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ABSTRACT

The evolution of small magnetic features in quiet regions of the Sun provides a unique window for probing solar magneto-convection.
Here we analyze small-scale magnetic features in the quiet Sun, using the high resolution, seeing-free observations from the Sunrise
balloon borne solar observatory. Our aim is to understand the contribution of different physical processes, such as splitting, merging,
emergence and cancellation of magnetic fields to the rearrangement, addition and removal of magnetic flux in the photosphere. We
have employed a statistical approach for the analysis and the evolution studies are carried out using a feature-tracking technique. In
this paper we provide a detailed description of the feature-tracking algorithm that we have newly developed and we present the results
of a statistical study of several physical quantities. The results on the fractions of the flux in the emergence, appearance, splitting,
merging, disappearance and cancellation qualitatively agrees with other recent studies. To summarize, the total flux gained in unipolar
appearance is an order of magnitude larger than the total flux gained in emergence. On the other hand, the bipolar cancellation
contributes nearly an equal amount to the loss of magnetic flux as unipolar disappearance. The total flux lost in cancellation is nearly
six to eight times larger than the total flux gained in emergence. One big difference between our study and previous similar studies
is that, thanks to the higher spatial resolution of Sunrise, we can track features with fluxes as low as 9 x 10'* Mx. This flux is
nearly an order of magnitude lower than the smallest fluxes of the features tracked in the highest resolution previous studies based on
Hinode data. The area and flux of the magnetic features follow power-law type distribution, while the lifetimes show either power-
law or exponential type distribution depending on the exact definitions used to define various birth and death events. We have also
statistically determined the evolution of the flux within the features in the course of their lifetime, finding that this evolution depends

very strongly on the birth and death process that the features undergo.
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1. Introduction

The Sun’s magnetic field is, to a large extent, concentrated into
small-scale structures. This is particularly so in the quiet Sun.
Although much is known about the structure of these features,
there are still many unknowns (see e.g., de Wijn et al. 2009,
for a review of quiet-Sun magnetism). Best studied are prop-
erties such as the field strength and the inclination angle of the
field, although even for these widely different results have been
published. The average magnetic field strength in network re-
gions is known to be of on the order of 1-2kilo-Gauss (see
e.g., Stenflo 1973; Solanki & Stenflo 1984; Rabin 1992), but
it is rather difficult to estimate inter-network quiet-Sun mag-
netic fields because different methods and different spectral
lines have often provided discrepant results. For example, on
the one hand, investigations using infrared (e.g., 1.5 um) lines
give generally low field strengths below 600 G (see e.g., Lin
1995; Solanki et al. 1996; Khomenko et al. 2003, 2005b), but
with a tail of kG fields in the histogram of the field strengths
shown by Khomenko et al. (2003). On the other hand, investiga-
tions using the visible line pairs (e.g., 525.0 nm, 524.7 nm, and
630.25 nm, 630.15 nm) have provided an inhomogeneous picture
(see e.g., Socas-Navarro & Lites 2004; Sanchez Almeida et al.
2003; Khomenko et al. 2005a; Orozco et al. 2007; Martinez
Gonzdlez 2008; Lagg et al. 2010), although in the recent stud-
ies the tendency has been towards a predominance of fields
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with low strengths (see, e.g. Asensio Ramos & Martinez
Gonzdlez 2014). The magnetic field inclination calculations dif-
fer in various studies and are also not well established yet.
Investigations of Stokes profiles observed with Hinode/SP by
Orozco et al. (2007) and Lites et al. (2008) suggest that the mag-
netic fields in internetwork regions are inclined predominantly
horizontally with an average inclination angle of 20° to the hor-
izontal. However a study of bright points in Ca M H images
observed using Sunrise/SuFI, which have a mean area close to
0.01 Mm? (nearly 100 times smaller than a typical granule), by
Jafarzadeh et al. (2013) suggests that these magnetic elements in
the internetwork regions are predominantly oriented vertically
(Jafarzadeh et al. 2014b). For a comprehensive review on this
topic we refer to Borrero et al. (2015, and the references cited
therein).

The number of studies that have followed the evolution of
individual features, or have followed a group of features through
a certain phase of their evolution, is smaller. Such studies have
mainly concentrated on individual phases in the lifetime of
magnetic features, or particular dynamic processes, such as be
the emergence of small loops (see e.g., Centeno et al. 2007,
Martinez Gonzélez et al. 2010; Guglielmino et al. 2012) and the
linear polarization patches often associated with such emer-
gence (Lites et al. 2008; Danilovic et al. 2010), the convective
collapse of small-scale magnetic elements (see e.g., Nagata et al.
2008; Fischer et al. 2009), the evolution following the collapse

A47, page 1 of 21


https://doi.org/10.1051/0004-6361/201527738
http://www.aanda.org
http://www.edpsciences.org

A&A 598, A47 (2017)

(see e.g., Requereyetal. 2014, 2015; Utzetal. 2014), the
evolution of the brightness (see e.g., Bergeretal. 2007,
Jafarzadeh et al. 2013), and motions of bright points (see e.g.,
de Wijn et al. 2008; Abramenko et al. 2011; Jafarzadeh et al.
2014a). Useful as they are, such studies cannot give a full picture
of the evolution of magnetic features, since they do not attempt
to give a complete statistical description.

A more statistically complete description has been attempted
by a number of authors in recent years. Such studies have in-
cluded not just the emergence, appearance, cancellation and
disappearance of magnetic features, but also take into account
the splitting and merging of the features, which are found to
play an important role (see DeForest et al. 2007; Lamb et al.
2008, 2010, 2013; Parnell et al. 2009; lida et al. 2012, 2015;
Gosic¢ et al. 2014; Zhou et al. 2010, 2013, and the references
cited therein). Such investigations have turned up some surpris-
ing results. Thus, only a small fraction of the magnetic flux in
the quiet Sun is observed to emerge as bipolar structures and
just as small a fraction of flux is removed through cancellation
of opposite polarity fields (see e.g., Lamb et al. 2013; Iida et al.
2015).

Such unexpected results demand a detailed analysis using an
independent algorithm and the best data currently available. It
is important to point out the contribution of the ground-based
telescopes that provide high-spatial resolution data such as the
NST of the Big Bear Solar Observatory (e.g., Goode et al. 2010)
and the Swedish Solar Telescope of La Palma observatory (e.g.,
Scharmer et al. 2003). However, space or balloon-borne obser-
vatories have added advantages such as obtaining seeing-free
observations, or of providing data at UV wavelengths that can
be used to link the photosphere with higher layers and which are
not possible from ground.

Here we present results obtained with a newly developed
code that carefully classifies the features that participate in
events such as simple appearance and disappearance, splitting,
merging, bipolar emergence and cancellation. The algorithm
tracks the magnetic features by assigning a unique birth, unique
death and a well defined lifetime to each of the detected magnetic
feature. This code is applied to time series of high resolution
magnetograms obtained in the quiet Sun with the Imaging Mag-
netograph eXperiment (IMaX, see Martinez Pillet et al. 2011)
on the Sunrise balloon-borne telescope (see Solanki et al. 2010;
Barthol et al. 2011). The earlier studies using high-resolution
data to which our results can be compared have used Hin-
ode/NFI data with a spatial resolution of 073 (6 x 10" Mx,
6.5 x 10> Mx and 5 x 10'® Mx being the lowest detected val-
ues of flux per feature reported by Zhou et al. 2013; Gosi¢ et al.
2014 and Thornton & Parnell 2011, respectively). The higher
spatial resolution (a factor of five per pixel, see Sect. 2) and the
good polarimetric sensitivity of Sunrise/IMaX data means that
we can detect and follow features with considerably lower flux
(9 x 10" Mx is the lowest detected flux per feature) than pre-
vious investigations. The flux per feature is significantly larger
than the often quoted flux per pixel because of the usually near-
critical sampling of the diffraction limit of the telescope and the
need to clearly distinguish features from noise. The fact that we
can detect an order of magnitude lower flux than previous stud-
ies has the benefit that we can check if some of the seeming
appearances and disappearances found in earlier studies are real
or are only apparent due to limited sensitivity. We then carry out
an analysis of the statistical properties of these features, such as
distributions of area, magnetic field, magnetic fluxes, lifetimes
and their relationships.
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In Sect. 2 we briefly describe the observations. Section 3 is
dedicated to a detailed description of the analysis procedure. In
Sect. 4 we present a discussion of our statistical studies. Conclu-
sions are drawn in Sect. 5 and details of the method are given in
Appendices A, B and C.

2. The data

High spatial and temporal resolution data recorded by the
Sunrise observatory (Solanki et al. 2010; Barthol et al. 2011;
Berkefeld et al. 2011; Gandorfer et al. 2011; Martinez Pillet
etal. 2011) on its first science flight in June 2009 provide us with
an opportunity to derive the statistical properties and follow the
evolution of quiet-Sun magnetic structures down to lower flux
levels and at higher spatial resolution than previous studies.

A time series of forty two quiet Sun magnetograms ob-
served with IMaX (Martinez Pillet et al. 2011) was considered.
The spatial sampling is approx. 40 km per pixel (with the spatial
resolution being roughly 0.15-0.18 arcsec) and the cadence is
33 s. Observations are available at four wavelength points within
the spectral line Fe I at 525.02 nm and at a wavelength in the
nearby continuum 227 mA from the line core (V5/6 data). Four
wavelength points sample the line at +40 and +80 mA from the
line center. We use phase diversity reconstructed data (see e.g.,
Gonsalves 1982; Paxman et al. 1996; Vargas Dominguez 2009)
for descriptions of the technique and Martinez Pillet et al. (2011)
for its application to Sunrise/IMaX data.

We then consider the pixels in this set of images as the points
in a cuboid. Two spatial coordinates (x,y) and a time coordi-
nate (#) form the three dimensions of the cuboid. Application
of phase diversity reconstruction to the data leads to the loss of
108 pixels (Martinez Pillet et al. 2011). The features in the first
and the last time steps are identified and tracked but not used
for the statistics to avoid boundary errors in feature identifica-
tion. The noise level of a single reconstructed IMaX image is
3 x 1073 I, where I. is the continuum intensity. The effective
size of usable image is ~43"" x 43”. Due to the low signal lev-
els in Stokes Q and U (Danilovic et al. 2010) we concentrate on
Stokes I and V in this paper.

At each time step, the spatially averaged continuum inten-
sity I, is used for the normalization of Stokes parameters V and /
to obtain V/I, and I/I. at each wavelength. Then, the V/I, data
are averaged over the four wavelengths after reversing the sign
of Stokes V in the red wing of the line. We have excluded the
continuum point for this averaging. We note here that we have
used the wavelength averaged V/I, only to identify the features
as described in Sect. 3. This step does not affect the LOS mag-
netic field computation discussed in Sect. 3.2. The latter uses
V(A) and (1) individually at all wavelength points.

3. The analysis procedure
3.1. Identifying the magnetic features

A feature identification and tracking algorithm is necessary for
studies of the evolution of magnetic features. A number of
feature identification and tracking algorithms have been devel-
oped by several groups, a summary of which can be found in
DeForest et al. (2007).

In this paper, a lane finding code originally developed for
identifying granular structures (Hirzberger et al. 1999) is used to
find all magnetic patches satisfying a set of predetermined cri-
terion. This code has been extensively tested and applied to the
study of supergranules by Hirzberger et al. (2008). The patches
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identified in this manner are then referred to as “features”. A fea-
ture is defined to be a collection of spatially connected pixels
whose Stokes V/I.. signal lies above a threshold of 3 x 1073, This
corresponds to two times the noise level, o, of the data after the
averaging over the four wavelength pixels in the line.

Since 20 is a relatively low threshold, we, in addition, re-
move all features with an area less than five pixels. Further, the
features touching the spatial boundaries at any time in the course
of their evolution are also removed, since we only have a lower
limit of their area and may be missing interactions with features
outside the frame. We identify positive and negative polarity
features separately. After the various steps described above, we
obtain a total of 50255 features of both polarities, which were
considered for the analysis. In Fig. 1 we display V/I. image at
the middle of the time series before (left panel) and after (right
panel) identifying the features. Since we remove the features
touching the spatial boundaries, we do not see features near the
edge of the field-of-view. The code also checks if the features
that are originally identified individually in different snapshots
are the same underlying magnetic feature seen at two points in
time. After that the binary masks of two consecutive time steps
are compared with each other to see if a feature present in one
mask is still present in the subsequent mask. In general, if two in-
dividually identified features in two consecutive time steps share
at least one spatial pixel, then they are identified as the same
feature at two different times. In practice, a number of other pos-
sibilities also occur. These are described in detail in Sect. 3.3.

3.2. Flux computation

Using the center of gravity (COG) technique (see Rees & Semel
1979), the strength of the line-of-sight (LOS) component of the
magnetic field vector is determined from Stokes V through the
relationship

Bros = [AdG/Cog Ay, M
where Cy = 4.67x 107> m~! G7!, g is the Landé factor, A, is the
line center wavelength, and
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Here I and V represent the intensity and the circular polariza-
tion at a given wavelength, respectively, and /. the corresponding
continuum intensity. The LOS magnetic field values Bros ob-
tained when applying this technique to each pixel range between
0 to 2000 G. A SIR inversion sampling a region of the same data

Fig. 1. Left: original V/I. image at the mid-
dle of the time-series. Right: after applying
the binary mask to the image on the left, as
described in the main text.
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Fig. 2. Magnetic flux computed using the COG technique. The figure
shows a 2D histogram of the number of features on the plane spanned
by By os and |V/I.| for each pixel.

also provided kG fields (see Lagg et al. 2010; Requerey et al.
2014). We note here that these magnetic field values determined
using the COG technique are averaged over the Sunrise/IMaX
spatial resolution element (i.e., no filling factor is introduced).
A two-dimensional (2D) histogram of the number of features on
the plane spanned by By os and |V/I,| is shown in Fig. 2. We use
Egs. (1) and (2) for computing the flux. However, since it is use-
ful to show |V/I| on the horizontal axis of Fig. 2, we can trivially
divide both numerator and denominator of Eq. (2) by I. (which
is the continuum intensity averaged spatially over the entire im-
age for each time frame). This step does not affect By og values.
It is cut-off at 1450 G due to the small number of pixels with
large By os. Besides a significant scatter, the plot displays also a
non-linear trend that is partly due to Zeeman saturation (Stenflo
1973) and partly to temperature weakening of the spectral line
(Zayer et al. 1990), although the latter effect is not as extreme
as found in MHD simulations by Shelyag et al. (2007). Due to
the influence of noise the By s thus obtained cannot be trusted
in pixels with low signal. Therefore in the following we deter-
mine and use a feature-averaged value, (B gs), for computing
the magnetic flux of a feature. The quantity (B os) is determined
by averaging the Stokes V data as discussed in the following
paragraph. Here the angled brackets () represent the value ob-
tained from the spatial average of Stokes V data over individual
magnetic features.

Thus, we compute the (Bros) (Egs. (1) and (2)) using spa-
tially averaged quantities (V(1)), (I(1)) and (I.(1)) within each
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Fig. 3. Magnetic flux computed using the COG technique. A 2D his-
togram of the number of features on the plane spanned by the mag-
netic feature averaged LOS component of the field (B os) and the fea-
ture averaged unsigned Stokes V normalized to the continuum intensity
namely, (V/I,)|.

of the 50 255 identified magnetic features. A 2D histogram of the
number of features on the plane spanned by (B os) and [{V)/I|
is shown in Fig. 3. The obtained averaged field values range be-
tween 0 and 100 G. Only 410 features out of 50255 features
have field strengths between 100 and 200 G. The strong reduc-
tion in By og values is caused by the inclusion of the weak signals
at the edges of the magnetic features in the averaging. A higher
threshold than the 20~ value that we have imposed leads to higher
average By og values as test calculations showed. However, since
many features are then lost, we decided to maintain the lower
threshold value. The thus obtained (B os) is then multiplied by
the area covered by the feature to obtain its magnetic flux.

3.3. Definitions of features, parameters and events

In this section we define and describe different terms, quanti-
ties and events on which our statistical study in this paper is
based. The conventions defined here are used throughout this
paper. Figure 4 illustrates various possible interactions between
the features, that are defined in this section.

Let us consider two successive time steps #; and t, = #; + At,
where At is the time step. From #; to #, important properties of
a given feature that can change are, (1) spatial location of the
feature; (2) shape and area of the feature; and (3) magnetic flux
contained in that feature. In addition, the feature can disappear,
or cancel with an opposite polarity feature, or merge with several
same-polarity features, or split into multiple features between
the times #; and f,. Finally, the feature can appear or emerge
(together with an opposite polarity feature) between the times ¢,
and #,. To quantitatively describe such evolutionary steps, several
properties and events need to be defined.

— “Size” or “area” of a feature denoted as A, is given by the
total number of pixels covered by a feature.

— Birth of a feature by appearance: if a feature appears at
time #, at a given spatial location, but if the same spatial lo-
cation at #; was empty (i.e., at #; no magnetic feature over-
lapped with any of the pixels occupied by the features at #,),
then we say that a feature is born by appearance at t,.

— Death of a feature by disappearance: if a feature is present
at #; at a given spatial location, but if the same spatial location
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Fig. 4. Illustration of various possible interactions between the mag-
netic features. Only the simplest possibilities are shown in this diagram.
Black and white refer to magnetic features with opposite polarities from
each other. A more detailed description of all possible events is provided
in the main text.

at t, is found to be empty (i.e., at r, no magnetic feature over-
laps with any of the pixels occupied by the features at #;),
then we say that the feature died or disappeared at #,.

— Splitting of a feature: a feature at ¢ is said to split, if it breaks
into two or more features at #,. This is taken to happen when
the features at #, (the children) have the same polarity as the
parent, are spatially separated from each other and overlap
with the parent by at least one pixel each. For the purposes
of this paper we say that the parent feature died at #; due to
splitting. At the same time, all the children at ¢, are consid-
ered to be newly born. An exception is made when the over-
whelming part of the area or magnetic flux of the parent lives
on in just one child, i.e., when only a small piece breaks off a
much larger feature. Then the parent is assumed to live on as
the biggest of the children. All other children are assumed to
be newly born. This is described more quantitatively under
“area-ratio criterion” below. In Fig. 5 examples of splitting
events are shown in red.

— Merging of features: merging is said to have taken place if
two or more features of the same polarity at #; combine into
a single feature of the same polarity at f,, and the child over-
laps spatially by at least one pixel with each of the parent
features. For the purposes of this paper we say that all par-
ent features died at f; due to merging and a new feature
is born at #,. Again, an exception is made if one parent is
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’ ) contours. The arrows in the first two panels re-
Qb fer to a particular event involving simultaneous
splitting and merging, as discussed in the main
é} 1 text. The dashed arrows indicate the merging
event while solid line arrows mark the split-
ting event. The features that are involved in this
event in the first two panels are colored blue and
green. The features that do not split or merge in
the plotted frame are shaded gray. The order of
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overwhelmingly larger than the other(s). In Fig. 5 examples
of merging events are shown in blue.

To rule out that a feature is pronounced dead just because a
tiny part of it breaks off, or because it merges with a much
smaller feature, the areas of involved features at a given time
step are compared. We compare areas of child features for
a splitting event and areas of parent features for a merging
event. If the largest feature is more than a predetermined fac-
tor times bigger than the second largest, then this feature is
assumed to be a continuation of the parent (in the case of
splitting) or to continue as the child (in the case of merging).
All other children are classified to be born due to splitting-off
birth events. To test how strong the effect of the above area-
ratio is, we consider the following set of area-ratios: 2:1, 3:1,
5:1 and 10:1. For example, in a 2:1 area ratio criterion for
a splitting event, the parent is considered dead only if the
area of the largest child is less than twice the area of sec-
ond largest child. A quantitative description of splitting and
merging events is given in Appendix A.

The area-ratio criterion also helps to bring order to complex
events, where splitting and merging may be taking place at
the same time. An illustration of this is shown in Fig. 5.
Let us focus on the first two panels (first row from left to
right). The four features involved in a complex event are the
filled green features connected by arrows (see figure cap-
tion). In principle, since there are two features at both time
steps one could say that no interaction has taken place. How-
ever, one of these features has grown considerably, while the
other has shrunk. In addition, one of the features at t; = 29
overlaps with two features at £, = 30 and vice versa. Such
a situation could be the result of a combination of a split-
ting event plus a merging, both taking place within a single
time-step, but it can also be produced by other combinations
of events. The chosen area-ratio criterion along with a set
of priority criteria described in Appendix B to eliminate the
ambiguity (see next paragraph) leads to one such combina-
tion being preferred. After applying an area-ratio criterion
of 5:1 and the priority criterion to eliminate ambiguity the
splitting event is discarded, the merging event is retained,

13.0 13.5 14.0 14.5 15.0

time steps proceeds row by row, and from left to
X (in Mm) right in each row.

and the remaining small green feature in the second panel
is considered to be newly born by a splitting-off birth event.
A blue filled feature in second panel of Fig. 5 dies by dis-
appearance and the other two filled green features continue
to live as gray filled features in third panel. The smaller gray
filled feature in third panel disappears and the larger gray fea-
ture continues to live as the only red filled feature in fourth
panel. This eventually splits into two red filled features in
fifth panel, both of which continue to live as gray filled fea-
tures in sixth panel.

— Simultaneous events and ambiguities: statistically, it is not

so rare for splitting and merging events to happen simul-
taneously. An example of a possible simultaneous splitting
and merging event was discussed in the previous paragraph
(filled green features in first two panels of Fig. 5). The
events are marked by arrows (see figure caption). There-
fore, additional care must be taken to handle such cases. In
Appendix B we describe in detail all possible simultaneous
events and how we handle them. Eventually based on a set
of rules all the ambiguities in simultaneous events are elim-
inated and are classified into different birth and death cases
defined above.

— The lifetime of a feature is defined to be the interval of

time between the birth of a feature (either through appear-
ance, emergence, or from splitting or merging) and its death
(through disappearance, cancellation, splitting or merging).

— Emergence events are composed of the appearance of oppo-

site polarity features close in space and time. First, a spa-
tial overlap (after dilation, see Appendix C) of one or more
positive features with one or more negative features are de-
tected. Then we apply a flux-ratio criterion between the sets
of positive and negative features. We consider four cases,
namely, 10:1, 5:1, 3:1 and 2:1. If the ratio of sum of the fluxes
of the interacting positive polarity features to that in the
interacting negative polarity features satisfies the imposed
flux-ratio criterion, then it is identified as an emergence
event. We describe what we mean by “close in space and
time” in Appendix A. We classify the emergence into two
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types: (a) time-symmetric and (b) time-asymmetric bipolar

emergence.

(a) Time-symmetric emergence: the spatially close (neigh-
boring) opposite polarity features appear at the same
time step. In this case, the total flux contained in the
emergence event is Fsympm = 2 min(F,, F_), where
F . is the total flux of the set of positive features emerged
and, F_, that of the negative features emerged.

(b) Time-asymmetric emergence: the opposite polarity fea-
tures appear spatially close to each other at a given time-
step, but the time frames at which the opposite polar-
ity features are born, are offset by one or more steps.
Here, only features of one of the polarities are newly
visible near a set of close-by opposite polarity features
that already exist. The already existing features could
have been born in any of the previous time steps. In
this case, the total flux contained in the emergence event
is Fasymem = 2 F, if the newly emerged features are
positive and Fasymem = 2 F_ if the newly emerged
features are negative. We have implicitly assumed that
a bipolar feature has emerged, but that one polarity ap-
pears within a patch of pre-existing field.

We note here that although we have defined time-asymmetric
emergence events such that the time-separation between the
already existing features and newly emerged features is one
or more, for most of the cases, the time-separation is small.
For example, for the 10:1 area-ratio criteria, the maximum
time-separation between the opposite polarity features in
time-asymmetric emergence is approximately nine minutes.
However, the number of features having a time-separation
greater than five minutes is only four and that greater than
two minutes is only 10% of the total number of features ap-
pearing as already existing time-asymmetric counterparts.

— Cancellation events occur when two or more neighboring op-
posite polarity features at time step #; exhibit a spatial over-
lap (after dilation, see Appendix C) in such a way that in the
subsequent time step #, the sum of the fluxes of these features
has decreased by a significant amount, where “significant” is
decided by the rule,

SV = ER A 2 NeyZ o2,

where f; is the magnetic flux of the ith feature, oy, is the
noise level in the flux of the ith feature, N; is the number
of features involved in a cancellation event at time step #,
N is the number of features involved in the same cancella-
tion event at time step t, and NV, is an arbitrary factor (here we
chose N. = 5). We have three types of cancellation events.

(a) Complete cancellation: if at any time step #;, a spatial
overlap (after dilation, see Appendix C) of two sets of
opposite polarity features leads to disappearance of both
sets of features, then it is marked as a complete cancel-
lation event.

(b) Semi cancellation: if at any time step #;, a spatial over-
lap (after dilation, see Appendix C) of two sets of oppo-
site polarity features is found to satisfy the condition for
cancellation (see above) according to Eq. (3), leading to
disappearance of features of only one polarity, then the
event is considered to be a semi cancellation event.

(c) Partial cancellation: if at time step ¢, a spatial overlap
(after dilation, see Appendix C) of two sets of opposite
polarity features is found to satisfy the condition for can-
cellation (see above) as described in Eq. (3), leading to

3
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survival of both the polarity features, then the event is
identified as a partial cancellation event.

— Instantaneous (magnetic) flux of a feature: the flux of a fea-
ture at a given time step. The instantaneous flux of a feature
in a birth event (death event) is the flux that it carries at the
time step of its birth (death).

— Maximum (magnetic) flux of a feature: the maximum value
of flux of a feature attained during the course of the feature’s
lifetime.

— Total instantaneous (magnetic) flux in a birth or a death
event: the sum of the fluxes of all those features in the en-
tire considered data set, which are born by a particular birth
type or died by a particular death type at the time of birth or
time of death (sum of instantaneous fluxes).

— Total maximum (magnetic) flux in a birth or a death event:
the sum of the maximum fluxes of all those features in the
entire data set, which are born by a particular birth type or
died by a particular death type.

— Total (magnetic) flux (in emergence or cancellation): the sum
of the (instantaneous or maximum) fluxes of those features
in the time series, that participate in emergence or cancella-
tion. Here the total flux in emergence includes not just the
flux of features that are born by emergence, but the total flux
emerged, which is ZFSYM,EM + FASYM,EM’ with FSYM,EM and
Fasymem defined above. Similarly the total flux in cancel-
lation not only includes the flux lost in features that die by
cancellation, but also includes the flux lost in surviving fea-
tures in semi and partial cancellation.

— Total (magnetic) flux (in all the birth events): the sum of the
(instantaneous or maximum) fluxes of those features in the
time series, that are born in all considered birth events. In
case of total instantaneous flux, it is the sum of the fluxes at
the time of birth.

— Total (magnetic) flux (in all the death events): the sum of
the (instantaneous or maximum) fluxes of those features in
the time series, that died from all considered death events.
In the case of the total instantaneous flux, it is the sum of
fluxes at the time of death.

4. Results and discussion

4.1. The distributions of average and maximum value
of [V/1¢]

In Fig. 6 we plot histograms of average and maximum of the
|V/1.| within each feature. We note that smaller values are prob-
ably affected by the noise, and the finite spatial resolution. The
average |V/I| distribution has mean and median values of 0.51%
and 0.48% respectively, and the maximum |V/I.| has mean and
median values of 0.82% and 0.69% respectively. The average
and maximum values of |V/I| follow power-law distributions
with power law indices —4.6 and —3.3 respectively. These in-
dices are much larger than those found for the magnetic flux per
feature (see Sect. 4.2; Parnell et al. 2009; Buehler et al. 2013).

4.2. Distribution of the area, magnetic field and magnetic flux
of the features

In Fig. 7a we plot the histogram of magnetic feature area. The
areas of the features range from a minimum of ~7.8 x 1073 Mm?
(or five pixels, which is the lower limit we have set for fea-
tures selected for investigation) to a maximum of ~2.5 Mm?
(1585 pixels). The areas of the magnetic features closely follow
a power law distribution of the form a x” with index b = —2.25.
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It closely matches with the power law index of —2.2 obtained by
other recent studies using Hinode/SP data for such area distribu-
tions (see Buehler et al. 2013, and the references cited therein).

A histogram of the feature-averaged LOS magnetic field
component, determined using the COG technique (see Sect. 3.2
for details), is displayed in Fig. 7b. The magnetic field values
thus obtained are weak, as expected from Fig. 3, and the dis-
tribution is surprisingly symmetric, although with a tail towards
stronger fields. The mean and median values are 41 G and 39 G
respectively. The feature-averaged magnetic field strength val-
ues range between 11 G to 198 G. These values are somewhat
lower than expected for an equipartition field (200-400 G, e.g.,
Solanki et al. 1996). The field strength values nearly follow a
normal distribution.

In Fig. 8a we plot the histograms of the instantaneous fluxes
of the magnetic features. Here we consider all the 50255 fea-
tures in the time series, that is, we consider all the features
that represent the evolution of a given feature in different time
steps, to be independent. The minimum and maximum of the
distribution is 9 x 10'* Mx and 2.5 x 10'® Mx respectively. The
fluxes follow a power law distribution of the form a x* with index
b = —1.85 which is consistent with Parnell et al. (2009). Other
recent studies using Hinode data also obtain a power law index

Red lines indicate power-law fits.

close to —1.8 (see e.g., lida et al. 2012; Buehler et al. 2013, the
focus of the former being the network fields).

In Fig. 8b we plot histograms of maximum fluxes of the mag-
netic features. Here maximum flux of a feature refers to the max-
imum of the feature’s magnetic flux during it’s entire lifetime
(see Sect. 3.3), with lifetime being obtained for the 10:1 area-
ratio criterion. The maximum fluxes also follow a power-law
distribution with power-law index b = —1.78. The power-law
index for maximum fluxes is close to that obtained for instanta-
neous fluxes as are the minimum and maximum flux values. The
fit parameters are listed in Table 1.

However, the tail region of the histogram suffers from very
poor statistics in Fig. 8 leading to seeming gaps in the flux per
feature. To avoid these holes, we plotted the histograms with bins
of equal width in logarithm of the fluxes in Fig. 9. Power-law fits
to the histograms of the fluxes depend sensitively on the smallest
flux per feature in the distribution (see also Parnell et al. 2009;
Iida et al. 2012). We show power-law fits of these histograms for
four different smallest flux per feature values. The fit parameters
of these distributions, and the corresponding y? values are listed
in Table 1. We note here that the value 2 x 10'7 Mx for the small-
est flux per feature, chosen for the green power law fit in Fig. 8
is same as that in Parnell et al. (2009) for the Hinode data. In
the remaining cases, the two extreme smallest flux per feature,
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Table 1. Parameters of fits to flux distributions in Figs. 8 and 9.

A47 (2017)

Fit parameters for Fig. 8

Type

Instantaneous flux

Maximum flux

Minimum value of flux 8.8 x 10™ Mx 9 x 10 Mx
Power law index -1.85 -1.78
x? of the fit 63.7 28.3
Fit parameters for Fig. 9
Type Instantaneous flux Maximum flux
Minimum value of flux 4.7 x 10° Mx 4.8 x 10" Mx
Power law index —-0.97 (blue) —1.04 (blue)
x*° of the fit 2.03 2.16
Minimum value of flux 2 % 10'® Mx 2 x 10'° Mx
Power law index —1.16 (red) —1.23 (red)
x? of the fit 0.69 0.93
Minimum value of flux 8 x 10'® Mx 8 x 10'® Mx
Power law index -1.19 (purple) —1.33 (purple)
x* of the fit 0.65 0.77
Minimum value of flux 2 x 107 Mx 2 x 107 Mx
Power law index —1.03 (green) —1.26 (green)
x? of the fit 0.52 0.74
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8.85—4 7.28-3 5.8E-2 4.7E—1 2.53 9.E-4 7.3E-3 5.9E-2 4.7E—-1 2.53 minimum fluxes given in Table 1.

Flux of features (in 10'® Mx)

either try to fit numbers of features that are clearly affected by
instrumental resolution and sensitivity, or affected by the small
number of points it is fitting. However, they give an indication of
the uncertainty of the power-law index to the choice of smallest
flux per feature. Therefore, the fit with smallest flux per feature
of 10'® Mx appears to provide the most reasonable fit among the
four cases. Clearly, the power-law index depends strongly on the
type of binning, with all the fits to the bins of equal size on a
logarithmic scale giving far lower power-law indices than those
to the bins of equal size in linear scale. To our knowledge this
dependence has not been previously highlighted and the type of
binning is often not discussed carefully in studies of magnetic
flux distribution. There is a need to investigate these effects thor-
oughly, as having bins that are equally broad on a logarithmic
scale returns power-law fits that are not consistent with the re-
sults of Parnell et al. (2009). At present it is unclear, which type
of binning provides the better description. However, a study of
the best type of binning is outside the scope of this paper.

The feature-averaged field strength values shown in this pa-
per are much smaller compared to the field strengths of quiet Sun
features found by Khomenko et al. (2003), Lagg et al. (2010)
and Riethmiiller et al. (2014). The main reason for this discrep-
ancy is that we show feature-averaged values. Also, we deter-
mined only the LOS component of the field and, unlike the latter
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two groups of authors cited above, consider all magnetic fea-
tures visible in Stokes V and not just those that are associated
with bright points. In Fig. 2 we have shown the flux of individ-
ual pixels where the By g reach kG values.

In Fig. 10 we present a 2D histogram of the number of fea-
tures on the plane spanned by the magnetic flux @ in the fea-
tures and their areas A. This figure shows that area and fluxes are
almost linearly related. This linear behavior is useful because it
implies that we can constrain the classification of birth and death
events, either through an area-ratio criterion or through a flux ra-
tio criterion according to convenience.

4.3. Birth and death of magnetic features

In this section we discuss statistics of the births and deaths
of magnetic features. We start by considering only interactions
between features of the same polarity in Sect. 4.3.1. Later, in
Sect. 4.3.2 we include also interactions between magnetic fea-
tures of opposite polarity.

4.3.1. Unipolar interactions

In Table 2 we present the number and percentage of fea-
tures that are born or die according to different processes. The
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Table 2. Number of features born as well as the number that died due to different processes, as listed in the first column of the table.

Area-ratio criteria

Type of birth 10:1 5:1 3:1 2:1
Appearance 8728 8834 8922 8984
(48%) (52%) (55%) (59%)

Splitting 6072 4879 3757 2505
(34%) (28%) (23%) 17%)

Merging 2226 1846 1432 965
(12%) (11%) (9%) (6%)

Splitting-off 646 1287 1887 2561
(4%) (7.5%) (12%) (17%)

Emerging 365 259 171 109
(2%) (1.5%) (1%) (1%)

Alive in first frame 1019 1019 1019 1019
Total 19056 18124 17188 16 143
Type of death 10:1 5:1 3:1 2:1
Disappearance 7533 7533 7533 7533
(42.7%) (44.8%) (47.3%) (50.6%)

Splitting 2843 2277 1753 1177
(16%) (14%) (11%) (8%)

Merging 5226 4232 3206 2120
(29%) (25%) (20%) (14%)

Merging-into 627 1255 1869 2486
(4%) (7%) (12%) (17%)

Cancelling 1550 1550 1550 1550
(8.7%) (9.2%) (9.7%) (10.4%)

Alive in last frame 1277 1277 1277 1277
Total 19056 18 124 17188 16143

Notes. The following columns give the number of features involved in birth and death events of a certain type, as well as their percentage
contribution to all features that are born, or have died, respectively. The individual columns differ in the applied area-ratios of splitting and

merging features or flux ratios of emerging features (see text for details).
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Fig. 10. 2D histogram of the number of features on the plane spanned
by the magnetic flux ® in the features and their areas A.

numbers are given for four different area-ratio criteria (see
Sect. 3.3 for details). For the 10:1 area-ratio criterion, a total of
18037 features were born in the course of 40 time steps (i.e.,

over the entire considered time series), while 17779 features
died. We note that here 18 037 features corresponds to the total
number of features born, excluding the number of features alive
in first time frame. The difference between the births and deaths
is explained by the fact that whereas 1019 features were present
in the first frame, 1277 were there in the last. As we decrease the
area-ratio criterion, from 10:1 to 2:1, i.e., tighten the requirement
for a merging or splitting event to result in a birth or death, the
number of features that are born is reduced to 15 124 and those
that die to 14 866. We have splitting-off birth and merging-into
death processes resulting from those features which do not sat-
isfy the area-ratio criterion in splitting and merging (see Sect. 3.3
for details). They form a significant fraction of features that are
born or have died. As expected, this number becomes largest for
the extreme area-ratio criterion of 2:1.

Among the other types of unipolar birth events, most fea-
tures are born due to appearance, followed by splitting, and then
by merging. Not surprisingly, the number of features born due
to splitting is more than twice that from merging, since splitting
gives rise to the birth of two or more features whereas merging
leads to the birth of only one feature. With a decrease in the area-
ratio criterion, the number of features born by splitting and merg-
ing decreases, those born by splitting-off birth events increases,
since the features that would otherwise result from splitting and
merging are now considered to be simply born by splitting-off
birth events. Similarly, among the unipolar death events, death
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Table 3. Same as Table 2, but listing the total magnetic flux (in Mx) of the features at the time of their birth or death (first line of each row).

Area-ratio criteria

Type of birth 10:1 5:1 3:1 2:1
Appearance: total 4.7 x 10" Mx 4.8 x 10" Mx 4.8 x 10" Mx 4.8 x 10" Mx
(%) (12%) (16.5%) 21%) 27%)

Average flux per feature 5.4 x 10" Mx 5.4 x 105 Mx 5.4 x 105 Mx 5.4 x 10" Mx
Splitting: total L8X100Mx  12x10°Mx  82x10°Mx 53 10 Mx

(%) (44.5%) (41%) (36%) (29.3%)

Average flux per feature 2.9 x 10" Mx 2.5 x 10" Mx 2.2 x 10'® Mx 2.1 x 10 Mx
Merging: total 1.6 x 102 Mx 1.1 x 10%° Mx 7.9 x 10" Mx 5.2 x 10" Mx

(%) (41.5%) (38%) (34.6%) (28.8%)

Average flux per feature 7.4 x 10' Mx 6.0 x 10' Mx 5.5 x 10' Mx 5.4 x 10' Mx
Splitting-off: total 5.8 x 10'8 Mx 1.1 x 10" Mx 1.9 x 10" Mx 2.6 x 10" Mx
(%) (1.5%) (4%) (8%) (14.6%)

Average flux per feature 8.9 x 10" Mx 8.9 x 10" Mx 9.9 x 10" Mx 1.0 x 10'6 Mx
Emerging: total 1.9 x 108 Mx 1.4 x 10" Mx 9.4 x 10'7 Mx 5.7 x 10'7 Mx
(%) (0.5%) (0.5%) (0.4%) (0.3%)

Average flux per feature 5.4 x 10" Mx 5.7 x 1015 Mx 5.9 x 105 Mx 5.8 x 1015 Mx
Total 4.0 x 10% Mx 2.9 x 10 Mx 2.3 x 102 Mx 1.8 x 102 Mx

(%) (100%) (100%) (100%) (100%)

Type of death 10:1 5:1 3:1 2:1
Disappearance: total 4.3 x 10" Mx 4.3 x 10" Mx 4.3 x 10" Mx 4.3 x 10" Mx
(%) (10.3%) (13.7%) (17.3%) (21.4%)

Average flux per feature 5.8 x 105 Mx 5.8 x 1015 Mx 5.8 x 105 Mx 5.8 x 105 Mx
Splitting: total 19X100Mx  13x10°Mx  88x10°Mx 57 10 Mx

(%) (45.2%) (41.6%) (35%) (28%)

Average flux per feature 6.7 x 10 Mx 5.8 x 10'® Mx 5.0 x 10'® Mx 4.8 x 10 Mx
Merging: total 1.6 x 10% Mx 1 x 10% Mx 7.3 x 10" Mx 4.8 x 10" Mx

(%) (38.4%) (33.4%) (29.1%) (23.6%)

Average flux per feature 3.1 x 10' Mx 2.5 x 10' Mx 2.3 x 10' Mx 2.3 x 10' Mx
Merging-into: total 1.8 x 10" Mx 2.8 x 10" Mx 3.9 x 10" Mx 4.8 x 10" Mx
(%) (4.4%) 9%) (15.7%) (23.4%)

Average flux per feature 2.9 x 10" Mx 2.3 x 10" Mx 2.1 x 10'® Mx 1.9 x 10'6 Mx
Cancelling: total 7.3 x 10'8 Mx 7.3 x 10'® Mx 7.3 x 10'® Mx 7.3 x 10" Mx
(%) (1.7%) (2.3%) (2.9%) (3.6%)

Average flux per feature 4.7 x 10" Mx 4.7 x 101 Mx 4.7 x 101 Mx 4.7 x 105 Mx
Total 4.2 x 10% Mx 3.1 x 10% Mx 2.5 x 102 Mx 2. x 10%° Mx

(%) (100%) (100%) (100%) (100%)

Notes. Fractional contribution of a certain type of birth or death to the total amount of flux in newly born or dying features is expressed in % and
is given in the second line of each row. The average flux per feature is given in the third line of each row.

due to disappearance is the most common among processes re-
sponsible for the death of magnetic features, followed by merg-
ing and then by splitting. For the same reason that there are
nearly twice as many births by splitting as by merging, there
are nearly twice as many deaths by merging than by splitting.

In Table 3 we list the total instantaneous magnetic flux of the
features in various birth and death events (see Sect. 3.3). About
3.6 x 10'® Mx of flux is present at the beginning of the time-
series and nearly the same amount of flux (4.0 x 10'® Mx) exists
at the end of the time-series. The amount of flux is distributed
differently between the various birth processes than just the num-
ber of events; e.g., for the area-ratio criterion of 10:1, although
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nearly half of the features are born by appearance, this pro-
cess contributes only 12% to the total flux in newborn features.
This suggests that mainly small features are born by appearance
which is confirmed by considering the flux per feature also listed
in Table 3. Splitting and merging events, respectively, provide
44.5% and 41.5% of the total flux of new features (although not
new flux at the solar surface, since fresh flux is provided only by
appearance and emergence events). The percentage of the flux
in appearance events increases as the area-ratio criterion is tight-
ened (i.e., the ratio made smaller) and reaches 27% of the total
instantaneous flux for the 2:1 area-ratio case. The flux contained
in splitting-off birth events are as small as 1.5% for an area-ratio
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Table 4. Normalized, maximum flux distribution of the features in-
volved in the various types of birth and death processes.

Area-ratio criteria

Type of birth 10:1 5:1 3:1 2:1
Appearance 19.1% 25.1% 32% 39.5%
Splitting 41.8% 36% 29.2% 22%
Merging 36.5% 33% 29.1% 23%
Splitting-off 1.6% 5.0% 9.0% 15%
Emerging 1.0% 0.9% 0.7% 0.5%
Total 100% 100% 100% 100%
Type of death 10:1 5:1 3:1 2:1
Disappearance 16.2% 20.8% 25.3% 30.9%
Splitting 42.3% 38.4% 32.2% 25%
Merging 34.7% 29.4% 24.6% 19.5%
Merging-into 3.9% 7.8% 13.3% 19%
Cancelling 2.9% 3.6% 4.6% 5.6 %
Total 100% 100% 100% 100%

of 10:1, which increases with a decrease in the area-ratio and
reaches 14.6% for the 2:1 case. A similar behavior is observed
in death events.

In Table 4 we provide the total maximum flux distribution
in various birth and death events (see Sect. 3.3). The total max-
imum flux has a slightly different distribution than the total in-
stantaneous flux in different birth and death events. As discussed
above, the total instantaneous flux distribution in birth events
shows that features born by appearance have lower values of flux
on average. Whereas, the maximum flux in a feature born by ap-
pearance reached in the course of its life is roughly a factor of
nearly 1.5—1.6 larger than its flux at birth (see also Gosi¢ et al.
2016). Consequently, features born by appearance events display
a larger relative contribution to the total flux when the maximum
flux is counted. Conversely, the contribution of features born by
splitting and merging to the total maximum flux is smaller than
their contribution to the total instantaneous flux. A similar be-
havior is observed in death events.

4.3.2. Interactions between features with opposite polarity

In this section we investigate the contribution to the total flux
from emergence and cancellation of bipolar magnetic features.
In the case of emergence, we consider different flux-ratio crite-
ria such that only those events are considered to be bipolar emer-
gences in which the ratio of fluxes between the involved opposite
polarity features is smaller than the imposed ratio. Here we con-
sider the ratios 10:1, 5:1, 3:1 and 2:1. However, since flux and
area are linearly related (see Fig. 10), hereafter, to avoid confu-
sion in discussions, we use the term area-ratio criterion in place
of flux-ratio criterion. We do not consider any flux-ratio crite-
rion for cancellation events, i.e., the flux in the two sets of the
two opposite polarity features involved in the cancellation can
be arbitrarily different, thus allowing for partial cancellation (see
definition of cancellation events in Sect. 3.3). The total flux in the
death events is the sum of fluxes of the features that died from
all the unipolar and bipolar death events, which depends on the
area-ratio criterion. Therefore, when the fluxes are normalized
by the total flux, the fractional fluxes depend on the area-ratio
criterion.

Table 2 reveals that only 1-2% of the features in the con-
sidered data set are born through bipolar emergence, and at the
time of birth these features carry only 0.3—-0.5% of the total
instantaneous magnetic flux in the birth events. When we con-
sider total maximum magnetic flux in birth events, they con-
tribute between 0.5—1.0%. Thus emerging features grow to reach
1.7-2 times their flux at birth. We note here that, the fluxes given
here and in Tables 3 and 4 correspond to the fluxes of the features
that are born due to emergence. L.e. these include the fluxes of
the features with both polarities in time-symmetric emergence
events, as well as the fluxes of the newly emerged features in
time-asymmetric emergence events (but not the fluxes of the
already existing opposite-polarity features, since these are not
newly born features). The total emerged flux in all the emergence
events, namely, Z(Fsymem + Fasymem) (as defined in Sect. 3.3)
is higher than these values, in both, instantaneous and maximum
flux. Since the asymmetric emergence dominates over symmet-
ric emergence, the total flux that emerged is nearly twice the
total flux of the features that are born due to emergence. For the
10:1 area-ratio criterion, a total of 3.9 x 10'® Mx instantaneous
flux and 9 x 10'® Mx maximum flux is gained in emergence.
Even then the total flux in emergence events is an order of magni-
tude smaller compared to the total flux detected in appearances.
Hence either bipolar emergence events are difficult to detect in
the quiet Sun, or these events are comparatively rare.

On the other hand we see nearly 8.7—10.4% of the features
dying due to cancellation. The total instantaneous flux lost in
cancellation events ranges between 1.7% and 3.6% of the to-
tal flux lost in death events. When we consider total maximum
flux, it ranges between 2.9% and 5.6%. We note that the fluxes
ascribed to cancelling events given here and in Tables 3 and 4
correspond only to the fluxes of the features which undergo can-
cellation and die. I.e. the fluxes lost from the interacting features
in semi and partial cancellation events which survive in the next
time step, are not included here. This is because here we are in-
terested in the fluxes that account for death of the features. The
total flux lost in complete, semi and partial cancellation events
(i.e., the sum of fluxes lost in died and surviving features) is
nearly four times the total flux in the features that die due to
complete, semi and partial cancellation. This accounts for 7% of
the total instantaneous flux and 11% of the total maximum flux
loss in cancellation for the 10:1 area-ratio criterion. In this case,
a total of 3.1 x 10" Mx instantaneous flux and 5.3 x 10" Mx
maximum flux is lost. A smaller number of cancelling features
contributing more flux loss suggests that the features undergo-
ing cancellation are on average large. However, these large can-
celling features are the features that survive after semi and par-
tial cancellation because cancelling features that disappear are
small and carry low flux (see discussions in Sect. 4.6). The total
instantaneous flux (total maximum flux) that is lost in the can-
cellation is nearly eight times (six times) larger than the total
flux gained in emergence for the 10:1 area-ratio criterion. Also,
a roughly equal amount of flux is removed from the magne-
tograms (and possibly from the solar surface) by cancellation
as by disappearance.

In Table 5 we list the flux distributions in time-symmetric
and time-asymmetric emergence events with respect to the to-
tal flux in emergence events (not with respect to the total flux
in all the birth events), as well as in complete, semi and par-
tial cancellations with respect to only the total flux lost in
cancellation. For example, in the case of 10:1 area-ratio crite-
rion, the fractions of the total emerged instantaneous flux of
3.9 x 10'® Mx in time-symmetric and time-asymmetric emer-
gence events is listed in the third and fourth rows of Table 5.
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Table 5. Flux distribution in different types of emergence and cancella-
tion events (see Sect. 4.3.2).

Emergence events
10:1 5:1 3:1 2:1

Area-ratio

Fractional instantaneous flux

Time-symmetric emergence 3% 4% 6% 10%

Time-asymmetric emergence 97% 96% 94% 90 %
Fractional maximum flux

Time-symmetric emergence 4% 5% 9%  14%

Time-asymmetric emergence 96% 95% 91% 86 %

Cancellation events

Area-ratio 10:1 5:1 3:1 2:1
Fractional instantaneous flux
Complete cancellation 2% 2% 2% 2%
Semi and partial cancellation 98% 98% 98%  98%
Fractional maximum flux
Complete cancellation 3% 2% 2% 2%
Semi and partial cancellation 97% 98% 98%  98%

It is interesting to note that, among the captured bipolar inter-
actions, 80—90% of the features emerged in time-asymmetric
emergence events. The time-symmetric emergence events corre-
sponds to only 3—10%, (4—14%) of the total instantaneous (to-
tal maximum) flux added by bipolar emergence, so that time-
asymmetric emergence events dominate. In cancellation events,
complete cancellation corresponds to only 2% (3%) of the total
instantaneous (total maximum) flux that is lost in cancellations
while semi and partial cancellation events account for the rest.

4.4. Discussion

A similar study as described in Sect. 4.3 has been carried out
by Lamb et al. (2008) based on SOHO MDI magnetograph data,
and by Zhou et al. (2010), Wang et al. (2012); Lamb et al. (2013;
Gosic et al. (2014, 2016) based on Hinode/SOT/NFI data. Their
approach differs somewhat from ours in the definition of the
events and the type of data used and partly also in the aims of
the studies. Thus, our data have higher spatial resolution, so that
we see smaller features. Also, these authors did not introduce
a threshold for merging and splitting events. A comparison can
still be useful, however, although it only makes sense to com-
pare the statistics obtained with 10:1 area-ratio criterion. In the
following we provide a detailed comparison of our results with
those by Lamb et al. (2008, 2013).

The following discussion is summarized in Table 6.

(1) The appearances account for 12% of the total flux found by
Lamb et al. (2008). The flux contained in appearance in the
present work accounts for 12% of the total instantaneous
flux and 19.1% of the total maximum flux for area-ratio cri-
terion 10:1. Since their fluxes correspond to the maximum
flux, this shows that we obtain more total flux in appearance
events than they find.

(2) The “fragmentation” birth type in Lamb et al. (2008) gives
rise to 76% of the total flux in newborn features, whereas we
find 44.5% and 41.5% of total instantaneous flux and 41.8%
and 36.5% of total maximum flux in splitting and merging
birth events, respectively, giving a total of 80%. The small
difference between the two results is partly due to differ-
ences in the details of the definitions.
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(3) Emergence accounts for nearly 1% of the total flux in
Lamb et al. (2008). We have 0.5% of total instantaneous
flux, and 1% of total maximum flux in the features that are
born by emergence. However, as discussed earlier, the actual
total flux emerged is twice the total flux appeared in fea-
tures born by emergence. Therefore the total flux appearing
through emergence accounts for 1-2% of the total flux in
birth events, still in agreement with the result of Lamb et al.
(2008).

(4) When we focus only on the new flux at the solar surface,
which means the total flux gained through appearance and
emergence events, (i.e., excluding the total fluxes in the fea-
tures born by splitting and merging events, which is not new
at the solar surface), appearance accounts for 92.4% of the
total instantaneous flux, and 91% of the total maximum flux,
so that the new flux in bipolar emergence events accounts
for less than 10% of the new flux at the solar surface, at
least at the sensitivity and resolution of the Sunrise/IMaX
instrument. In this point we assume that, the term “total in-
stantaneous (maximum) flux” corresponds to the sum of the
total instantaneous (maximum) fluxes in all appearance and
emergence events.

(5) Lambetal. (2008) could not assign 10.9% of the birth
events to a clear category (they referred to these as error
events), while we uniquely assigned a birth or death category
to every feature as described in Sect. 3.3 and Appendix B.
This accounts for some of the differences in the results.

(6) Uni-polar death types (disappearance, splitting and merging)
are found to have similar statistics as birth types, in agree-
ment with the findings of Lamb et al. (2008).

(7) In the analysis by Lamb et al. (2013), where the authors fo-
cus only on disappearance and cancellation, nearly 83% of
the total flux is removed from the visible features by dis-
appearance. In our case, if we estimate the percentage of
flux lost in disappearance and cancellation by considering
only these two types of events, disappearances accounts for
59% of the total instantaneous flux, and 60% of the total
maximum flux. However in the above estimation if we fur-
ther leave out also the fluxes lost in the features that survive
in semi and partial cancellation to consider only the fluxes
lost in features that die by disappearance and cancellation
(as done by Lamb et al. 2013) then disappearance accounts
for 86% of the total instantaneous flux, and 85% of the to-
tal maximum flux, in good agreement with the results of
Lamb et al. (2013). Here and in the next paragraph again,
we assume that, the term “total instantaneous (maximum)
flux” corresponds to the sum of instantaneous (maximum)
fluxes in those events considered in the context.

(8) Cancellation in Lamb et al. (2013) accounts for 12% of the
total flux. If we leave out the fluxes contained in surviv-
ing features in semi and partial cancellation (as done in
Lamb et al. 2013), we obtain 14% total instantaneous flux
and 15% total maximum flux that corresponds to cancella-
tion event, which is comparable to the results obtained by
Lamb et al. (2013).

4.5. Lifetimes of the features

In Fig. 11 we plot histograms of lifetimes of the features, where
the lifetime is determined as described in Sect. 3.3. A correction
factor was proposed by Danilovic et al. (2010) to avoid underes-
timating the lifetimes for the same observations, as the duration
of the time-series is itself comparable to the lifetimes of longer-
lived features. The suggested weight to be multiplied to each bin
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Table 6. Comparison of our results with previous studies (see Sect. 4.4 for details).

Birth events Previous studies

(fractional instantaneous flux)

Present study
(fractional maximum flux)

Present study

Appearance 12% (Lamb et al. 2008) 12% 19.1%
Fragmentation 76% (Lamb et al. 2008) 44.5% splitting 41.8% splitting
(splitting or merging) 41.5% merging 36.5% merging
Emergence 1% (Lamb et al. 2008) 1% 2%

Death events Previous studies

Present study Present study

(instantaneous flux) (maximum flux)

Disappearance 83% (Lamb et al. 2013) 86% 85%
Cancellation 12% (Lamb et al. 2013) 14% 15%
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of the lifetime distribution is (n — 2)/(n — 1 — m), where m is
the number of frames a feature lives, and # is the total number
of frames. We show lifetime histograms before (yellow-shaded)
and after (gray-shaded) applying the correction factor. The plot-
ted histograms are for the two extreme ratios of the areas of the
children or parents, 10:1 and 2:1 respectively. Nearly 39% and
36% of the features for the 10:1 and 2:1 cases respectively, in the
lifetime histograms live for just one time step. The more restric-
tive the area-ratio criterion restricting the death of features, the
larger the number of long lived features, since a higher number
of splitting and merging events are not counted as contributing to
the birth or death of the larger feature (although for the smaller
features they are involved in these events).

The mean and median lifetimes are 1.4 and 1.1 min (85 and
66 s) respectively for the 10:1 case and are 1.6 and 1.1 min (96
and 66 s) respectively for the 2:1 case. Similar lifetimes were
also reported by Zhou et al. (2010). These small mean and me-
dian lifetimes are clearly dominated by the large number of fea-
tures that live for just one time step. Thus, the mean lifetimes we
find are much shorter than the lifetimes of the bright points found
by Jafarzadeh et al. (2013) using the same Sunrise data set.

We fit an exponential distribution of the form N(1) = ae
and a power law distribution of the form N(r) = ab’ to the
lifetime histograms, where N(7) is the number of events with
a lifetime between 7 and 7 + 7. In the case of the exponen-
tial distribution we refer to the parameter b as the “exponential
fit index” and in the case of the power-law distribution we re-
fer to b as the “power-law index”. The fit parameters for the
two types of distributions are tabulated in Table 7. It reveals
that the x? of the fit is smaller for the exponential distribution
in the 10:1 case than that for the power-law distribution and is
smaller for the power-law distribution than that for the exponen-
tial distribution in the 2:1 case. On the one hand the strict case
of 2:1 area-ratio criterion supports the conclusion of Lamb et al.
(2013) that a power law with an index of —2.6 describes best their

bt

Lifetime of features (in min)

lifetime distribution. On the other hand the liberal 10:1 area-
ratio criterion supports the exponential distribution proposed by
Zhou et al. (2010). The power law index that we find is in the
range —3.2 to —3.7 and the exponential fit index is in the range of
—0.5 to —0.7 for the different area-ratio criteria (see Table 7). The
different power law indices obtained from our study and those by
Lamb et al. (2013) can be attributed to a variety of reasons (see
discussions below).

In Fig. 12a we present a 2D histogram of the number of fea-
tures in the plane spanned by the feature lifetime and the max-
imum magnetic flux achieved by a feature during it’s lifetime.
The plot is for area-ratio restricted to a maximum of 5:1. Clearly,
the features with a very short lifetime (just one or at most a
few frames) cover the full range of fluxes of features considered
here, whereas the long-lived features have small flux. Interest-
ingly, the region “high flux long-lived features” is very sparsely
populated. For a better visibility of this, the range of plotted
maximum flux of feature is limited to 5 x 10'7 Mx. Although
we do not plot a few features that have larger flux, their num-
ber is negligible compared with all the features (36 compared
with a total of 15691 features). The over-plotted red cross sym-
bols represent the average value of the maximum flux of fea-
ture at each lifetime. This average includes also the features that
lie outside the frame. It is now clearly visible from these cross
symbols that the maximum flux per feature on average although
increases with lifetime for features living less than 12 min, it de-
creases with increasing lifetime for features living longer than
12 min. Since the area and the flux are linearly related, this
means that big long-lived features are also rare. This is some-
what in contrast to the general expectation that larger magnetic
features live longer, as is the case for sunspots at the extreme
end of the area range. These follow the Gnevyshev-Waldmeier
rule of Gnevyshev (1938) and Waldmeier (1955; see also Solanki
2003), that gives a linear relationship between area and lifetime.
Of course, even the largest features we see here are smaller than
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Fig. 12. Lifetimes of features for an area ratio criterion 5:1 vs. maximum fluxes (panel a)) and maximum, average magnetic field strength values
from COG technique (panel b)). Here maximum refers to the maximum value of the magnetic flux or the field strength, gained during the entire
lifetime of the feature. In panel a) the range of plotted maximum flux of feature is limited to 5 x 10'7 Mx to enhance the visibility of flux-lifetime
relationship. The over-plotted red cross symbols represent the average value of the maximum flux of features at each lifetime (see main text for
details). The maximum (By os) averaged over each lifetime bin are displayed in the figure and are represented by over-plotted red cross symbols.

Table 7. Parameters of fits to lifetime distributions.

Area-ratio criteria
10:1 5:1 3:1 2:1

Power law index -37 37 33 32
x? of the fit 7.1 5.9 35 35
Exponential-fitindex -0.7 -0.6 -0.5 -0.5
x? of the fit 3.6 4.9 3.8 4.4

sunspots or pores. The absence of “old big features” is mainly
due to the fact that they tend to split and merge with other fea-
tures rather quickly.

The relationship between lifetimes and LOS magnetic field is
plotted in Fig. 12b. Here the largest LOS magnetic field compo-
nent, spatially averaged over the magnetic feature, reached dur-
ing the lifetime of the feature is displayed. The figure shows that
short-lived features mostly appear in the magnetic field range
of 0 to 150 G. There is a weak tendency for the LOS magnetic
field to increase with lifetime (as can be gleaned from the bin-
averaged values given in Fig. 12b, that are represented using red
cross symbols).

4.6. Evolution of magnetic features

We now consider the evolution of the magnetic fluxes of the
features which live for at least four time steps (two minutes).
In Figs. 13—15 we plot feature-averaged fluxes as a function of
normalized lifetimes. Figure 13 shows growth and decay of all
features that are born and died during the analyzed time series.
On average, the fluxes in the features increase by 20—-30% after
their birth, reach a maximum after around 2/3 of their lifetime
lies behind them and then decrease again by 10—-20% until their
death. Consequently, the variation over the lifetime is relatively
small. Interestingly, the features have on average a higher mag-
netic flux at the end of their lifetime than at the beginning. The
dotted and solid curves are for the 2:1 and 10:1 area-ratio crite-
rion, respectively. Only the evolution of magnetic flux is plotted
since the area displays a nearly identical evolution.

The flux evolution of features depends sensitively on the
method of birth and death, as is illustrated in Figs. 14 and 15.
In Figs. 14a and b the magnetic flux evolution of features that
undergo death by disappearance and cancellation is depicted,
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Fig. 13. Average growth and decay of fluxes of all the features with
area-ratio criterion 10:1 (solid line, averaged over 3632 features) and
2:1 (dotted line, averaged over 3459 features). These features live for at
least 4 time steps (2 min).

respectively. The magnetic flux of such features peaks nearly in
the middle of their lifetime, and drops rapidly after that, reaching
a value that is on average half of their peak flux. We note that, al-
though the features considered here have died by disappearance
and cancellation, these features could be born by any type of
birth event. Therefore the curves depend on the area-ratio crite-
rion. In Figs. 14c and d we display the evolution of features that
die only due to splitting and merging respectively. These display
nearly the opposite evolution, with the flux growing (by a factor
of roughly 1.3—1.8) until nearly the time of death.

In Figs. 15a and b the evolution of features that are born
by appearance and emergence are plotted respectively, while
Figs. 15c and d show the evolution of features that are born ex-
clusively by splitting and merging, respectively.

The growth and decay of magnetic flux over a feature’s life-
time often behaves differently for the two extreme area-ratio cri-
teria. In most cases with sufficiently large samples of features the
two curves display a qualitatively similar shape, but have differ-
ent magnitudes, corresponding to different amounts of magnetic
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Fig. 14. a) Same as Fig. 13, but for the
features that die by disappearance for area-
ratio criterion 10:1 (solid line, averaged over
1994 features) and 2:1 (dotted line, averaged
over 2224 features). b) Same as a) for fea-
tures that die by cancellation (averaged over
113 and 126 features for 10:1 and 2:1 respec-
tively). ¢) Same as a) for features that die by
splitting (averaged over 804 and 523 features
for 10:1 and 2:1 respectively). d) Same as a) for
features that die by merging (averaged over 687
and 333 features for 10:1 and 2:1 respectively).

Fig. 15. a) Same as Fig. 13, but for features
born by appearance for area-ratio criterion 10:1
(solid line, averaged over 2116 features) and
2:1 (dotted line, averaged over 2425 features).
b) Same as a) for features born by emergence
(averaged over 64 and 25 features for 10:1
and 2:1 respectively). ¢) Same as a) for fea-
tures born by splitting (averaged over 791 and
375 features for 10:1 and 2:1 respectively).
d) Same as a) for features born by merging (av-
eraged over 631 and 413 features for 10:1 and
2:1 respectively).

in the 2:1 case such a big feature would continue to live on.
Hence, a feature that is counted only once in the 2:1 is counted
multiple times in the 10:1 case, so that the average flux per fea-
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Conversely, for the features that died by disappearance
and cancellation, the average flux per feature is larger for the
2:1 area-ratio criterion. This is because, in the 10:1 case, most
big features die by splitting and merging and the remaining
smaller features, those which die by disappearance or cancel-
lation, begin their journey with a smaller flux and have relatively
shorter life times. In the 2:1 case, far fewer big features die by
splitting and merging and therefore they have higher initial flux
and longer life times (see also Fig. 11). Since here we consider
only features which live at least for four time frames, the above
argument leads to a larger flux per feature for the 2:1 case. How-
ever note that the initial flux of the features in Fig. 14 is the aver-
age of the initial fluxes of the features that are born by any birth
event. Therefore the initial fluxes behave differently, in compar-
ison to the behavior of the average flux per feature discussed
above.

The features that die by cancellation and disappearance show
smaller fluxes than the features that die by splitting and merging.
At their death, the flux of disappearing and cancelling features is
smaller than the flux at their births, which is not surprising, since
these processes either remove flux from the solar surface, or re-
distribute it in such a way that it gets hidden from observations
of Stokes V. Possible ways of flux removal are by retraction of a
small magnetic loop, often preceded by magnetic reconnection,
or the ejection of a U-loop (e.g. produced by reconnection below
the solar surface), or an O-loop, or the dissipation of magnetic
flux structured at very small scales. Flux at the solar surface can
be hidden by, for example, diffusion of the flux until the Stokes V
signal it produces drops below the noise level, or by the splitting
of small magnetic features, so that the resulting features are be-
low the flux limit, by bringing opposite polarity features close to
each other (opposite polarities within a resolution element lead
to the cancellation of Stokes V signals), or increased inclination
of the magnetic field. The last of these processes works even
when considering the full Stokes vector because for a given noise
level in Stokes Q, U, V, it requires nearly an order of magnitude
larger horizontal magnetic flux (in the line formation layer) per
pixel for a Q or U signal to be visible above the noise than ver-
tical magnetic flux for it to be detectable in Stokes V (see also
Lamb et al. 2013, and the references cited therein).

Features that die due to splitting and merging reach their
largest fluxes in the second half of their lifetimes. On average,
they have higher fluxes at the time of their death than at birth.
Clearly, it is the biggest features that tend to split. This is very
similar to the behavior of granules, where it is also the larger
granules that are likely to split (see Hirzberger et al. 1999), al-
though the physical reasons are likely to be different. We note
that at least partly the tendency for the big features to split is a
result of a bias: if a feature with an area of less than 10 pixels
splits, at least one of the children will be below the minimum
size requirement of five pixels, so that no splitting will be seen.
Indeed, if the area is eight pixels or less, the feature might even
disappear according to our criteria.

In Figs. 15a—d the evolution of features classified accord-
ing to their birth type are shown, which can be explained using
similar arguments used for understanding the evolution of the
features classified according to death, discussed above.

5. Conclusions

In this paper we present a newly developed feature-tracking al-
gorithm and use it to study the evolution of small-scale magnetic
features present in quiet-Sun high spatial and temporal res-
olution observations made by the IMaX instrument on the
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Sunrise balloon-borne observatory. We use the COG technique
of Rees & Semel (1979) for deducing the LOS components of
the magnetic field, from which we determine the magnetic flux.
We apply the technique to Stokes V signals spatially averaged
over the magnetic features. The feature-averaged magnetic field
strength values thus obtained range between 50—-150 G. We
note, however, that maximum field strengths can reach kG val-
ues as shown in Fig. 2 even when assuming that the features
are spatially resolved (see also Lagg et al. 2010; Requerey et al.
2014; Riethmiiller et al. 2014).

We focus our attention on the processes by which these
features are born or die, namely birth by unipolar appearance,
splitting, merging, bipolar emergence, death by unipolar dis-
appearance, splitting, merging and by cancellation of opposite
polarities.

Qualitatively our result agrees with other recent studies (see
e.g., Lamb et al. 2008, 2013). In summary, bipolar emergence
events are rare compared to the birth of the magnetic features by
unipolar events, emergence being responsible for only 0.3—0.5%
of the total instantaneous flux and only 0.5—1% of the total max-
imum flux in newborn features. On the other hand, appearances
account for 12% of the total instantaneous flux and 19.1% of
the total maximum flux, which are much higher than the fluxes
in emergence events. The remaining flux is distributed in split-
ting, merging and merging-into birth events. When only appear-
ance and emergence are considered as birth events (leaving out
splitting and merging), flux gained in appearance accounts for
92.4% of the total instantaneous flux, and 91% of the total max-
imum flux of the new flux at the solar surface. The remaining
flux is divided among the features involved in time-symmetric
and time-asymmetric emergences.

Death by cancellation corresponds to 1.7% of the total in-
stantaneous flux and 2.9% of the total maximum flux for the
area ratio criterion of 10:1, while disappearance corresponds to
a higher flux loss, which is 10.3% of the total instantaneous flux
and 16.2% of the total maximum flux. The remaining flux is dis-
tributed in other unipolar death types, namely, splitting, merging
and splitting-off events. When only disappearance and cancel-
lation are considered as death events (leaving out splitting and
merging), cancellation leads to 14% of the total instantaneous
flux and 15% of the total maximum flux. The features that sur-
vive in semi and partial cancellation also remove flux. After in-
cluding this, the flux lost in disappearance is 59%, flux lost in
cancellation leading to death of features and in those surviving
cancellation is respectively, 10% and 31%.

The fact that a large number of features simply appear and
disappear, without any clear sign of an opposite polarity, is partly
due to the limited spatial resolution of the Sunrise/IMaX obser-
vations (although higher than that of the data used for previous
such studies); e.g., if two features with sizes below the threshold
of 5 pixels each merge, then the resulting feature can be larger
than this threshold. It will then be seen to have simply appeared.
Similarly, a feature of five to eight pixels can either split into
two features that are below the resolution threshold of 5 pixels
so that it disappears, or equivalently, it can partially cancel with
a feature just below the 5 pixel threshold and also disappear.
Such interactions, as well as those with features hidden because
their Stokes V signals are not sufficiently above the noise, will
go undetected.

The lifetime of the magnetic features follows a distribu-
tion whose exact shape is not completely clear. Thus it is best
described by a power law for the 2:1 area-ratio criterion and
an exponential function for the 10:1 area-ratio criterion. These
functions agree with those suggested by Lamb etal. (2013,
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Hinode data) for the 2:1 area-ratio while for the 10:1 case the
best-fit function agrees with Zhou et al. (2010, Hinode data). The
power-law fit index ranges from —3.2 to —3.7 and the exponen-
tial fit index ranges between —0.5 to —0.7.

The area, instantaneous flux and maximum flux of the mag-
netic features also follow power-law-type distributions with ex-
ponents of —2.25, —1.85 and —1.78, respectively. They are in
agreement with previous studies, by Buehler et al. (2013, area
distribution, Hinode data) and Parnell et al. (2009, flux distribu-
tion, several data sets of last two decades), lida et al. (2012, flux
distribution, Hinode data). However we find that the power-law
indices sensitively depend on the smallest flux per feature cho-
sen and, even more strongly, on the type of binning. Because of
the higher spatial resolution of Sunrise/IMaX instrument we can
detect features of flux as low as 9 x 10'* Mx which is nearly an
order of magnitude lower than the lowest flux detected in previ-
ous studies using Hinode data.

We also studied the growth and decay of the features. This
study suggests that the features that appear, disappear, emerge
and cancel carry low amounts of magnetic flux when compared
to the fluxes in the features that split and merge. This suggests
that the largest features are those who tend to split, followed by
those who merge, and finally those who disappear and cancel.
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Appendix A: Quantitative definitions of splitting
and merging events

Below we provide precise quantitative definitions of splitting and
merging events.

Let N, denote the number of features at time #, that spatially
overlap with feature labeled as a at #;. Let N, denote the number
of features at 7, that spatially overlap with a feature labeled as b
atty. Letb;,i = 1,2,..., N, denote the features that spatially over-
lap with a, and g;,7 = 1,2, ..., N;, denote the features that spatially
overlap with b. Let both b; and a; be ordered, in decreasing order
of their areas. Let n; : 1 denote the general area-ratio criterion,
with n; = 2,3, 5.

— Criteria for an event to be classified as a splitting event, a
disappearance, or not to be considered as a death or birth
event at all:

N, > 1:if nyx area(b,) > area(b;) then a splits into b;,i =
1,2,...,N,. If nyx area(b,) < area(b,) then a continues to
live as b; and the remaining features b;,i = 2, ..., N, are
considered to be newly born at #, by splitting off from a.

N, = 1: in this case, a spatially overlaps with only one
feature b, and therefore a continues to live as b, at f,.

N, = 0: here, a does not spatially overlap with any of the
features at #, and hence it simply dies at 7;.

— Ciriteria for an event to be classified as a merging event, an
appearance, or not to be considered as a death or birth event:

N, > 1:if nyx area(a,) > area(a;) then a;,i = 1,2,...,N,
merge together to form the feature b. If nyXx area(ay) <
area(a;) then a; continues to live as b and the remaining
features a;,i = 2, ..., N, are considered to be dead at | by
merging into b.

Nj, = 1: here, b spatially overlaps with only one feature a,
and therefore a; at ¢; continues to live as b at t,.

N, = 0: here, b does not spatially overlap with any of the
features at #; and hence it is simply born at ¢,.

Appendix B: Simultaneous events and ambiguities

From one time step to the next, say, #; to t,, either a feature
may continue to live or it may die, not continuing to live on to
1, i.e., the feature dies at 7;. Clearly, a feature cannot live on
and die at the same time. However, in some cases described be-
low, when multiple events happen simultaneously, ambiguities
regarding life and death of a given feature can arise. To resolve
such ambiguities, first we define priorities for different events.

(1) Primary, i.e., highest priority, events: death of parent features
due to splitting or death of parent features due to merging.

(2) Secondary events: feature with largest area continues to live
through splitting or merging event, because area-ratio is not
met.

(3) Tertiary, i.e., lowest priority, events: death of features with
smaller area when feature with largest area lives on. This
happens when the area-ratio criterion is not met for merging
features.

A given feature a at a given time ¢#; can undergo one of the fol-
lowing events independently.

(i) E;: splitinto child features, say into b; and b,, while satis-
fying an imposed area-ratio condition.

(i) E,: merge with another parent feature a; while satisfying
an imposed area-ratio condition, to form a new feature b.

(iii) Ej5: split into multiple features, say b3 and b4, but not sat-
isfying the imposed area-ratio condition. So in effect the
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feature a lives on as the feature with largest area among its
children, i.e., among b3 and bj.

E4: merge with another feature, say a, not satisfying the
imposed area-ratio condition, to form a child feature, say
bs. Then the feature with largest area among a and a, lives
on as bs.

@iv)

In Fig. B.1 a cartoon diagram describes these events visually,
with the condition area(bs) > area(bs) in E3 and area(a) >
area(ap) in Ej4.

Among the above four events, we can form six non-empty
setsas E;NE;, i,j=1,2,3,4,1 # j(note here that for any i # j,
E;NE; = E;NE;). Although E; and E3 can happen simultane-
ously, they can be treated as a single splitting event with multiple
child features, which can be handled unambiguously. Similarly,
E, and E4 happening simultaneously can be handled as a single
merging event, without any ambiguity. Therefore we do not dis-
cuss these straightforward cases here. We describe each of the
other four possibilities in the following and the respective solu-
tions for the ambiguities. In Fig. B.1 we show these events in
a cartoon diagram. Always left panels represent ¢ = #; and the
right panels ¢ = ;.

1. Ey N Ey # 0: in this case, in the same time step a splits
into two (E) and merges with another magnetic feature (E3).
Event E; leads to the death of the feature a, and event E,
leads to the death of features a and a;, and together these
two events lead to the birth of features b;, b, and b at t,.
‘We note that either of by, b, could be the same feature as b.
Consequently, this simultaneous event does not lead to any
ambiguity.

2. E; N E4 # 0: in this case, E; leads to the death of ¢ and E4
leads to a continued life of a or a, as bs. Here we have two
sub cases as follows.

(i) area(a) > area(a,): in this case, E4 leads to a continued
life of a, which will live as bs at t,. This leads to an ambi-
guity of life and death of a. Since E| is a primary event,
it is given the higher priority over the secondary event
E4. Thus, a dies as a result of E; and a, also dies be-
cause it is the smaller counter part in the merging event.
area(a,) > area(a): in this case, E4 leads to a continued
life of a, which will live as bs at r,. There is no ambigu-
ity in this case.

3. E, N E3 # 0: in this case, E; leads to the death of a and a;
and FE3 leads to a continued life of @ which would live on as
bs or by. Therefore there is an ambiguity of whether a lives
or dies. Since E; is given a higher priority over E3, a and
a; die as a result of E,, and b3 and b, are considered to be
newly born at #,.

4. E3 N E4 # 0: in this case, E3 leads to a continued life of a
which will live as b3 or by and E4 leads to a continued life
of a or a, as bs. We note that for this simultaneous event to
occur, we have named the features at 7, such that area(bs) is
smaller than area(bs) and area(bs). Here we have four sub
cases similar to cases 3 and 5 above. This is a complex situ-
ation because both E3 and E4 are not primary events. There-
fore let us consider the four sub-cases in detail.

(1) area(bz) > area(b4) and area(a) > area(a,): here E5 leads
to a continued life of a as bs at t,. E,4 leads to a contin-
ued life of a as bs. The smaller counterpart of the merg-
ing event a, will simply die. This case leads to an ambi-
guity between whether a continues to live as b3 or as bs.
Since a spatially overlaps with b3, by and bs, actually
bs can also be considered to be a child of the splitting
of a. Since we have named the features at #, such that

(i)
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T—.| by
a —
E T
4 bs
—

Fig. B.1. Events E;, i = 1,2,3,4 are shown with the conditions that
area(by) > area(bs) in E; and area(a) > area(a,) in Ejy.

area(bs) < area(bz) and area(bs) < area(by), we let a
live as the feature with largest area at #,, namely, bs.
The features b4 and bs are considered to be newly born.
area(by) > area(bz) and area(a) > area(a,): this case is
the same as case (i) above with the roles of b3 and b4
interchanged. Here a lives on as by.

area(bs) > area(b,) and area(a,) > area(a): here E5 leads
to a continued life of a as b3 at t,. E4 leads to a con-
tinued life of a, as bs. The smaller counterpart of the
merging event that dies in this case is a. This leads to an
ambiguity between the life and death of a.

Since E3 leads to the life of a bigger counterpart of
the splitting event and E4 leads to the death of smaller
counter part of the merging event. Since E3 is a sec-
ondary event, while Ej4 is a tertiary event, E3 is given
the higher priority over E4 and hence a continues to live
as bs.

area(b4) > area(b;) and area(a,) > area(a): here a, con-
tinues to live as bs at t,.

This case is the same as case (iii) above with the roles
of b3 and b, interchanged.

(ii)

(iii)

(iv)

We remark here that two similar events can also happen simulta-
neously (e.g., two events of type E3). The disambiguations em-
ployed for these cases are similar to those discussed above.

Appendix C: Flow-diagrams for same polarity
and opposite polarity interactions

C.1. Description of algorithm

In this section we briefly give the computing algorithm for stud-
ies involving interactions between same-polarity features. The
terms used here are defined in Sect. 3.3. A flowchart describing
the corresponding computer code is given in Fig. C.1.

Step 1: a lane-finding code is used to detect the features (see

Hirzberger et al. 1999).

Step 2: the features at two successive time steps are checked
for a spatial overlap. The number of features at time
step #, which spatially overlaps with each of the fea-
tures at ¢, are counted.

if the parent feature a; at #; spatially overlaps with
more than one child feature at #,, then the areas of
all these child features at t, are calculated. An area-
ratio criterion is checked between the child features.
We consider four cases, namely, 2:1, 3:1, 5:1 or 10:1.
if the case-specific area-ratio criterion is satisfied be-
tween the two largest child features, then it is counted
as a splitting event.

if the area-ratio criterion is not satisfied, then the par-
ent feature is considered to live on at time #, without
splitting, in the form of the largest child feature. All
the smaller child features are counted as newly born
features at #,, classified under splitting-off birth events.
if the parent feature a; at ¢, spatially overlaps with only
one child feature at f,, then either it is considered to
live on without any interaction at f,, or it could be par-
ticipating in a merging event. In the second case, the
decision made at this stage will be overridden by the
decisions taken at the stage where the merging events
are studied in this sequence.

if the parent feature a; at #; spatially overlaps with no
child features at f,, then it is considered to be dead
without any interaction (disappearing feature).

the number of features which stay up to the last time
step of the observations are counted and are considered
to live on (form of death remains undefined).

at the same time step #;, the number of features that
spatially overlap with each of the features at t, are
counted.

if more than one parent features at #; spatially over-
laps with a given feature a, at 1,, then the areas of all
these parent features at #; are calculated. An area-ratio
criterion is checked between the parent features. We
consider four cases, namely, 2:1, 3:1, 5:1 or 10:1.

if the case-specific area-ratio criterion is satisfied be-
tween the two largest parent features, then it is counted
as a merging event.

an additional check is made for the presence of simul-
taneous splitting and merging events (see Appendix B
for more details).

if the area-ratio criterion is not satisfied, then the
largest parent feature is considered to live on at
without merging. All the smaller parent features are
counted as features that die at #; classified under
merging-into death events.

if the child feature a, at #, spatially overlaps with only
one parent feature at ¢, and if that one parent feature,
say, a; also spatially overlaps with only one feature a,
at 1, then a; is considered to live on without any inter-
action at t,.

if the child feature a, at #, spatially overlaps with no
parent features at ¢, then it is a newly born feature
and no special considerations are needed for this case
(appearing features).

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

Step 12:

Step 13:

Step 14:

Step 15:

C.2. Description of algorithm: mixed polarity interaction

In this section we briefly describe the computing algorithm for
studies involving interactions between opposite polarity features.
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compute number of child features at t2
intersecting a given feature at t1
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intersecting a given feature at t2

=Nb

‘ Nb> 1 ‘
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child feature with largest area lives on Na=1
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all participating parent features die feature continues to live
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Area ratio

Y

. all participating parent features die
Merging event all participating child features are newly born

Splitting event

all participating child features are newly born

parent feature with largest area lives on

and smaller parent features die

Fig. C.1. Flowchart describing the code structure for unipolar interactions.

Lanefinding code = orginal cubes ‘

2-step dilation to original cubes
= dilated cubes
I
Lanefinding code to dilated cubes

= dilated—connected cubes

test an intersection between
a positive and negative feature Y

in dilated—connected cubes

the intersecting set of opposite polarity
features also intersect with a similar pair
at time step t—1

N

- - - - Y

the intersecting set of opposite polarity ‘

features intersect with no or only one
one polarity feature at time step t+1

do nothing

apply cancellation crieteria

for features at t and t—1

using time apodized very first time frame
test if the postive and negative

features are newly born

/

only one polarity features

both polarity features
are newly born

are newly born

v

v

apply cancellation crieteria

for features at t and t+1

count the partial cancellation event

E

count the complete cancellation event ‘

flux—ratio criteria

4‘ flux—ratio criteria

N| N

intersecting

non—emerging features

Time-symmetric . .
Time—asymmetric

Emergence event

Emergence event

the non—intersecting set of opposite polarity
features however intersect with a intersecting

pair at time step t—1

apply cancellation crieteria

for features at t and t—1

[ v

count the partial cancellation event

Fig. C.2. Flowchart describing the code structure for bipolar interactions.

cubes, one for positive and the other for negative fea-

A flowchart describing the corresponding computer code is
tures. These cubes are referred to as the original cubes.

given in Fig. C.2.

Step 1: a lane-finding code is used to detect features with both ~ Step 2: a two-step dilation is applied to the original cubes and
the polarities. The resulting data sets are stored as two the resulting data sets are stored as two dilated cubes.

A47, page 20 of 21


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527738&pdf_id=17
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527738&pdf_id=18

Step 3:

Step 4:

L. S. Anusha et al.: Evolution of small-scale magnetic fields using Sunrise data

the dilated cubes are again used as input cubes in the
lane finding code to detect the features which are con-
nected after the dilation (meaning, spatially overlapping
after dilation). The resulting data sets are again stored
as two cubes. These are referred to as dilated-connected
cubes.

at time step f, first a spatial overlap of one or more
positive features with one or more negative features are
detected using the dilated-connected cubes (see step 3
above for definition). Then we apply a flux-ratio crite-
rion between the sets of positive and negative features.
We consider four cases, namely, 10:1, 5:1, 3:1 and 2:1.
Le. if the ratio of total flux contained in the interacting
positive polarity features to that in the interacting nega-
tive polarity features satisfies the imposed flux ratio cri-
terion, then it is detected to be an emergence event.

Step 5:

Step 6:

Step 7:

further, we check if the features participating in
the emergence event are time-symmetric or time-
asymmetric (see Sect. 3.3).

if at any time step, a spatial overlap of two sets of op-
posite polarity features leads to disappearance of both
the sets of opposite polarity features, then we say it is a
complete cancellation event. If the spatial overlap of two
sets of opposite polarity features is found to satisfy the
condition for cancellation according to Eq. (3), leading
to disappearance of features of only one polarity, then
the event is considered to be a semi cancellation event.
if at time step, a spatial overlap of two sets of opposite
polarity features is found to satisfy the condition for can-
cellation as described in Eq. (3), leading to survival of
both the polarity features, then the event is identified as
a partial cancellation event.
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