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Abstract We study the motion ofs-band bright points (GBPS) in the quiet Sun to
obtain the characteristics of different motion types. Arhigsolution image sequence
taken with theHinode/Solar Optical Telescope (SOT) is used, and GBPs are automat
ically tracked by segmenting 3D evolutional structures ispace-time cube. After
putting the GBPs that do not move during their lifetimes asithe non-stationary
GBPs are categorized into three types based on an indexiohtlb&on type. Most
GBPs that move in straight or nearly straight lines are eategd as a straight mo-
tion type, a few moving in rotary paths into rotary motiondahe others fall into a
motion type we called erratic. The mean horizontal velesitire 2.180.08km s~ 1,
1.63£0.09km s~ and 1.33:0.07km s~ ! for straight, erratic and rotary motion types,
respectively. We find that a GBP drifts at a higher and constalocity during its
whole life if it moves in a straight line. However, it has a lemand variational velocity
if it moves on a rotary path. The diffusive process is badlissuper- and sub-diffusion
for straight, erratic and rotary motion types, respecyivehe corresponding diffusion
index (y) and coefficients ) are 2.13-0.09 and 85@-37km? s~!, 1.82:0.07 and
3314+24km? s~!, and 0.730.19 and 13-9km? s~ !. In terms of direction of motion,
it is homogeneous and isotropic, and usually persists lmtweighboring frames, no
matter what motion type a GBP is classified as.
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1 INTRODUCTION

Photospheric bright points moving in intergranular darelsiare clearly visible it¥-band observa-
tions, and are often referred to @sband bright points (hereafter GBPs). Recent studies shatv t
the motion of GBPs is mainly determined by the buffeting motwf granules. The convective mo-
tions of granules violently push and squeeze GBPs, reguhichaotic motion of GBPs (Berger et
al. 1998a; van Ballegooijen et al. 1998; Mostl et al. 200@Battasio et al. 2013; Keys et al. 2014).
These small-scale motions are thought to play an importaatin heating the upper solar atmo-
sphere by twisting and braiding magnetic flux tubes, gemgr&tnetic energy, Alfvén waves and so
on (Cranmer 2002; Cranmer & van Ballegooien 2005; KlimchOR& de Wijn et al. 2009; Zhao et
al. 2009; Balmaceda et al. 2010).

High resolution observations have led scientists to sth@ynhotions of GBPs. Results show
there are mean horizontal velocities of IaR s~ with maximum values of Bm s~' (Muller et
al. 1994; Berger et al. 1998b; Mostl et al. 2006; Utz et all@XKeys et al. 2011). Isolated GBPs
move fast at birth, then decrease to their lowest velocitigke middle stage of their lifetime, and
then they accelerate again in the decay stage until theiteakdisappearance (Yang et al. 2014).
The direction of motion usually persists from one time im&ito the next (Nisenson et al. 2003;
Bodnarova et al. 2014).

The random motion of a GBP is commonly described in terms difulence. One important
component of turbulence is diffusion, where the dispersimthanism is defined by the diffusion
index (y) and the efficiency of this mechanism is given by the diffagioefficient K'). Earlier stud-
ies interpreted their results as indicative of normal- dr-diffusive processes (Berger et al. 1998a;
Cadavid et al. 1999). However, recent studies, both uGifigand images and magnetograms from
ground and space observations, agree on a super-diffughandc regime with ay of 1.2 — 1.7
(Abramenko et al 2011; Chitta et al. 2012; Giannattasio.€2@l4; Jafarzadeh et al. 2014; Keys et
al. 2014). The diffusion coefficient measures the rate afiase in the dispersal area in units of time.
The values reported in previous literatures lie betwee@I® s~ and 35Gm? s~ ! (Berger et
al. 1998a; Utz et al. 2010; Manso Sainz et al. 2011; Giansiattt al. 2014; Jafarzadeh et al. 2014).

Another component of turbulence is vortex motion. Vortioesurring in simulations have been
suggested as a primary candidate mechanism, with rootsiptibtosphere, for energy transport
from the solar interior to the outer layers of the solar atphese (Vogler et al. 2005; Carlsson et
al. 2010; Fedun et al. 2011; Moll et al. 2011; Shelyag et alL12Ghelyag et al. 2013). Shelyag et
al. (2011) simulated--band images and showed a direct connection between magnsices and
rotary motions of photospheric bright points, and suggkstat there may be a connection between
the magnetic bright point rotation and small-scale swirtios observed higher in the atmosphere.
Vortex-type motions have also been measured by trackirghbpoints in high-resolution obser-
vations of the photosphere. Bonet et al. (2008) traced thgomwof bright points which follow
spiral paths on the way to being engulfed by a downdraft. @azichl. (2010) noted that colliding
granules create a vortex into which the encircled brighttsoenter and spin around each other.
Additionally, Wedemeyer-Bohm et al. (2012) demonstratesing a series of co-spatial images at
different atmospheric layers, that “magnetic tornadoashie chromosphere and transition region
result in rotational motions of the associated photospheight points.

Although the motions of GBPs are chaotic (Nisenson et al320bstl et al. 2006; Chitta et
al. 2012), it seems that there are some typical motion tyqes) as straight motion, rotary motion
and so on. However, studies focusing on motion types of GB®sedatively scarce. For exploring
the characteristics of different motion types, we desigaedassification method and categorized
motions of GBPs into three types: straight, erratic andryotaotions. The characteristics in terms
of horizontal velocity, diffusion and direction of motiofdifferent motion types were measured and
compared. The layout of the paper is as follows. The obsenataind data reduction are described
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in Section 2. The classification method is detailed in SecBoln Section 4, the characteristics of
different motion types are presented. Finally, the diseusand conclusion are given in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

A series ofG-band images was obtained between 18jI9and 20:40JT on 2007 February 19 with
the Solar Optical Telescope (SOT; Ichimoto et al. 2004; Satsmet al. 2008) onboard ti&node
satellite. The field-of-view (FOV) was 27:%27.7’ with a pixel size of 0.054. The telescope was
pointed at a quiet region at the disk center. There are 758eszover a period of roughlyl?and
20min with a temporal sampling of 1d The level-0 data sequence was calibrated and reduced to
level-1 using the standard data reduction algorithmpifgp.pro distributed in Solar Software.

Since our intention is to study the motions of GBPs, we desigmhighly accurate solar image
registration procedure based on a cross-correlation rdethoorrect the satellite drift. It includes
seven steps: (1) apply a Tukey window as an apodizationitmon both reference imag§z, y)
and image undergoing registratigf, y); (2) calculate the cross-power spectrum that is defined
as:R(u,v) = F(u,v) * G(u,v), whereF(u,v) andG(u,v) are the Fourier transform of(z, y)
andg(z, y) respectively, ang denotes the complex conjugate operation; (3) obtain thealeed
cross-correlation surfaedz, y) by applying an inverse Fourier transform&ju, v) and centering
the zero-frequency component; (4) locate the peak(iny), then measure the distances between
the peak and the centerofz, y), which are the pixel-level displacements of the horizoatal ver-
tical components betweef(z, y) andg(z, y); (5) shiftg(x, y) over the pixel-level displacements,
then repeat steps 1 — 4 until the displacement is below ored; %) determine the sub-pixel dis-
placements by measuring the centroid of the peakiny), the modified moment method is applied
and the threshold is selected by the minimum value of a srralecsurrounding the peak; (7) shift
g(x,y) over the sub-pixel displacements by the bicubic interpafanethod.

The algorithm is based on the assumption that the maximuimegb¢ak is at the same position
as the centroid. It implies the correlation value above treshold should be symmetrical in the
horizontal and vertical directions. This assumption isyamtceptable in a very small central area
around the cross correlation peak. Our simulated expetisteows that the alignment accuracy
produced by this procedure can be as high as 0.02 pixels betim® neighboring frames if we set
the radius of the circle as two pixels. After image alignmémg overlap of the FOV in the sequence
is 20.8/x20.5’ (380 pixelx 380 pixel).

The Laplacian and Morphological Dilation algorithm debed in Feng et al. (2012) was used
to detect GBPs in each image, and the three-dimensionalg&hentation algorithm described in
Yang et al. (2014) was employed to track the evolution of GBRBe image sequence.

A 3D space-time cubér, y,t) is modeled where the andy axes are the two-dimensional
image coordinates, and thaxis represents the frame index or the time-slice of the esagjuence.
The 3D structures in the space-time cube represent thetmmbf GBPs. Figure 1 shows a segment
of the 3D space-time cube whose size is 380 pi880 pixelk 46 min. A possible chaotic outcome is
very similar to previous simulations of photospheric tuemt convection and evolution of magnetic
footpoints (Carlsson et al. 2010; Moll et al. 2011; Shelyiea) 2012; Wedemeyer-Bohm et al. 2012).
It can be seen that these GBPs have different motion typésgileir lifetimes. For instance, some
GBPs move in nearly straight lines in different directiond aome move in somewhat circular paths.
It is worth noting that not only twisted but also braided GR&a be found in this cube.

3 CLASSIFICATION OF MOTIONS

Although the motions of GBPs look random, there are some&fpypes. To explore the character-
istics of different motion types, we designed a method tesifg the motions.

Initially, some GBPs were discarded in order to reducesttasil error before classification. A
GBP is discarded if (1) its equivalent diameter is smallantbOGm or larger than 308m, (2) its
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Fig.1 A segment of the 3D space-time cube whose size is 380 8&) pixelx46 min. Thex
andy axes are the two-dimensional image coordinates, and éles represents frame index or the
time-slice of the image sequence. It can be seen that the @BPs in different motion types.

lifetime is shorter than 5§ (3) its velocity exceedsFm s~ 1, (4) its life cycle is not complete or (5)
if merging or splitting occurs during its lifetime. As a rdsa total of 753 3D evolving structures
remain.

Next, we put stationary GBPs, or those that have limited omotiuring their lifetimes, aside
to measure the dynamics of the GBPs in detail. Projecting3fbesvolving structures onto the
two-dimensionalz, y) space, the path of each GBP can be described respectivelysbguence
of centroid coordinate$X (¢),Y (¢t)) of the GBP in each frame, Bodnéarova et al. (2014) de-
fined a rate of motion as» = d/r, whered is the displacement over the lifetime of a GBP, as
d=+/(X(n)—X(1))2+ (Y(n) — Y(1))% herel is the start frame and is the final frame dur-
ing its lifetime; r is the radius of the circle which corresponds to the size ef GBP at its start
location. Bodnarova et al. (2014) regarded about 45 the GBPs that were tracked as stationary
GBPs withm < 1. However, if a GBP moves in a large circular path, and ite ftaation is very
close to its final location, the valué will be very small. This could result in misjudging it as a
stationary GBP. Hence, to address this issue, we revisechteef motion asn’ = d’/r’, where
d = \/(XmaX — Xmin)? + (Yimax — Ymin)?. HereXax and X i, are the maximum and minimum
coordinates of the path of a single GBP alongdhaxis, andY,,., andY;,;, are those along thg
axis;r’ is the radius of a circle which corresponds to the maximum efzhe GBP during its life-
time. Thed’ value may more realistically represent its actual rangeatfon. All m’ values of GBPs
were calculated and about %3of them are below 1, which means their range of motion is small
than their own maximum radius. AboutZ5are greater than 2, which means that these GBPs show
significant movement. The maximum valuerof is 7.5. As a result, a total of 324 GBPs witlf <
1 were regarded as stationary GBPs. The remaining 429 GBRsni> 1, called non-stationary
GBPs, were included in the classification of motion types.

Finally, we classified non-stationary GBPs into three motygpes. An index of motion typent,
is defined asnt = d/L, whered is the displacement defined as abolids the whole path length,
defined asL = Y} | /AX(t)2 + AY (¢)2, whereAX (1) = X(t + 1) — X(t) andAY () =
Y (t+1) —Y(t). The index of motion type is a ratio of the displacement of &PG®its whole path
length.
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Fig.2 The paths of twelve individual GBPs with corresponding. The starting position of each
path is indicated by a red star. Theandy coordinates are ticked in arcsec.

According to the definitiomnt is between 0 and 1. If a GBP moves in a nearly straight line,
thenmt will be close to 1. If it moves in a nearly closed curve, thenwill be close to 0. In our
data set, the maximumt is 0.996 and the minimum is 0.078.

Figure 2 shows the paths of twelve individual GBPs with cgpandingnt. It can be seen that
GBP+# 1 and# 2 move in nearly straight lines, and theit values are 0.983 and 0.802 respectively.
However, GBP# 11 and+# 12 trace almost closed curves, and their values drop to 0.149 and
0.078, respectively. All paths that the GBPs follow are \&@nyilar to previous studies (Nisenson et
al. 2003; Mostl et al. 2006; Chitta et al. 2012). However,lvege not found a spiral path similar to
those reported by Bonet et al. (2008).

Figure 3 shows the Probability Density Function (PDF)afand the best exponential fit. The
mt value of 50% for GBPs is larger than 0.83 and Z5f GBPs have am:it value of less than 0.5.
That means most GBPs move in straight or nearly straighs liaed only a few GBPs move along
rotary paths. Focusing on straight motion and rotary motwa classified the motions into three
types: straight, erratic and rotary. A GBP that moves inaigit or nearly straight line is classified
as the straight motion type, and a GBP that traces a closdthostclosed curve is classified as the
rotary motion type. If the path of a GBP is neither straight rodary, it will be categorized into the
erratic motion type. The erratic motion type is more like ansition between the straight and the
rotary type. Considering the exponential distributiomaf, and checking individual GBPs, we set
one threshold between straight and erratic motiomoét a value of 0.8 and another between erratic
and rotary motion at a value of 0.4. The threshold of 0.8 imbét for distinguishing the straight
motion type. However, the threshold of 0.4 is a compromise [Bwer the threshold ofit is, the
clearer the rotary motion of the GBP is. Unfortunately, thiutity of GBPs with lowmt is very
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Fig.3 The distribution ofmt. The PDF ofmt is drawn in blue. The red solid line is the exponen-
tial fit.

small. If we set a very low threshold, the statistical resulbuld be meaningless. Consequently;54
of GBPs (232 GBPs) were categorized as having straight matabout % (31 GBPs) had rotary
motions, and the others were erratic in nature. Compariagéths in different panels in Figure 2,
we can see that the classification is consistent with ouestilsg understanding. Some special cases
will be discussed in Section 5.

4 RESULTS
4.1 Horizontal Velocity

The horizontal velocity of a GBP between two neighboringyfes can be calculated by =
vZ 4+ v2. The horizontal velocities of all the GBPs studied were @iited and the correspond-

ing PDFs all follow Rayleigh distributions. Figure 4 shovag tPDFs for the horizontal velocities
of the different motion types in dotted lines and the coroesfing curve fits for these are displayed
as solid lines. The means and standard errors of velocitee®.48-0.08km s~ for the straight
motion type, 1.63-0.09km s~! for the erratic motion type and 1.3®.07km s~ for the rotary
motion type. For comparison, the PDF and Rayleigh fit for ation types as a whole are drawn in
black, with mean and standard error of H708km s~ .

To quantify the difference between different motion type® performed a two sample
Kolmogorov-Smirnov (K-S) test between the distributiofistoaight and rotary motion types at the
5% significance level. The test result indicates that the difiee in horizontal velocities between
them is significant.

We also analyzed the correlation between the indices ofanayipe and horizontal velocities.
The mean horizontal velocity of each GBP during its lifetimas calculated. Figure 5 shows the
scatter diagram associated with the indices of motion tgpé29 GBPs versus their mean horizontal
velocities in black. Their mean values and associated atdrdkviations of the horizontal velocities
were calculated separately and displayed in blue after BRP&were divided into 10 equal bins.
The best linear fit for the mean values is displayed as a red koé. Additionally, we calculated
the correlation coefficient betweent and the mean horizontal velocity, and obtained a value of
0.88. The results of classification and correlation analggree with one another, and both of them
suggest that a GBP moving in a straight line has a higher itgJ@nd vice versa.

Furthermore, we quantified the evolution of GBPs for theedéht motion types in terms of
velocity using a method described in Yang et al. (2014). Tam<of the method is lifetime normal-
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Fig.4 The PDFs of straight, erratic and rotary motion types arevgtia blue, green and red dotted
lines, respectively. The PDFs are curve fitted with a Rayleigrve, which is drawn with a solid line
in the corresponding color. The means and standard errorslagities are 2.180.08, 1.63:0.09

and 1.33-0.07km s~ !, respectively. In addition, the PDF and curve fit for all roatitypes as a
whole are drawn in black, with mean and standard error of-£07@8km s~ *.
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Fig.5 The scatter diagram associated with the indices of motipe fpr 429 GBPs versus their
mean horizontal velocities are drawn in black. All GBPs wdikéded into 10 equal bins. The mean
values and associated standard deviations of velocityngeig to each bin are drawn in blue. The
red solid line is the best linear fit for the means.

ization which standardizes different lifetimes to commtamgss. In general, dividing the life into five
stages is representative of the entire evolution procdssfvean be described as birth, growth, mid-
dle, decay and disappearance. Significantly, the authone®dstrated that the GBPs have a similar
evolutional pattern in terms of velocity, no matter how matages the GBPs are divided into during
their lifetime. Therefore, we divided the life of each GBRoifive stages for different motion types.
The PDFs of velocities in five stages are each separately fita Rayleigh distribution. The means
with associated standard errors are shown in Table 1. Fopadswon, the result of all motion types
as awhole is listed. It can be seen that a GBP moving in a btriaig not only has a higher velocity,
but also has an almost constant velocity (abdui~'). However, a GBP moving in a rotary path
has a lower and varying velocity. On average, it moves radbtifast (1.3Gm s—!) at birth, then
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Table 1 Means and Standard Errors of the Velocity of GBPs ClassifieDitferent Motion Types
after Dividing Their Lives into Five Stages

Motion Type Birth stage  Growth stage  Middle stage = DecayestagDisappearance stage

(kms—1) (kms—1) (kms™1) (kms—1) (kms—1)
Straight 2.1%#0.13 2.16t0.13 2.16t0.12 2.1#0.14 2.18:0.13
Erratic 1.64+0.12 1.56:0.11 1.51%0.11 1.54:0.11 1.76:£0.13
Rotary 1.36:-0.18 1.21-0.16 1.26:0.16 1.29-0.17 1.58-0.21
All 1.83+0.08 1.72£0.08 1.610.08 1.7#0.08 1.86£0.09

decreases to its lowest velocity (1120 s—!) in the middle stage, and accelerates again (158
s~1) in the decay stage until it disappears. Interestinglynaleda et al. (2010) described a similar
phenomenon when analyzing a series of images at differemdsgtheric layers. They reported the
stochastic evolution of granules that allow the bright p®iio approach the region that the vortex
influences, increase their velocities and eventually fad the vortex.

4.2 Diffusion

Photospheric diffusion processes represent the efficieh@BP dispersal in the photosphere, which
can be characterized by the relatiffi\l)?) = C77, where((Al)?) represents the mean-squared
displacement of the tracked GBP between its location at amndimer and its initial position:y is

the diffusion index and’ is a constant of proportionality. Motions with< 1, v = 1 andy > 1 are
called sub-diffusive, normal-diffusive (random walk) amger-diffusive, respectively. Values for the
squared displacemeff\l)? of the three motion types were calculated separately anstidited in
Figure 6 in different colors. Statistically, the behavibadh motion types as a whole is characterized
by the scaling of the mean-squared displacement with tiegrésented by the dashed pink line).
Only three GBPs can be traced beyond 6§ the extended tail of the mean-squared displacement
is truncated to aid in the depiction of the diffusion indekeTblack line shows the best power fit
with v = 1.50+0.08 inside the time interval 11 600s, which displays significant super-diffusive
behavior. Interestingly, most GBPs which move in straigitd have squared displacement above
the fit line. These GBPs drift fast and have more Lévy fligatg] they make a primary contribution
to super or even ballistic diffusiony(= 2). However, most GBPs which move in rotary paths have
squared displacement below the fit line. They move slowly@dribute to a sub-diffusive regime.

We also calculated the mean-squared displacement for GIaBsified as straight, erratic and
rotary motion types. We found values forof 2.13+0.09, 1.82-0.07 and 0.730.19 determined
for time scalesr < 495s, 7 < 600s andr < 550s, respectively. The mean-squared displacement
((Al)?) as a function of timer, of the three motion types are displayed in Figure 7 on a ¢ag-I
scale. For comparison, the mean-squared displacementobtbn types as a whole is also drawn
in Figure 7 withy= 1.50.

The diffusion coefficient/s, representing the rate of area in unit time that a GBP movesagc
is estimated as a function of time scale by Monin & laglom @RK (1) = %77‘1. In practice,
C is the constant term of the equati¢i\l)?) = C77, v is the diffusion index and represents the
lifetime of the GBP. As a result is 850+-37km? s~ for the straight motion type, 33124km?
s~ ! for the erratic motion type and #Dkm? s—! for the rotary motion type. Considering all motion
types as a wholel is 191420km? s~'. The results for all three motion types are consistent with

the results found for velocity angd
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Fig.6 The mean-squared displacements of straight, erratic aadyrmotion types are shown in
blue, green and red lines, respectively. The mean-squaspthdement for all motion types as a
whole, with time, is displayed as a dashed pink line. Thelblaxe shows the best power fit with

= 1.50 for time scale < 600s, which is super-diffusive.
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Fig.7 Mean-squared displacemef{tAl)?) as a function of timer, on a log-log scale. The best
linear fits for straight, erratic and rotary motions are figpd in blue @ash-dotted line), green
(dashed line) and red (otted line), with v = 2.13+0.09, 1.82:0.07 and 0.730.19, respectively.
These are fitted for times < 495s, 7 < 600s andr < 550s, respectively. A solid line shows the
best fit for all motion types as a whole in black, wittr 1.50+-0.08 form < 600s.

4.3 Direction of Motion

In order to explore whether GBPs drift in some preferentigations, a start-to-end direction angle
is defined as the angle made by a given line (connecting stéd-pentroids of the brightness of a
GBP at its start location and its final location) with the refece axis. We calculated the start-to-end
direction angle for each GBP belonging to the straight nmotigpe. Figure 8 is the distribution of
direction angles grouped into six bins. Obviously, therdistion does not show GBPs drifting in
any preferential direction. Instead, their directions aftibn are homogeneous and isotropic.
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Fig.8 The distribution of the start-to-end direction angle of GB®r the straight motion type
grouped into six bins. The axis is ticked in degrees. The directions of motion are haenegus
and isotropic.
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Fig.9 The PDFs ofA® for straight, erratic and rotary motion type in blue, greed ad, respec-
tively. The black line shows the PDF for all motion types asele. Ther axis is ticked in degrees.

In order to compare with previous studies (Nisenson et &l32Bodnarova et al. 2014), we also
measured the change of direction andi&, between neighboring frames. The PDFs\sb of the
different motion types are drawn in Figure 9. The fact thatstributions peak at O indicates that
the direction of motion between neighboring frames varey slowly. Since it is calculated using
sub-pixel centroids, the direction of motion will only graally change. However, the distributions
of different motion types are not exactly the same. We enmgaldgurtosis to measure the peakedness
of the PDFs in Figure 9. Kurtosis is defined as follows

% i (@i — T)*
[ i (zi — T)?)2
The kurtoses of straight, erratic and rotary motion typesla?5, 0.17 and-0.11, respectively.
The distribution of straight motion type is significantlyptekurtic (kurtosis-0), which has a nar-

rower peak around the mean with thinner tails, and actudly 6f A® are limited between-30°
and 30. However, the distribution of the rotary type is platykartkurtosis<0), which has a lower

kurtosis = - 3. Q)
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Table2 Overview of Mean Velocities of GBPs in Previous Studies

Paper Pixel size  Temporal sampling  Mean velocity
() (s) (kms1)

Muller et al. (1994) 0.25 20 1.33

Berger et al. (1998b) 0.4 23.75 1.47

Nisenson et al. (2003) 0.071 30 1.31

Mbstl et al. (2006) 0.041 20 111

Keys et al. (2011) 0.069 2 ~1

Utz et al. (2010) 0.054 11 1-2

Bodnarova et al. (2014) 0.071 30 0.89

This study 0.054 11 1.77

and wider peak around the mean with larger tails. Additityntie kurtosis of all motion types as a
whole is 0.42, which is slightly leptokurtic.

5 DISCUSSION AND CONCLUSIONS

We have analyzed the motions of isolated GBPs in the quietuSing a high resolutiod:-band
image sequence acquired witinode/SOT. Although the motions of GBPs look random, they can
be classified into different types. For exploring the motéGBPs in detail, a rate of motion defined
by Bodnarova et al. (2014) is revised as a ratid)(of the real range of motion to the maximum
radius of the GBP if we define it as having circular geometiyoik 43% of GBPs studied displaying
m’ < 1 are discarded as stationary GBPs, which means that theBe @Bnot move beyond their
own boundaries during their lifetimes. The remaining 428-stationary GBPs are classified based
on an index of motion typent, which is defined as a ratio of the displacement to the whatle pa
length. The exponential distribution of these indices shtvat most GBPs follow straight or nearly
straight lines, with only a few moving in rotary paths. Comsently, we categorize the non-stationary
GBPs into three types by imposing two subjective threshddeut 54% of GBPs are categorized
into a straight motion type, abouf«into a rotary motion type, and the others fall into a motiguety
we define as erratic.

Our classification method is simple but effective. It allowgsto distinguish straight and rotary
motions and allows us to explore the characteristics oédffit motion types. However, the motions
of GBPs are very complicated, so the boundaries betweea thpss are not quite clear. For exam-
ple, GBP# 7 in Figure 2 moves in a straight line at first then has a circpéh at the end of its
lifetime. Considering itsnt value and the proportion of the rotary motion along its whud¢h of
motion, the erratic motion type is a suitable choice. BotiRGB5 and# 11 move in open curved
paths, but they are categorized into different types basekeir displacement. In fact, the expansion
and evolution of granules may result in the interruption obtary path of a GBP, so classifying a
GBP with an open but clear curve into the rotary motion typghthbe reasonable. Additionally, if a
GBP frequently changes its direction li¥e9, or moves from side to side with a small displacement,
such as#10, these will also be categorized into the rotary motioretyp

The mean velocity of all motion types is 1.Ki s—!. Earlier studies of velocity are listed in
Table 2. Our result is slightly elevated compared to preslppublished studies. One reason may
be attributed to the data, with different spatial and teraprgsolution/sampling across the various
studies, and the fact that GBPs are identified with differeathods in each of the studies (Utz et
al. 2010). Utz et al. (2010) reported 1k s~ for different spatial and temporal sampling, and
indicated that a higher spatial and temporal resolutioalt®én a higher velocity. Another reason
may be that some GBPs described in Section 3 and stationaPg @&hm’ < 1 are not counted. If
all isolated GBPs are counted, the mean velocity is +G67km s '.
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The velocities of GBPs for the different motion types areasefely calculated and compared
in this study. The means and standard errors are401@km s~! for the straight motion type,
1.63£0.09km s~ ! for the erratic motion type and 1.3®.07km s~! for the rotary motion type.
The horizontal velocity has a notable positive correlatigti the index of motion type (correlation
coefficient is 0.88). Both classification and correlatiomlgisis suggest that if a GBP moves in a
straight line, it will move fast; however, if a GBP moves inaary path, it will move slowly. We
also demonstrate that there is a significant difference éatvstraight and rotary motion types by
a two-sample K-S test. Importantly, GBPs with higher vetp¢i> 2km s~!) have been linked to
the production of magnetosonic kink waves (de Wijn et al.908s shown previously, these kink
waves can act as a conduit for imparting energy into the upplkar atmosphere. About 280of
GBPs studied exceedi2n s~!. Mostl et al. (2006) measured 1%3and Keys et al. (2014) found
about 1%, have velocities greater thark# s—!. Our higher proportion is probably the result of the
higher velocity stated above.

The diffusion indexsy, is 1.50+0.08 averaged over all non-stationary, isolated GBPs. iRece
thors have agreed on a super-diffusive dynamic regime.rbréo et al. (2011) foung= 1.53 with
high resolution TiO observations of a quiet Sun area. Chitl. (2012) reported of 1.59 for their
short-lived GBPs. Jafarzadeh et al. (2014) calculated guared-displacement of each GBP and
derivedy = 1.69+-0.08 by the distribution of the diffusion indices. Gianiaatb et al. (2014) foungd
=1.2740.05 andy = 1.08+0.11 in network regions (at smaller and larger scales, mspety), and
~ = 1.44+0.08 in internetwork regions. Keys et al. (2014) estimateaf ~1.2 for both a quiet re-
gion and an active region, then confirmed that the dynamipeat@s of GBPs arise predominately
from convective motions. Our result is in qualitative agneat with recent studies of diffusion.
However, in earlier studies, almost all other authors preted their results as indicative of normal-
or sub-diffusive processes. Berger et al. (1998a) fountatins of slight super-diffusivity among
otherwise normal diffusive GBPs in network regions. Cadatial. (1999) found that although the
motion of magnetic network GBPs in the photosphere is ranididmeir lifetimes are larger than 25
minutes, GBPs with lifetimes less than 20 minutes migrateditfusively. All authors suggested
that estimations of the diffusion index may be affected keytdmporal and spatial scales.

We find thaty is 2.13+0.09 for the straight motion type, 1.&D.07 for the erratic motion type,
and 0.73:0.19 for the rotary motion type. The larger value~ofor straight motion type comes
from the fact that these GBPs move continuously in the saneetitbn and have more Lévy flights
in their path. On average, they move faster and accelerdletiwie. The straight motion makes a
large contribution to super or even ballistic diffusion.vver, the smallety value associated with
rotary motion type may be due to the fact that it changes iteg# direction and returns closer to
its initial coordinates. This results in a sub-diffusivgirae. They values of different motion types
confirm that our classification method is reasonable. Sityjldafarzadeh et al. (2014) proposed
mean-squared displacement, which can result in the mixfrgjfterent diffusive processes, and
therefore calculated the trajectory of each BP and destiiliy a diffusion index. They categorized
GBPs into different motion types based on the diffusion inde

The coefficientK” indicates the efficiency of the dispersion. Tiievalues are 85837km? s+
for the straight motion type, 33124km? s~ for the erratic motion type, and ¥km? s~ for the
rotary motion type. We also measuieof all motion types as a whole for 1920km? s—!. GBPs
which move in straight lines experience the quickest ratdififision, while GBPs which move
in rotary paths experience the slowest rate of diffusion: @sult confirms and furthers previous
studies. Berger et al. (1998a) determirféd= 60.4+-10.9km? s—! for network MBPs by assuming
normal diffusion (i.e K = sd/2dr), whereas the/ value of 1.34:0.06 indicates a super-diffusive
regime. Utz et al. (2010) founfl’ = 350+20km? s~!. Manso Sainz et al. (2011) measurkd=
195km? s~—! for footpoints of small-scale internetwork magnetic loopafarzadeh et al. (2014)
found K = 25732km? s~ ! averaged over all MBPs. Giannattasio et al. (2014) estitnthiat the
diffusivity increases fromv 100 to~ 400km? s~! along the time scales (180< 7 < 10000s).



Characterizing Motion Types @¥-band Bright Points in the Quiet Sun 581

The sources of such a large range could be the result of eiifféeatures (magnetic elements, bright
points), different regions (quiet region, active regiamd/or different temporal and spatial scales,
etc.

The distribution of the directions of motion of GBPs that radw straight lines show no partic-
ular preferential flow direction. It is homogeneous andrigoic. Verma & Denker (2011) adapted
LCT to measure horizontal flow fields of GBPs and other featulkeys et al. (2014) tracked the
motions of GBPs for exploring preferential flow directio®@ur result is in agreement with them.
In addition to this result, we also confirm the conclusion adé¥ison et al. (2003) and Bodnarova
et al. (2014) in that the direction of motion usually persisétween neighboring frames. Both stud-
ies utilizedG-band images taken with the Dutch Open Telescope with a teahgampling of 38.

We strengthen their claim using tli&band images acquired from th#node/SOT with a temporal
sampling of 1%. Additionally, we have discussed that the kurtoses of te&itutions in the three
motion types are different. The kurtosis is leptokurtictfoe straight motion type and platykurtic for
the rotary motion type. That means a GBP, which moves in @strine, is more likely to keep its
direction than a GBP which moves along a rotary path.
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