features but an increase in the
number of small-scale features h:,r a fmctor of LG, [1hunE]ng the cutedf between Lo and A, u.'l_::lin hid Lidtle
elfect on the luge-scale Features but varied the number of small-scale featwres by £ a facior 1.3, 11 is clear
then that there will ke a uwncerainty up 1o Factor of 523 in the number of small-scale fealumes. However this

will be comsitent throwghoul the cycle.

Imvestigating the mwan peak lux of the tocked small-scale features (Figure 7.2a), shows that there
appoirs ko b an in-p]1:|=-|.' |1.'|:|I]|.1nx|'|i.|:| with the solar |.-_l,n:|.-|.' h:,r a [mctor ol 1.4, T|'||.1.1ug|.1|.1|.1[ muost of the solar
cycle there will be some Fmction of the network features which originate from the decay of aclive egions,
I is knowen that the Aeld sl:rvl.'nglh ol aclive |.1:Ei|.1n: ane |'|i.3.|'.|-|.'|.' than qu]l.'l-ﬂun Aelds due 1o restricbed Aows
and pressure. | next investigate if there are incmeases in network Geld stengths during active periods on
the Bun due to featunes From decaving active reglons retaining their higher feld strength when they migrate

inbe the nebwode. O are dispersed active megions indistinguishable from the netwerk?
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Figure 72: Plots showing the mean peak Feature a) Aux and b feld strength versus year for small-scale
features (= 1020 [ EY]

Figure 72k shows that the waciation of the featune feld strengths is =imilar o what is seen for the mean
peak Hux (Figure 7.2a), namely an in-phass increase in the mean peak field strength by a fector of 1.3,
If decaying active nogicns ane responsible for a consequential number of high field-strength, small-scale
features, then one would expect the mean peak field strenglh of small-scale Femtures o ke higher throughoud
the pericd of maximum sctivity. This what is seen bere. However it is anclear whether this is solely duoe
to the network Features from dispersal of active megions relaining their high Aeld strengih characteristic of
active regions or whether lager and stromger flux tubes ame being emerged inlo the photosphers at solar
maximum. Onee the Qux of ephemera] regicns has been investigated in % 7.2 this question can be answered

in mome detail.

Again | give a quick estimate as to the accuarcy of thess numbers. As the Aux and field strength plodied
for each _'f'l::l.r]x the mean, | take the standard deviation 1o represenl the puxxi]‘.-h: varialion in these numbers.

For the flux T fnd that the average standard deviation is £0.2 2 10'® Mx and for the field strength it is +8&
Mx em™ *. These values did not VAT dmxlicu]l_'r thquhuul the |:3,r|:|i:.
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Figure 7.3: This plot shows the vaciation in the mean peak arca of small-scale Features (= 1020 Mx)
throughout cycle 23,

Like the memn peak flux and the mean peak field strengih, the mean peak area of small-scale bocked
features (Figure 73] varies in-phase (by at most a factor of 1.21 with eycle 23, although this variation i=
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less obvicus than for the previous tvo properties. Again | calculate the standard deviation in the area and
find an that the area on average has a standard devation of £15 Mm?. Like the Aux and feld strength this

doe= nol vary drastically throughout the solar cyele.
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Figure 7.4: The perceniage of suface area covered by a) lange-scale features (= 10°" Mx), b) small-scale
features (= i M=) and the varialion in number density of ) lange-scale features and J) small-scale
features throughout cycle 23,

A expecied the perceniage of the oial surface area of the Sun that is covered by large-scale fealures,
varies in-phase with the solar cycle by a factor of =1 16 (Figure T4a ) The percentage area taken up by the
small-scale featunes (Figure 7.40) has a varialion which in anti-phase b the solar oycle bul only by a factor
of 1.3.

The accumcy of these is influenced by the size of the Fealunes, the possible variation in the number of
flux Features and the area of those Fealumes. Large-scale Features ane less susceptible to sylematic biases and
therefore counting them and measuring their Aux is mome accurate. By measuring a standard deviation on
the sctive region Aux and including the possible vandation in the numbers (Figure 7,10 1 And & maximem
of = A% wvariation, For the small-scale Features, although the numbers are susceplible 1o change., the anca
associated with these Featvres is wery small and results in the surface ara and density having a varation of

r= 0%,

Thinking about how the density of small-scale Features could change throughout the cycle therm are
three possibilities as the number of active megions increases: 1) if there is not a lol of lus-free space on

the pholosphere then the area which can be inhabited by small-scale featunes is reduced and the density i=



7.0 Data, Fealure ldentification and Feature Tracking 05

increased, i) iF all the fealunes present on the pholospher: only take up a small perceniage of the surface
arca and there are arcas with practically no {or very weak) fields then as the number of small-scale features
and sunspots increase, thene is plenty of space for them 1o both lake up more area. This will lead to either
iii) & slwady densily of small-scale Features throughout the cycle or ivi a decrease in density may be found
il the increase in the area taken up by small-scale fealunes increases by a larger Facior than the increase in

|.|'II.' r.||.|.r.r|.]1-|:|.' -::-l_. rL'iIl.IJ s,

Figuwre 7.de shows that as expected the number density of large-scale regions incremses in-phase with
the salar cycle. Figure 7.4d shows a zlight in-phase variaticn in the number denzity of =mall-scale Features
fream 2000-20050, by o facior of 1.1, This is ned wholly surprizing as we have seen in this seclion that koih
the number of Features in the network and the mean area of the fealures incmeases, whilst the percentage of
the =urface amea decreases in anti-phase with the cycle. Obviously these hypotheses alss do not take inio
accounl that the network is bound o the lanes and vertices of suporgranular cells. It is likely that there are
also features, oubwith thess identified, which are below resclution, remeved by lifetime or siee criteria, and

it is oot knowen how these will affect the dispesal of network features.

av [Wm o= gt

e fpwar
E

= e 3WE FE) a0 e 2

Figure 7.5: The total feature fux of features < 10°" Mx versus year for all the Full-disk data sets.

The final aspect o be looked al is the cverall lux contribution From small-scale features. The graph
of the variation in tofal Aux (Figure 7.5) for all small-scale features with Quses < 105 Mx most closely
resembles Figure 7.1, which depicts the change in the number of fealunes with the cycle. The variaticon in
the todal Aux is in anti-phase with the solar cycle by a Factor of al most 1.4, the same facior that the number
of small-scale tmcked Fealures varies |'.-_'|-'. ]]}' us-:i.n.g. the |.1n|:i:|1.;.|jnl_'|-' cn the number of small-scale Features
and the Aux amscciated with these 1 Gnd that izl Aux on avermge will bave an wncerainly of = 15 Mx
cm”® d.a}' L. This is I-u]ll}' |:||3.-|.' and is due 1o the various Faclors which contribute o the unce rl.ai.nl:,r in the

numbers of small-scale features.

T.1.1  Flux and Ares Distributions of Tracked Features

Looking clessly at the distributions of peak flux vermsus number of features, it can be seen that thene are
two palterrs within them. For the period Oeiober 1997-Movember 20005 these distributicons contain Fewer
features up to just abeoe 2 3¢ 10" Mx than the distributions frem December 1996-Tuly 1997 and February
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Figume T.f: Log-log plots of the hisiograms of the Quxes of all the tocked features ideniified in the
SOHOMT full-disk daia sels.

2007-Necember 2008, However above this Qux value the opposite is true. Tt iz likely that the reason for
this i= thal December 1996G-Tuly 1997 and Febmary 20607-Decembier 2008 have significantly Fewer lamge-
scale Deatures, whilst the number of small-scale featunes increases doe 1o the disperal of decaying active
region felds and possibly increased emergence mle of ephemeral region, which is 10 be discussed in the

nexl 5CI:|]L1I'I.
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Figume 7.7: Log-log plots of the histograms of the areas of all the tmcked Featores identified in the
SOHOMIDT full-disk data sels.

The internal patlern which was appeirenl in the trmcked featune flux distributions in r"]guu: T, is also
apparent for the arca distribution (Figure 7.7). For the pericd February 1995%-Movember 2004 these distri-
buticns contain fever features up o just above 1000Mm® than the distribution from December 1996-Okctober
1997 and Movember 2X15-December 2008 and abowe this area value the opposite is bue,



7.2 Variation in Small-Scale Emergence Cwver Cyele 23 T

It is apparent from Figures 7.6 and 7.7 thal the distributions for ama and Aux are marginally steeper
during the periods of the solar cyele which coniain less active regions, than those during the active pericds
of the cycle. Also the distributions during active perinds have extended tails o higher values of Auxfarea,
Meunier (2003), kas already observed ihis varation in the slope between mazimum and minimum for the

distributions of number of petwork featwres versus area.

At ihis slage it is unclear what iz the cavse of the extra injection of small-scale features in the distributions
between December 1996- October [ 99T and Movember 2005-December 2008, The increase in the noumber
of featunes could be due to: an increased emergence mile of Aux on all scales, the dispersal of small-scale
flux Femtures from decaying active regions or an increase In frequency of surface processes. To properly
answer this question the emergence and evolution of small-scale Aux over the solar cycle needs o be

imestigated,

Both the lux and area histograms appear o follow a power-law relationship. This is imvestigabed in mone
detail in :i 7.4 where the tacked fealumes identified in the SOHVAIT full-disk data are |:\-::-r.r|.j:n||1:\:|. bey those
identified in the HinodeME] data.

7.2 Variation in Small-Scale Emergence Over Cycle 23

In coder 1o delect emezence in magnetograms, we wse the Tracked Bipolar (TH ) methed detailed in Chapier
4. This method was chosen mither than the Bipole Comparison and Tracked Cluster methods for bao main
reasons. The ficst is that the magnetic features are tacked, which allows vs 1o follow Feature evoluticon
after emergence. The second meason is thal cn visual inspection of SOHCOYMID full-disk magnetograms,
the emergence of new guict-Bun Qua iz primarily bipolar in nature as opposed 1o cluster-type. The nesulis
are presented in Table 7.2 and Figures 7.8, b, © and d. The mesults in this section ame for all the emerging
bipoles which are detected, no Hux limit is imposed, as on inspection of all the resulis overall there are cnly

a Few cases of ephemeral regions whose total absolute Aux exceeded 1057 Mx.
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7.2 Variation in Small-Scale Emergence Cwver Cyele 23 )

Firstly looking at how the number of emerging events varies through the solar cycle (Figure T.8a4), il
can be scen thai there is a vardation in anti-phase by a [actor of 3.4, By comparison, it is known that the
emergence rabe ol active regions varies by a factor of 3 in-phase with the solar cvele (Harvey and Zwaan,

1993).

Can the cphemeral region emegence rate bell us anything about the vacialion in the number of toacked
features ower oycle 237 The varation in the number of emezing events is a factor of 3.4 compared o a
factor of 1.9 for the number of tracked features. The ditfervnces in the magnitude of the changes of two
graphs highlight that the varation in the number of small-scale trcked featunes in the phobosphere musi
not just be solely due io the how the emergence varies but alse dee o changes inthe frequency of surfce
processes and due to the decay of active regions. In the next chapter | consider the behaviour of the surfuce
processes over the solar cycle, thus enabling me to assess the impodance of ephemen] regions, surfce

processes and decaying active regions in the production of network features.
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Figure T.8: Plots showing the wariation throughout solar cycle 23 of a) number of emerging bipoles, bl
miean peak emerging event flux | ©) mean peak emenging event area and d) tobal Qux emezed.

Figures 7.8k and 7.8c show thal there is litle change in the mean peak flux and area in the emerging
evenls over the cycle. Meither follow the anti-phase varation witnessed in the number of emerging evenis

Aus the number of emerging events seems ko be the dominant variation cover the cycle =o Far, it is then no
surprise that the ux emeged Follows a similar evelution to the number of emerging evenls, also altering

by a facior of 3.4 in anii-phase with the solar cycle.
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Again to gauge the uncerainty in the number (Figure 7.8a) [ vary the cadence and Aux cutalt (=1, Whal
I find here is thal the total mean variation is of the order of a facior of 2. 1 is likely thai the method of
emergence detection would also play a mle in the number of bipoles identified, as was seen in Chapler
5. Thus, like the feature numbers, it is likely thai the bipole numbers could vany by up to a factor of 3.

Howewer, 1 did met observe this o behave in a cyvelic manner

Again | vse a slandard devialion o give an inzight into the acourmcy of the fux and area of the bipoles.
The standard deviation of the bipole lux was on average 4.1 3 10" Mx whilst for the area it was 3 Mm®.
Combining the uncedainty for the number of bipales and the Qux gives an uncerainiy in the tial Aoz of
+ =2 Mxem Fday L.
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From the results so Far, it appears that the presence of active regions al the cycle maximum acls o inhikil
the emergence of ephemerul regions. Here | invesiigais this further. Firstly, I find the percentage surface
area where emergence is found o coour, inoall the data sets (Figune 7.%). The percentage amca inhabited by
emerging evenls varies in anti-phase with the solar cvele by a facior of 1.3, However, the number density
iFigure T.98) of emerging evenis does not vy significantly in & meaningful way throughout the cycle al
all. These resulls sugge=i that active wegions inhibit the emergence of ephemeral regicns by reducing the

free space available For small-scale emegence o coour.

Like the ather i:_'f'\-:]i.-: wariation gmphs in this :h:lchL'I allempl 1o pul a handle of the ACCLIRICY of the
resulls ko help pul the resulls in perspective. Here this i= achieved by referring 1o the liley insccumcics in
the number of bipoles but alss in the uncerainly in the arcas of these bipales, The Fact that the standard
deviation in the ame of the bipoles is relatively =mall reduces the wncertainty in Figures 7.9 and T.9b toa

factorof = 1.5,

The perceniage of non-unique pairings increases in phase with the cycle, 5o either therme are mone clusters
emerging during sctive periods or it is more difficult for my algorithm o distinguish wnique-pairings. From
Chapter 5 I already koo thal non-unique pairings in emeging evenls are more likely o cccur in regions
with more Aux featores. Visually leoking ot the full-dizk daia, it is apparent that the majorily of non-
unicue pairings occur closer b the limb although it is still the case that when emezence ccoums ina region

already containing Hux Features there are more likely 1o be non-unique pairings. The problem with detecting
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emergence closer 1o the limb is that the separation criledan applied in the Trecked Bipolar method is a
uniform number of pizels for the whole surface, even though the diziance acmss a pizel incroases as the

limkb is approached. Thus, thers are mome likely 10 be non-unique paings the closer to the limb you get.
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Figure 7.10: Bar plot showing the number of feabres for esch year in latitode bands of emergence location,
where -45% (Marth) i= the lop of my calibrated data and 457 {Scuath) is the bollom.

I now consider ihe latitude of emergence of all emerging events throughout the oycle (Figure 7105 This
is plotied in the Form of a slacked bar chart, with the x-axis being divided inlo co-latitude bands (100 total)
and the y-axis gives the number of emerzging regions. Each data set is mpresented by a colour (the same
colours For each dala set which have been used thmughout this section) and the height of that colour, in
each bar, gives the respeciive number of emerging evenls emerged in that latitude band, for thal particular

dala sel.

From this it is evident that during the solar cyvcle, for the majenty of the daia sels, thene is an asymmetry
in the prefened latitude of emarging events, with mome occuering in the southem hemisphere. During the
more aclive periods, it would ke expected that the latitude bands with the smallest amount of emergence
would coincide with the presence of active regions. However, looking back ai the original MDD ull-dizk
data in Figure 2.1 it is difficull to discem any relaticn between the aclive regions present and the latinode
bands where the ephemeral regions emerge. The ephemeral regions detecied bere do not follow the buiterly
diagram exhibited by active region emergence lalitude.

Another effect which could be responsible for asymmetny in Figume 7. 1005 the changing roialion axis of
the Bun (B anglel Throughout the year this changes the Liltof the Sun relative o the Earth, o that the Sun i=
sometimes tilied ewsards vs and =0metimes tilled osay from us. However, as the asymmetry in Figure 7,10

is consistently hiased to the south, this suggest that the asymmetry i= oot elabed o the B angle.

Figuwres T.11a and T.11b show log-log plots of the distributions of the mean peak fux and mean poak
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Figure T.11: Log-log plot of the histograms of the (a) mean peak Juaes and (k) the mean peak areas of

emerging evenis identified in emch data set.

area of all emerging evenl=. Thew appeans 1o be ancther power-law mlationship between the number of
emerging evenls and the mean peak flux of the emeging events, boavewer, in this case, the range of Quxes is
too small to make any solid conclusions. In "3 T41 compian the resulis I obtained from the Trcked ]3]pu|a|.'
micthod (applied o the clumping data) for the emergence of small-scale ephemerl regions in Hinods (5 5.3)

to the resulis here to see if a xi.n.g.h: puwrr—luw can be formed.

T.2.1 Visual Examples of Detected Emerging Events

As in Chapler 5, | present some examples of the emerging evenis detected by the Trcked Bipolar methed
in the SOHOMIDT full-disk data.

Figure 7.12 shows a lypical emerging event detected From the December 1996 (cycle 2223 minimum)

dala =el. The emerzing evenl appears in fiume 4 inan area which i= guict. The positive (med) and negative
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Figure 7.12: Example emerging event from the December 199 data set.

(klue) fealures grow in lime and move aparl. By frame 34 they have reached their maximuem separation and

. l'\..
i [

. o

R ~E L L

+ K K ?:i. HEE A
Figure T.13: Example emerging event from the December 2001 data =ct in a quict region.

rernain al thiz distance for the durlion of the data set.
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Figure 7.13 is an example emerging event tuken from an active data set in December 20000 Tt shows
a bipole emenging in a relatively quist region in this dala set, howeswer it can ke seen that there ane still a
number of Fealumes close by, This example shows ssymmelric emergence, with the positive (ned) Features
emerging frst in frame 49, 1t is closely followed by the negative (blue) featurne and bodh features g in
flux. The separation in this case does not Increase significantly throughout the lifelime of the emerging

evernl.

P
=

L

Figure 7.14: Example emerzing evenl from the December 200 data set emerging in an aclive megion.

The final example (Figumne 7.14) showes o hipole emerging in an aclive region in the December 2001 data
sel. Ephemeral mgion emergence is less likely 1o be delected in active regions. This bipole emerges in a
:l:'_e.i-::-n prl.'dumi.nunﬂ_'r covered in puxil]w {while) Hux. ."l.g:ljn the CMETgencs i= ax_'rmrnl:lrii: with the pu:i.liw.'
ired) Features appearing Orst in fome 74, closely followed by the negative (blue) Feature. The emerging
evenl appears o i.nil]u.l]}' i::l:.pul.'ll:' |'.|ui|:lr.|3,I b fome: |1.'n:|.ucinE xliE]H]}'. ."'Lgu.in there is no marked increase in the
separation. On visuvally wiewing the data seis al both the minimum and active pericds, it can ke scen thal
when emenging events emerge in regions already conlaining Qux they tend to sepamate lezs, if at all, when

they are emerging,.
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7.3 Investigating The Relationship Between Flux and Area of Ephemeral
Regions
When imvesligaling bipolar active regions and their sssociabed plage regions, in the mnge 0.8 — 6513 =«

1020 Mx observed in MSOWKP full-disk daily magnetograms, Harvey (19%93) found that there was a linear
relaticnzhip between the peak lux and peak area of the plage regions:

(Al = (—1BE 08 + {153 £ 434,
where A is the peak area (10%em® 1 and &, is the peak flux (10" Mx). Here 1 wish to find the relationship

between the peak Hux and peak amea of all the ephememl regions which are detecied in the SOHOMITI
full-disk daiz.
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Figure 7.15: This is a plot of the mean peak Aux versus mean peak area of all the emerging bipoles delected
in thiz chapter. The solid line shows the slope caleulaled wsing LADFEIT, the doi-dashed line is the slope
Harvey (1993 predicted for lux versus ara.

Figure 7.15 shows a plot of the mean peak flux versus mean peak area of all the ephemeral regions
detected by the Trcked Bipolar method in this chapier. The mange of Quxes of the emerging evenls detected
in this chapler is 2.8 — 33060 = 10 Mx, with the mean being 139 3 10 Mx_ Using TADEIT a slope
is plotted (=clid ling) throngh the vesulis 1 And, the resuliing line has the equation F=-0.80 +22,32A, with
F being the peak Aux (M=) and & the peak area (Mm) of a feature. This has a much shallower slope than
Harvey [ 1993) (dot-dash line).

Why could this ke the case” It could be due to comective collapse making llux tubes more concentrated
in larger magnelic features (Spruit, 1979; Rajagure et al, 20021, Alse when leoking at pixels containing
small-seale fealures there s a higher likelihood of single pixels containing mixed polurities and thus ne-
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ducing the total lux detected in that pixel. Fimmlly, when fnding the lux through an element of anea if
is assumed that the magnetic beld is perpendicular io the surface i.e. that il is verdical. The Aux is then
given by the product of the magnetic Aeld and the ara clement. Tt i= less likely that small-scale featunes,
e=pociully those which are emerging, have vertical field lines associaled with them, which could reduce the
flux detected in them.

7.4 Comparison of MDI/Full-disk to Hinode/NFI

Mow | hove applicd the clumping feature identification and the Trcked Bipolar emengence detection
method s both Hinode!MNE] and SOHOWAITI |'|.|.||-d.isk, [cumpu.n.' the resulis to discowver if the [N tracked
features and emerging events arc effectively the same as the evenis found in this chapler, just at lower luses.
It is elear from the re=ulis in this |:]1:||:|I.cl.' that the SOHINVMDI full-disk resulls an d.cpu ndent cn the time
of the magnetic cycle. As | only have one dala sel of Hincde™NF] data 1 am wnable o say if the leatumes
identified in thal dala yary in the same iy, The cazies:l wary o companre the mesuliz belween SOHOMITII
full-disk and Hinode/NFI is by ploiting distribulions of the Qux and ama of the all the tacked Features
and CI'I'.H.':I'E]I'IE cvenls found. ﬁnﬂlh,r]: will look al the distributions of the tracked lealues mean pl.'ak Aux
iFigure 7. 1% and mean peak area (Figume 7. 160

Figure 7. ¢ shows that the histogram of mean peak fux (10" — 10% Mx) of the tracked Features indi-
cates a power-law relationship. The dashed line through the histograms shows the power-law relationship
found vzing LADFIT with the Hincde data, SOHCYAIT full-disk December %% data and the SOHOWM T
full-disk December 2E11 data.

LADFEIT i= an INL procedure which fis the paired data (. ;) 1o the lingar model, ¥ = A + Bx, using
a least absolute devialion method. The least absclute deviation is o mathematical optimization fechnigue
similar o the least squares technique ihai altempts 1o fnd a funclion which closely approsimaies a sei
of data. The methed minimizes the sum of absolule ermors belween points generted by the function and

comesponding points in the daia.

The powecr-law found by LADETT is of the form:

Pid) %[ﬁ—)u. (T.13

N, = 7.5 x 1071 is the number of tocked Features with wnits of em ™ day ', & is the lower bound
of the Qux values such that & = & = &y, inthis case | choose &, = 5 = 105 Mx. o is the slope of the

power-law At and 1 find o = —2.03

This Aux diztributicn is steeper than that found by Pamell et al. (2009), however, | am plotting the peak

Muxes of the tracked fealunes during their entire life as opposed o the Qux in each feature ab any one Instant.,

The distributions for the area of the tmeked features (Figure T.16k) again appear 1o follow a powear-law.,
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Figure T.16: Log-log plots of the histograms of a) the mean peak Mux and b the mean peak area of troacked
features found by the clumping Featwre identification method in the Hinede/™EL (green), SOHOMD]
full-disk December | 9%5-Octoher 1997, Newember 20035-Decomber 2008 (red) and SOHOWEIDIT full-dizk
February 1999-Movember 2004 (blue), The dashed lines ame power-law fis 1o the data for the mean poak
flux with o = —2.0% and For the mean peak ama with ~ = —2,21

The dashed line thmough the area distribution (Figure 7. 16k shows the power-law melaiionship found wsing
LADETT with the Himode data, SOHOVMDI full-disk December 19% data and the MU full-disk Dlecember
2001 data. The power Law is of the form:

Fia) ‘I" [%:] (7.33

N1 is the number of tmcked features in units of em ™ day ™ ', with o value of Xp = 40 10" cm
dary . being found here. As is the lewer bound of the lux valves such that A = Ay = Ag,where
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A, =5 10Mem? amd ~ is the slope of the power-law fit and 1And v = —2.21
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Figure 7.1T: Log-log plot of the histograms of features Huxes, identified at any instant in the HinodefMF]
{green), SOHCMDL Full-disk December 1996-October 19497, November 2005-December 2008 (red) and
SOHOMDT Full-disk February [ 999-Movember 204 (blue). The power-law (dashed line), with o = — 190
is computed vsing the Hincde/MNED data, SOHIVKDT full-disk December 1996 data and December 20001
dala.

Parnell et al. (2000 previously looked at the distibulions of all features Auxes, ot any given time, wsing
Hinode!ME] and SOHOVKDI full-disk data. They found that the distribution of all pholcepheric feature
fumes ai any instani, Ffrom small-scale intmnetaork fealures right up to sunspots, follows a single power
law with a0 = —1.B7 and N, = 3.8 = 10 17 em ™ frame Y. To compare to the plot in Pamell et al. (20089),
I alse plot the distibutions for the flux in fealures at any instant (Figure 7,170 1hnd a slope of o = — 1.9
and N, = TR 10 " em ™ ® frume ', which is in good agreement with the findings of Pamell et al. (2009).

Mew 1 want tey see if the |-::-E-|-::-E p]uls af the hi:lugl.:lm.". of the pl:uk Aux and arca of the urnl:@inE
evenis detected in both the SOHOMDT full-disk and Hinode!™ME] also follow power-law relationships. As
I have only used the Tracked Bipolar method applied o the clumping daia in this chapter T will only use
the equivalent data sel from Chapier 5 for the Hinede/ME daia, 1 also include the resulis from Harvey
el oal. (19751, Howmrd ¢ 19359, Harvey (19493, Title (200003, Chae et al. (2001), Hagenaar (2001), Hagenaar
el al. (2003% and Hagenaar et al. (2008) for ephemeral and active region emergence. Table 7.3 shows the
previous mesults found by other authors for the frequency of emergence of ephemeral regions, including the
instrument used for the obserations, the cadence of the data wsed and the average Nux of the ephemaral
regions detectbed.

Henward (1989) cnly gives the flux for their emerging aclive megion resulls and Harvey (1993) only gives
the amas for their emerging active region mesulls. However, Hareey (19930 found a lincar relationship
belween Aux and avea

Bl A) = (—1.8L 0.8 + (153 £ 44,
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Paper [nstrument Cadence  Aw. Emerging Evenid Frequency
Flux of Emegence

HHMTS  KPMNE0 26 hs 106 295608
H93,, KPR 24 hr= a0 143"

T MDD hr | min L3 RE.T =

ol BES0 hr 2.5 mins 289 L5
HIHL MIDT 26 mins 113 T22.8*
HETO3 MIDT 26 mins 103" 198.3-3%)
HI3808 MIDT 5 mins EHy LZEI-1610
THRFA? MtWilsonfd 24 hm 11o0o0* DR5-183 w0
THSI, FPME0 24 hr= 13413 MLlG-1640% =108

Table 7.3: Frequency of emergence and lux emengence mbe resulis for both ephemera] regions and active
n:'_e,i-::-ns from varouws anthors: HHKTS - ]]:ll'“.'}' et al (1975, HRFRY - Howeard (19889%, H93 HY3,, -
Harvey {1993, T - Title (2000, 001 - Chae et al. (2000, HIHOL - Hagenaar (3001, HETO3 - Hagenaar
el al. (20067, HDE0R - Hagenanr e al. (20081 * These resulis wene nod direcily given in the paper bui have
been debermined from the presented results. ' These are the active region resulis.

of active megions, which | will use 1o get an estimate of the arcas of the emerging active regions found by

Hovovard {19851 and the Qux for the emerging active regions found by Harvey (1993)

It can be secn that Figures 7.1% and 7,18k bodh show continuows distibutions, To ind the power-law
fil= (dazhed lines] | use LADELT with the Hinode data, SOHIVKD] full-dizk December 1996, SOHOMA T
full-disk December 20001, Howad (19891 pesults and Harvey (1993 mesulis. | find that the distibution for
the mean peak lux of emerging evenis follows a power law of the form expressed in Equation 7.1, with
a = —2580, F, = 5 10" Mrand N, = 3.2 2 107" cm ™ day ™', Whilst the distributicn of the areas
have a power law lationship in the form of Equation 7.2, with 5 200, 4. B 10Y cm® amd
Nr=73x 10" cm ¥ day ™.

At this point 1 estimate the enor in the slope . The enor from the line Giting itsell is estimated (o
be 5r.|1.a||.. due o the method u.pp]i.-l.'d. The choice of ‘1':: can inbmoduce 5_'|-'=I|:r.|1.alii: ermors. A choice of &
which is too low would result in oo many Features, with Aux ncar the chsermational limit, being identified.
[1(:-r.|"¢'l.'l'!ﬂ.']}' :|||uw]ng & 1o be oo ]1ig|.'| would discount many af the low-Aux featumes. The value ol 4
is chosen =0 thatl a balance is atiained belween maximizing the npumbers of feature Quxes included whilsi
time maintaining a power-low distributicn (Pamell et al., 20091 The feature identification and tracking
algorithms also intmduce syslemalic eroas due 1o the assumplions made and constrainis applicd throwghoul
the algorithms. Systematic enors may alss ke altributed o instrumenial biases such as pixel degmdation
and B-angle. As well as this obecrvational effects play a mle in inbodecing systematic grmors through
area, duralion and cadence of the data sets. The effects of these eroas on lux Fealumes varies significantly
depending cn the Qux of the feature, Indeed, as small-scale Mux Fealures ofien lic just above the detection
limit, their frequency of cocunence is influenced more by by enors that cocur. Pamell ot al. (2009) found
that these sy=lemalic binses inbroduced an uncerlainty in the slope of frequency versus flux of £0014. Asa

similar analysi= is underaken bere | assume this ermor in the slopes o be valid hene.

Hagenaar et al. (2003} previcusly wsed guiet-Sun SOHOVKDT high resclution data o determine the
distribution of ephemern] regions with fuxes between 5 » 10'F and 10*" Mx. They compared their quiet-
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Figure 7_18: Log-log plot of emegence evenlal mean poak Muxes and b)) mean peak amas against equency
of emergence. The fAux distibution includes resulis (or both ephememl megions iom Hinode (green),
SOHOMADT full-disk {red=s and blues as befome) and mesults from the [ollowing papers HEFRY - Howward
19879 (purple crosses) and ephemeral regions and aclive regions From various avthors shown in Table 7.3,
The power laves (dashed lines) are the lines N against & and Ny against A, which have a power law index
of a)a=-2.50 and b) = —2.00,

Sun ephememl region results with emenzence resulis from Hamey (1993) For active regions and concluded
that bipolur emergence follows a smoothly decreasing distribution over nearly 5 orders of magnitude in
flux and 8 orders of magnitude in frequency. In Figure 7.1 8a, the resulis from £5.3 are compared to, nol
only theirs, but also results from other papers (listed in Table 7.30. 11 can be scen that the emenged Quxes
follow the same distribution cver nearly 7 orders of magnitude in lux and neady 18 orders of magnitude in

frequency, in line with Hagenaar b al. (2003,

Inbegraling just over the distribution relationship {Eguaticon 7.1, I find the total emergence mie of emearg-
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ing evenis from 10Y% — 1072 Mx in Aux to be 2221071 cm ™2 day ! (1.3 % 10F regions per day on the
Sun assuming wnifomm emegence over the whole sudsce). The majority of emergences are small-scale and
have Auxes = 107 Mx with only 2.2 = 107! cm™= day ™! (131 eveniz per day over the whole surface)

having Hume= above 107 M.

The Hux emergence mis, $om or, of small-scale features over the range $1 (= &0 Mx and &5 = &) Mx

is then given by:

.I.:
|"|..-\_' . L .Iu
Bomer f P38 ad [-:iuiau_n‘ ] (T.3)

b e 3,

Bubstituting the equation for emereence-event Freguency P (M=~ em ™ day 1 3, given in Equation 7.1,
inke Equation 7.3 allows vs 1o determine the typical total amouwnt of ua emerged per unit anea per day inio

the pholcephere. Integrating Equation 7.3 from &) = 1019 Mx o &y = 102 Mx, | find a tolal of 64.7 Mx
em ¥ day ! (3.9 210* Mx day ! over the whele solar surface] is found 10 emerze.

Simce the power-law index of the emerging Qux distribution is greater than -2 this suggesis that mos
of the lux on the Sun does not come From lage-scale features, bul miher small-scale features. The Hux
emergence rate of small-scale features with Auxes in the mnge 10" — 107 Mx is 639 Mx cm ™% day ™',
ar 3.0 10F Mx |:|u.3,r ! over the whole solar surface. Those events with F.l:uk Auxe= graater than 10°° Mx
produce just 0.7 Mxem ™ day ' or 4.2 10% Mx day ! over the whole solar surfsce. An upper bound of
||:|:£II Bx i= n=ed as the maximom For small-scale Aux for beo reasons: ﬁml]}', ]]:l.l_!CI'IH.aI'L'l.BI.. [EIH] defined
ephemeral regions as hipoles with a total absolute flux belew 3 3 10?7 Mx and, secondly, becanse Pamell

elal. (2009 found that, from a companson of Aux distibuticns at solar minimem and solar maximom, i

was Huxes above this valoe that tailed off during solar minimuom.

The flux which has been estimated to emerge from ephemenl egions has inemased over the years as
ohserations have impl.uw.'d.. [[urw.'}' el al (1975) i.ﬂ'h'l.'&l]gi.lll.‘d. upl'u:r.n.n:l.'.ll "-'Ei'-'"-“ with flux = 1077 Mx
and found a Aux emergence mle of 1LR-37 =102 Mx day ! over the whole surface. As observations
improved the siwe of ephememl regions decreased and the Qux emeence frequency increased. Chae el al.
(200015 and Hagenaar (2001 both imvestigated ephememl megions of the coder of L0 Mx in Aux and fownd
flu=x omorgenoe rules of between 2.9-5 3 1093 Kx d.a}- U owver the whole surface. Previous estimates of

1" Mx per emerging event) to the total flux budget

the contribution of [M emerging Aux (of order of L
harve found a mte of order JU:M Mx |:|u.3,' 1 ower the whole surface [WunE ol :||., l':.:':.:'.";; Martine: Conezles
and Bellod Robic, 200695, The rte of flus emergence 1 find for small-scale emerging evenis {mean poak
emerging event Aux of 10'%-10% Mx) is in line with what has previously been found for IN emerging
evinis, highlighting that the majority of Qux thal is injected inbo the quict-Sun is done so through the

smallest-scales.
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T.4.1  Estimating the Lifetimes of Features from Flux Distributions

It is obwvious that there is o decrease in slope between the distribution of emeging bipole luxes (Fig-
uncs T-18a) and the flux of the fealures at any instani present on the Sun (Figure 7171 1 wish 1o investigate
if this decrease in slope is just through the features having a lifetimes of mome than one fame, or if it is doe
to surface processes. To do this 1 estimale the distribution of lifstimes required to enable the emergence

slope ol mean peak Auxes (Mx" " cm : day Y to reduce i the slope of all fealures at any instant (M=

em ). The distribution of emerging event ux (P (4]0 is given by:

- ()"

with W, being the number of emerging events (em ™% day ™ 1) which | previcusly found 1o be 3.2 » (018
em ™ day . & is the lower Found of the Aux valoes such that &, = &, = &, in this case | choose
F. = 5= I0YMx, o, is the slope of the power-law fit and 1 find o, = —2.50

The poweer law for the flux present at any instanl is given by the rlaticnships

o ()

with V; being the number of tracked lealures at any instanl (cm ¥y which 1 previcusly found 1o be
THx 10" em ® day ', & again is the minimum fux value which here 1 define as 10" Mx, o it

matches thal -::-l'i:rl'.|n|.'|.'g]ngI cvenls, a; s lhe xl-::-pl.' af the povwe r-lzver fit and 1 And a; — 1.4,

I define the 1 'ii-:l a= the lifetime of features with Aux 45,

Lid) r[%ﬂ]d:

where £ is the lifetime in day=, 4 i the =lope of the lifetime distribution, & is the emerging event Qux (M=)
and & is Aux cobefl (5 = 1015 Mx),

The three distributions are associated as follows:

Poidy = PodiLid) ;i (‘}i )”" ! J'ﬁi (ﬂi :]u':

therelore ¥ Sl = 0.6 and { %: 0.0z |:|:|_'|-'. Mo l'l:,' pulling any value ol flux inte the lifetime
distribution L&), T will get the lifelime associated with that vwalue of flux, which would be requined 1o
zel |.:'=-I 'iilll from the urnl:@inE Auxe=. In the Hinode data the mean pn:uk Aux of the features is 1077 Mx.
Using the lifetime diziribution calculated here gives a lifetime of =173 minutes For features of this size.
Howwewer in ['.hu.pll:l' 5 it weas found that the mean lifetime of Feature= in the Hinsde data sel ['J'ul'l]l.' 5. |.] i=
9 minutes for featumes identified in the downhill data and 15 minuies for features identified in the clomping
data. Bepeating this for the M1 Full-disk daia, where 1 And the mean peak Hux of the small-scale Features
is == 0 x 10 Mx (Table 7.10. 1 calculate a lifetime of 627 minules using the lifetime distibution. The
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actual walues for the small-scale tracked features lifetimes in MDD full-disk data sels is between 21-30
minuies (Tabkle 7.1). Thus the lifetimes of fealures would be higher if nol for suface processe=. The
lifetime distribution calculated here indicabes a linsarly increasing relationship between lifetime and flux of

ol [Ci]l.l.1L1.', '-\'I'Ii.III'I il l:l.i.'.'.ll‘l._'f' not |l'||.' Calsic.

7.5  Discussion and Conclusions

The aim of this chapler was 1o investigate the chamcieristics of ephememl regions over a compleie solar
cycle o sew if a) there i= any variation in ephemeral region emergence over a solar cycle and b)) o by and

determine a relationship (iF any) between ephemeral mgions and active region emengence.

Firstly I ook at the variation in the small-scale trucked [inetwork) features. The number detected through-
out the cycle (Figume 711 exhibited an anti-phase variation cver the solarcyele is by a factorof al most 1.9 al
solar maximum. [nvestigaling the mean peak Jux of the tracked small-scale features (Figure 7.2a), showed
that they appear 1o be in-phase with the solar cycle by a factor of 1.4, Figure 7.2k shows that the variation
of the feature ficld sirengths is =imilar 1o whai is seen for the mean peak Qux (Figure 7.2a), namely an
in-phase increase in the mean peak field strength by a Faclor of 1.3, The mean peak ama (Figume 7.3 Jvaries
in-phaze (by at most a Factor of 1.2) with cycle 23, The variation in the iotal Aux is in anii-phose with the
solar eyele by a factor of ab most a factor of |4 and it appears that the total lux on the Sun ascciated wilh

features is comelaied with the number of featurss present, mther than the lux contained in the Features.,

The variaticon in the number of emerging events [Figure 7.8a) is similar to what is seen for the variation
in small-scale featunes throughout the solar cycle e, a variation in anti-phase, although by a larger factor
of 3.4, However, there is litile change in the mean peak lux and area in the emerging evenis over the cycle.
As the number of emerging evenis seems (o be the dominant variation over the cycle s far, it is then no
surprise that the lux emerged follows a similar evolution o the number of emerging events, also alering by
a factor of 3.4 in anti-phase with the =olar cycle. The percentage area inhabited by emerging evenls varies

in anti-phase with the solar oycle by a fctor of 1.3,

What can these msulis meveal aboul the dynamic nature of the magnetic carpet? 1§ thers were no Fag-
mentation and coalescence and no influence from dL‘\'.'i].!.l'il.'IE aclive rl.'gi.-::-n: it would be u.':p:\-:ll.'d. that the
variation in the number of tracked leatures present on the swidfsce ab any time over the solar oycle would
be the same as the varation in the number of emerging regions. 11 can ke seen that the number of tracked
features present varics by a much smaller Facicr than the number of emerging events throughout the solar
cycle. The reazon i= likely 1o be due 1o the Fuct thal the variation in the number of active regions increases
in-phase with the solar cycle, thus increasing the number of tmcked leatures due 1o the dispersal of oc-
tise regions adding to the small-scale Feature population. Howsewer it may also be due o changing surfuce
precesses during the solar cycle. Onee the evolution of the features has been imeestigated in the following
chapter, 1 will be able to answer this more cleardy.

The second aim of this chapter was o investigate if there is a relalionship bebween the smallest scale=

of flux Features wp lo active regions. It s lound that the number of becked fealumes llowed a single
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power law distriibulion with a poswer-lany index -2.03, e, which increases in frequency as the valoe of Hux
decreases over 7 orders of magnitude in Hux and 14 orders of magnitude in frequency. Furthermore, the
miean peak areas of backed fealumes also meveals a single power law distibution with power-law index -2.21
over f orders of magnitude in area and 13 coders of magnitude in frequency. Similady the peak Nux of the
emerging evenis [ollows a distribution with a power-law elatiomship with index a0 = —2.50 cver neady 7
orders of magnilude in Aux and peady 18 orders of magnitude in frequency, in line with Hagenaar et al.
(200035, Whilst the distribution of the areas have a power-law index of - = —2.490,

From the emerging event distribution [ estimated the Aux injected through the entive range ( 107%-10%
Mz of emerging events. 1 find a total of 64.7 Mx cm ™ day ™' (3.9 2 10** Mx day ™! cwver the whole solar
surface) is Ffound by emerge. Since the power-law index of the emeging lux distribulion is greater than -2
this suggesis that most of the fux on the Sun does not come from large-scale fealures, but mther small-scale
features. Indeed, the Aux ememence mite of small-scale features with luxes in the moge 10" — 107" Mx
is 639 Mx cm ™ day ™!, or 3.9: 107 Mx day ™' over the whole solar surface. These events with peak
Nuxes greater than 10% Mx produce just 07 Mxem™? day ! er 422 10%* Mx day ™! over the whole solar

II.1L'.|-EI:C.

7.5.1 Implications for the Generation of Magnetic Flux

Phy=sically a power-law distibution of, for instance, Qux implics thal the Huxes e prodoced by a mecha-
nism thal i= scale [ree. That is the F\hy:i.-::ﬂ processes) that Fu'-::-d.un.' the smallesl I'I'JilEl.'ll.'l]l: features are the
sami as the processies) that produce all other features, including the laigest features. Pamell et al. (2009)
:pl.'i:ulul.-l.'n:l that the distributicn of rn:l.g.r.u.'lii: feature Humes was prl::dl.l.-:-ud. l'l}' cne of bawo mechanisms. Either
(i} all magnetic fealunes ans created by a solar dynamo that acls in the same way on all seales or (i) mmg-
nelic featuncs are created by dynamo action thal is not the same on all scales but, after emergence inlo the
solar atmosphens, surface processes (e.g. fmgmenialion, coalescence and cancellation) dominale and create
a sinE le diztributicn of feature Huxes. In coder to -ﬂiﬂi.ng.ui&h between these two mechanizms, i1 s ul'l'l.'i.-::-l.l.sh,'
e=senlial to delermine whether the distibution of fluses of newly emerged features Follows o power law or
not. The work that we have prrese nted, here, lllul'lE]}' suggests that the distribution of Auxes from nl:l.'r|3,r
emerged fealunes follows a power law with a slope of —2.500 This provides considermble support for the
furst mechanism, narn-:l_'r that all mugnl:lil: Features ame created l'l}' a solar d}-nu.rnu that acts in the same Wiy

on all scales.

For mome than five decades it has been known that the Sun”s magnetic feld is created by dynameo action
(Parker, 1955; Maoffat, 1978; Choodhurd et al., 1995; Dikpati and Gilman, 20606; Weiss and Thompson,
2009 which musl cocur in or just Felow the convection zone. Theometical modelling has established that a
dynu.rnu u.n:linE l|'||.1.1ug|'||.1|.1l the comection wone cannol Fu'-::-ducl.' sunspols, since I'I'JilEl.'ll.'l]l: |:l|.1|.1}'u.n|.'_'|-' causes
these strong magnetic felds to fise o mpidly (Padker, 1984; Chouwdhori and Gilman, 1957). Instead, the
EI.'HCI.T.!”!.' u.l:\'_'l.'Fll.ﬂL:l view is that the=e featums are most |i|::|.'|3,- crealed h:,r o dynam-::- situated around the
baso of the comvection wone (Spicgel and Wiiss, 1980 Packer, 19933, This idea was strenglhened by the
discovery of the lachecline, a shear layer just below the base of the comvection zone (Schou et al., 1593),

Also, it has been suggested thal small-scale emerging magnelic fealures are genemted by a second (local)
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dynamo just below the photosphene (Cattanes, 1999; Catianeo and Hughes, 261 ; Hagenaaret al., 20053 In
this scenario, dynameo aclion is predominantly deiven by turbulent convection llows, alihough the iachocline

may play a mle (Corkard and Thompson, 20002,

This picture of two separate dynamos dominating the Aux distribution, one in the lachocline and one al
the swifece, is however inconsistent with cur discovery of a single power-low over all emerging lux scales.
Instead, it suggests that, in addition 1o the solar-cycle dynamo at the lachocline, tubulent dynams action
oceurs continueusly cver o range of =cales thoughout the convection zone, from the tachoecline dght up o
the surface. As already noted, Pamell et al. (2000 found from their distibutions of all phobospheric feature
fluxes that the numbers of the lagesi-scale Qux fealums (= [P Wxh Fall off at solar minimum. 5o we
suspect thal these large magnetic Features are created in the fachocline, whereas we speculate that smaller
features (< 107" Mx) would continue to be preduced in the comeection zone threugheut solar maximum and
solar minimum. This idea has some support From the recent numerical convection simulations of Stein et al.
(2008 and Mordlund (2008, which show that comecticon dees not cocur ab two disercte scales (granulation

and supergrmnulalion), bul miher that it ccowrs at a continuum of scales whose scale-length increases wilh

depth_

The emerging Mux me=ults that we present in this thesis ane nol conclusive prood of a scale-lnoe dyname,
but are highly suggested of il Cleady, the results plotied in Figure 7. 18a have a mascnable spread and
do net lie pecfectly on a single line. The reasons [or this ame that the wesults plotted are from differeni
dala selz with different spatial and temporal resclutions. Futhermore, luge-scale, and therefore invariably
long-lived, emergence is relatively simple 1o delect and quaniily, whilst small-scale, short-lived emerngence
is much more difficull to quantify, as discussed in thiz paper. In order to ficmly establish the exizience of a
scale-Nee dynamo mequines futher work on both the theoretical and chscvalional Fronis. In pardicular, o
find the slope of the mesulting flux distribution b a high degree of scoumey From observations requines an

approach that determines the Nuxes of all pewly emerged Features on all scales in @ consistent manner.



Chapter 8

Variation of Magnetic Feature Evolution, Over
the Solar Cycle, as Observed in SOHO/MDI

Much work has been done on the variation of the network features (in berms of numbers and density) and
the emergence of Aux in the pholosphere, throughout o solar cycle (Foukal et al., 1991; Meunier, 20605,
Hagenoar et al., 20033 However, no work has been done on examining the varation of featvre evalution
over the solar cycle. In the previous chapler il was seen thal the number of imcked features and emerging
evenls varied in anti-phase with the solar eycle by Facicas of 1.9 and 3.4, nespectively. Here 1 see whether
these mesuli= are reflecied in the surface processes thoughouwl the cycle. This will provide inzight inio the

development of the mixed polarity network and whether it is influenced by the magnetic cycle.

This chapler i= an extension o the analysis of the data prepared for the previous seclion. Using the
methods developed and discussed in Chapler &, for analy=ing feature evolution in Hinode!MNEL 1 analyse
feature evolulion of the tracked featunss and emerging events detected in the previows chapter. The meth-
ods are described in E"hnpl.-l.'l' , howewer a few paramebers ane chunl.'ud here such that the :1|1.'-::-ril|1 s e
compatible with the full-disk data and these ane discussed in the appropriate secticns which Follow. The
aim is 1o delermine the uhmngu.. if any, in Feature evoluticn l|'||1.1|.|i._."|'||.1|.|l the solar u:,rf.'h.' and alsc to r.||1.11.'-h:||.'

an insight inlo what is driving Feature evolution in the photospherns,

8.1 Variation of Emerging Event Evolution Over Cycle 23

Table 8.1 shows the mean resulis of the emerging event evolulion chamcleristics for each of the 1T SOOI
full-disk data sel=. For each daia set [ have plotied the mean initial (stars) and Gnal (dangles) separmtion
of the detected emerging events (Figure B.La) hrom the results in Table 8.1, The mean sepamiion of each
emerging event is the closest-edge sepamlion, of the opposite-poladly components. The initial sepamtion
is fownd wpon st detection of the emerging event and the Anal separation at the end of the emerging event
lifetime. Asexpected the final sepanition i= greater then the initial separation, confirming that Features move
apaut as they emerge. The initil sepamtion vares only slightly between 6.61-T.59 Mm (£2. 21 Mm using
standard devialion) but not with amy apparent relaticn o the solar cycle. The final separation {rangles)
mnges [om 7.58-14.98 Mm (534 uzing standard deviation) . In the intreduction, it was reported thal
the initial separation of the opposibe-polarity features in ephemeral regions, with Aux in the mnge 10'7-
1P Wx and area 60-100 Mm®, was in the rmnge ol 2-9 Mm (Martin and Harvey, 1979 Chae et al., 2E1;

Hagenamr, 2001 1, which is in agreement with my Andings here.
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Figure 8.1: Flots of (o) mean emerging evenl separntion and (b)) mean emerging event separalion speed

throughout cycle 23
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Figure 8.2: Flots showing the a) mean area expanzion rate, b) mean edge expansion mibe and ) mean Aux
increase mbe versus year , throughout oycle 23

In the majority of cases the initial speed of sepamtion of the emerging evenls, prosented in Takle 8.1

and Figure & 1b. is greater than

the final spoed, which agmees with previcus findings for ephemeral regions

iHarvey and Martin, 1973; Bom, 1%74; Zicin, 1985; Chow and Wang, 1987; Barth and Livi, 19900, Theme

is ales o :i.sn.i:ﬁc:ml differcnce

bebaween the mesuliz here and those found for Hinode/™EL data. For 1IN

cphememl megions it was found that the initial separation speed was negative as the border expanzion was
initially greater than the mevement apart. Once the feature has expanded then the sepamtion speed became
posilive and the Features appeared o mese apart. This behavicwr is not observed at all bere, which suggesis
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these evenls are not being propely resolved in the full-disk data, On the whole it is difficult to see any =07
of patiem melating i the solar cycle for the speed of separition. The mnge of initial speeds of 252-22.75 km
5L (257 km v found using standard deviation) that are found here cved ap with the rates of beiween
(1-5 km s ' which has been found previcusly for ephemeral regions in Kitt Peak magnetograms and Big
Bear video magnetographs (Harvey and Marting 1973; Eirin, 19585; Chow and Wang, [987), but they meach
a conziderably higher upper limil

In Figures 8 Za-c | consider the growih of Features they are emeging. The spalial expansion rabes both
showy a zlight wariation in anti-phase with the solar cycle, bewever thie Qux increase mile shows ne significand
dilference over the oycle. To help uncover whelher or not the slight variations are anyihing meaningful, 1
calculate the mean standard deviation For each plot T And 0.0034+ Mm® ! Figure 8.22, £02km s ! for
Figure 8 2b and £2 ¢ 10" Mx s ', For Figures 8.2a and d these will still allew for a subtle cyelic variation.

Hevw o the spatial expansion and flus increase mates found here compare o previows mesalts?  For
ephemeral regions detected in SOHOMDI full-disk with lux cr crder 10 Mx, a flux growth rte of
230 10V Mx 57 was found (Chae et al., 2001; Hagenaar, 2000 All the Aux increase rate results in
Table &.1 Fall in this range. As for spatial expansion only the border expansion mtes have been previously
immestigated and were found to lie between 1-3 km s~ ! for ephemeral regions between 15 10P "M x, ob-
sereed in BRSO Kitl Peak and SCOHOCYRID full-disk magnetograms (Harvey, 1993; Hagenaar, 2001, The
higher bound cof this mnge coincides with the edge expansion mies 1 And.
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]_'iEurl.' 5.3 Plots ."J.1|.1w]ng the duration of ."..palial u:l:p-:lnsi-::-n and Jux increase versus YT, L|'||.1.1ug|.'||.1ul i:_'f't]u
23

The firal plot, Figure 8.3, shows the mean duration of Aux increass (briangles) and spatial incrsase (stars)
p]ull.n:d l|'||.1.1ug|.'||.1|.1l r_l.rclu 23, Whal ix i.mrnL'\di:qu:l_'r obvicus is that the mean time for ux increase is erealer,
than foramea, inall cases There is o obvious cyclic behaviour For either the lux growth times or the spalial
|:.:par.|=i-::-n times. [t i= difficult 1o deew any solid conclusicns from these resulis as the overall variation in
time of the Aux increase and spatial incmease is cnly abt most 006 mineies ard 0.4 minules, espectively,
whilsl the cadence of the dala is 5 minutes. The standard deviation of the both the time of Hux increase
and spatial expansion is £0.3minuies. To measume evolulion on such time-scales, il i= clear that data with a
significantly higher cadence would be requined 1o do it accumitely. [t is also inleresting to note that the time

of fux increase and spatial expansion is always less than the ephemeral region lifetime.
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8.2 Variation of Cancelling Events Over Solar Cycle 23

In this section the cancellation algorithm is applied 1o all the tcked features found in the full-disk data
sels, using the clumping feature identification method. The algorithm is described in detail in Chapler G, for
the detection of cancellation events in Hinode™FlL However, when the algorithm is applied o SOHOW T
full-disk data here, some of the parmetss must be changed. In the SOHOVMDT Tull-disk data, o be a
cancelling event, each bipolar oppesite-polan by pair most have a minimuem distance belween the Foundaries
of the fealumes of = 4 pixels (= 5.6-9.0 Mm depending on the position on the dizk) and boih tracked
opposibe-po larity Features must have an ovemll loss of at least 20% of their initial Aoz over a period of 3 or
more frames (= 15 minutes). Forthis section, | wish 1o know how small-scale Features behave, L'|1rl::-u.3,]1-::-ul
cycle 23, independently of the lagge-scale Aeld. This requines a Hux criterian io be added to the detection
algarithm which separates concellation events inio theese in which both opposite-polaniy features have flux,
upon the initiaticn cancellation, of = 10 Mx i small-scale cancellations ). Those cancelling eveni= which
ocour bebwesn opposile-polarity features where at leasi one of them iz considered a large-scale Featun: (Aux
on the initiation of cancelling being = 10 Mx). The resulis of the large-scale and small-scale cancellation

evenis are presenied in Table 5.2 op and boitom, mapectively.

Again the impetus of this section is to find if there is any vadation in the precess of cancellation through-
out eycle 23 and whether there iz any distinel difference in the cancellalion that ocours at the previcus and
currenl solar minimums. | alse want to fnd the relationzhip, i any. between the processes of cancellaticon

and emergence throughout the solar cycle.

£.2.1 Characteristics of Cancellation Events

Mot =urprizingly the waration in the number of large-scale cancelling pairs (Figune 8_4a) varies in-phase
with the solar cycle by a factor of 10UG. The variation in the number of small-scale cancelling pairs (Fig-
ure B.5a) is similar in xhup: ter that u|.|1.'=|:|}' been seen For the variation in the number of mcked Features
iFigure 7. la) and the wacidion in the noumber of bipoles emerging (Figune 7.8a) |, i.e. an anli-phase rela-
li.-::-m.]1ip tes the c}'l:h: l:'l'.-_'r a [mclor of al most 3.10. ."‘Lgu.in L E.iw.' a ruu.'_e.h estimale on the ACCLIECY ol these
numbers, | vy the cadence of the data and flux cutofl () when identifying the features. This belps me
to simulate how the cadence and resclulion of dala can irnpu.cl the number of features identified and in
tum these Peatures which are found o be cancelling. 1 found that the upper bound for the variation for
large-scale cancellations, taking both the=s Factors inbe account, was a factor of 1.2, For the small-scale

cancellations [ found that the number ol cancellations can vary by as much as a fctorol 2,

Moaw looking at the mean peak Aux st per cancellation, for large-scale cancellations (Figure 8.45),
there is a variation l-::-c:-s-l.'l_'r in p]1=m.' with the salar |.-_l,rw:|.-|.'. Between XXE] and 2004 where there is a dramatic
increase in the mean Aux lost per cancellation increasing by o factor of almost 5 amund the time of the
|.-_l,n:|.-|.' 23 maximum. Fither side of the maximuom the Qux Lost pl.'r]nl.-l.'ml:l]un d.rl::-ps off xl.-l.'l:p|3.'. ['.u||.'|.|.|aling
the mean standard deviation gives 450 3¢ 10" Mx. The mean flux lost per cancelling event in small-scale
features (Figure 8.5k also appears to vary in-phase with cycle 23 by a factor of 1.2, This is oot surprising

conzidering the wvariation of the mean peak small-scale tmcked fealure flux in Figue 7.2a is a facior of
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1.4, and in-phase with the solar cycle The standard deviation for small-scale cancellations is considerably
smaller at £1 = 1075 Mx.
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For the large-scale cancelling events the total Aux cancelled For all cancellation events (Figure 8.4c)
varics in the same way @ the Aux lost per cancellation for lage-scale Features (Figure 8.4k, with a dmsiic
increase in-phase with the cyvele between 2000 and 2004 and Little varation ool with, Considening also how
the twial flux cancelled por evenl, changes throughout cycle 23, For all events, il is not surprising that there
is such a sharp peak in the total lux cancelled. Again the peak seems o line up exactly with the peak in
the sunspot numbers (Figem: 7,163, To give a bound on how acourate this is | opce more use a varaticon of

cadence and Aux cubslt of the data. What 1 Gnd is that the total Alux emerged can vary by a factor of 1.2,

For the small-scale features the tolal Aux cancelled (Figure 8.5¢) is much more dependent on the number
of cancellation events cccwing, which in twm varies lagely in anti-phase with the number of aclive egions
present. The warialion here is by a factor of 320 Again | give a bound on this using the sime method as
the previcus pamgraph. The wial Aux cancelled in small-scale cancellations can vary by a facior of L8
Bemember that Figure T.8d showed that the total lux emerged in small-scale emergences waries in this way
too, bul by a mduced Gctorol 1.9, There is a larger wvariation in the wial cancelling fux lost for small-scale
cancelling events, compared b the todal Aux emenging, as in the network the mean peak Aux of the Features

inereases in-phase with the cycle, whilst there s no varcdation in the mean peak Aux of emerging events.

The final aspect o look al From Table 8.2 is the mean inlersction fime of the opposile-polarity featumes
whilsl they cancel (Figumes 8. 4d and 8.5d). Bodh Figures 8.4d and 8.5 show no melaticnship o the solar
cycle. Finding the mean stundard deviation in both these figues yields £20 minwies for the large-scale
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cancellations and £ minutes for the small-scale cancellations. 1t is obvious From these that is difficult 1o
:l-t:l:ur.]ll.'l:,' measure the time of intermction. This is |ik|.'|3,' o ke due le the fact thal rn|.1|.lip]|.' feature= can
inbermct which makes it difficult o define a zingle intemction ime. Also featumes can partially, as well as,

fu|] CU.I'ICH.'] '“-]1|I.'I'.| wl]l illﬂ.'l I']i]'“.' 1.'.|TCI:| o |J'.IL il1||.'|'d.l.'|.i|.'ll.'| |.i]1'll.'.

Figure 8.0 shows that the total flux lost per interaction is directly proporional to the tolal peak Aux of
the Features which are imvalved in the cancellation. The botlom boundary of the fan distribution i= a nesuli
of the fact that the opposite polarity features must mulvally lose at least 20% of their Qux 1o be defined
a= a cancellation. Thus the lewner slope of this corve is 0,20 The upper bound of the o has a slope of |
and iz @ consequence of the fact thal the mazimum flux lost occurs when both features lose all their Aux
whilsl cancelling. Plotiing the mean slope on this distcibation wsing LADET (dashed line) gives a zlope of
(.51, which meveals that the mean Aux lost during a cancelling event is 505 of the ioial initial Aux of the
inbermcting opposite-polaily Features

Here | present an example of a cancelling event detected in the SOHOBA] full-disk data, with this
particular case boing taken From the December 1996 data set (Figume 5.7

In frame 9 of the data a positive (orange) and negative (purple) featune, with similar absolute Aux, begin
to cancel. The Features slowly cancel over a prolenged period (77 Frames/== 355 minotes), which is muach

longer than the interaction time ohecrved for cancelling evenis in Hinode™EL During the cancellation there
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Figure 3.6: This plot shows the Aux lost during cancellalions versus the total absclute initial lux in the
cancelling features. The dashed line is the mean ux lost per cancellation (slope of CUX), the dod-dash line
is the maximum Aux lesl per cancellation (slope=1 and the dol-line is the self-imposed minimem ux losi
per cancellaticn (slope =0.2).
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]_'iEurl.' BT A visual i:::.umpl-l.' of a i:unl:u.']linE event [rom the December 1996 data set. In Frame 9 of the
dala o p-::-sil]w.' (orange] and nuEaliw.' l:'pl.l.l'pl-l.':l Feature l'lug]n to cancel. '|.'|.1:l::-uE]1-::-uI their intemction time the
flux and area reduce :]uwl_'r, with the nl:Ealiw.'uer:i.livu features L".n:nlua|.|:,r -'_:I_'rinE afler 360 and 380 minutes,
:I'l:!ipl.'l:li\'l.']}'.

is o diaslic decrease in distance between the cancelling Features, but they reduce gradually in ama. The
flux of the Features is plull.-l.'d versus Lime in ]_'iEurL' 8_R, which shows thal even IJ1c:-uEl'| the owverall trend is
that the features are losing Qux, it is a very ermalic process. The enor size of the Aux of the features is given
by the arca (em 21w culedt (Mx em— 13 of each feature in esch frame where the flux is measured. In this

particular example both the cancelling features eventually die.
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Figume B.5: A plot of abaolute Aux against time for the cancelling features in Figure 8.7, The purple plus
signs conespond 1o the pople (negative) Feature Aux and similady the omnge crosses cormespond o the
omnge {positive] feature Aux. The average ermor bar size is plotied in the top dght corper. The overall trend
is that the features are losing Aux, but it is a wery ermtic process.

£.2.2 Distributions of Cancelling Events

In the previcus chapter | illustrated that the distribution of mean peak Auses of the tracked fealures and the
distribulion of mean peak Auxes of emerging events detected in both Hinode!ME] and SOHOMIIT ful l-disk
data follew power-law distributions, indicating that there is a scale-free mechanism producing Aux on the
Sun. A log-log plot of the histograms of the Aux lost per intemction is presented in Figure 8.9, Again it can
be seen thal there are bwo distinet patterns for the SOHOYMDI full-disk data seis: a steeper slope during
quict times and a shallower slope when the Sun is more sctive, with an extended tail. This is not surprising
conzidering the distributions of tmcked femture peak Aux, trmcked featumes peak area and emenging event
fux (Figures 7.6, 7.7 and 7.1 |, mspectively), which were presented in the previous chapler and aking inio
accounl the resulis from Table 8.2

Ialso doa |ug-|ug p]ul al the Aux lost per interaclion u.Eai.r.uI number of cancellation events from this
section, along with the Hinode™NE] results from Chapler 6 (Figumne 8100, | only compare it ko resulis From
the cancellation algorithm applied o the Hinode/™MF] clumping data as the Features in the SOHOMI DL full-
disk data harve been identified using the clumping method. Ttis clear thers i= a powaer-Taw relationship, which
is of the form seen in Equation 7.1, Using LADEIT with the Hincde/NF] data set and the SOHOWT
full-disk December 1996 and December 2001 daia sets, 1 find the power-law index o =210, with
b, =05 101 Mz and N, = LB 107 % cm ™ day ™!, This slope indicates that small-scale cancellations

rermenve more flux foom the pholospherne than lage-scale cancellalion events.

A inthe previous chapler, 1 use the cancellation flux distributions 1o calculate the total lux lost (Fqua-
ticn 7-3). The total Aux loss through cancellation ever the range 10" — 10% Mx is 672 Mx em ™ © day

which is 4.1 210" Mx day ™" cver the whole solar surface. The flux cancellation rate of small-scale fea-



8.2 Variation of Cancelling Events Over Solar Cycle 23 126

e,
- T ™ - .
= e 9b
=] ‘C' 13 WMar Q97
s Jul 97
E et 9F
L T

Q= ab 99
. e 99
= oo 00
107 Dec O
u i
[} Jan G3
"\_l": ’ I.'H.!.:l'.l' _."I
LT MWow 05
.t 10—42 Fabl 07
H [ec G..-'
C War 08
L A% .
g 10 Oct OB
5 ‘ Dec 08
l:; -C' b - ul
= ] 10< 10~ o n=

ota ® Lost (21078 Mx)

Figume 8.% Log-log plot of the number of all the cancelling events versus the total Aux losl per cancelling
evenl, for all the SOHOUMD I full-dizk data sets.

tures with fux loss in the range 107" — 107" Mx is 505 Mx em © day ' (3.1 210%™ Mx day ™! over the
whole solar surface). Those events with peak flux loss in the mnge 10%7 — 10% Mx lose o total 16.7 Mx
em < day ! (during active periods) (1.0 =« 10 M day ! owver the whaole solar surface). This highlighi=
that the numersus small-scale cancellations are memoving the majority of ux From the photosphere. Com-
paring lhese reaulls o what was found e all emengence in the previous chapies the odal emergence was
64T Mx em ™ day ! 40 210%™ Mx day '), with 639 Mx cm™ ® day ! (3.0 w0 10% Mx day ' over
the whele surface) and 0.7 Mx em ™% day ™! (4.3 210%F Mx day ™ ') being asscciated with Features in the
mnges 10" — 10%" Mx and 10™ — 10*? Mx, respectively. These show that emerzence and cancellation are

injecting and remeving similar ameuwnts of flux, although there is more emezence of ux at smaller scales.

Inbegraling coeor the distributicn also gives the lotal number of cancellation evenis over the entie mnge
of cancellations with Aux loss between 1005 — 1022 Mx. 1 fnd the total number of concellations o be 7.6
107 o day !, which is 452 107 cancellations per day over the whole sucface, Only 3.0« 10720
em ™ day ! (== 18530 cancelling events) of the cancellations is there move than 1059 Mx of Aux lost, e,

numerous small-scaleflow Aux loss cancellations make up the majocity of the cancelling evenis which occur.

Moaw 1 wish to comparne the cancelling Aux lost distibutions (Figure &. 100 o the distributions for tracked
features I:T"]guu: T 16 and the i:rnu:g]ng cvents [Figu:rl: T.1%a) in the prl.'\'i.-::-l.l.s i:hupll.'r. For all tracked
features detecled in both Hinode™MEL and SOHOWMDT there was a power-law melalionship bebween the
peak Hux and event Frequency with index & = —2.03 similarly the emerging events distribution followed a

power-law with o = — 240, The slope of the cancellation distribution iz much closer o that of the toecked
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feature distribulions. This is not surprizing considering that cancellation can occur between featunes at any

time threwghout their lifelime.

8.3 Variation Fragmentation and Coalescence Events Over Cycle 23

The final aspecis of the feature cvolution to be covensd in this chapler are the processes of Frgmeniation
and eoalescence. The cases ol .rl'.l.'l_! menlation and coalescence are debermined -ﬂu.li.n.g. the |:I'-'.|I:1i.il.'lE of the
features (Chapter 31 and the implications and assumplions 1 apply when investigation Fmgmentation and
coalescence are dizcussed in ﬂnapl.q:r & when the evolulion of Hinode!NE] Features is in\'uﬂi.g.ull.'d_ The
impetus of this =ection is o gavge the impotance of cach process throughout the solar cyele and how this
compares o the wariation in emergence and cancellation. The fragmentation resulis are given in Tables 5.3
and 2.4 and the coalescence resulls are given in Tables 8.5 and 8.6, Tables 8.3 and 2.5 present the resulis
found for large-scale (he parent featune has Qux = 1020 BMx for Fgmentation and the tolal Aux of the
merging Features is = 1027 Mx for coalescence) and Tables 5.4 and .6 present the results for small-scale
{the parent Feature has Aux = 107 ¥x For fmgmentation and the total Qux of the merzing fealumes i= = 1020

b= for coalescence .

Firstly lecking at how the number of cases of large-scale Fmgmentations and coalescences vary through-
out the cycle, (Figures 8.1 1a and 2.13a). The mean oumber fmgmeniations and coalescences coouming is

remarkably similar: for both processes the number of events varies in-phase with the solar cvele. Looking
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al Figumes B.12a and 8. 1da and Tables 8.4 and 8.6 shows thal the number of cases of frngmeniations and
coalescences oocurring in only small-scale features both have an anti-phase variation by Eciors of 2.4 and
2.2, respectively. Again o gavge bow accurale these resulis are 1 follow I've done this for the number of
emerging bipales (Figure 7.8} and cancelling feature= (Figure 5.5). 1 vary boih the cadence between 1, 5
and 10 minutes and the Aux cutolf (mea) between =12 and 3, to simulate varving cadence and resolution
of the ohservations. This can help to show how mbusi the results are here. 1 find that by a combination of
these Factors, the number of cases of small-scale Fmgmentations and coalescences identificd in sach data
selcan vary by as much as a facior of 2.6. The large-scale fragmentations and coalesconces identified each

year vary by at mest 1.7,
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Figure 8.11: Plots showing the varialion over cycle 23 in the a) mean number of fragmentations, b1 mean
flux of each Fragmenting fealure and ©) mean area of each frrgmenling Feature for lage-scale hagmenting
features.

The Hux and area of l'l.'.lg.mn:nling features for the |:||3.-|.'-5q:u]|.' cuses varles Ln p]mm.' with the solar i:_'f't]u
by a factor of = T2 and == 20, mspectively, whilst the luxs and aea of coalescing featwies varies by facioms
af =2 G0 and = 36, respectively. The Aux and area for small-scale Features which hmgment varies in-phase
by Factors of 1.7 and 14, The Aux For small-scale coalescing Features varies in phase with the solar oycle
l'l:,' factor of 2.4 _ For the arca of small-scals :-::-ali:m:]ng feulunes, il can be meen thal the variation i= in-p]mm.'
with the solar eycle by a Factor of at most 1.7, To estimate the accumcy of these results bere | lake the
standard deviation cver the Huxes of the fmgm-:nlinE and cu:l]i:s-:]ng Feature= in cach wear. What 1 find is
that the large-scale Fragmenting features have a mean standard deviation of £1.5 % 10%'Mx and £750Mm?
for the Hux and ares Lrspc:l]'-'n:l_'r, whilst For the |:||3.-|.'-5|:u]|.' DC:IH]L'II.'iHE features T find 7.7 2 10% Mx for
the fux and £630Mm? for the arca. The small-scale fragmenting fetures have a mean standard deviation
of &5 10 Mx for Aux and £4Mm?® For area and for small-scale coalescing features I find a 4 = 1018Mx

and £5Mm? for fux and arca respectively.

The first time of fmgmeniation and coalescence i= also caloulated for all the features (Figuns 8. 157 which
undergo these processes regardless of flux. Comparing the time for ficst fngmentation and coalescence we
seo thatl Features are slightly mone likely to conlesce first, which is the same mesult as that was found in
[1hup\l.urf| for IN features detected in Hinede/MNEFLL Ax in [1|'.|up4.|.':r fi this resull is consislent with the fact thal
throughout cycle 23 the featumes that coalesce have smaller values of mean Hux and arca than those which
fragment. Finding the standard deviation on the=e mesults for each year will belp o show howe mobust this

conclusion 1s. The mean slandard devialion for the st time of lagmentation and coalescence is & Iminuie.
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Figure 8.12: Plots showing the varialion over cycle 23 in the a) mean number of fragmeniations, b1 mean
flux of each fmgmenting Feature and cf mean are of each Fragmenting fealure for only the small-scale
fragmenting features.

This shows further analysis would need to be undertaking io fully conclude the results siated.

Comparing the mesults in this secticn ko those of emerging events (Table 7.2) also provides some insight
inbcy these PO s, The mean lifetime= l::-rl.'rl.'ll.'IE.iHE events, in all data sels, is u]wu.:,r: ||.1|.'|E|:r than the mean
time of first coalescence or Amst bagmentation, indicating that surface processes are an inbegrml part of many
of the eme @inE evenls which cccur The Aux and area -::-l'-:u:ljl:sci.n.g. evenls are u]wu:,r& x|iE|:|l|._'|-' |:||3.-|.':r than
the peak flux of emerging evenis. The mean Aux and area of all fegmenting evenis ane also langer than the
mican pr.:l:: Hux and area of the tracked features l:']'u.'hh: T.l], ineach |1:5p1:|:li.'n: dalz =el. This could indicate
that features are momne inclined o fragment and coalesce once over some critical Hua‘anca value bat it could
also suggesl that there are frmgmenlalions and coalescences missed due o their parent componenis being

below resolution.

In Chapter & when analysing the evolulion of IM features in HinodeMEL data, it was discovered thal
many birth= could not be sccounted for by vizible emergence or fmgmentation, and many deaths cannct be
accounled for thrmough coalescence and cancellation. There were two measons for this, sither that geouine
emergence and cancellation events were occuming but for some reason only one of the polarities was being
detected or that sub-mesolution flux could gather and merge and cawse a fealure o suddenly appear above
resalulion, or the converse of this where a Feature frmgmenis inio pieces all of which are belowr resclution.

Lamb ¢t al. (20081 bave already investigated genuine emergence and cancellation in which only cne of the
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Figure 8.13: Flots showing the variation coner cycle 23 inthe o) mean noumber of coalescences, B mean Aux
of emch coalescing feature and ©) mean area of sach coalescing feature for large-scale coalescing Features.

features is delected and found that ils cccunmence was rare. In f']mph:l.' & For Hinede/™NE] dala u:]ng the
Tracked Bipolar emergence delection method 1 found that 45% of appramances in the clumping daia are
not attribuled For and therefore are classed as *coalescence of sub-resclution Aux’. The amount of deaths
not attribubed for (e, Aagged as death of a fmtwre through dispersal below the resolution) is 50% in the
|:|umpi.r.|3. chta. For the SOHOCMDI full-disk data 1 find that then rv::-nsi:ll.'nll_'r more sub-resclulion hirths
than there are deaths which is the oppasite 1o whal was found for the Hinode™NEL data.

Here I find, intercstingly, that both the percentage of births which are dug o the gathering of sub-
resclution lux and deaths IJ'.||1.1|.1E|'| the di.spn:u:l] of Aux below resalution, have an :lnLi-p]ms-L' variaticn, with
the number of vnacoouniable births and deaths reducing during the sctive periods of the solar cycle. This
:lJIJI.'IE with the fact that the mean Aux and area of the features varies ]n-ph:lu' with the 5-::-|:||'|.'_'|-'t|.-|.' high]i.g.hl.".
that theme ame likely to be less featumes being removed by my flux and amca crileda at the tricking siage
during aclive PCI.']IJI:'!E of the -:yl.'h:. The SCCUIGICY ol these results can be estimaled thquh scuing honwe their
vilue changes a= the cadence and Qux culedl (o) change in a similar analysis o Figure 801, Whal can be
seen is thal the number of deaths thugh sub-resolution fragmeniation can varving by al most 279 whilsl

the number of hirhs throegh sub-resolution coalescences can vy by up o £4%.
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Figure 8.14: Flots showing the variation coner cycle 23 inthe o) mean noumber of coalescences, B mean Aux
of each coalescing Feature and ©) mean area of sach coalescing feature for only the small-scale coalescing
features.

3.1 Visual Examples of Fragmentation and Coalescence in SOHO/NVDI Full-disk
Data

T complement the results | have found in this section | presenl a few examples of frgmenting and coa-

lescing events chserved in the December 1996 data set.

Figures 817 and 518 show cxamples of fmgmenting and coalescing, which just involwe two fealumes.
The fragmenting example in Figure 3.17 shows a single large positive (omnge) feature in frame 2, which
has =plit inio two features (orange and red) by the folleaving frame, One of the fealures produced by the
fragmentalion retains the label of the original fealures, in this case it i= the cmnge Feature, whilst the other is
tagged as borm through Tagmentation. Figume 8. 18 shows essentially the opposile process, where there are
two posilive Features (red and yellow) in Fame 35, which coalesce to form a single lager (red) Feature in
frame 56, The coalesced featume will take the label of the red featwre in frume 35, whilsl the yellow feature
is tagged as died thmugh coalescing.

['.umpu:ring the Aux and anca of |:-::-:||i:x|:]ng Features and their Grsl inbemclion time o the llux, area and
lifetime of emerging events indicaled that coalescing events weme cocunming within an emergence before
its full development. Figure 819 shows an example of this. An emerging event, consisting of a positive

(red) and negative (blug), appears in frame 48, As the bipole is developing ancther negative (purple) feature
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]_'iEurl.' B 16z These two p]ul: show the vardation over r_l.rclu 23 af a) the porcenlage ol deaths deemed 1o be
a result of frrgmentation resulting in feaitures below the resolution ard b the percentage of births deemed
to ke a resull of the collection of sub-resclution flux such that a fealure appears above resolution.

ApPCiTs u.||.1|:|g side it in frame G0, H:,' the I-::-|||.1wi.r.|3. frume the twao nug:lliw.' Features have coalesced Lo form

a single negative featuns.
ng La

It is clear from the mesulis in Tables 8.3, 84, 8.5 and 2.6 thal fragmentation and coalescence can occur
belween moere than fwo features ab 2 lime. Figu:rl: 8.20 shows an i::tumph.' cf this for a fl'.:.;._:ml.'nl:lliun event.

A positive (omnge) Feature in Frame 1% s seen o have fragmented into three paris by the following frame.

£.3.2 Fragmeniation and Coalescence Distributions

Here 1 present log-log plois of the histogroms for the Nus, area and age versus frequency of the Featums
which fragment {Figures 8.2 la-ciand coalesce (Figures 8.22a-c). 1 combine data from both the fragmenting
and coalescing evenls detecled in this section and in Chapler 6 in the Hinede/™Fl dala to provide betier
statistice. The Hinode!MFl resulls 1 vse here are only these For the fragmenistion and coalescence evenls
detected in the clumping tracked data as this is the data that is wsed o the SOHOBADT Full-disk.
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Figume B.17: This figune shows a single large positive {omnge] feature in frame 2, which has split into tvo
features (orange and red) by the following frume.

Figure 8.18: This figure shows bwo positive features (red and vellow) in frame 55, which coalesce to foaom a
single larger (red) featwre in frume 56, This a typical example of coale=cing event, which just imvalves two
features.

Figure 8.21la and B 21k show the log-log plots of histograms of the fngmenting feature Auxes and ar-
gas for kath the SOHOMID] full-disk datm, with those data =eis between December | 99%-Ociober 159497
and Movember 2005-December 2008 (guicter periods) being coloured med and those betwesn February
1999 -Monvember 2004 (mctive periods) being coloured blue, and the Hincde/™F] mesults being green. The
.I'rugml.'nli.n._e. feature Auxes and arcas do not Follow distributions with a p::-'l.l.n:l*-]uw |.1:|=|li-::-n:|.1]p. [Tumpu:ing
the SOHOMDI full-dizk and the Hincde/™NF] msulis there are clearly nod enough small-scale Fmgmen-
taticins detected in the full-disk data for there o be 3 continuous ru]ul]unxhip. This may te becausze the
smallest seale leatures gmenting in the SOHOMD data go below the resalution, =0 are mot detected.
The shapes of the Hinede™Fl and SOHOWMAT full-disk are similar, so if this was the cose for SOHOM T
data then it is likely that some of the frngmentation cccurring at the smallesi-scale in Hinode'NE] also goes
undetected. 1 slill provide an estimate of the Frmgmentaticon frequency using the HinodedMNEl clumping data
results, From featunes with Auxes in the mnge 5 = 10% — 5 0 10Y9 Mx, The shape of the Fragmentation
histogram indicates that the majority of fmgmentations oceur in features with luxes 1005 — 105°Mx. The

frequency of frigmentation is 16 = 10719 cm ™2 day !, which is 2.7 = 10F fagmentations day ™! over the

whole surlmce. | assume that the number of fragmentations above this Aux mnge is &idy insignificant.

The histogram For the age of the features when they fragment (Figure 8.21c) shows a completely different
relaticnzhip between Hinode/NEL and SOOI full-disk. Them i= a very large overlap inthe age of the
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Figume 8_1%: This fgure shows an emenging evenl, consisting of a positive {red) and negative (blue), appears
in frame 48 A5 the bipole is developing anothar negative (purple) Feature appears along side it in frame 60,
By the following Frame the bwo negative features have coalesced 1o form a single pegative feaiure.

]_'iEurl.' B2k In many cases [:rugrm.'nlul]un and coalescence can cocur betweesn move than bavo Features al a
time. This 1.':l::|.rr|p]|.' shows o pusil]w.' [orange ) feature in frame 19 that l-LT.IE.mCI'Il.L inkes three fealures in the

.I'-::-|]|.1-.1.-i.r.|.|_: .I'r.um.' .

features when they interact, with there chviously being more evenis in the HinodefMEI data It is clear that,
in boih duia seis, events can cocur any time afier birth. The st possible chance for Fmgmentation o ke
place being the Fame afier binth, is 9 seconds for Hinede ™ and =25 minotes for the SOHOMBIT daia.

Figume B.21c shoows that fragmentation ocowrs in featumes of all ages.

The log-log plots of histograms for the Aux and area of coalescing leatores (Figures 8.220 and 8.22R)
in Hincd o/™F] { green) and SOHOMDL full-disk (red and Blueg), do show power-law relationships (dashed
lires) in the form of Equations 7_1 and 7.2, For the lux distdbations, vsing LATFIT with the Hinode/NE]
igreen), December [ 996 (red) and December 21T (blue) resulls o fil a power-law (dashed ling) | find @ =
192 and N, = 212 107" em ™ day ™! (with & = 4w 101* Mx). Similary For the area distributions 1
find v = =23 and Ny = 1.2 2 107 ™ em™? day ™ ! {with A. = 5 2 10" em®)

Integrating owver the Qux distribution I And @ total of 5.8 = 10717 coalescences em ™% day ™! (3.6« 109
dary 1 cover the whole sudfsce) oocurring in all identified features with fux between 1059 — 1073 Mx. Only

0.2 3 10 ** coalescences em™ ? day ™! (== 60 per day over the whele surface) nccur in Features with Aux

aborve 1077 M.

For the tracked feature distibulions for Hinode and SOHOMDT data (5 745 1 found power-law mela-
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Figume 8.21: Log-log plot of histogrmams of a) mean peak Auxes, b) mean peak area and c) age of leatums
when they inberact, against frequency of bagmentation evenis From Hincde™EF] {grean), SOHOVMIIT full-
disk minimum {red) and SOHOIDT foll-dizk maximuem (bloe=).

tionships with & = — 2005 for mean peak Aoz and 5 —2.30 for the mean peak area. Similarly for the
emarging evenls | found o = —2.50 [or the lux distributicn and -~ — 200 [co the area distribuoticon,
The power-laws found for the coalescence eveni= ane shallower, this is not surprizing =s coalescence makes

larger features and thus enhances the distibution at luger scales reducing the slope.

The age distributicns For coalescing features (Figore 8. 22 are emarkably similar io thoss for the Fag-
mienting Feabres (Figure 8.2 1c), with the only obvicus difference being the number of Hinede coalescences

al small-scale being langer than the mespective number of fragmentaticns,
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Figume 3.22: Log-log plod of a) mean peak Auxes, b) mean peak aveas and o) age of featumes when they
inbermct, against frequency of coalescence events from those detected Hinode!™ME] (green), SOHOM
full-disk minimums (red) and SOHOMADL full-dizk imaximums). The power laws in a) and b) {dashed
line) have an index of a=-1.92 and + = —2.24, mespeciively.

8.4 Conclusions

This chapler aims 1o imasstigale how dynamic the network is and how the surface processes vy over the
solar cyvele. Fistly in this chapter I imvestigated the process of the evolution of emerging events, It was
found that the emerging evenls detected exhibited typical behaviour, ie., the opposite polarity Features
move apart during the emergence and simultanecusly increase in lux and amea. This behaviour, howewer,

did not exhibil any significant cyclic behaviour,

The process of |:=|.r.|c|:||:||i|.1n, |'||.1'.1.'|.'1.'|.'r, did show some relation to the =olar r_l,rclc. The wariation in the
number of small-scale cancelling ewents was similar in shape whal was seen in the previous chapter for the
variation in the oumber of tmcked Feabores and the varialion in the number of bipoles emerging, ie. an

anli-phase relationship o the cycle (by a Gaclor of ol most 3.1 The mean Aux lost per cancelling event in
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small-scale features waries in-phase with cycle 23 by a facior of 1.2, This is not surprising comsidering the
variation of the mean peak small-scale tracked feature Aux. The features immlved in cancellation did nei
always die, indeed it was found that the mean Qux losl percancellation is 509 of the odal inital Aux of the
opposibe-polariiy pair. The total Aux cancelled, by small-scale cancelling events, is much more dependeni
on the number of cancellation evenls cccuming, which in tum largely varies in anti-phase with the number
of active regions present. The wadation here is by a factor of 3.2, Remember that the iotal Aux emerzged in

small-scale emergences varies in this way oo, but by a reduced Factor of 1.9,

M log-log plot of the histograms For the flux lost per cancelling events (detected in both Hinode'NF]
and SOHOVMDT full-disk) versus hequency, showed a power-law relationship with a power law index
a = —2. 10, Az in the case of emergence the process of cancellalion appears 1o be scale free and the slope
is greater than 2 indicating that numerous small-scale featumes are cancelling the majorily of lux on the
Sun. The cancellation slops is much closer to the power-law index that was fnd for all the boacked Features
peak Aux as opposed o the emerging events poak Aux. This is not surprizing as the process of cancellaticon

can cocur al any point in a feature’s life once it has been subjected 1o numerous suface processes.

[Ising the cancellation Aux distributions | calculate the toial Qux lost throwgh cancellation over the mnge
108 — 1025 K x, | found avalue of 67.2 Mxem 2 day™ ! whichis 4.1 » 0P Mx day ™! over the whole solar
surface. The Aux cancellaiion rate of small-scale Features with Aux loss in the mnge 10 — 1077 Kx is 505
Mxem ™2 day ™1 (3.0« 108 Mx day ! over the whole solar surface). Those events with peak lux loss in
the range 10°” — 1023 Mx lose a total 167 Mx em ™2 day ™! (during active periods i (1.0 = 1029 Mx doay !
over the whole solar surdace). Comparing these resulis 1o those found For all emergences in the provioos
chapter; the iotal emergence s 64.7 Mxem ™ day !, with 639 Mxem  day ! and 0.7 Mx em™ © day !
being associated with features in the mnges 10" — 1077 Mx and 1077 — 10%F Max, respectively.

Inbegrating owver the cancellation Aux distribution alse gives the oial cancellation mie over the entine
mnge of cancellations with Aux loss between 10" — 10%¥Mx. 1 find the intal cancellation mte 10 be 7.6
# 107" em ™ ® day !, which is4.5: 107 cancellations per day over the whole surface. Inonly 2 35 102"
cm 2 |:|u.3,' 1 [== LA :anl:l:”]ng events] of the cancellations i= there more than l[]?':' b of Hux |.-::-5L. i.|:.,

numerous small-scaleflow Aux loss cancellations make up the majority of the cancelling evenis which occur,

The final aspect of evolution to ke imeztigated is the processes of Fmgmentation and coalescence. The
number of cases of Frgmentations and coalescences ocourring In small-scale fealures both have an anii-
phase variation by Factors of 2.4 and 2.2, wapectively. The Aux and arca for small-scale features which
fragment varies in-phase by factors of 1.7 and 14, The Aux for small-scale coalescing fealunes varies in
phase with the solar oycle by Factor of 2.4 | For the arca of small-scale coalescing Fealumes, it can ke soen
that the vardalicn is ]n-ph:m: with the solar |:_'|-1:|.-|.' l'l:,- a Factor of al most 1.7. ['.umpu:ring the lime for frsl
fragmentation and coalescence we seo that features are more likely o coalesce fust, which is the same
resull as that was found in E“.'I:lPLCI' 6 foor IM Features detected in Hinode/™EL As in [1|'.|upl|.'rf| thiz result is
consisbent with the Fact that throughout eycle 23 the fealumes that coalesce have smaller values of mean Hux

and area than those which [IHEITH.'I.'IL

Once more | refer to the log-log plots of histograms to provide more detail on the wardation throoghout
the solar cyele and o relate the resulis found fom Hinode!MEL and SOHOMDL full-disk. The log-log
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plots of histogmams for the lux and area of coalescing Features in Hinode/MEL and SOHOBDT Full-disk,
show zingle disiributions with power-law relationships, with the Qux distribution power-law index being o
= -1.92 and the ama distribution power-law index being = —2.20. As for emergence and cancellation,
coalesconce also appears ko be a scale-free process. The fact that there is no size dependence forcoalescence
indicales that the process is driven by plasma Aows. Integrating over the coalescence fux distribuiion 1 find
a total of 5.8 2 1077 coalescences em™ = day ™! (3.6 20 107 day ™! cwer the whele surface) cccuning in all
identified features with flux between 10" — 10%% Mx. Only 9.2 3 107 coalescences cm™? day ! (7= 60

per day over the whole surface ) From Features with Qux above 10°7 Mx.

For the fragmenting Features lux and area hisiogroms 1 do not Gnd a single distribution with o power-law
relaticnzhip. Comparing the SOHOCMDI full-disk and the Hinode/MF] re=ults there are clearly mot encugh
small-seale Tmgmentations detected in the Tull-disk data for thene 10 ke a continuows relationship. This
miay ke because the smallest scale Features frngmenting in the SOHOVMIIT data gos beloaw the mesclution,
so ame nob delected. The shapes of the Hinode!ME] and SOHOMDL full-disk are similar, so il this is the
case for SOHWKIDI data then it is likely that some of the frugmentation sccurring at the smallesl-scale
in Hinede/MF] alwo goes undetecied. As there i= no power-law distribution | estimate the Frequency of
fragmentation from the Hinode/ME] data. T fnd 16 <107 Fagmentations em ™ day ™!, which is 9.7

# 10F Fragmentations day ! over the whole surface.

Both the fmgmentation and coalescence hislograms for fux, arca and age versus frequency show thal
small, young featumes ame more likely 1o interacl. As the Features get older they interact less, most likely

because they are tapped by strong plasma lows in interemnular lanes and vertices.

These results show that the large-scale solar oycle plays o complex mle in the surkce processes featues
unde T2, The Fact that the number ul'i:phl.' muzral rl.'gi.-::-n EMEIEEnces has an unli.-phu.'ll: varialtion has a knock
on ¢ffect in the number of features which are available o undergo sufoce processes. Also the contribution
of decaying active megions injecling featunes, with higher flux densily, into the network has been clearly

seen to have an elfect on the surface procesas.

It waas speculated in the previous chapter as o the reason for the decmease in slops beltween the distribo-
ticon of emerging bipole Auxes (slope = -2.49) and the lux of the fealumes at any insiant present on the Sun
i(zlope = -1.5%01). 1 investigated if this decrease in slope was just through the features having a lifetimes of
muore than one frame, or iF it was due o sucface processes. The conclusion is that if it was not for sudice
processes then tricked featunes would have significantly longer lifetimes. Also the decrcase In slope indi-
cabes an incremse in the number of features al |a|.g|:r Auxes_ This is consistent with the resulls found in this
chapter showing that small-scale featvmes ame continually being influenced by surface processes. The Tacl
that conlescence is the mest numermos ProCEss, |.'II.'|J:E ter reduce the 5|-::-pn: ]‘.-3.r pLudurinE Features with ]u.@n:l.'

fluxes.



Chapter 9

The Quiet-Sun As a Source For Coronal

Heating

Approximately T vears ago it was discowered that the ouler atmosphere, namely the chromesphere and
comsna, were much holter than the p|'|-::-|.-::-.-=.p|1-\.'|'|: kaloaw them.  Rather than |'l|.'int: a ErJJL|u| decrease in
temperature from the pholesphers to the comna, as one might expect, thors s a sleep lempomalune increse
from the 1op of the chromosphene, through @ region known as the tmnsition region, up o the base of
the corona. In the vears that have followed, scientists have proposed numermus mechanizsms which could
prowvide the wasl amount of energy required o produce this steep temperature gradient and mainiain the
chmomespheric and comonal lempematenes of between = 1O K and = millicn K. Ay proposed mechanism
necds to previde suficienl enerey o balance the losses From both the chromosphere and comna, as well as
drive the solar wind. To keep the culer atmosphere in the quict-S3un heated il is estimaled that a power of
the order 10% ergs 5! em™? is needed uniformly over the sucface of the Sun (Athay, 1576 Withbre and
Moyes, 19T,

There have been many mechanisms investigated over the years including waves, either acoustic or MDD,
and cument di:—.:—.ipuliun l|'|r|.1|.|1.'|'| mag netic reoonnection (Mamin and Ulmeachneider, 1991, 1996, F!-mwninl.'.
1991; Maruin and Kumar, 1993; Mamin and Agacval, 1994 Galzgaard and Mordlund, 1996, Heod et al.,
1997 Sturreck, 1999 Salemi et al, 20010, It is |-I|:|.'|:.'.. however, that mther than a .-:inl.'lq.' procoss hcing
responsible for all the healing, many processes ane acting simulianeously both globally and locally. This
|.'|1.'.~|r.|l.-|.'r i= rll‘irn:u'-ll_'r inberesled in hu:iling th r\-::-uEh I'I1:'|E'I'II.'|.-||.' reconnection al small-scale levels as this will be

induced by the emergence and cancellation which has been detected in the previous chapters,

Levine (1974) was the first o introduce the idea that the meconnection and reconfiguration of magnetic
ficlds could ke the mechanism for heating the vpper atmosphere. This idea bocame popular following
a series of papers by Patker in the cacly 80%s (Padker, 1981, 19832k, 1%85a, 1989, The discovery of the
J:,'nu.m-h.' nature of the TiLg natic carpel further pn.1rn-::-h:d this idez [ﬂuhri_iw.'rl.'l al., 1%4T; Title and Huhri_iw.' r,
1998: Tarbell et al., 1999: koore ot al., 19990,

Encrgy mlease in the guict-Sun is believed 10 be predominantly through small-scale impulsive ewenis
known as nano-Hamres which ame instigabed by magnetic econpeciion (Poter et al, 1987; Padeer, | 988k,
Hudson, 19913 Each micro-flame event has encrgy in the mnge 10%% — 1027 ges and namo-Oares have
energy in the range 0% — 1p* ergs (Parker, 19917,

A topic of intemnest regarding micro and pane-fares is their frequency of occurnence as a function of

encrgy. For guiet-Sun events 1o be a major contribulor o the heating of the guict-comna their powoer Law
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exponent, of the distribution of events, needs to be greater than 2 (Hud=con, 19915, In the last 10 years -
ous ezlimates have been done owver various enengy ranges. Initially the resulis seemed to conclude that slope
of the distribution of evenis was between 1.3-1.6, over the energy range 1057 — 103! grg=, indicating that
micro-Jares could only be coniributing o 15 of the 1otal power required 1o heat the quist vpper atmosphene
(Crosby et al, 19493; Shimizu, 19955, For small-scale nano-Nlares bo have any significance for gquist-coronal
heating their frequency would need 1o drstically increase a= the energy decreased. When obserations of
events were extended down to the nano-lare range of energies (105 — 10%% enes), it was found that the
disiribuiion followed a power law wilth exponent of between 2-2.6 (Knucker and Benx, 1998; Pamell and
Jupp. 2000). This i= highly suggestive thal the power released in nano-flare events is a lage conteibuior o

quiet-Hun coronal beating.

Following the work of Priest et al. (1994, Pamell et al. (1994 and Longeope (15996 which indicate
that the cancellation or emergence of new Aux can lead 16 reconnection and a elease of magnelic energy
in the corona, in this chapter, 1 extimate a lower bound on the amount of energy injected inlo the guict-
Sun atmosphers @s a resull of emerging and cancelling events causing reconnection and meconfiguration
in the surrounding magnetic field. Using the emerging and cancelling events already found in both the
Hinode!ME] (clumping data) and the SOHCYRMID full-disk daia 1 estimate an amouwnt of ensgy associabed
with sach emergence and cancellation and plot the disiributicon. Some fraction of this enegy could be used
to heal the comna. Here the exact details of the heating mechanism is not considensd, only thal there will

be an amount of energy coming From emerging and cancelling features in some way.

9.1 Estimating Energy From Small-Scale Emerging and Cancelling

Events

Ter wslimate how much enesrgy each small-scale emergence contains, | wse a simple model. Fiest [ fnd the
absclute flux and amea of each feature in the emenging event, at the lime of the peak emerzing event Nux,
and vse this 1o determine a meain peak Aux and mean peak area of the emerging event feature=. Then 1 find
the mean magnetic feld strength by dividing the mean peak llux of all the features by the mean peak anca
of all the fealunes. The separation of the bipole at the time when the peak lux occurs is also delermined.
If there are more than wo opposite-polaily Features in an emerging event then 1 take the mean distance
belween the all the opposite-polarity componenis. The peak Aux and area of the emerzing and cancelling
evenls are already known in Chapler 5 and 6 for the Hinode/NF] data and in Chapier 7 for the SOHOMBAT]
full-disk data. Here, I only use the Hincde/™F] clumping data and vse only the emerzences detected by the
Tracked Bipolar methed (§ 4.1.21 in the clumping data a= this is the way emergences wene detected in the
SOHOMIDT data, in order to compare the distributions of the encrey.

Similar charscteristics are found For the cancelling evenis, except the total Aux lost and the combined
mean area of the opposite-polarity features (during cancellation) is used for cancelling events, mather than
the pemik flux and peak area. In the case of cancellation evenis, the separation is defined o= the sepamtion

which the opposite-polarity features have when they begin to motually lose Aux.

Ter gstimale an encrgy associaled with emerging or cancelling events, it iz asumed that the loops have
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Figure 9.1z Nustralion showing the semi-circular loop geometry that emenging and cancelling Feabares are
assumed o havs, with + being hall the sepamtion of the features.

semi-cimular geomelny with the mdius of the magnetic loop being half the mean separation betwieen the
|.1F.\-[:!|.1:n:i.Lq:-p|.1]u.riI:,I Features I:T"]gl.m: 911 Therfon the ||.1|.1p |i:r.|3.|J1 is gim:n l'l}' ar. The rn:l.g.r.u.'lii: oneTeyY

conlained in this loop, connecling the opposite-polarity features, is defined as
Jf BV == B =% A = ar,
i
with the eneigy given in ergs assuming the feld strength is in Gauss (Mx em™ 20, the area in cm® and the

madivs in cm. Once the peak epengies of emegence and cancellations are fownd for all daia sets, 1 plot the

resulling distributions.
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Figume 9.2: Log-log plot of histograms of peak encrgy of emerging evenis from Hincede™EL [green),
SOHOMIT full-disk minimom Cred, December 19986-October 1997 and Newvember 2005-December 2008)
and SOHOMDI full-disk maximum (blue, Febrvary 1999-Movember 2040, The power Ty (dashed line)
has o power law index of = -85 Ower-plotled is the nane-fare distribution (irangles) found by As-
chwanden and Pamell (35121 The dot-dashed line shows the distribution of 10% of the energy due o

CmErgenoe.

Figure 9.2 shows the diziributions of the peak enegies associaled with all emerging events detected by
the Tmcked Bipolar method in the clumping data in both Hinede™EL (green) and SOHOMNIDT full-disk
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Necember 19960-Dctober 1997 and Mowember 2005-December 2008 (red ) and SOHIWVK DT full-dizk Febm-
ary | 999-Movember 2004 (blues). Using LADFIT with the Hinode/NFL SOHOMADI full-disk December
1996 and SOHCMIOL full-disk December 22X resulis, il can be seen that the peak energy of emengences
detected by the Tracked Bipolar methed and features identified by the clumping methed in Hincde/NEL and
SOHOMIDT full-disk follow a single power law (dashed-line in Figure 9.2 of the fom:

. N oy Ent
PE) = =( =]
R AV
where F is the energy of the event in ergs, E. is the lower bound of energy =4 10% grgs, N is the number
of evenls with W 155 = 107 e ? 571 and the povwe r-lzver index l'll.'irlE L — L.EA. The values of &
and ¢ are fownd vsing the December 1996, December 20001 and Hincde data sets.
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Figume 9.3: Log-log plot of peak energy por cancellalion From Hinode!NE] {green), SOHOVM DT full-disk
minimum (red. December 19345-Ociober 1997 and November 2005-December 20081 and SOHOWMDT full-
disk maximum {blues, February 199F-November 20040, The power law (dashed line) as power law index of
L= -L.65. Over-ploited is the nano-Hares distribution (triangles) found by Aschvanden and Pamell 2002,
The dot-dashed line showes the distribution of 3% of the enegy due o cancellaticn.

Despite being previously suggested that the energy disteibution would have a slope greter than 2
(Kmicker and Bene, 1993 ; Pamel]l and Tupp, 20000 1 have found a slope less than 2. This, in part, is likely
to be due 1o the method of estimating the amount of energy in emerging evenis. Comparing my distribution
in ]_'iEurL' 9.2, b one associabed with nano-Aare=, allows me o cstimate the percenlage af Free nmgnl.'l]l:
cncrgy requined From emerging events 1o be comeried o heat b produce the equired nano-flare disiribu-
ticins [.uwrl*-luw. The distribution 1 chocse 1o make the :-::-rnp-:lli.s-::-n is the nano-fare diztributicn fownd 1‘.-3,'
Aschwanden and Pamiell (20623, which bas a power-law with index (=-1.54. This is plotted as the tiangles
in Figuu: 0.2. It can be seen that in the PEipeT |‘.-3,r Aschwanden and Pamell (2002, other results found for
flares cveer variows enerey mnges shane similar disteibutions, 1 chose the Aschwanden and Pamell (2002)
resulis as they covened the energy mnge associabed with small-scale emergence encrgy. The dod-dashed line

plotied in Figume 9.2 shows the best fit ko the nano-flare distribation which 1 estimate manvally by laking



9.1 Estimaling Energy From Small-Scake Emerging and Cancelling Events 148

a percentage of the emegence ensrgies distribution. By tedal and ecror 1 find the best Gt ko the nano-Aare
disiribuiion cocurs when just 0% of the peak emerging enerey is assumed as being free energy 1o go inio

heating.

It i= alss worth bearing in mind that emergence i= nol the only sounce of energy and that also cancellation
and zurface reconfigurtion of the field will contribute, We will =ee shortly bow incorpomting cancelling
together with emerging evenls affects the energy diziribution found (Figure 9.4). What it highlighis, though,
is that even if the mechanizms 1o converl this magnetic enengy inlo heal are not efficient, only a small

fraction is mequired o sitisfy the energy needs of the quict-Sun comna.
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Figume 9.4: Log-log plot for boih the peak Aux emerging evenis and the lus lost during cancelling evenis
from Hinede/MNE] (green), SOHOMD full-disk minimum (red, December 1996-October 1997 and Movem-
ber 2005-December 20087 and SOHOMADT full-disk maximum (blues, February [999-Mosember 2004,
The power law (dashed line, found wsing LADFEIT with the Hinode/™ ], December 1996 and December
2001 results) has a power law index of C=-1.T3. The dot-dashed ling shows the distribution of 5% of the
encrgy due o emergence and cancellation events combined.

Similardy Figune 9.3 shows a log-log plot of the histograms of cancelling event energies from cancelling
evenls detecled in both the Hinode™FL data and the SOHOMT full-disk data. The n'.':lr.r:l.'|]i.r.|3. cnergy dis-
tributions alse follow a single power law (dashed line). Using LADEIT with the Hinode/™EFL, SOHOMT]
full-disk Decembier 1996 and SOHOVADT full-disk December 20001, 1 find the power law index to be (=
-L65, B, is now 60 1073 ergs and N 103 = 107 em % 5L, Again the nano-flare distribution (tri-
angles] found by Aschwanden and Parnell (2002 is over-plotted as tiangles. Again | Gnd that the energy
distribulion has a slope of less than 2, even more so than the energy distribution from just the emerzing
evienis The dot-dashed line ploited in Figure 9.3 shoaws the best Ai to the nanc-fare distribution which 1

e=limate manually if 8% of the energy from cancellation was free for heating.

Finally, ms both emergence and cancellation are ocourring simultanecusly on the surface, | combine the
emergence distribution (Figure 9.2) with the cancelling distribution in Figure 9.3, 1o fnd an estimale of
the twial energy (Figume 943, 1 find the power law melationship vsing using LADEIT with the HinodeMEIL
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SOHOMD December 1996 and December 20001, The combined distibution of emengence and cancella-
ticn has @ power law index ( =-1.73, B, = 62 1098 grgsand N =51 = 10720 cm ™2 &1 which is plotted as
the dashed line in Figure 9.4, The nanc-Aare distributicn found by Azchwanden and Pamell {20002 is cnce
muore plotted as iriangles. 1 fnd that just 5% of the energy from the combined encigies of the emergence
and carcelling would need to ke Free For beating 1o fit the nano-flare distribotions (dol-dashed ling), mespoc-
tively. Mol surprisingly the combined distribulion slope for both emerzging and cancelling events is still less
than 2. In order for the guiet-Sun o be heated by mostly small-scale events it is clear there would need 1o
be injection of energy at the smallest Aux scales. Possibly the encrgy due 1o surface processes reconfiguring

the felds could provide this, bui obwiously this will need 10 be investigated further.

Tes find the toial energy produced due 1o all cancellations and emergences | use the distibution F{E)
from above, multiplicd by enengy then integmted across the enerey range of intenest:
E.
Bt JI{ PE\EdE
£y

NEn o nse] B
24+ [l: fond E

Substituling in the values of E_, & and ¢ from above, [ find that emergence and cancellation events indi-
vidually preducing energy of between 10%9- 107 ergs contribute a total of 1.21 » 10° engs em ™ ® &' This
is conziderably larger than the 107 ergs s Vem ™ that Athay (1976); Withbroe and Moves {1977 sslimated

is needed uniformly over the suiface o heat the guiet-Bun outer almosphere.

I have showen that only o small perceniage of eneey From small-scale emerging evenis and cancellalions,
would ke required o account for the nanc-Aare distribulion Found by Aschwanden and Pamell (200275,
The energy Tound bere is likely to be a lower bound on what the quist-S8un can produce, as the conlinual

movement of features will also drive reconnection and energy release (Close et al., 2004, 20057,



Chapter 10

Summary and Future Work

10.1 Summary

The quiet-Sun i= comprised of two lypes of Features: nebwork Aelds and intranebwedk (I fields. The
network felds reside in intergmnular lanes and verices with fuxes of a few fimes 10" — 10" Mx. Ttis
sustained by ephemerml mgions, decaying active megions and the coalescence of 1IN fhields (Schrijver ot al.
19971 Within supsigmnular cells thers exist IM fields, ohserved as mized-palarily magnetic fealunes with a
tvpical size of 1019 — 10 Mx (Livingston and Harvey, 1973; Firin, 1983, 1957; Keller et al., 1994; Wang
el al, 1995]. There are four key processes that can effect Tux featurne=: emergence; fmgmeniation; meging

and cancellation (Livi et al., 1985; Schrijver el al., 1997; Pamell, 200010

I this thesis | bave examined the details of these four key processes For small-scale magnetic feature=

identified in Hinode/NEL and SOHOCMIDT full-disk. In paicular, 1 examined emergence, fmgmentation,
. . . - - & .

coalescence and cancellation in features with Auxes dosn to just below 10'® M= and over an entire solar

cyele.

Featwres ame idenlified and tracked in the Hinede™FL and S0OHOMD] data sets. 1 applied tawe Featwre
identification methods o the HinodedME] data which define features in differeat ways, in ooder o gavge
the differences betwocen the methods, The clumping identification method identifes fealures as groups of
.-:u.mn:-:q.iEn u-::-nligu-::-u:-. pin.-l.'h thit have absolule Qux above u.l.'i\-n:n lenwer cutoll (2o (Pamell, 2002; Parnell
gl al., 2009 The dowenhill identification method, defines features as groups of conliguous same-sign pixcls
with Aux abowe o lower cutofl (also |:\r.|uu| tes 2 that ane hiﬂEI}' p-.-ﬂkl.'d, ie., lhq.'_'r' are formed h:,-' J-Ivid.ing

the Femtures found wsing the clumping melhod along saddle lines (Welsch and Longoope, 2003).

Adthough the chamcteristics such as mean peak Qux and arca of featurss ame different betvween the meth-
ods the coerall flux delected i= the same. When d.l\.'l.'-ldil'll.' which lealure identification method 1o wse the
impetus should be on what is going o be studied. The downhill methed identifios the structure of Aux
within flux rl.'gi-::-n:-.. hewever these tend b be transient, I'I'I'.IJ'EiI'Il.' it difficult 1o follow featune evolution. ."|.r.|-
plyving the downhill method to data with increased msolution has the effect of identifying mome siructure
(Aux F!L‘.."lkhl within |urEq.'|' lux features (io., there will be a reduction in the number of |u.r1.'1.'|' features identi-
fied). This i= ideal if the aim of the feature identification is ko gain insight into the complex structume of large
flu= rl\.'il.lLIn.'h. such as = n=pols. |||.1'.1.'|.'1.'|.'r, if the aim is o CONmpsLTE [emture=s From ditferent instruments with
different resolution, then the clumping method is mome =suitable as the larger lux massifs it identifies are
much less dependent on instrument sensitivity. 'With this in mind only the clumping featre identification

method was applied to the SOHOMAT full-disk data sets, as 1 wished o compare the featunes identified in

15
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hoth the HinodedMEL and SOHOVMDOT full-disk datz sets.

In the Hinode/ME] and SOHOQMADIL full-disk dala 1 identified trucked Fealures over the mange of peak
fuxes 4 x 1015 — 1028 Mx and the rmnge of arcas 0.04-10° Mm?. It is found that the luses of all becked
features at any instant, identified by the clumping method in both Hinede/MEL and SOHOBET full-disk,

are parl of a continuously decreasing distribulion with a poser-loy Index of —1.90,

Three emergence delection methods were deweloped in this thesis: the Bipole Compan son (RC) method,
the Tracked Hipu]u: i'THY method and the Tracked Cluster (T methed. The BC method is upplii:d ey vim-
tracked dala, whilst the TH and TC methods are applied o tmcked foaiures, Hoth the BC and TH methods
W dus]gnl.'d. b dilisct '|'.-ip|.1|.-|.': but the TC methed was d-l.':i..g.r.u.'d ter detect clusters.

Al three were applied to the Hinode/NF] dala on both the downhill and the clumping data sets. For the
IM features, cluster smergences are found o be common, but it is difficull o say i they could be resolved
az hipoles at higher rescaluiions or if they are a single bipole shredded by convection as they emee. 1 find
that the different featvre identification method= and the emergence detection methods have a varying effect
on the structure and chamcled stics of the uml.':rEinE events detecled. Whether or nol the lfeatumes are bracked
before emergence is delected soems to be the greatest influencing Factor. Chemall, none of the Qux detection
methods ane FL'I{L‘C[. as iz apparent on wizual in&p:\-:li.-::-n al data. Thene are still omergence ovenls that all
three methods miss, although these cases are mre, and also each method identifies some events that are
quu&l]unul'l]l.'. [1|i:u.1'|3.r moae work needs 1o ke done b delermine which of the CMErgenoe detection methods

most accurately delecl emerging ovents.

Only the Tracked Bipolar emergence detection method was applied to the SOHOVMDI full-disk daia.
In boih daia sets | detect bipoles cver the mnge 5.4« 10" — 107 Mx in fux and 0.3- 10°Mm? in area.
When a log-log plot of the histograms= ol all emerging event peak Auxes for those evenis detected here plus
active megions found by Harvew (19931 and Heoweard (L9350 is plotted. it is found that all emerging events
are parl of a smoothly decreasing distibution thal spans almost 7 orders of magnitude in Aux and 18 orders

of magnitvde in frequency. This distribution has a power-law relationship with index — 2,50,

Simce the powasr-law index of the emerging Hux disiribution is greater than -2 this sugeesis thal mosl
of the Aux on the Sun doees oot come from lage-scale features, but miher small-scale Features. The Hux
emergence rate of small-scale features with Auxes in the mnge 10" — 107 Mx is 639 Mx cm ™% day ™',
or 3.9:0 1077 Mx day ! over the while solar surface. Those events with peak luxes from 10%7 — 10%% Mx
produce just 0.7 Mx em ™ day ™! or 422 107 Mx day™ ! over the whole solar surface. | find the ioial
emergence rale of emerging evenis From 1009 — 102 Mx in Aux to be 22210715 cm ™2 day 1 (1.3 2 10°
regicns per day assuming uniform emergence over the whole sudace). Again the majoriiy of emerzences
come from the lower end of the scale with ooly 2.2 » 107 cm ™% day ™! (131 events per day owver the
whole surface) cocurring above 1020 Mx,

Physically a power-law distibution of, for instance, lux implies that the luxes are produced by a mech-
anism thal is scale free. That s the phy=ical processies) that produce the smallest magnetic features are
the same as the process{es) that produce all ciher features, Including the largest Peatures. Pamell et al.
(2006 speculated thal the distibution of magnetic feature Auxes was produced by one of two mechanisms.

Either (i) all magneiic featums are crealed by a solar dynamo that acts In the same way on all scales or
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(i1) magnetic fealures are created by dynamo action that is ool the same on all scales bat, alter emergence
int the solar simosphers, sudsce processes (e.g. fragmeniation, coalescence and cancellation) dominate
and creabe a single distibution of featume Quxes. In cnder to distinguish between these bwo mechanisms, i
is obviously essential io debermine whether the disiribution of Auxes of newly emerged Features ollows a
power law or mol. The work that we have presented, here, strongly suggests that both the distribution of
fuzes from all fealures present al any instant follows a power law with slope —1.90 and the distribution of
fluzes From pewly emezed fealures follows a power law with a slope of —2.50. This provides considerable
support For the first mechanism, namely that all magnetic feaiures are created by a solar dynamo that acis

in the same way on all scales.

It is obwiows that ther i= a decrease in zslope belween the diztribution of emerging bipole Auxes and the
flux of all Features al any instant present on the Sun. Indeed it was ound that this reduction in slope was
due b bath features kving lifetimes of more than one fame and the effects of Fmgmentation, coalescence

and cancellalion occurring on practically all the features in the magnetic carpet anytime alter they are bom,

In beth the Hincde/™ME] and the SOHCYMI] full-disk data sets, agmentation, coalescence and cancel-
laticsn were investigaled. When investigating the surface processes il was found that features are more likely
to undergo coalescence frst alter emergence. This is thought o be due ko the Fact that the flux fubes which
emerge are composed of a number of thin flus lwbes. For some reason in the comection zone a lage Aux
tube =plits into smaller bundles of Hux which dse separately bul coalesce back into the large ux tubes cnce
they are on the surface. This kehaviour has also been seen in active regions (Vmbec, 1974; Scolanki, 200037,

The beharviour of rIT.I.I_! rnl:nling and |:\-::-u]|.'5|:inE featunes in both the Hinede/MNEL and SOHOMBIDI dala i=
similar, despite being on different siee scales of Aux. The mean Aux and arcaof the featurss that coalesce are
found e ke smaller than those Featumes which I.'rugm-unl. Most .I'rugml.' ntations involve one fealurne spﬁlling

inbo bwo, likewise most coalescences immlve bwo Feabures merging into a single feature.

The distribution relating Frequency of coalescing events wersus the original Aux of coalescing parent

LT

features, follows a peawer-low distributicn with slope —1.92. From this I estimale a iodal of 5.5 = 10

coalescences em 2 day ! (3.6 3 10 day !

ower lhe whole surface i occuning in all identified features with
Nux between 10" — 107 Mx. Only 0.2 2 107 coalescences cm™ = day ™! (== 60 per day cver the whole

surface ] occur in featumes with Qux abowe 10 M.

There is not a clear power law distibulion relationship ketween the Hux of the parent frmgmenting fea-
ture and the frequency of the fragmeniaticn. Comparing the SOHOVMDT full-disk and the Hinode/NE]
resulls there are cleady not encugh Fagmentations detected at the smallest observable Aux scales (1017
M=) in ihe full-disk data, For there o be a power-lans distribuiion. This may be because the smallest scale
features fragmenting in the SOHIVKD data go below the mesolution, so ane oot detected. The shapes of
the Hinode/NF] and SOHOVMDI full-dizk are similar, so if this is the case for SOHOYMDI data then it is
likely thal some of the fmgmentation oocucring at the smallest-scale in Himode/™EL alss goes undetected.
I still provide an estimate of the fragmeniation frequency wsing the Hinede/™MF] resulis from fealures with

1 1

Nuxes in the mnge 5 3 10" — 5 » 10" Mx. The frequency of Fragmentation is 6.6 « 10 em * day 7,

which is 4.0 = 107 fragmentations per day over the whole surface.

The final surface process o be imaesiigaled woas cancellation. i is found that the cancellalion evenis
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detected in Hinode/MNEL and SOHOMDT full-disk data Fehave in a similar manner just on different fux
scales. Cancellation is found io ocour any time after bith. 1t can be seen thai the mean flux loss per

cancellation event is dependent on the original Aux of the Features.

A log-log plot of the histogrmms for the Qux lesl per cancelling evenis (detected in both Hinede/NF] and
SOHOMADT full-disk), shoaws o poweer-lawe elationship with slope —2.10. As in the case of emerzence,
the process of cancellation appears 1o ke scale Free and the slope is greater than 2 indicating that numeous
small-seale fealures ame cancelling the majority of Nux on the Sun. The cancellation slope is much closer 1o
the power-law index that is found for all the imcked feature's peak lux os opposed o the emenging event's
peak flux, This is not surprizing as the process of cancellation can ocour at any point ina feaiume’s life cnce

it has been subjected to numermos surface processes,

I find the (otal cancellaticn rabe, for leature= with Hux between ||:|”I —1 U:E Ms, to ke TG = L0 18 cm :

! which is 4.5 10" cancellations per day over the whole surface. Only in 3.0 3¢ 107" cm™* day

dany
(== 18ah nn:clling evenlz) cames of cancellations is there more than Jl:lu" Mz of Hux lost per evenl, e
numerous small-scaleflow Aux loss cancellations make up the majocity of the cancelling evenis which occur.
Indeed on analy=ing the avermge Qux los per event it is found that when fealures cancel they ypically only
lose 50% of their original lux. The lux cancellation e of small-scale featunes with Hux loss inthe mnge
1019 — 1020 Mx ix 505 Mxcm™ 2 day ! (3.1 2 10% Mx day ! over the whole solar surface). Those events
with peak flux loss in the range 10% — 102 Mx Jose a total 167 Mx cm ™ ? day ™! (during active periods)
(1.0 3 10%9 Mx day ™! over the whole solar sucf@ce).

The distribution |.1:|ali-::-n¢]px For the surface processes indicate that voung features are more |ik|:|3,r 8]
inbermct. As the featuvres gl older they interact less probably bocawse they ans tnpped by stong plasma

flowes in ]nl.-l.':gmnulu:r lane= and vertices.

In ihis thesis | alzo imaestigaled howe the Four key surface processes wary throughout eycle 23 using
SOHOMDT Full-di=k. Tt is found that the emengence rute of bipoles varied in anti-phase with the solar cycle
by a facior of 3.4, The variation in the number of small-scale cancelling eveni= also shows an anti-phase
relaticnzhip varying by a factor of 3.1 oveer the oycle. The number of cases frngmeniations and coalescences
occurring in =mall-scale fealures both have an anti-phase varation, decreasing by faclos of 2.4 and 2.2,
respectively over the cyele. Mol suiprisingly therefore the number of petwork featunes detected throughoud
the cycle also exhibilz an anti-phase varation over the solar eycle by a facior of 19, The wariation in the
number of mebwork features is o resulls of both the Fact that the number of Frgmentations and coalescences
do nol vary in anti-phase by as much as emergence does and because there is an increase in the number of
active regions. Thus the number of metwork featumes due o the disporsal of decaying active mgions will

]I'Il:ﬂ.'il."-n: ]I'I'F‘.'IEIH: "¢'|-||J.'I |J1C IIJ]H.F I.__|||'\C|.L

When investigating the variation of feature Alux over oycle 23 i1 s found that the ux of emerging bipales
showed no cyclic vadation. However, investigating the mean peak Qux of the tracked small-scale Featumes
showed thai there appears to be an in-phase melationship with the solar eycle by a facicr of 1.4 {the mean
peak feld strengih also showed an in-phase vardation by a factor of 1,30 The ux for small-scale Featums
which frigmeni vary in-phase by Faciors of 1.7, whilst the Aux for small-scale coalescing Features vary in
phase with the solar cycle by Factor of 2.4, Finally the mean Qux lost per cancelling event in amall-scale
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features varies in-phase with cycle 23 by a factor of 1.2,

Earlier in this thesis the gquestion was asked whether decaving active megions retained the higher Aeld
strengih when they migrated inlo the network or are the dispersed active regions indistinguishable From
the network? The Fact that the mean Aoz and the feld strength of the networdk featumes vares in-phase
with the solar cycle, whilst the mean bipole Qux does ot change, and the processes of fmgmentalion and
coalescence retain their mlationship with mespect o one another, indicates that there is an incmeases in
nelwork features whose origin s from the decay of active regions throughout the solar cycle. This increase
in flux of network Features obviously has a koock on effect for the Auses of features undegoing surfuce

[mips = b

Obviously these esults reveal two different aspects of the behaviour of small-scale features throughout
the solar |:3,rw:|i:. The final aspect ko b lowokesd ait s the lotal Qux CmErgenoe and cancellalion rate=. [1 is nol
surprising that the iotal flux emergenoe mie varies in anti-phase with the solar oycle (by a factor of 1.9,
conzidering the number of evenlz vardes in this way and there is no cyclic varialion in the mean Qux of
emerging evenl= The variation in the otal Aux losat threwgh cancellation i= in anli-phase by o fctor of 3.2,

This is cleardy mosl dependent on the number of cancelling events taking place.

The resulls in this thesis show that the large-scale solar evele plays o complex mle in the surface pro-
cosses fealures undergo, The fact that the number of ephemenml region emergences has an anfi-phase waria-
ticxn tex the solar C}'I:]I.' has a knock on effect in the number of features which are available to unde TEe 5u race
processes. Also the contribution of decaying active regions, during mome active periods, injecting fealunes,

with h]ghur flu=x dl:nsil}'.. into the network has been seen to have an effect on the surface s ===ttt

The final aspect of this thesis estimabed a1 lowser bound on the amoont of energy injected inio the guiet-
Sun atmosphers as a resull of emerging and cancelling events cawsing reconnection and meconfiguration
in the surounding magnetic feld. Using the emerging and cancelling ewents already found in both the
Hinode!ME] (clumping data) and the SOHCOYMID full-disk data 1 estimate the amount of energy asscciabed
with each emergence and cancellation and plot the distribution assuming some frection of this energy could
be wsed to heat the comona. Heme the exact details of the beating mechanism is ol considered, cnly thal
there will ke an amount of enengy coming from emeging and cancelling featunes in some form. 1 found thai
the energics From bolh emenzing and cancellation eveniz versus fequency follows a power law relationship
with slope —1. 73, Comparing thiz o the distributicn for nano-Oares Aschvanden and Parmell (2002 found,
1 find that just 5% of the energy From emengence and cancellation evenis would be needed 10 fuliill the nano-
fare energy requirements.] find thal emengence and cancellation events individvally producing energy of
between 1P 103 grgs contribute o ol of 121 % 10% engs em™ 2 s~ Considecing that there are many
other aclions in the mugnl.'l]l: carpel, such as f:rugmnl.'nlul]un and coalescence which ane i:upal‘.-h: IJ[EL'F.H.‘I.BliI.'IE
encrgy in lhe magnetic feld it is likely that there is a luge amount of energy in the magnetic carpet Free for
hL-.:linE.

This thesis haz prowided an insighi into many aspects of the small-scale carpet which wene previcusly
unknown. However, there are still many questions to ke investigated and much work to be done befomre we
are even close to [ully undersianding the complex behaviour of magnetic fealures in the photosphere. The

nexl seclion brictly discusses some sugpested directions to develop this work and the understanding of the
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magnetic carpet, further.

10.2 Future Work

The work presented bere has provided an insight into the behaviour of small-scale fealures observed in
HinodedMNEF] and SOHOVAIL '|.'|.1:\-::-uE]1-::-uI this thezis 1 have had to make u.uumpliun: rl.'gurdinE paramelbers
used. For the Featore identification and trecking | specify a flux cutedt, awea culoff, data cadence and
minimum lifetime criteria. Obviously varying any of thess parameters will have some effect of the results. 1)
would be interesting 1o Tully imasstigale the influence each of these pammetors hos on the Fealures identifed,
their charmeterizlics and the knock on effect when further ulgu:rilhms are wsed. Fach of the :||E-::-ri thms for
examining emergence, emergence evolulion, Fregmentation, coulescence, cancellation and enerey also have
varicus criteria thal are :pl.'i:i.l_lL'\d l'l}' mi, um.l:l”:,' alter treial and e ."'Lgu.in vnl}'i.n.g. the warious criteria will
influence the resulls but to what degree is unknown. 1t would ke usclful o document the differences in the
resulls as the parimslers varied, o e i any of the Peramslers is dominanl as a Euidl:”nl: foor others who

wish 1o analyse charmcteristics of fealumes in magnebogrms.

For the Hinede!™Fl data only one dala set was available for analysis, =0 1 was unable 1o ime=sligate the
behaviour of the cunrent smallest ohservable fealures throughout the solar cyele. It would be inlenssting io
find if the features of order 105101 M=, in Hincde/™EL exhibit @ similar vadation to the featunes of oder
1018 10%% Mz, identified in SOHOMIL

Al the moment 1 dioy my conclusions cn the emergence evolution and odigin of small-scale Features
from comparing data From beo instrumeniz: Hinode™FL and SOHOYMDL. In Felmuany this year Saolar
Dynamics Observatory (3000 was luunched which bas the instrument Heliosgismic and Magnetic Imager
(HMI) aboard. One of the main aims for HMI is furher understanding of magnetic fold genertion and
itz mole in struciuring the atmesphere of the Sun. The HMI instmment will exiend the capabilities of the
SOHOM DT instrament with continaal full-disk coverage at higher spatial resoluticn by producing: i 1 anc-
second resolution full-disk Doppler velociiy image and line-of-sight magnetic lux image at least every 50
seconds and i) | arc-secomd resolution ull-disk vector-magnetic images of the longitudinal solar magnetic
field ai least every % second=. Using magneiogmms From this instrument in comparison to Hinode/NE]
and SCOECWMDI, wouwld help to further validate the resulis and conclusions of this wok as we should be

able to cover this mnge of Huxes using just a single telescope.

An obvious neat slep for the work presented bere would be o provide a similar examination of a lange
number of active regions throughout the sslar oycle. It is clear there is some soit of relationzhip belween

small-seale fealums and sctive regicns, bul to fully vederstand it more work needs 1o be done.
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