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Diffusion of magnetic elementsin a supergranular cell
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ABSTRACT

Small scale magnetic fields (magnetic elements) are uloigsiiin the solar pho-
tosphere. Their interaction can provide energy to the uppaobspheric layers, and
contribute to heat the solar corona. In this work, the dymrgmoperties of magnetic
elements in the quiet Sun are investigated. The high numberagnetic elements
detected in a supegranular cell allowed us to compute thepatement spectrum
((Ar)?y « 77 (beingy > 0, andr the time since the first detection), separating the
contribution of the network (NW) and the internetwork (INgions. In particular, we
foundy = 1.27+0.05 andy = 1.08+0.11 in NW (at smaller and larger scales, respec-
tively), andy = 1.44 + 0.08 in IN. These results are discussed in light of the liteaeatu

on the topic, as well as the implications for the build up & thagnetic network.

Subject headings. Sun: photosphere
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1. Introduction

Magnetic field is ubiquitous in the quiet solar photospheré imteracts with plasma at

all scales, from granular and mesogranular scales (see mber 1980; Roudier etlal.

1998:[ Del Moro 2004; Berrilli et al.

2005%; Centeno etlal. 200@lles Chaouche et al.

2011;|Berrilli et al.| 20113) to supergranular and giant ssdkeee, e.

, Hé 1_19J56;

Simon & Leightoin 1964; De Rosa & Too D04; Del Moro et al02(

MﬂuﬂAZO 8:

b}

Bellot Rubio & Orozco Suar

Zz 2012; Orozco Suarez & BellabR 2012

Orozco Suarez et al.

2012; Mcintosh et al. 2014). Such an interaction may give tésmagnetic reconnections and the

excitation of magnetohydrodynamic (MHD) waves, which dre tmain mechanisms proposed

to explain the heating of the solar corona (see,

I@ﬁ Parker 1988; Hughes et al.

2003 De Pontieu et al. 2007; Tomczyk et al. 7:van B

2011}; Stangalini et al.

2013 ﬂ)). Therefore, it is important to investigate therattion between small-scale magnetic

fields (hereafter magnetic elements) in the quiet Sun (sge

2006), and between magnetic elements and plasma flows. arez

Hughes et ;ul. 2003; Viticchié et al.

all (2012) showed

that magnetic elements are dispersed radially in supeuntganvith velocities aligned with the

plasma flow.

It has been shown that théieiency with which the magnetic elements are transportethen t

photosphere is well described by a power law (see,

e.g..nateasio et e

. 2013)Ar)?) = cr?,

where((Ar)?) is the mean square displaceman, constanty is the time measured since the first

detection, and is the spectral index. This parameter quantifies tieiency of the transport

process with respect to a random walk (RW, or norméudion, for whichy = 1). Wheny # 1

the process is termed anomaloufkion. In particular, the regime > 1 corresponds to a

super-ditusion, whiley < 1 to a sub-diusion. Recently, several authors, both using G-band

images and magnetograms from ground and space observai

ed on a super4tlisive

dynamic regime (see, e.Q., Lawrence et al. 2

1

Abramenko etlal. 2011;
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Giannattasio et ¢ 13; Jafarzadeh et al. 2014). In theskswmagnetic elements are assumed

to be passively transported by the flow.

The aim of this paper is to determine the spectral index aeditfusivity corresponding
to magnetic elements within a supergranular cell, sepaydlie contributions from network
(hereafter NW) and internetwork (hereafter IN) regionserehdiferent MHD regimes are
expected. For this purpose, we take advantage of a very Rigdqurs without interruption)
time sequence of high resolution magnetograms, acquirdteigquiet Sun by the Solar Optical

Telescope (SOT) onboard Hinode.

2. Observationsand analysis

In this work we analyzed the same Hing8®T datal(Kosuqi JL_ZQO7: Tsuneta et al.
2008) described iL_G_o_éi (2012) and usec giii

) to perform their analysis

on the difusion of magnetic elements up to supergranular scales.eTdes belong to the
Hinode Operation Plan 151 (HOP151) entitled-lux replacement in the photospheric network and
internetwork, and consist of a series of magnetograms and filtergrams @B¢racquired by the
Hinode Narrowband Filter Imager (NFI) in a quiet-Sun region neakdienter. The series starts
at 08:00:42 on 2010 November 2. The magnetogram noise weki6 G for individual frames.
Observations were performed at two wavelength§0 mA from the core of the Nal D spectral
line at 5896 nm. The pixel size is 016 (116 km on the solar photosphere), corresponding to a
spatial resolution of 032. The field of view (FoV) area is 51 x 53 M. The cadence between
successive frames (a total of 995) is 90 s. Five-minute lasicihs were filtered out by using a

k — w filter with cs = 7 kms®. All the details regarding the calibration of data can benfibin

GoSi¢ (2012).

In order to compute the horizontal velocity field, we usedrag Local Correlation Tracking
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Fig. 1.— Top row: 25-hr averaged horizontal velocity field,amputed by the LCT technique,
in direction (red arrows in panel a) and amplitude (panellhe 25-hr averaged magnetogram is
shown in the background on panel (a). Bottom row: averagenetagram saturated at 25 (panel

c) and 10 G (panel d). The green polygon in panel (c) highdigine supegranular cell.

code (FLCT, Fisher & Welsch 2008), with a spatial window offigels (~ 1200 km). All the

995 velocity frames obtained were summed up to recover tHe 2veraged horizontal velocity

field. The results of the LCT analysis are shown in Fidgure thét figure, the red arrows in panel
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(a) mark the retrieved average horizontal velocity fieldtha background of the same panel we
show the 25-hr averaged magnetogram. The amplitude of ttieomdal velocity field is displayed
in panel (b). Both the mean magnetogram and the horizonlaéwe field unambiguously show a

whole supergranular cell in the FoV (highlighted by the grpelygon in panel (c)).

The iterative procedure described in Del Maro (2004) andi Lilsbannattasig et al. (2013)
was then applied on the magnetograms to detect and trackafeetic elements. To avoid false
detections due to time-uncorrelated signals, only thostinigat least 5 frames were considered.
A total of 20145 magnetic elements was tracked in 25 hr. Tlifetrme spans the range between

7.5 minutes (set by the selection criterion) andl11fr.

As aforementioned, we were interested in the estimatioheftusivity of the advected
magnetic elements in a supergranular cell. For this pur@seng all the magnetic elements
we considered two subsamples: i) those belonging to NWha¥é belonging to IN. NW and
IN were defined from the average magnetogram. In panel (c)guirél1 we show the average
magnetogram saturatedBs = 25 G (4 times the noise level). The pixels adjacent to theguoty
of panel (c) with|B| > Bs were defined to belong to NW. The pixels within the polygon and
with |B| < Bs were defined to belong to IN. We found 2021 magnetic elemehtshnare first
detected, live and die within the NW; and 3563 magnetic etemwhich are first detected,
live and die within the IN, respectively. For these subsasple computed the mean square
displacement as a function of timgAr)?)(r). The log-log plot of such a function, namely the

displacement spectrum, consists in a line with slppd&he difusivities were retrieved by the

relations|(Monin & Yaglom 1975%; Abramenko etal. 2011)

i
Y

K(Ar) = %7 (ATrz) ,

K(r) = C%Ty_l,

which describe the anomaloudidision processes occurring in the photosphere as a fundtion o
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both the spatialAr) and temporal«) scales. Together with, also the constarwas retrieved by

fitting the displacement spectrum.

3. Results

Our data set allowed us to study the dynamic properties afnidgnetic elements on a large
range of spatial and temporal scales; from granular to gugeular ones. Moreover, since the
FoV includes a whole supergranule, it was possible to stegasately the dynamics of the NW

magnetic elements and that of the IN ones in a supergranmaoament.

Figure[1 shows that, on average, the horizontal velocitd fieside the supergranular cell
is radial, and directed from the center to the boundariesdlp@)). The horizontal velocity is
of order~ 10 ms? in the center of the cell. Moving outwards, it reaches a maxmof ~ 600

ms! at about half the cell radius, then decreases again to veryatues at the boundaries (panel

(b)). These results are consistent with those foun arez et all (2012), who analyzed

another data set belonging to HOP151.

A low magnetic flux € 5 G) is observed in the IN, where magnetic elements are weak
and highly dynamic, standing in the same region for a shdirtex than those within the NW.
In order to increase the image contrast and inspect thermegwith enhanced mean magnetic
flux, we saturated the mean magnetogram at 10 G, obtainingabe magnetogram in the

FoV shown in panel (d) of Figurig 1. The deep magnetogram aséirms the findings by

Martinez Gonzalez et al. (2012); Martinez Pillet (2Q inil(2014), by showing a deficit

of magnetic flux at the center of the supergranule at thossitots where the horizontal velocity
is slower. When focusing on the IN, radial structures apmgach, under the hypothesis that
magnetic elements are passively transported by the florcethe average horizontal velocity

field lines computed by LCT. In the NW, magnetic elements tranger, more compact and larger
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in size. Due to the joint action of their augmented magnatix fivhich allows them to withstand
the plasma drag force) and the slower horizontal velocitggiéherein, they remain in the same
regions for longer. The NW evolution takes place on sevezakgations of elements, comparable
with the supergranular time scales (about one day). On thearg, IN magnetic elements are

weaker and tend to not stay for long in the same regions.

Such a diferent behavior should influence thgi@ency with which the magnetic field is
carried along in a supergranular cell. This is importantlee it #&ects the rate of magnetic field
interactions, which is a fundamental parameter to evalintenergy with which the quiet Sun
contributes to heat the upper atmosphere. To investigat@dimnt, we computed the displacement

spectrum of NW and IN magnetic elements separately.

The results are shown in Figure 2. In the IN (square symbtiis)spectrum can be fitted
with a single-slope power law (the blue dash-dotted linefje Tetrieved spectral index is
v = 1.44 + 0.08, which corresponds to a supeffdsive regime. The uncertainties grwere
computed as the standard deviations of the distributioteidd by randomly subsampling the

magnetic elements. In the NW (diamond symbols), two powes aere used, according to the

statistical method described|in Main et al. (1999). We foargpectral index = 1.27 + 0.05 (a

super-dftusion) for temporal (spatial) scaless 600 s Ar < 500 km, the red dashed line), and

v =1.08+0.11 (which is consistent with a RW) far> 600 s Ar > 500 km, the red solid line). A

double slope regime was first observed by Giannattasio ) performing the same analysis

on the same data set, but considering the whole FoV. The aisopawith that work indicates
that at small scales the IN magnetic elements give the greatatribution to the magnetic field
dynamics in the quiet Sun, while NW elements dominate atdrighales and are responsible for

the change of slope.

A possible scenario to interpret these results for a supetgacell is the following. In the

IN, weak magnetic elements are transportéatiently at all scales. In the NW, magnetic flux
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Fig. 2.— Displacement spectrum for IN (black squares) and {#N&ck diamonds) magnetic
elements. The blue dash-dotted line fits the IN data poirfts.réd lines fit the NW data points for
7 < 600 s (dashed line) and> 600 (solid line).

enhancement lowers the transport rate on small scales, agdeatic fields fall into velocity sinks
(or traps) at a certain decorrelation mean time. From tha thn, magnetic elements evolve
according to the underlying velocity pattern, along moralanm paths. As we do not observe a
change of slope in the IN regions, the velocity sinks shoeldniore &ective in the NW.

Another possible interpretation implies the distinctigivieen the strong and weak magnetic
regimes observed in a supergranular cell (see Cattanen20@#). While in IN, where a

weak-field regime holds, convectioffectively transports the magnetic elements, in NW, where
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Fig. 3.— Diffusivity as a function of the temporal (panel a) and the spstiae (panel b) for IN

(black solid line) and NW (red dashed line) magnetic elesent

a strong-field regime holds, convection is reduced, to atgbat magnetic elements cannot be

further trasported and aggregated.

In Figure[3 we show the flusivity K as a function of the temporal (panel a) and spatial

scales (panel b). In the IN thefflisivity increases from 100 to~ 400 kn?s™t. In the NW

the diffusivity increases from 80 to~ 150 kn¥s™ for 7 < 600 s Ar < 500 km); and much

slower for longer temporal (spatial) scales. The value efdktusivity is related to the possibility

to aggregate and amplify the magnetic field at a certain

menko et

. 20]

1). Inthe

IN, the diffusivity is lower at small scales, and increases linearly\gjtace and time due to

super-dffusion. Then it follows that the amplification of the magndigtd is much more likely

to happen on small scales, as it can resist to the spreadiog a€ the flow. In the NW magnetic

fields amplify more easily, as theffiisivity is a bit lower. On larger scales thetdérence in

diffusivity between IN and NW increases more and more, espgaalscales > 600 s and

Ar > 500 km. Thus, in a supegranular cell the amplification atdacpales should be facilitated in

the NW.

The diffusion regimes found in NW and IN can help to address the fatigwuestion. Does
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the magnetic field in the quiet Sun emerge in the central nesgad supergranules and evolve
toward the boundaries?
An analytical expression for the typical radial velocitpfile expected in supergranules was found

by|Simon & Weiss|(1989), and successfully applied by Oroacar&z et al.[(2012) to HOP151

data. It reads(r) = V(r/Rexp(-r?/R?), r being the distance from the center of the supegranule,

Rits radius, and/ a free velocity parameter. By considering an upper limithartypical velocity

of V = 1 kms? (see| Orozco Suarez et al. 2012), & 10 Mm (found by visulal inspection

of Figure[l), we can retrieve an average horizontal veldogide the supergranule of amplitude
V= %efon(r)dr ~ 0.32 kms?. This implies a crossing time (i.e., the time needed to gmftoe
center of the supergranule to the boundaried),gf > 8.7 hr. We remark that this is a lower

limit value, as we have implicitly assumed a “ballistic” root with y = 2, so thatv ~ (Ar)/r.

According to the lifetime distribution of Giannattasio €t@013), only a negligible fraction

of magnetic elements-(0.01%), would have a lifetime long enough to survive and reaeh t

boundaries of the supergranular cell by starting from thetare In contrast to previous literature

(see, e.g.|_Cattaneo etlal. 2003), this argument rules eytdbsibility for the magnetic elements

which arise in the center of supergranular cells to conteitba the building up of the magnetic

network. Our results are consistent with those shown inghent work o ini (2014), who
found that the small scale flux emergence is not homogeneaudite supergranules, and tends

to be less fiicient at the centers of supergranules, and mfiteient near the boundaries.

4. Conclusions

The rate of transport of magnetic elements in the quiet Sanfissxdamental parameter
to constraint the energy supplied by the interactions betwaagnetic fields. Such an energy
contributes to heat the solar corona. We studied tffasion properties of magnetic elements in

a supegranular cell. By LCT analysis, we found that the anngd of horizontal velocity field is
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small in the center of the supergranular cellX0 ms?), and increases toward the boundaries.
A maximum is observed at about half the raditsg00 ms?), consistently with the most recent
literature. Under the hypothesis of magnetic elementsiyegdransported by the flow, we
found a super-diusive dynamic regime with = 1.44 + 0.08 in IN; whiley = 1.27 + 0.05 and

v =108+ 0.11 in NW, at smaller and larger scales, respectively. Thigioos that diferent
dynamic regimes are expected in supergranules. In patjdhle lower diusivity of magnetic
elements in NW regions allows to amplify more easily the nadigrfields therein. We remark that
for the first time we showed a variation pfwith the horizontal velocity field in a supergranule.
Finally, by a simple calculation we found that the time nekfte magnetic elements to cross
the supergranule from its center to the magnetic network8s7 hr. Only a couple of magnetic
elements have a lifetime comparable with the crossing tithés suggests that magnetic elements
emerging in the center of a supergranular cell cannot seiarg enough to migrate to the

boundaries and form the network.
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