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Abstract

We develop a new method to measure the 3D kinematics of the subphotospheric motion of magnetic elements,
which is used to study the coupling between the convection-driven vortex motion and the generation of ubiquitous
coronal waves. We use the method of decomposing a line-of-sight magnetogram fré@ONIDmto unipolar
magnetic charges, which yields tfrojectedl 2D motion[x(t), y(t)] and the(half) width evolutionw(t) of an
emerging magnetic element from an initial deptrdof 1500 km below the photosphere. A simple model of
rotational vortex motion with magnetiaix conservation during the emergence process of a magnetic element
predicts the width evolution, i.en(t)/ wo = [B(t)/ Bg] ¥2, and an upper limit of the depth variatid(t) 1.3

w(t). While previous 2D tracing of magnetic elements provided information on advection and superdiffusion, our
3D tracing during the emergence process of a magnetic element is consistent with a ballistic trajectory in the
upward direction. From the estimated Poynting and lifetimes of convective cells, we conclude that the Coronal
Multi-channel Polarimetedetected low-amplitude transverse magnetohydrodynamic waves are generated by the
convection-driven vortex motion. Our observational measurements of magnetic elements appear to contradict the
theoretical random-walk braiding scenario of Parker.

Key words:convection— magnetic elds— magnetohydrodynamiddMHD) — Sun: corona- waves

1. Introduction because the driver, i.e., the convective motion, is ubiquitous in the
quiet Surfs photosphere.

Tracking of magnetic features in the turbulent environment
of magneto-convection in the photosphere has been carried out

ly recently, since automated feature recognition codes
& Mcintosh 2009 Morton et al.2015. These MHD waves have on '

been detected from their line-adist velocity in the solar corona became availabl¢Crockett et al.2003 Keys et al.2011.
above the limb using the el (10747A) line with the CoMP Abramenko et al(2011) used an automated tracking code that

instrument. These waves exhibit upward propagation into atraced the motion of b”.ght points |n'the quiet Sun, a COFO”"%"
hole, and an active region plage using a 1 nm bandpass TiO

coronal height range of (1.05-1.35R., phase speeds of . .
1 kms! ilating | that t interference Iter centered at a wavelength of 705With the
Yon 1000-4000kms, and oscillating loops that appear to be Goode New Solar Telescope of Big Bear Observatory. The

coaligned with the magneticeld. The quasiperiodic transverse

Ubiquitous magnetohydrodynam{HD) waves have been
discovered in the solar corona with the Coronal Multi-channel
Polarimete(CoMP) instrument(Tomczyk et al2007 Tomczyk

wave motion has &mean root squayepeed o 0.3kms * bright point proper motion was found to be consistent with
and typical periods of 5 minutes, which produces relatively ~Superdiffusion on timescales of BUDOs, spatial scales
small transverse displacementscaf v T 100 km. of 22km, and diffusion coetients of 12-12knfs

In comparison, kink-mode oscillatior(standing waves (Abramenko et al201]). Manso Sainz et ak201)) tracked
which generally are triggered byres, coronal mass ejections, SMall magnetic structures in very quigtternetwork regions
and or eruptive laments, display much larggd0 times using the Fe 6300A dOL_lbIet Ilnles of the Solar Optical
transverse amplitudes &f= 4100+ 1300 km and transverse 1€/€scopgSOT) on boardHinode with a cadence of 28 s over
speeds of 12 km's * (Aschwanden et al999 and thus are 2-6hr and a spatial resolution of’®. They found initial
easier to detect. advective motion of the tracked features with a characteristic

Because of this huge discrepyirin wave amplitude between ~Mean velocity of 2km's *, while the features subsequently
these two cases, some physical conditions must be different in theach the intergranular lanes and remain there, being buffeted
excitation of transverse largenplitude kink-mode waves as by the random ows of neighboring granules and turbulent
detected with the TRACE instrument and the low-amplitude intergranules, with a diffusion constant of 195%en* on
Alfvénic kink-mode waves detected with CoMP, which has a spatial scales of 250-1000 km (Manso Sainz et al201],
high sensitivity to detect the Ddiep shift of transverse loop  Figure 1 thereip Further studies tracked the diffusion of
oscillations. While the large-amplitude waves are obviously magnetic elements up to supergranular features with similar
excited by Lorentz forces that occur iraring and eruptive ~ results, using the NaD 5896A line of SOT Hinode NFI
conditions, we argue in this papkat the low-amplitude waves as  (Giannattasio et a013 Stangalini et al2014 lida 2016
seen by CoMP are excited by convection-driven vortex motion atAgrawal et al2018. Analysis of magnetic element motions in
the photospheric footpoints of coronal loops. Since photospheridoth Hinode observations and MURaM simulatio@sgrawal
convection is self-organizing on granular scgles 1000 kn) et al. 2018 demonstrates that the observed superdiffusive
and operates throughout the solar surface, an immediate predictioscaling at very short temporal increments is caused by center-
of this model is that Alfvénic waves, if they exist in the solar of-mass jitter induced by magnetiaux element evolution
corona, should be ubiquitously distributed throughout the coronasuperimposed on the advective contribution of granulation.

1
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Moreover, for long temporal increments beyond the correlationof the buried chargey, is the depth of the magnetic charge,
time of granular ows, the motions reect both the random

granular contribution and the large-scale longer-lived super- g 1 sz )f qz (2
granular advection. Thus, magnetic element motions cannot be

interpreted as strictly advective or diffusive on either short or gng =[x X y V¥ z z]is the vector between an

long timescales. Superdiffusive scaling results from mixed arbitrary locatiorx = (X, y, 2 in the solar corongwhere we
contributions to the element motions. Numerical simulations yegire to calculate the magnetigid) and the locatiolt, y;, z)

using SOTHinode d_ata as boundary conquns detect of the buried charge. We choose a Cartesian coordinate system
coherent(rather than incoherent randpstructures in photo- . A . i
(%, y, 2 with the origin in the Sun center, and we are using units

spheric turbulent ows (Chian et al.2014). Using Interfero- o S .
rrf)etric Bidimensional (Spectropolarime?er anc? SBifiode of solar radii, with the direction af chosen along the line of

data, it is found that the interpretation of the dispIacementS'ght from Sun center to Earth. For a location near disk center

spectrum is ambiguous and can be reproduced by eithefx= 1, y= 1), the depth of the magnetic charge is

superdiffusion or advectiofCaroli et al.2015 Del Moro et al. d (1 3z). Thus, the distancg from the magnetic charge is

2015. Attie & Innes (2015 applied the novel method of

“magnetic ball-trackingj,which is able to detect and quantify ooy %2 (y Y2 o(z P ©)
ux emergence, as well asix cancellation.

While all previous studies embark on 2D motion tracking, The absolute value of the magneted Bi(r;) is simply a function
here we develop a new model that allows us to measure thef the radial distanceg (with B; andd; being constants for a given
kinematic motion of magnetic elements from magnetograms inmagnetic charge
3D, probing the shallow depths of the solar subphotospheric
convection zone. The kinematic motion of magnetic elements d
produces magneticeld uctuations, which can be used to B() B — . (4
de ne the Poynting ux in the generation of Alfvénic waves i
that propagate into the corona, and this method can be used t . ; . -
predict the amplitude and periods of Alfvénic fast kink-mode Prom th's expression, we canreghtly see the cons_ervanon of
waves in the solar corona and solar wifdanKooten & magnetic ux alzong. a radially diverging ux t'ube with cross-
Cranmer2017). Evidence for buffeting-induced kink waves in S€Ction A(r) = r%, since the ux ful lls  (r) ~ A(r)B(r)
solar magnetic elements has already been inferred from a@(r)r? Bjd?  const
empirical mode decompositiofEMD) analysis of the time The apparent full width at half maximu(@WHM) of the
series of magnetic element parame(8tangalini et al2014). line-of-sight componerié(x) pro le can be calculated from the
There is also observational evidence (iamnoticed magnetic ~ geometric diagram shown in FiguteWe choose the-axis at

ux oscillations detected with IMa%unrise, with periods the photospheric level and bury a magnetic chaegea depth
close to granular lifetimg®/artinez Gonzalez et &2011). The  d;, which has a line-of-sight componeBi(x = 0) = B; at the
new model mimics the subphotospheric convection on granulahotospheric level and is aligned with the vertical 3D magnetic

2

scales, which is linked to theeld line braiding in Parkées eld vector B= (0, 0, B). The radial eld component
nano are heating scenario. B/(x = w) intersects the photosphere at a distarce w;,
The content of this paper includes a theoretical part on the 3Dinclined by an angle from the vertical. The distance from the
magnetic eld modeling and estimates of the Poyntingc of ~ magnetic charge to the photosphererjis and the radial
convection-driven ubiquitous coronal MHD wav@&ection?2), magnetic eld at the photospheric level at the distarce w,

data analysis of measuring the 3D motion of magnetic elementss B(x = wj) = B; (d/r;)?, according to Equatiorf4). The
using HMI SDO magnetograméSection3), a discussion in the ~ corresponding line-of-sight compon@x = w)) is a factor of

context of previous worfSectiord), and conclusionéSectiorb). cos R (d;/rj) smaller than the radial compondsy(x = w),
i.e., BAx= w) = Bi(x= w) cos , and thus has the value
2. Theoretical Model e 4 °
2.1. Magnetic Potential Field B(x w) B - cogR B =2 |, (9
f rj

The simplest representation of a magnetic potengial that
ful lls Maxwell's divergence-free conditioh -B = 0) and  which falls off with the third power of the distangeThus, the
the Cutrrenrt]-fre?( Cond'ttlor_ld=f x B = t‘? i tl%glrt),olsr half widthw; is obtained by requiring; (d/ r;)® = Bj/ 2, which
magnetic chargg(or centroid of a magneticeld distributio ; ; o 2 2
that is buried below the solar surface, which entails a magnetiellelds' using the Pythagorean reIannsiﬁp SEEAE

eld Bj(x) that points(isotropically away from the buried [52/3 1
unipolar charge and whoseeld strength falls off with the W 2 1d 07669 . x (8§
square of the distanag, This linear relationship means that the widthis always
proportional to the deptl, of the buried unipolar charge.
2 ]
B(x) B; ﬂ fi (1) Equation(6) is a very practical relationship because it allows us
! ' ri rj' to directly predict the subphotospheric depthof a buried

magnetic charge in a potentiakld model based on the
whereB; is the magneticeld strength at the solar surface above a apparent FWHM= 2w;  1.53d, measured in a line-of-sight
buried magnetic charggy, y;, ) is the subphotospheric position magnetogram.
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For the sake of simplicity, we formulate the following
theoretical model for observations near disk center, but it can
be generalized to arbitrary positions on the solar disk in a
straightforward way (see the Appendix in Aschwanden
et al.2012.

2.3. Tracking the Subphotospheric Vortex Motion

The solar granulation has a typical scaleLof 1000 km
self-organized by the solar convection proggsthject to the
Rayleighi-Bénard instability and is driven by a vertical
temperature gradieiftorenz1963. As a consequence of the
negative vertical temperature gradiedil/dh< 0, circular
vortex motions are expected in the vertical plane in the shallow
depths of the solar convection zone. Besides the unmagnetized
hydrodynamic uids, we envision that magnetic elements are
also generated in the solar convection zone and occasionally
become entrained in a convective vortex whirl, where the
magnetic element isrst transported in the upward direction,
then is advected in the horizontal direction toward intergranular
lanes, and nally is buffeted in the network. The trajectory of a
| magnetic element may start near the midpoint at the bottom of a
granule(Figure2) and may end near the top of a granule, with
subsequent advection into an intergranular lane.

Figure 1. Cross-section of a unipolar magnetic souMe showing the
geometric relation between the half widthand depttd; of a unipolar charge

The line-of-sight direction is th@ertica) z-axis, and thé€horizonta) direction A novel step of this StUdy is _that for thest time, we are .
is thex-axis. For the calculation of the line-of-sight pl@B,x), see text. going to use the subphotospheric depths measured from a time
sequence of line-of-sight magnetograBa&, vy, ) by tracking
2.2. Line-of-sight Magnetogram the vortex motion of subphotospheric convection. We envision

We proaress now from a sinale maanetic charae to an arbitrand simple geometric model of granular vortex motion where the
prog . 9 9 g rYstrongest upows occur in the midpoint of a granule. A cross-
numbem,, of magnetic charges and represent the general magnetic

eld with a superposition of,, buried magnetic charges, so that section of a granule is shown in Figiewhich consists of two

the potential eld can be represented by the superposition,of convective ceII_ cross-sections that rotate in opposite dlreqtlons
eldsB; from each magnetic charge 1, K , n so that emerging magnetic elements arise and emerge in the
] 1 1 my

midpoint of a granule while they subsequently stream toward

ey N d 2r the edges of granules into intergranular lanes or toward the
B(x) Bi(x) oe B = - e 7 network.
i1 [ VI The evolution of the magneticeld of a traced magnetic

element generally exhibits a rise time when the magnetit

strength monotonically increasfis < ty < t,) followed by a

]decay time when the magnetield monotonically decreases

(to < t < tp), which we interpret as compression and decom-

pression phases of a magnetic element. The compression phase

occurs when the magnetic element is sucked up between two

‘B : B o ( -‘B) 00 <«(8) counterrotating vorticegFigure 2), while the decompression
j j phase occurs when the magnetic element arrives near the top of

a granule. We found that the time evolution can be adequately

and thusB is a potential eld. Applications of this potential  characterized by a Gaussian function plus a constant back-

eld model in the framework of magnetic charges can be foundground,
in a number of recent studi¢s.g., Aschwanden & Sandman
2010 Aschwander?013 2016 Warren et al2018. (t to)?
Based on the superposition principle of magnetic charges B(t) Boexp T Bbg, 9

(Equation(7)), a line-of-sight magnetogram,(x, y) can be

created with an arbitrary number(@uried unipolar magnetic i

charges, and vice versa; any line-of-sight magnetogram canvhere ¢ represents a timescale that corresponds to the

be decomposed into anite number of magnetic charges, i.e., Gaussiar(half) width. . _ _

%, Vi z, Bl, j =1, K, nyn This inversion task can be Applying the conservation of the magnetiox during the

accomplished by forwardtting of the coordinatef;, v;, z] vertical upward motion of the magneticeld during a

and eld strengthsB; of the magnetic componentfor an compression phase, we can predict the time evolution of the

example, see Figure 3 in Aschwanden & Sand@@(). Such width w(t) of a magnetic element, since the area varies as

a decomposition directly yields the subphotospheric depths  A(t) w(t)?, and conserving the magneticx (t) = A(t) B

for all magnetic components in a potentiald model. (t) = const, the magneticeld variesB(t) A®t) *  w(t) 2,

It is trivial to verify the condition of divergence-freeness for
a magnetic eld with multiple magnetic charges. Since the
divergence operator is linear, the superposition of a number o
divergence-freeelds is divergence-free also,
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Figure 2. Diagram of a subphotospheric granule, which consists of two oppositely rotating convecti@argellsirclesthat squeeze the width(t) of a magnetic
element(hatched ellipsgdo a minimum size ofvy during the vertical upward motion. The rotation angle is indicated fW)hthe radius of a convection cell is
ro= do Wy, the depth of the center of the convection celldgisand the distance between the centers of the two convection cedls is 2

or inversely asw(t)  B(t) Y2 We will test these theoretical predictions in the following
12 (Section3.4). If the data match these theoretical relationships,

w(t) B(®) _ (10 the method of 3D tracking from line-of-sight magnetograms is

Bo strongly supported. The only assumptions that go into this

model are the conservation of the magnetis and a constant

velocity for the vertical upward motion of a magnetic element.
| We neglected horizontal motiofig, vy) in our simple model

here, but it can easily be included by tilting the vertical axis.

For the evolution of the deptl{t) of a magnetic element, we
assume vertical transport from an initial deghtk+ d(t = t;) at
a location below a granular convection cell, while the vertica
transport ends at anal depthd, = d(t = t,) above a granular
convection cell near the photosphdfégure 2). All depth
locationsd(t) during this vertical transport time interval are
constrained by an upper limdt'"(t) that is given by the width
w(t) of the potential eld of an unipolar point charge
(Equation(6)),

d(t) - dwi() 1.3 w(1). (13

Only in the deepest layerslbe the convection cells do we
expect that the magneticux element is not affected by the
compression of convection cellshere the depth can be estimated
from the unipolar point charge depth, ig., 1.3w; at timet,,
while the depth at the end of the emergence process is close to the

photospheric height level. Interpolating the depth evolution which corresponds to a variation in the magnetic enErgt),
between the bottom and top of a convection cell with a constant

2.4. Poynting Flux of Convective Vortex Motion

In our model, we assume that magnetic elements are
entrained into the convective vortex motion, which causes a
magnetic eld variationB;(t) at the solar surface according to
the square dependence of the subphotospheric dgijh
variation of the magnetic char@fequation(4)). The associated
variation in the magnetic pressuyg(t),

B(®?  En()

MO S

[GZ ergcm3,

(1%

speed, we expect a linear depth variatih with time, En() p,() V [GZcmd [ery, ( 1p
d(t 0. 12
v ; e Y Lo (12 whereV is the spatial volume. We can de this volume from
where the(constant vertical upward velocity, is de ned by a 3D ux tube with a cross-sectional aréaand a height
V. dy (13 corresponding to the density scale heiglaff the solar corona,
z .
(t t

Thus, our simple analytical mod@tquations(9)—13)) of

V AM (16)

the vertical motion during the emergence of a magnetic element

is constrained by the observed evolution of the magnedid
B(t), the (half) widths w(t), and the (largest depth d, =

d(t = t}) = 1.3w, at the initial phase of the emergence

process. The theoretical model makes two predictighthe
conservation of the magnetiaix (Equation(10)), and(ii) an
upper limit of depthgi(t) d'™(t) 1.3w(t) (Equation(11)).

In hydrostatic equilibrium, the density scale heightf the
solar corona is proportional to its temperatliye

T
M % 1Ffg—— cm .
9K [em

(17
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We can now quantify the Poyntingix Fp, which is an energy  nj,
input per ared and time unit ,
L Pkink ! n 12
2 x 15 ql.
. En B2V B2M [erg crﬁ sy, ( 1B 10 Mm 7 minutes 1® cm? @
A 8&A 8@ Q (23

where is the lifetime of a granular vortex motion. The area
dependenceA cancels out and the scale heightcan be
replaced by the mean coronal temperaiiye

In our model, we consider the convective vortex motion with a
mean period oP.i, 7 minutes as an exciter of kink-mode
oscillations. From the relatigfEquation(20)), we predict that

B2 M B 2 U 1 the typical magneticeld isB 15 G (for a loop length of
5 10

P —— X% g L 10Mm).
8QU 10G 7 minutes
q Te [ergcm? s] . ( 1p 3. Data Analysis and Results
1 MK 3.1. Data Selection
This estimated Poyntingux, which is produced ubiquitously For the data analysis of our project on determining the 3D

over the photospheric solar surface, is several orders ofrajectories of magnetic elements in the quiet Sun, we select an

magnitude above the heating requirement for the quiet Sun oHMI/ SDOmagnetogran( le type hmi_M_45 sat an arbitrary
coronal holes, which i, = 3 x 105 ergem 2s * for the time (2010 June 19, 01:27:42 YTWe extract a time sequence

quiet Sun and, = 8 x 10°ergcm 2s * for a coronal hole, of 26 HMI images after the starting time of 01:27:42 UT with

respchveI;(Wlthbroe & Noyesl977). Thus, we conclude that an HMI cadence of 45 s, which covers a time interval of 1170 s

dissipation of the convection-driven generation of Alvénic (19.5 minute}; ending at 01:47:12 UT.

o . . From the full-disk images, we select a smadld of view
waves by only 1% is sufcient to heat the quiet Sun or (g 1R,) near disk centefmaking sure that it does not contain

coronal holes, while the remainder of the injected Poynting  any active region The chosen eld of view is at heliographic
is available to heat the chromosphere and accelerate th@ngitude and latitude NOOEQOO, which corresponds to the
solar wind. Cartesian coordinateg = 17.4,x = +17.4,y; = 35.0,
andy, = 0.48 Mm with respect to Sun center. The HMI
2.5. Alfvénic Loop Oscillations images have a pixel size ot'® (or 362 kn). Because HMI
In our model, the footpoint motion of coronal loops is ][naghnetograms V‘?th full rfesolutlon tg.rner:j outgto k]ze too ?O'Sy
dictated by the vortex motion of the solar granulation, which TOF t€ purpose o our project, we rebin them by a factor of two
for typical values(L 1000 km, 7 minuted produces a into macrop|xels with a size (_)f 2 2 pixels (with 1! 0 or
velocity of v (L/2)  1kms % similar to the observa- 22 km resolution The eld of view of 0.1R. then contains a
tional result ofveys 0.3kms?t inferred from CoMP data subimage with a Sizé of & 41 macropixels. Coaligment
(Tomczyk et al2007). between the HMI images is assumed to be of subarcsecond
Transverse kink-mode oscillations are expected when the accuracy. We eliminate the solar rotation by correcting for the

phase speed matches the resonance condition of the AvaemEynOd'C rotation period ofTs,n= 27.2753 days, which
loop crossing times. The Alfvén speed is amounts to an incremental shift ofx 84 km for an HMI

cadence of 45s.

B
Va 218 mlﬁ [cms] 3.2. Decomposition of Magnetograms
B n 1/2 The next analysis step is the decomposition of magneto-
x 1924 3 [kms 3, (20 grams into a nite numbem,, of unipolar magnetic charges,
100G 16 cm which are each characterized by four parameters: the spatial 3D

) ) ] ) coordinatedx;, y;, z]; j = 1, K; ny, and the magneticeld
where = 1.27 is the mean molecular weight amds the ion  strengthB; at the photospheric surface vertically above the
density. The kink speed is location of each magnetic charge. These physical parameters
[B;, X, ¥, 7], are obtained from the inversion of the observables

2 B2 X5, Yo Wp], Where[x,, ¥y is the projected 2D position of a
G Va 1 .8, S 2w [kms 7, (2} local peak value of the line-of-sight magnetald component
e~ 0 B,, andw, is the apparent FWHM of a magnetic element. The
where o/ ; is the inner to the outer density ratio. The kink- fsgﬁx;rl]geert]alelf g{ztgllsalg:drsfsrlﬁ;veaﬁgl:gzénlgeﬁggeggX of
mode period is given by the kink-speed crossing time, decomposition of the time sequencenpf 26 magnetograms
ol ) into n, = 200 magnetic components ang= 4 parameters
Pk —X —. X (22 each, we obtain a total ok x n, x n, = 20,800 (automati-
Ck Va cally) measured paramete[rB(t, m), x(t, m), y(t, m), z(t, m),
t=1, K, n, =1, K, n, The number of magnetlc
From this resonance condition of the kink- Sp99d crossmg tlmecomponentg]m Corresponds to a threshold of the minimum
we can express the magnetield strengthB as a function of  magnetic eld strength in the model and is typically chosen at
the loop length_, the kink-mode perio#yi.«, and ion density three standard deviations above the noise level.

1/2
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Table 1
Statistical Measurements of 14 Magnetic Elemdnts: 2D Propagation Distance,= t, t; Time Durationy, = the Mean 2D Horizontal Velocity, = the
Vertical Velocityv,, Bsjg = Standard Deviation of Magnetic Field Strength FluctuatiBpg,= Maximum Magnetic Field Strength, CGG Cross-correlation
Coef cient of Observed and Predicted Widths

No. FWHM L, Vo v, Bsig Brmax CCG,

(km) (km) ©® (kms? (kms ) ©) ©)
1 1237 476 720 0.7 1.8 12.7 235.1 0.82
2 1152 735 540 1.4 2.0 12.8 178.2 0.77
3 1252 740 315 2.4 25 12.3 150.1 0.88
4 1093 690 360 1.9 3.1 12.7 116.9 0.51
5 1358 437 405 1.1 1.8 11.7 78.2 0.55
6 1108 618 270 2.3 3.1 11.4 62.5 0.88
7 1696 751 585 1.3 1.8 12.8 55.1 0.81
8 1104 708 360 2.0 2.6 12.1 53.2 0.67
9 1301 349 270 1.3 2.8 11.9 51.7 0.86
10 1331 338 180 1.9 1.4 11.9 50.7 0.55
11 1132 474 225 2.1 4.0 12.7 42.7 1.00
12 1525 1273 450 2.8 1.3 12.0 39.2 1.00
13 2782 1416 405 35 1.9 125 38.8 1.00
14 1164 117 270 0.4 2.5 11.7 36.0 1.00

1373 652 382 1.8 2.3 12.2 84.9 0.81

+440 +349 +150 +0.8 +0.8 +0.5 +61.8 +0.18
Note. The averages and standard deviations are indicated at the bottom of the table.

3.3. 3D Tracking of Magnetic Elements to the lef), as well as to the end tintg (at the rst minimum

value to the right This encompasses the time range from
ts= 400 tote = 1120s in this exampléFigure 4(e)). The
structure seen before at tinh& 400 s is considered to be a
eEeparate structure. The algorithm then eliminates tis¢
etected structure from subsequent searches of smaller
magnetic elements.
The measured FWHM of the automatically detected

From the n,x n.= 5200 magnetic elements that we
extracted from the magnetograms durmg 26 time steps
and n. = 200 local peaks in eacB/x, y) magnetogram, we
group the cospatial locations sampled at various times into a s
of unique locationgx;, ), i = 1, K, n; that have a minimum
separation(of two full widthg from each other and aeld

strength aboye. a threshoB}esh that corresponds to three magnetic elementsee Figureg(h), 5(h), and6(h)) are listed
standard deviations of the background magne#id uctua- i, Taple 1 (second colump having a mean and standard
tions. The minimum separation distance of two full widths is an gayiation of FWHM= 1373+ 440km. or 79 + 0”6. which

empirical criterion that optimizes the separation versus thejg twice the value of the 2 2 macropixels we used from the
clustering of substructures in magnetic elements. While they magnetograms. Thus, it appears that these magnetic
analytical model is shown in Figu®@ the observed line-of-  featyres are spatially resolved. If the features were unresolved,
sight magentograms of three cases are shown in Fig@Es e would expect thafi) the measured width is equal to the
5(9), and6(g), where a crosshair marks the unique location of Hm| macropixel resolution of 725 knji) the widthw(t) as a
each of the three magnetic elements, and a circle indicates thginction of time should be a constant with this value of 725 km,
area with a radius that corresponds to the minimum separationd(iii ) the predicted and observed width piew(t) should be
between different unique source locations. Figdresshow  uncorrelated, i.e., have a low cross-correlation aefit of
the (smoothedl propagation distance in thedirection x(t) CCC 0.5, which is not the cagsee Figureg(d), 5(d), and
(Figures4(a), 5(a), and6(a)) andy-directiony(t) (Figures4(b), 6(d) and Tablel). Of course, this does not mean that the
5(b), and 6(b)), upper limits on the depths of the magnetic magnetic counterparts of the granules envisioned in our model
elementsd(t) (Figures4(c), 5(c), and 6(c)), widths of the (Figure2) are spatially resolved in the HMI magnetogram, but
magnetic elements(t) (Figures4(d), 5(d), and6(d)), magnetic since we derive all our measurements from the HMI
eld strengttB(t) (Figures4(e), 5(e), and6(e)), and projected  magnetogram, rather than from optical images where granules
source motiony(x) (Figures4(f), 5(f), and 6(f)).The spatial are visible, the spatial scale of granules does not explicitly enter
propagation distance shown in Figude$ is smoothed with a  our analysis.
boxcar of ve time steps, which is 8 45s= 225s for the
HMI cadence. A 1D scan of the magnetogram that goes 3.4. Tests of Theoretical Predictions
through the center of the magnetic element is also shown
(Figures4(h), 5(h), and 6(h)), along with a Gaussiant that
provides the width measuremem).

Let us describe the measurements of th& example in
more detailFigure4). The automated detection algorithmds
a magnetic element from the locatipq, y,) of the absolute
maximum (peak eld strength(Figure 4(g)). The magnetic

We are now testing two theoretical predictions of our simple
model of the emergence of a magnetic elen{€igure 3).
From the measured magnetield evolutionB(t) with a peak
value of Bp = B(t = tg) at the peak time,, magnetic ux
conservation predicts an evolution of tffealf) width of a
magnetic element according to Equat{@0),

eld variationB(t,, X,, Yp) at this location is trackegivithin a 1/2
radius of two FWHN in time, B(t) (Figure4(e)), starting from wPred(t)  we B(H _ (24
the peak timé, to the start times (at the rst minimum value Bo
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1200¢ ; ; ] end of the vertical transport, when the magnetic element arrives
1000 (a) | | a at photospheric levels, thenal depth is very shallow, i.e.,
=3 ; | | | ] d, 0. Connecting these two depth valuhsand d, with a
= 800§ | | | E constant velocity, we obtain a linearly decreasing depth
T 600F ! ! ! . evolution d(t), which is marked with a red curve in
ﬁ 400" | | E Figures4(c), 5(c), and6(c). The test of our theoretical model
2 i | | | 7 is whether the predicted depth evolution, i@ ®qt) = v,
200+ 't 't 't . (to t) (Equation(12), ful lls the inequality of the observed
ol ] 9 2 ] upper limitsd(t) ~ dP®4t) at all times during the intervith, t,],
0 500 1000 1500 2000 which is indeed found to be the ca@&gures4(c), 5(c), and
20007 : : : 6(c)), while equality is found to extend over a depth range of
h (b) : : : ] d  500-1500 km. The initial depths are found todbe 1500
"= 1500 - ‘ ‘ ‘ ] (Figure4(c)), 1000(Figure5(c)), and 800 km(Figure6(c)).
=, I \J\_/\ 1
L | | 4
; 1000: | | | ] 3.5. Statistics of Magnetic Elements
E 500 : : : . We perform statistics of magnetic element tracking in an area
. | t1 | tO | t2 ] the size of 0.R. during a total time duration of 20 minutes
O | | | 1 and nd a total ofn, = 14 magnetic elements that have a
0 500 1000 1500 2000 maximum magnetic eld strength above a threshold level of
400 ¢ ‘ ‘ ‘ | three standard deviations of the unsigned magnegid
%) (C) | | | ] strength; in addition, we match a depth cross-correlation
M 300- ‘ ‘ E coef cient of CCG, 0.5. The statistical parameters of these
% g | | | ] 14 magnetic elements are listed in Talewhich provides
= 200k | | | E typical values for comparisons.
S g \ | | E The tracked 2D distance of a magnetic element is found to be
2 100; | | ! E L, = 650+ 350 km, which is close to the half value of a
& : ‘t ‘t ‘t ] canonical granule sizélg,f2 500kn), as expected for
E 4 B 0 2 ] emergence near the center of a granule.
0 500 1000 1500 2000 The mean duration of a magnetic element trajectory is

= 380+ 150s(or = 6.4+ 2.5 minutey This agrees well
Figure 3. Analytical model of the vertical transport of a magnetic element, which \ith the canonical lifetime of granulés 7 minute$, which is

includes the deptf(t) (), the half widthw(t) (b), and the variation of the - f :
magnetic eld B(t) (c), based on magneticux conservation and constant expected for the duration of coherent transport in a convective

velocity. The model parameters &g= 300 G,w, = 1000 km,dy = 1500 km, vortex. l\_Iote that the durz_ition of a co_herent event is_

ty = 500 s,tp = 1000s, and, = 1500 s. characterized by a coherent rise and decay time of the magnetic
eld evolution B(t). In our measurement technique, the

The Gaussian function of the magnetield variation B(t) evolution of the magneticeld B(t) starts with a minimum

(Equation (9)) is shown in Figures4(e), 5(€), and 6(e) By = B(t = tstan), PeakS aBmax = B(t = tpea), and ends with
(indicated by the data points with diamonds an%( thied gbzg?\f:gléi?;nrg:]nfn?rﬁzi B(t = tend, Which denes the
Gaussians with red curJeghe predicted widths®™*qt) are ~ cend Istart _ N 1
shoun n Fgure€(9) 50, andé(@), also with red cuves. In 1 2Yerag¢ velocly s found 0 b= 1.0 05 kms |
order to quantify the conS|stenc.y betwgen the two timelgso vertical motion. These values are close to previously obtained
we calculate the cross-correlation cadént CCG,, values, i.e.v  2kms * (Manso Sainz et aR01J).

) g wPred The noise in the magnetogram corresponds to a standard
ow(t) g () , (29 deviation of the unsigneceld strength oBgjg = 12.2+ 0.5G,
Vo) w2 ce from which we set a threshold @&pesn= 3Bsig = 36.3G.

Similar values for the standard deviation of the unsigned

for which we nd values of CCG = 0.82, 0.77, and 0.88 magnetic eld strength were obtained by others, e.g.,
(Figures4(d), 5(d), andé(d)) for the three magnetic elements 1, Bsig= 11.8 G (DeForest et al2007). Above this level, we
2, and 3. Therefore, the observedt) and theoretically ~found 14 magnetic elements with peagld strengths of 36
predicted widthas®®? are highly correlated and com the G Bmax 235G. Setting a lower limit of CQ@? 0.5, we
magnetic ux conservation during the emergence of a magneticgoggd mean cross-correlation cogients of CCG = 0.81+
element. T

Our second theoretical prediction is that the width evolution
w(t) of a magnetic element during emergen&égure 3)
provides an upper limit on the depth of the magnetic element,
i.e.,,dt) 1.3w(t), according to Equatiof6). Assuming that We are now in a position to estimate the Poyntiog of the
the width of a magnetic element is not squeezed by convectivesubphotospheric convection based on our measurements. From
vortex motion at depths below the convection cells, in particularthe magnetic eld pro les B(t) of the various magnetic
at the start timet; of vertical transport, we have a depth elements, we have to separate the motion-related magnetic
measurement ofl; = d(t = t;) = 1.3w(ty) = 1.3wy. At the eld componentBoioft) and the stationary equilibrium

CCCy

3.6. Poynting Flux of Convective Motion
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Magnetic element # 1
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Figure 4. (a) Time variation of thex-coordinatex(t) and (b) y-coordinatey(t), (c) an upper limit of the deptH(t) (diamond$, (d) the observed width(t), (e) the
magnetic eld B(t) at the photospheric level with a threshold of(8ashed ling (f) the 2D motiory(x), (g) the HMI/ SDOmagnetogram, an@h) a scarB,(x). The red
curves represent the theoretical predictions of a constant velgciand magnetic ux conservation modétl). The crosshairs indicate the location of the traced
magnetic element, and the circle marks the separation radius between two adjacent magnetiq@lements

magnetic eld componenBg,(t), estimate the stationary component from the background
magnetic eld, which we found to have a mean and standard
B(®) Bua)  Buotod d: (28 Geviaton 0fBy, = 12.2¢ 0.5G(Tablel). The replenishment
The motion-related compone®qion iNduces an apparent time of the stationary magnetield can be estimated from the
variability of the magneticeld due to the subsurface motion of lifetime of a granule, which is equivalent to the duration of a
magnetic elements driven by the rolling granular vortex magnetic element for which we measured a mean value
motion, which is apparent as magnetiix emergence, Of = 6.4+ 2.5minutes(Table1l). Inserting these values of
advection, or submergence. In contrast, the stationary compBng = 12.2G, = 6.4 minutes, and a coronal temperature of
onentBgrepresents an equilibrium between the generation of T = 1.0 MK into the expression of Equati¢0), we obtain a
magnetic ux and the energy loss of magnetields by ~ Poynting uxof F, 7 x 10"ergcm *s * (at the base of the
transport from the photosphere to chromospheric and corona¢orong. Interestingly, only 1% of this energy is needed to
structures, for instance, by Alfvénic waves. While we modeled heat the quiet-Sun corona or coronal holes, leaving ample
the motion-related time-variable magnetield Boiiort) by energy to also heat the chromosphere and compensate for the
automated detection of emerging magnetic elements, we cagolar wind, radiative, and conductive energy losses.
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Magnetic element # 2
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Figure 5. Representation similar to Figudebut for the second-strongest magnetic element, no. 2.

4. Discussion Keys et al.2011). Abramenko et al2011) detected and tracked

; ; - bright point features in the phatghere using a method described
We discuss the methods of ZBectiord.1) and 3D(Section )
4.2) tracking of magnetic elements, advective versus diffusive" APramenko et al(2010. The method takes advantage of the

transport(Section4.3), the convection-driven Poyntingux small size_, enhanced intensity, and strong gradient in inten;ity
and generation of ubiquitous Alfvénic wav&ectiond.4), and ~ around bright points and employs smoothing, unsharp-marking,
Parkers braiding scenario of coronal heatif®pction4.5). and thresholding. Manso Sainz et @011 manually detected

and tracked small loop footpoints, following their dual appearance
_ . with opposite polarities at the two ends of a linear polarization
4.1. 2D Tracking of Magnetic Elements region above some threshold. Since the loop footpoints are

A new method of this study is the capability of tracking ¢ON ned to the photosphere and chromosphere, this method
magnetic elements in 3D Euclidean space, i.e., measuring th€SSentially yields 2D ftrajectories. Giannattasio et(2013
trajectories|x(t), y(t), zt)] of the center of magnetic elements implemented an iterative _procedure that resolves both Weak_ and
below the solar photosphericriace, assuming a potential or strong peaks of magnetic features in magnetograms, while a
slightly nonpotential magnetieeld model. To our knowledge, all segmented temporal sequence is then used to reconstruct
previous tracking methods were restricted to track magnetiche trajectories of magnetic features, which also yields 2D
features on the solar surface, which represents a 2D projectiotrajectories. Stangalini et £2014) used thé'Yet another Feature
of the true 3D trajectory(e.g., Crockett et al.2009 Tracking Algorithni (YAFTA) (Welsch & Longcope2003
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Magnetic element # 3
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Figure 6. Representation similar to Figurésand5 but for the third-strongest magnetic element, no. 3.
DeForest et ak007), which identi es and tracks magnetic pixels 4.2. 3D Tracking of Magnetic Elements

belonging to the same local maximum in magnetograms with the
downhill method and yields 2D trajectories. Using the YAFTA

code with corrections to properly account for interactions of 2.9) yields information on the third coordina#) of a unipolar
magnenc elements, Go et al.(2019 showed that mtern.e_twork charge(or magnetic elementFor the sake of simplicity, we use
regions are the main source aix for the network. In addition to the simplest kinematic mode the source motion of a magnetic
this, Gaic et al.(2019 described in a consistent way for thist element, namely the vertical upward motion in the center of a
time how individual supergranular cells gain and lose magneticgranule. There are two effects that come into play in this scenario.
ux. lida (2019 used the clumping method of Parnell et al. The rst basic effect is that a unipolar magnetic charge in a
(2009. Agrawal et al(2018 used a semiautomated procedure to potential eld represents a self-sian geometry that implies a
track and verify magneticux elements, a combination of the niversal ratio ofw/d 22/2 1  0.766 between the
downhill and the clumping method of Parnell et(@009. In apparenthalf) width w of a line-of-sight componer,x) and
summary, since all previous codes track features from photothe depthd of the unipolar magnetic charge. In the absence of
spheric line-of-sight magnetagns, preferentially near disk motion, the deptll of a unipolar charge can be directly predicted
center, the tracked paths are 2D trajectdsiéy y(t)], while no from the observed widthv. Even in the presence of translational
information on the third-dimensiazgt) has been retrieved. motion, the same prediction holds. The second effect, however,

In contrast, the decomposition method of a line-of-sight
magnetogram into unipolar magnetic char@fgsctions2.1 and

10
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when the motion of a magtieelement occurs in aux tube with displacement spectrum that can be generated by a competitive
varying cross-sectiofin space and timeleads to a change inthe advection procesgDel Moro et al.2015. The horizontal
magnetic eld strength according to the magnetix conserva- motions of photospheric intergranular bright points have also
tion law, in order to maintain the divergence-freeness of abeen studied by MURaM and ROUGH simulation codes using

potential eld. We successfully tested the magnetiax bright points as passive tracers, which reproduce the observed
conservation law in a verticalux tube that is located between power spectrunfVan Kooten & CranmeR017).

two counterrotating vortices @f granulation cell by comparing The motions measured here are not strictly motions, since
the observed width variatiom(t) with the theoretically predicted the magnetic eld evolution plays a role. The observed
width variation wP™® B(t) Y2 The relationshipd""(t) superdiffusive scaling is a consequence of multiple processes
w(t)/ 0.766 provides only an upper limit on the degft), while occurring, advection and eld evolution at the smallest
the true depth can be approximately estimated from the verticatemporal increments, and granular diffusion and supergranular
up ow velocityv, that is consistent with the upper lindit) = v, advection at long temporal increments.

(t, t) d"(t), which is constrained by the start tihe end In our model of the 3D motion of magnetic elements, we infer
time t,, maximum velocity, = dy/ (t, t;), and initial depthd,. a vertical upward motion during the initial emergence phase. This

A caveat of our method is that we cannot distinguish motion pattern in a vertical plane is consistent with previous
between compression of a magnetic elenfentmodeled with  measurements of advection, which supposedly occurs from the
conservation of the magneticix in our kinematic modgland center of a granule to its ed@@ intergranular lan)eOur analysis
other interaction processes with the given HMI spatial also provides the depth range of vortex motion, which is initially
resolution(e.g., magnetic eld annihilatio, but future work found atd 1500 km below the photosphere for the largest
with higher-resolutiorf0” 16) NFI/ Hinodeand SOT data isin  magnetic element analyzed hdFeégure 4(c)). Thus, we can

progress. conclude that the magnetic elements traced here are consistent
Our method probes typical depthsf 500-1500 km for with advection or ballistic motion during the observed lifetjofe
magnetic elements, while larger structuf@sch as sunspgts 7 minutey, while a possible diffusive phase after the

are anchored further down. There are also tomographicadvective motion to the next intergranular lane cannot be
inversion methods of features in subphotospheric depths inrmeasured here due to the limited spatial resolution of HMI
helioseismologyKosovichev1999, based on the inversion of magnetograms and is left to other high-resolution instruments,
sound-speed deviations from the numer@tending harmonic such asHinode NFI, SOT, and DKIST.
p-modes, which is mathematically much more challenging than
our simple method that merely requires width measurements of . . .
(separa?e)dmagnetic elements in Shotospheric magnetograms. 4.4. Convection-driven Generation of Transverse MHD Waves
Since the solar granulation pattern is covering the entire Sun
(except in sunspofswe can assume that the existence of
convection-driven vortex motion is a ubiquitous energy source
What do we learn about the subphotospheric motion of for the overlying photosphere, chromosphere, and corona. The
magnetic elements? A major question in this regard is whetheigeneration and maintenance of granule siz&900 km, as
magnetic elements are just passively carried by advection owell as their characteristic lifetime of7 minutes, is the result
perform a random walk with diffusive, subdiffusive, or of a self-organizing process according to the Loré&t®63
superdiffusive characteristics. Most studies conducted displamodel driven by the upward-directed, negative temperature

4.3. Advection or Superdiffusion?

cement measuremens 1)%( ) and determined whether gradient in the convection zone. Note that self-organizing
the diffusion coefcient is subdiffusive( < 1), diffusive processeéwithout criticality) do not produce scale-free power-
( = 1), superdiffusive( > 1), or ballistic( = 2), which is law distributiongof their length scale, timescale, or engrgg

identical to advection along a straight line. Several studiesthey are produced by self-organized criticality systems, but
found a superdiffusive regimé¢ = 1.48-1.67: Abramenko  rather show peaked distributions with a preferred spatial and
et al. 2011, = 1.206-1.34: Giannattasio et al013 Caroli temporal scale, such as the canonical granule size of
etal.2015 = 1.48: Agrawal et al2018. Giannattasio et al. 1000 km. For a review of self-organization processes in solar
(2013 found superdiffusion by granular motions on temporal and astrophysics, see Aschwanden ef2f118.
scales shorter than 35 minutes, while features with longer A consequence of the ubiquitoasnvective vortex motion is
timescales are trapped in network regions. Others found twahe coupling of subphotospheric convection to resonant structures
regimes with the initial passive advection and subsequentin the solar corona, such as fast kink MHD waves and slow
random walk buffeted by granul@slanso Sainz et ak011). magnetoacoustic waves. It has been shown previously that the
Long-term observations were carried out over 5days andrapid footpoint motion due to tunkent granular buffeting can
revealed superdiffusion for small scales and subdiffusion oneffectively excite kink waves that can propagate upward and
larger scaleglida 20169. couple with longitudinal wavegKalkofen 1997 Hasan et al.
Superdiffusion can also be expressed with a turbulent2003. Observational evidence for buffeting-induced kink waves in
diffusion coef cient as a function of scaldbramenko et al.  solar magnetic elements has been recently demonstrated by the
2017). The diffusing structures, however, are not structured EMD of the time series from the motion of magnetic elements
randomly but rather exhibit coherent structures that self-(Stangalini et al2014. With this method, they found that the
organize in photospheric turbulerdws (Chian et al2014). A eigenmodes consist of subharmonic oscillations of a fundamental
debate originated as to whether superdiffusivity is generated byeriod ofP = 7.6+ 0.2 minutes. Since this period is close to the
a turbulent dispersion process or by the advection due tocharacteristic temporal scale of the photospheric convection cells, it
convective patterngDel Moro et al.2015. Simulations of was argued that these oscillaoare associatewith buffeting-
passive tracers in a Voronoi network exhibit a superdiffusive induced oscillationéStangalini et ak014. There is also evidence
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for magnetic ux oscillations from IMaXSunrise observations
with periods close to granular lifetimgdartinez Gonzalez
et al. 2011, which appears to be cosnt with the oscillations
detected with the eigenmode deqamsition analysis of Stangalini
et al.(2019.

In our analysis, we measured for the magnetic elements

Aschwanden et al.

5. Conclusions

In this study, we developed a method to measure forte
time the 3D kinematics of the subphotospheric motion of
magnetic elements, which is used to demonstrate the convec-
dion-driven generation of ubiquitous coronal MHD waves. We

mean lifetime of = 6.4+ 2.5, mean 2D spatial propagation Summarize the main conclusions as follows.

distance of L, = 650+ 150km, and mean velocity of
V= 1.8+ 0.8kms . If we couple these features of magn-
etic elements analyzed here with the footpoints of coronal
loops, we expect that this coupling can excite transverse waves
in coronal loops with similar periods and transverse
displacementt,. Most of the coronal loops in the quiet Sun
and active regions are located in closettd con gurations and
thus are closed loops and can be resonant with upward-
propagating MHD waves. We derived a typical loop length of
L 10,000 km, timescales ofP 7 minutes, and mean
magnetic eld strengths oB 15 G (Equation(23)). Ubiqui-

tous MHD waves have been detected with CoMP, which
revealed transverse velocities of 100 km and periods of

P 5 minutegTomczyk et al2007). Based on the agreement
of these mean parameténsansverse wave speed, kink period,
ubiquity), we propose that the small-amplitude waves detected
with CoMP are coupled with the subphotospheric magnetic
elements analyzed here from HNBDO magnetograms.

4.5. Parkets Braiding Scenario
Our kinematic analysis of subphotospheric magnetic elements

also has far-reaching consequences for coronal heating models. 3.

For instance, thémagnetic eld braiding scenario of Parker
(1983 1988 suggests that the X-ray corona is created by the
dissipation of the many tangentiasebntinuities arising sponta-
neously in the bipolarelds of the active regions of the Sun as a
consequence of the random continuous motion of the footpoints
of the eld in the photospheric convection. This concept implies
that the eld lines become increasingly more twisted and braided
by the random motion of the footpoints. Our kinematic analysis of
magnetic elements, however, rdgdhat the magnetic elements
undergo ux emergence within a timescale that is commensurate
with the lifetime of a convection cell, which is only7 minutes.
Furthermore, we nd that the horizontal and vertical motion
caused by advection is nearly ballistic, rather than a diffusive
random walk. These two arguments of the short lifetime and
ballistic (nondiffusiv§@ motion of magnetic elements contradict
Parkets scenario of long lifetimes of line-tied magnetdd lines

and their continuous random-walk braiding. In other wdiyithe
footpoint motion of coronal loops is assumed to be a 2D random
walk in Parkeis model, while our measurements reveal ballistic
transport of the 3D trajectory in a vertical plane; &indthe
lifetime of a loop is assumed to be stiently long to enable
signi cant braiding(across many granule diamejers Parkers
model, while our measurementseal a ballistic vertical upward
motion that does not last loagthan a transit time across a
granular diameter. In addition, the divergence- and force-freeness
(of Maxwell's equationsthat dene a valid solution of the
coronal magnetic eld (during slow braiding predict small
misalignment angles between adjacesitl lines, a property that

is strongly violated in the cartoon published in Pard83
Figure 3 showing a stronglykinked" ux tube surrounded by
straight“unkinked ux tubes. In summary, it appears that the
assumptions of ParKerbraiding scenario are not consistent with
the observations and data analysis presented here.
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1. The 3D coordinate, vy, 2) of subphotospheric magnetic

elements can be traced from a magnetic potenghl
model that uses the decomposition of a line-of-sight
magnetogram into anite number of unipolar magnetic
charges. Repeating this process as a function of time for a
sequence of magnetograms vyields the time-dependent
kinematicgx(t), y(t), z(t]) of magnetic elements. Previous
tracking of magnetic elements was exclusively carried out
in 2D, [x(t), y(t)], while we use here for thest time a 3D
method using the decomposition into unipolar magnetic
charges in order to map out the third-dimensi@n We

nd that unipolar magnetic elements can be probed in a
depth range ofil 1500 km.

2. Our emerging magnetiaix model makes two theoretical

predictions: the magneticux conservation law that
yields a correlation of the magnetield strength with the
width of a magnetic element, i.en(t) B(t) Y2 and

the upper limits of the depths of unipolar magnetic
elements,d(t) w(t)/0.766, both of which we tested
successfully from a sample of 14 magnetic elements
using HMI data.

We estimate the Poyntingux of convective vortex
motion, Fp = B? /(8 ), which depends on the mean
background magnetic eld strength,B 12 G; the
lifetime of a magnetic element, 7 minutes; and the
coronal temperaturel, 1.0 MK. Only about 1% of
this Poynting ux is needed for the heating of the quiet
Sun or coronal holes, while the remainder is available to
heat the chromosphere and accelerate the solar wind.

. The previous 2D tracing yielded information on advec-

tion and superdiffusion, while the present 3D tracing
reveals vertical upward motion in the emergence of
magnetic elements. We interpret the vertical upward
motion in terms of the vortex motion expected in the
convection zone of solar granulation.

. The inferred parameters of the motion of the magnetic

elements(lifetime 7 minutes, propagation distance
L, 650km, velocityv 1.8+ 0.8kms?) are in
plausible agreement with the fast kinfransverse
MHD modes inferred from CoMP: periods of7
minutes, transverse displacements ok 100 km,
velocity of v 0.3kms?, which, together with the
ubiquity of both phenomena, suggests that the CoMP-
detected transverse MHD waves are generated by the
convection-driven generation of the waves.

6. Our kinematic analysis of the 3D motion of magnetic

elements reveals upward motion in a vertical plane, as
well as relatively short lifetimes for magnetic elements.
These observational results, however, are not consistent
with the theoretical picture of Parkeibraiding scenario,
which predicts random-wallrather than vertical ux
emergencemotion of magnetic elements and footpoint
braiding of coronal loops on much longer timescales than
observed here.
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