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Abstract. Hinode observations have given us an unprecedented opportu-
nity for understanding ne-scale magnetic activities on the Sun. The data pro-
duced by the Solar Optical Telescope (SOT) are particularlyuseful in the inves-
tigation of the interaction between magnetic eld and plasma in the photosphere
and chromosphere, opening the new era of observational magtohydrodynamics
(MHD). As an illustration, we would like to introduce new res ults and questions
in three topics we have worked on. One is the nature of magneti reconnec-
tion in the chromosphere as manifest in the ux cancellation observed in the
photosphere. Our new result is that the rates of ux cancellaion determined
from Hinode/SOT are much higher than those determined from SOHO/MDI.
Another topic is the determination of scale-dependent magetic di usivity in
the photosphere, which seems to be closely related to the tbulent cascade of
magnetoconvection. Finally, we will present our nding of a pattern of horizon-
tal ows in a quiescent prominence that consists of a number évertical threads.
We think this ow pattern is an important clue to solving the m ystery of vertical
threads and down ows along the threads in quiescent prominaces.

1. Introduction

The solar community is now entering a new era of observationamagnetohydro-
dynamics (MHD) as all the high-quality observational data taken by the Solar
Optical Telescope (SOT, Tsuneta et al. 2008) aboard theHinode satellite (Ko-
sugi et al. 2007) are freely available to solar physicists abver the world. Unlike
data taken from the ground, the SOT data are free from the atmapheric seeing
and are characterized by a quite stable point spread functia, which allows to
infer physical properties of the Sun from the systematic inestigation of tempo-
ral changes seen in the data. This kind of observational stugis further aided by
the capability of long-lasting uninterrupted observing runs. Moreover, the SOT
produces high-precision polarimetric data thanks to the pdarization-optimized
design of the telescope as well as the absence of the seeindticed crosstalk.

The essence of observational MHD is to precisely measure wec magnetic
eld and vector velocity eld at as many atmospheric levels as possible. This
becomes the experimental basis for the theoretical underanding of the inter-
action between magnetic eld and plasma that underlies a varety of magnetic
activities seen on the Sun.

The purpose of this paper is not to review all the studies on mgnetic activ-
ity revealed by the SOT, but to illustrate the possibility of observational MHD
using the SOT data by presenting some results of our own recémvork. We rstly
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Figure 1. Rates (R) and speci c rates (r) of ux cancellation in canceling
magnetic features

deal with measurements of magnetic ux in canceling magnett features using
the polarimetric data taken by the Spectropolarimeter (SP) and Narrowband
Filter Imager (NFI) of the SOT. Secondly, we describe the deermination of the
transverse velocity eld and turbulent magnetic di usivit y from the polarimet-
ric image data taken by SOT/NFI. Finally, we determine the ch aracteristics of
ows in a quiescent prominence using the chromospheric imag data taken by
the NFI and BFI (Broadband Filter Imager) of the SOT.

2. Magnetic Flux in Canceling Magnetic Features

A common belief is that the cancellation of magnetic ux obseaved in the pho-
tosphere is an outcome of magnetic reconnection that occursither in the pho-
tosphere or in the chromosphere. These eld lines will retrat below and will be
observed as a decrease in the uxes of opposite polarities ithe photosphere.

The rate of ux cancellation R d—t = L,Bjv; is the primary observable of
a canceling magnetic feature (CMF). This parameter is relaed to the length of
the interface between uxes of opposite polarity, L, the speed of in ow v;j, and
the eld strength B; (Litvinenko 1999). If we divide this rate R by L., we obtain
the speci c rate of ux cancellation r. This speci c rate is equal to the product
of in ow speed and in ow eld strength, and measures the eledric eld in the
reconnection region. Therefore this specic rate of ux carcellation is an im-
portant observable in terms of the physics of magnetic reconection responsible
for the observed ux cancellation (Chae et al. 2002).

Previously, R and r were measured for a number of CMFs using magne-
tograms taken by the Michelson Doppler Imager (MDI) aboard the Solar and
Heliospheric Observatory (Litvinenko et al. 2007). Recenly we performed a
similar study using SOT/NFI data which were calibrated foll owing Chae et al.
(2007). Figure 1 shows the preliminary result. We nd that th e new mea-
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Figure 2.  Stokes pro les taken at the peak of a magnetic fragrent shown

together with two magnetograms of the fragment, one from theMDI and the
other from the SOT.

surements using SOT produced much higher values dR and r than previous
measurements using MDI. The median value ofR measured by SOT/NFI is
about six times the one obtained by MDI, and the median value ¢ r in the new
values is about ten times the old one.

The r-ratio as large as ten may be explained by combining severalat-
tors such as the sampling, the spatial resolution, and the dpendence of ux
measurement on the instrument. We think that sampling bias from the higher
spatial resolution in the SOT measurements - larger events gd shorter interface
lengths - may account for a factor of about two. The remainingfactor of up to
ve should be attributed to the dependence of ux measuremert on the instru-
ment. This is very di erent from our expectation that the ux measurement
should be almost independent of the instrument.

To investigate this issue closely, we have examined the measements of
ux in a small magnetic fragment in an active region. The two images at the
center of Figure 2 show “high-resolution' MDI and SOT/NFI magnetograms of
the same fragment. Note that the feature has very di erent values of peak ux
density: 86 Mxcm 2inMDland 1150 Mx cm 2 in SOT. The Stokes pro les
taken by the SOT/SP are quite consistent with the Milne-Eddi ngton(ME) model
constructed with the vertical magnetic eld of 1150 G and a lling factor of
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unity. The same data are a little better tted with the eld st rength of 1260 G,
and the lling factor of 0 :88. Therefore, we can say that the spatial resolution
of the SOT seems to be good enough to resolve the magnetic elent. The
magnetic ux of the fragmentis 3 10® MxinMDland 9 10 Mx in the
SOT (ME). If the center-of-gravity (COG) method is applied t o the SP data
instead for the calibration as was done by Chae et al. (2007)the ux is found
to be 12 10" Mx. Therefore the ratio of ux between SOT and MDI is
found to be 3 to 4. We have examined the values of this ratio in ther magnetic
fragments, too, and as a result we found that the ratio becoms bigger in smaller
magnetic fragments, ranging from 2 to 5.

Given that the physical parameters of magnetic reconnectia depend on
r, the present nding of higher r-values prompts us to reconsider the physics
of magnetic reconnection responsible for the observed caeltation of magnetic
Ux.

3. Turbulent Magnetic Di usivity in the Photosphere

It is well known that convection on the Sun is turbulent and occurs over a wide
range of scales. Figure 3 shows three magnetograms taken Wwiti erent spatial
resolutions and di erent elds of view that look similar des pite the di erence in
scale. It is inferred from the di erent magnetograms that magnetic eld must
be ceaselessly changing at di erent spatio-temporal scaebecause of turbulent
convective ows.

The evolution of the magnetic eld can be well described by tre magnetic
induction equation, the vertical component of which is given by

Chari wBw= 18 ®
whereu represents the horizontal transport velocity of magnetic ux that is re-
lated to the velocity v of resolved plasma motion in the wayuB,, = v{B, vyB;
where the subscriptsn and t refer to the normal and transverse components,
respectively. The di usivity in this equation represents magnetic di usion
due to the unresolved random motion. An important point is th at the practical
de nition of u and depends on the chosen length scale. The resolved velocity
elds are assumed to be a ne, viz.

Uo+ Ux(X  Xo)+ Uy(y Yo) 2
Vo+ V(X Xo)+ V(Y Vo) 3

with six parameters. Then we have seven free parameters to baetermined from
the model tting. The induction equation may be integrated o ver one time step,
so that we obtain a non-linear model expressed in terms of twimages F and S,
and having the same number of free parameters. This non-lire model called
Non-linear A ne Velocity Estimator (NAVE) was introduced b y Schuck (2005)
and after then was implemented in detail by Chae and Sakurai 2008) and Chae
et al. (2008a).

We have determined at a enormous number of pixels using the magne-
tograms taken by the SOT (Chae et al. 2008a). Since the valuearies greatly

Uy
Uy
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Figure 3.  The comparison of a magnetogram of SOT/NFI, a high esolution
and full-disk magnetograms of MDI. The lower row shows the caresponding
time di erence images with time intervals of 10, 20, and 96 mnutes, respec-
tively.

from pixel to pixel partly due to the error in the determinati on, we regard only
the average as physically meaningful. It is 87 km? s 1. Note the length scale
de ned by twice the pixel size is 0.23 Mm. We repeated the samerocess for
MDI high-resolution data and full disk data, and obtained 4.4 km? s 1 and 18
km? s 1, respectively. The corresponding length scales are:8 Mm and 28
Mm. As expected, increases with length, and all of these values are larger
than the Ohmic di usivity of 0 :07 km? s ! at the smallest scales and are smaller
than the previously reported values of 60 600 kn? s ! for the turbulent dif-
fusivity, which represents the e ect of granular ows and larger-scale convective
ows.

Figure 4 shows that the three data points in the plot are well tted by the
function

s 1 (4)

260 km

the scaling relation expected from the Iroshnikov-Kraichran model of MHD
turbulence. Besides, extrapolation of this relation tol 20 Mm vyields =
200 kn? s 1, consistent with the previous measurements of the supergralar
di usion coe cient. Meanwhile, the small-scale extrapolation of the relation
yields 0:07 kn? s ! at the scale of about 30 km, which may be interpreted as
the critical scale below which magnetic features are not stuctured.
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Figure 4. The spectrum of magnetic di usivity over the length scale

4. Flows in a Prominence

How is the cool plasma supported against the gravity in promnences? Are
they supported magnetically or hydrodynamically? These questions are closely
related to the question of how structured are magnetic eldsin prominences.
Determination of magnetic eld and velocity eld is crucial to the understanding
of these issues.

Movies of H images and Ca Il H images taken by the SOT reveal that
quiescent prominences look so dynamic that it is impossibléo nd one in a static
state. Identi ed from such movies are a variety of ows including down ows
and up ows along vertical threads, vortex motions, horizontal ows etc. These
characteristics perhaps favor a hydrodynamic theory of proninence material
support. On the other hand, it may not. We have found that the ow speeds
are usually lower than 20 km s 1, that is, sub-Alfienic, and the acceleration is
much gravitational acceleration, implying that the promin ence material may be
guasi-static.

From the image data taken by the SOT, we have found a piece of aerva-
tional evidence for the magnetic support of the prominence material. Figure 5
shows far reaching horizontal ows which often create colum-like structures or
shed plasma blobs downward. The detailed description of thecharacteristics
of this ow is given in Chae et al. (2008b). The existence of trese ows sug-
gests that the direction of magnetic eld in this prominence is, at least initially,
predominantly horizontal. A vertical thread may represent a vertical stack of
plasma supported by magnetic dips formed by the local deforration of initially
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Figure 5. Transverse ows in a hedgerow prominence.

horizontal magnetic eld. The downward motion of a blob in such a thread
may be understood as a successive change in the magnetic etan guration as
depicted in Figure 6.

Our results support the models of gravity-induced magneticdips (Kippen-
hahn and Schlster 1957; Heinzel and Anzer 2001; Low and Pete 2005), accord-
ing to which the horizonal width of a thread w is related to the horizontal eld
strength By and the column density of the loaded materialM as well as the
local pressure scale heightp

_ 2B%

w oM Hp (5)
whereg is the gravitational acceleration. This model may explain why quiescent
prominences look much di erent from active region prominerces. In quiescent
prominences, the magnetic eld is so weak that the thread is hin and appears
as a vertical structure. Moreover, the plasma can be su ciently large such
that the plasma is able to ow perpendicularly to the magnetic eld, thereby
modifying it. The non- eld-aligned ow illustrated in Figu re 6 is such an exam-
ple. In contrast, the magnetic eld of an active region prominence is so strong
that the plasma is very low and the eld is almost force-free, thus permitting
only eld-aligned ows. The consequence is the predominane of threads in the
horizonal direction.

5. Summary

The essence of observational MHD lies in the determination bthe magnetic
eld B and velocity eld v, which becomes the basis of the full understanding
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Figure 6. The model of the change in the magnetic eld con guration in a
falling plasma blob.

of magnetic activity on the Sun. Our results are summarized a follows: 1)
Magnetic uxes of small-scale magnetic activities such as ®Fs seem to be much
larger than previously reported, compelling us to reconsiér the physics and role
of small-scale magnetic activities; 2) Magnetic di usivities at di erent scales
seem to follow the scaling relation of MHD turbulence; 3) Quescent prominences
look dynamic, but may not be far from a magnetically- supported quasi-static
con guration. As demonstrated by these results, observatonal MHD is well-

served by the various kinds of high-quality data produced byHinode/SOT.

Acknowledgments. This work was supported by the Korea Research Foun-
dation Grant funded by the Korean Government (KRF-2005-070-C00059).
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Hinode/SOT observations of Quiescent Prominence
Dynamics

Thomas Berger

Lockheed Martin Solar and Astrophysics Laboratory

Abstract. Hinode/SOT observations of quiescent, or \Quiet Sun", promi-
nences (QSPs) have conrmed and extended several dynamic amacteristics
known from previous ground-based observations: lamentay down ow streams,
large-scale vortex ows, long-period body oscillations, ad counter-streaming
ows have been seen in most QSPs to date. Beyond these known atacteristics,
we have discovered completely new dynamics in QSPs, primargmong which
are large-scale (up to 50 Mm diameter) "bubbles” that in ate below promi-
nences, as well as dark turbulent plume up ows that intermittently traverse
them to heights of 15 Mm or more above the chromospheric spidas. Here we
brie y review the prominence dynamics seen in the SOT dataseand provide
guantitative measures of some of their characteristics. Ingeneral we conclude
that there is no such thing as a static prominence { all quiesent prominences
are in constant motion, primarily in down ow streams along apparently vertical
streamlines. The constant draining motion implies that there is no need for
"suspension against gravity" of the prominence gas. Fully 3D dynamic models
that take into account non-steady prominence mass transpdrare required to
advance our understanding of these enigmatic objects.

1. Introduction

Prominence research is among the oldest elds of solar physs, with the rst
systematic studies of prominences made during total solardipses in the late
19th century (Lockyer 1874). But weather, seeing, and instumental issues such
as scattering have made discoveries and measurements in shield di cult.
\Movies", or image time series, with su cient spatial resol ution, contrast, and
stability to measure the dynamic modes in prominences have @y rarely been
obtained from ground-based telescopes. Notable successascapturing short-
duration movies at the Dunn Solar Telescope (Engvold 1981)the Big Bear
Solar Observatory (Zirin 1976), and Meudon Observatory (Matres et al. 1981)
demonstrate the complexity of prominence dynamics. These liservations show
that many QSPs consist of long vertical laments, some of whch are seen to be
in downward motion. In addition, Liggett and Zirin (1984) re veal a clear case
of a large-scale vortex rotation in a QSP, verifying earlierspectroscopic analyses
by Ohman (1969). Indications of the oscillatory modes of prommences were
also seen in early observations (Harvey 1969; Landman et all977). Finally,
counterstreaming ows along narrow threads were discoverag in the doppler
images of on-disk quiescent laments (Zirker et al. 1998).

In November 2006, the Hinode/SOT instrument (Kosugi et al. 2007; Tsuneta
et al. 2008) observed prominences above the limb of the Sunrfthe rst time. It
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was immediately apparent that the SOT was capable of providing a revolution-
ary break-through in the observation of prominences. SOT vews prominences
in two spectral lines: the 656.3 nm H line and the 396.8 nm Ca Il \H-line".
The spatial resolutions in these lines are 230 km and 160 kmespectively (de-
termined by 2x2 pixel summing). Typical cadences for the moies are 15{30 s.
The spatial resolution, and more importantly the stability of resolution and low
scattering, a orded by the Hinode satellite allow 4{6 hour 200 km resolution
movies of prominences to be routinely obtained.

The SOT prominence movies have veri ed all of the previouslyobserved
dynamics. In addition two new dynamic modes have been discared: large
scale \bubbles" that \in ate" below the base of QSPs, sometimes expanding up
to 50 Mm in size before \popping"; and smaller, intermittent, turbulent up ow
plumes that appear dark as they rise to heights of 25 Mm or more We emphasize
that neither mode has been observed in active region lamenbr prominence ob-
servations. In the following sections of the paper we catalg the main dynamics
of QSPs, give some of the quantitative measurements, and disiss the implica-
tions for the SOT discoveries on our understanding of promience physics. For
brevity we omit discussion of oscillations and counter-steaming ows.

2. Quiescent prominence dynamics: previously known modes

2.1. Filamentary down ows

When aligned approximately along a solar longitude, promirences are seen
nearly perpendicular to the line-of-sight (LOS) at the limb. Under these con-
ditions QSPs are seen to consist primarily of vertical lamentary down ow
streams, sometimes superimposed on a continuous \sheet" mtcture. Fig. 1
shows typical examples of down ow streams.

A key characteristic is that the ow speed is a relatively constant 10{
20 km s ! after a brief initial acceleration. For a starting height of 20 Mm, this
speed is 10{20% of the expected free fall speed in solar grawi( 100 km s 1)
thus implying a drag force of some kind. An obvious candidatéds a Lorentz force
due to the magnetic eld lines permeating the prominence. Sgh a mechanism
has been proposed in a model by (Low and Petrie 2005) and reciyendorsed in
observations by (Chae et al. 2008). However this mechanismds di culties ex-
plaining the turbulent cascading of the streams, simultaneus initiation of closely
spaced streams, as well as merging of streams. Such charaiséics would imply
a complex tangling of eld lines with resultant reconnection dynamics that we
do not observe.

Alternatively, one can neglect ion-neutral collisions andcarry out a simple
uid dynamic drag force calculation. Based on the observed lament diameters,
typical QSP densities (Tandberg-Hanssen 1995), and assumj a unity drag co-
e cient, terminal velocities of 10{20 km s ! result, close to the measured values.
Neglecting ion-neutral coupling may seem untenable, but Mecier and Heyvaerts
(1977) perform a detailed calculation of anisotropic resivity in prominences
and come up with down ow speeds of less than 10 m s: e ectively a di u-
sion of neutrals three orders of magnitude below the obserdespeeds. Karpen
et al. (2006) simulate coronal condensations that traversehorizontal eld lines
and eventually fall to the footpoints. However their model cannot produce ex-
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Figure 1. Representative down ow streams from 30-Novembe2006. The
image on the left shows a long down ow and a cut through the upger portion
showing a width of 243 km. Note that the down ow in the right pa nel has
resulted in a dark \void" forming behind the bright ow. This is direct
evidence of mass advection in the down ow, as opposed to a wawrightening
of some kind.

tended condensation ows at chromospheric temperatures ath the ow speeds
are 50 km s ! or higher. It is safe to say that we do not understand the nature
of the lamentary down ows in prominences.

2.2. \ortex ows

Like down ow streams, vortex ows are best seen when the LOS$ perpendicular
to the sheet. Since this arrangement is rare, we have only a ¥e examples of
vortex ows in the SOT database. The clearest is seen in the 30Nov-2006
movie. In this case, the vortex is seen to initiate followinga strong up ow that
turns Northward/horizontal and rotates through an angle of about 900 (2.5
full rotations) at a rate of about 0.003 rad s 1. The diameter of the rotating
region in the prominence is approximately 3 Mm implying a rotational velocity
of 4.5 km s 1, about half the down ow stream velocities.

Vortex ows are di cult to reconcile with prominence models since the axis
of rotation is apparently perpendicular to the sheet. Thus if the vortex is caused
by magnetic eld line rotation, those eld lines are perpendicular to the QSP
axis, in contradiction to models and measurements (Leroy etl. 1984; Bommier
et al. 1994; Casini et al. 2003) that show the eld should be nomore than 30
inclined to the longitudinal axis. In addition, a viable mechanism for causing
eld line rotation at the observed rate does not exist. As in the case of the
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down ows, we can imagine a purely hydrodynamic mechanism fothe ow, but
this again ignores the partial ionization of the gas; how dos a low- partially
ionized plasma rotate in this manner, apparently ignoring the magnetic eld?

3. Quiescent Prominence Dynamics: SOT discoveries of new dy -
namic modes

3.1. Large-scale Bubbles

Arcseconds

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Arcseconds

Figure 2. Large-scale cavity formation in 16-August-2007 pominence at
the NW limb. The spectral band is the Ca Il 396.8 nm H-line. Note the faint
emission within the cavity. This is plasma that has fallen from the bright
\arch" outlining the cavity, either in front of or behind the cavity and is
evidence that the cavity is actually a 3-D bubble.

Figure 2 shows an image from the 16-August-2007 observatisnof a large
QSP on the NW limb. These observations spanned 5 h during whic time the
large dark cavity outlined in Fig. 2 grew from an initial heig ht of about 3 Mm
to 30 Mm in height, almost to the top of the visible prominence. The cavity
then collapsed and immediately began to reform, reaching a ¢ight of about 20
Mm by the end of the observation. The speed of the top of the rigng cavity was
approximately 9 km s 1 for the rst 2.8 h with a rapid acceleration to about
70 km s 1 just prior to the collapse.

Photographs from early prominence observations often showarge cavities
as well, however in a single image it is impossible to see thahey are actually
highly dynamic. Stellmacher and Wiehr (1973) report a singk case of a rising
cavity with a projected speed of about 12 km s 1, close to what we measure in the
16-August-2007 event. So this dynamic may not be strictly anSOT discovery.
More recently, de Toma et al. (2008) have seen two cases of ing cavities in
Mauna Loa Solar Observatory wide-band H sequences (see also DeToma et al.
in these proceedings). But the extended observing times andiniform quality
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of the SOT movies have clearly pointed out that this is a comma and highly
intriguing dynamic mode of QSPs.

The arches above the cavities usually show brightness enhaament over
the prominence sheet implying concentration of mass. Alsoin most cases, the
ubiquitous down ow streams terminate on the arches. In fact in data taken on
29-September-2008, we observe a down ow stream apparentipouncing” o of
a cavity, as if it hit a solid wall 10 Mm above the chromospheré

Plasma in down ow streams is also often seen to apparently dect in front
or behind the cavity, as in Fig. 2. For this reason we believe hese structures
to be three-dimensional \bubbles". The only viable mechansm for large-scale
structures that can so e ectively stop or de ect the down ow streams is a strong
magnetic eld. If we extrapolate the arch structure at its maximum height in
the 16-Aug-2007 observation down to the photosphere, the multing \diameter"
is approximately 45 Mm, somewhat larger than the typical supergranular cell
diameter. Thus a primary question is what magnetic eld process can create
coherent 3-D structures spanning supergranular scales inhie quiet Sun?

3.2.  Turbulent Up ows

. 30-Nov—-2006 04:23:15.02Q UT

=]

Intermittent

Assume:
T =7000 K
Ne = 1011 cm-3
=03
B=10G

Y (arcsecs)
Q

Then:
Re ~ 400,000
but...
P =0.042 Pa
B~01

LOCKNEED MARTIN ¢

-6 -4 -2 0 2 4 6

Figure 3.  Typical up ow characteristics and a representative up ow from
the 30-November-2006 Ca Il H-line dataset. This up ow showsa classic \dual
vortex head" formation commonly seen in buoyancy-driven ows.

Finally, we examine the one dynamic mode that has never beenrpviously
reported: small-scale turbulent up ows. Figure 3 shows a r@resentative ex-
ample of a turbulent up ow in the 30-November-2006 dataset. The summary
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characteristics also show a Reynolds number estimate baseon typical QSP
density values (Tandberg-Hanssen 1995). The estimated Res iwithin the tran-
sitional range, far from laminar ow. However the estimated plasma- is only
0.1. Again it is dicult to understand how a low-  plasma can exhibit such
turbulent ow.

Figure 4 shows a rather large up ow seen in the 8-August-200/50T ob-
servations. This ow became visible as a cavity about 300 kmn diameter at
a height of 5 Mm above the photospheric limb, i.e. just above he spicules. It
then develops a highly turbulent pro le, eventually splitt ing into two main head
structures, as it ows to a maximal height of 21 Mm in about 15 min with an
average speed of 24 km . At its maximum height, the dark structure slowly
brightens to the ambient emission level of the prominence.

B-Aug~2007 19:01:31.80

UT

Y (arcsecs)

=5 -4 =2 0 3 & B
X {arcsecs)

Figure 4.  Alarge and highly turbulent up ow from the 08-Augu st-2007 H
line-center dataset.

The distinguishing features of these ows are that they are dways dark
in H or Ca Il H-line images, they are always turbulent, they rise wth al-
most constant velocity, and they terminate somewhere in themain body of the
prominence by brightening to the ambient emission levels. Wlike the relatively
constant and ubiquitous down ow streams, the up ows are intermittent and do
not occur at all locations or at all times below any given QSP.The small size and
intermittent occurrence are what probably hid these features from ground-based

observers.
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4. Discussion

Of the dynamics discussed here, the two latter modes are by fahe most novel
and intriguing. The common characteristics in the bubbles and the turbulent
up ows is that they are dark and they rise through the existing prominence gas
at relatively constant speeds. Another observation that bers emphasizing: there
are several cases in which turbulent up ows originate from he tops of large-scale
bubbles (e.g. 8-Aug-2007 20:00 UT). This usually results irthe bubble partially
or totally collapsing, as if the material escaping in the dak up ows is de ating
the bubble. An additional and important characteristic of b oth dynamics is
their intermittency. Any theory explaining these dynamics must explain why
they only happen occasionally and only at some locations belv prominences.

We suggest that both the large-scale bubbles and the smallesle up ows are
generated by a common mechanism: cancellation of magneticux at the under-
lying polarity inversion line (PIL). The cancellation resu lts in twisted eld lines,
heated due to reconnection, with both thermal and magnetic uoyancy. The
heating also causes the regions to be dark in visible-lightpectral lines due to
atomic level population redistribution. The resulting \pl asmoid" is constrained
from above by the existing eld topology of the coronal cavity, of which the
visible prominence is just the lowermost part (Low 1999). Sisequent cancella-
tions add more eld and heat to the plasmoid. If the overlying eld is weak, the
buoyancy of the concentration rapidly exceeds the restraimg tension force and
a small-scale turbulent up ow results. If the overlying el d is stronger, the plas-
moid cannot release and it continues to \in ate" thus formin g one of the large
bubbles. Finally, the bubble buoyancy reaches a critical pant and it breaks the
restraint of the overlying eld during the burst phase.

Whatever the cause of these phenomena, it is clear that they @th supply
mass and energy to the prominence/cavity system. The smalkcale up ows
supply mass to the prominence since they stop rising within 8 Mm of the
surface and are observed to \fade" into the background emidgen. Meanwhile,
the large bubbles supply mass (and ux) to the coronal cavity since they are
often observed to rise through the entire prominence befordreaking. Inclusion
of these new mass sources, as well as the primary mass sink dfetdraining
lamentary down ows, into full 3-D models of the coronal cav ity/prominence
system is needed in order to advance our understanding of bbtprominence
structure and CME initiation.

In this brief review we have shown the capability of the Hinode/SOT in-
strument to study QSPs with a level of detail never before acleved. Although
most of the dynamics discussed here have been brie y seen imaund-based ob-
servations, the clarity and stability a orded by an orbital space platform have
resulted in major advances in our knowledge of prominence sicture and dy-
namics. Thanks to the Hinode/SOT, arguments against the utility of ying
visible light solar telescopes in space have been put permantly to rest. A
useful subsequent mission to Hinode/SOT would be a high redotion imaging
spectropolarimeter capable of Hanle and Zeeman measuremsnof prominence
and coronal magnetic elds, again following on the tantalizing preliminary re-
sults from the ground-based research of the past 30 years.
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Abstract. We here present a new observational signature of dynamics ia
sunspot penumbra. The dynamics are observed as a small patobf down ows
distributed sparsely in a center-side penumbra, and not obsrved in a limb-side
penumbra. The distribution suggests that the down ow is aligned to magnetic
eld lines relatively vertical to the surface. The ow might be related to dissi-
pation of magnetic energies in a penumbra.

1. Introduction

Sunspots provide a unique site to study the interaction betveen strong magnetic
elds and convective motion. Especially sunspot penumbraeare an attractive
object because they have plenty of magnetic structures andyghamics. Although
many studies have been done regarding static magnetic congration and Ever-
shed ow in penumbrae (Borrero et al. 2005, Bellot Rubio et al 2007, Solanki
2003 and references therein), there is little knowledge ahda the temporal evo-
lution of penumbral structures, especially how restructuring of magnetic elds
takes place in the penumbra. Recent high resolution obsertins with the Solar
Optical Telescope (SOT; Tsuneta et al. 2008) orHinode (Kosugi et al. 2007) re-
vealed that small-scale transient jet-like brightenings ¢eferred to as penumbral
microjets) are ubiquitous in the chromosphere above penumtae (Katsukawa et
al. 2007). The brightenings are possibly related to dissiption of magnetic energy
in penumbrae, and may have an important role in restructuring of penumbral
magnetic elds. We here present a new observational signatte of penumbral
dynamics at the photospheric layer observed by the Spectréolarimeter (SP)
on Hinode SOT.

2. Observations of Down ows in a Penumbra

The Hinode SP made a slit scanning observation of a leading sunspot in &ge
region NOAA 10944 on 2007 March 2 with the normal mode in whichthe scan-
ning step size was 0.1%and spatial sampling was 0.18%pixel 1 along the slit.
The integration duration was 4.8 s at each slit position. The spot was located
at30 W,5 S ( =0:87). Hinode SP took spectro-polarimetric data of two Fe
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Figure 1.  Maps of (a) continuum intensities, (b) total circu lar polarization
of the 6302.5A line, (c) Stokes V intensities at +280 mA from the 6301.5A
line center, and (d) Stokes V intensities at 280 mA from the center 6301.5
A taken with Hinode SP on 2 Mar. 2007. The black contours represent
V=l = 0:07 at +280 mA from 6301.5A, where | ¢4 is the continuum inten-
sity averaged in the quiet Sun. The vertical lines on the cengr-side penumbra
indicate the locations where Stokes | and V spectra are showm Fig. 2.

| lines at 6301.5A and 6302.5A with spectral sampling of 21.6 mA. Figure 1
(a) and (b) show maps of the observed continuum intensities ad total circular
polarization of the 6302.5A line, respectively.

In order to nd high-speed motion in the penumbra, we use the tchnique
used by Ichimoto et al. (2007) in which intensities of circular polarization (Stokes
V) at the red wing (+280 m A from the line center) and at the blue one ( 280
mA from the line center) of the 6301.5 A line as shown in Figure 1 (c) and
(d) are examined. Enhancements of Stokes V intensities at th far wings of a
spectrum line are a signature of strong Doppler shifts of Stkes V pro les, as
was shown by Ichimoto et al. (2007) and Shimizu et al. (2008).

It is noticed that there are small-scale patches having enhaced Stokes V
intensities at the red wing as shown in Figure 1 (c). As we showlater, the
enhanced Stokes V intensities are due to red shifts (i.e., den ows) of Stokes V
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Figure 2.  Stokes (a) | and (b) V spectra of the Fe | lines at 63015 A and
6302.5A along the vertical line in Fig. 1. The arrows in (b) indicate the
location where a strong red shift is observed in the centeride penumbra.

pro les. Thus, the patches seen in the red wing image of Stole V are referred
to as down ow patches in this article. The patches are obsered preferentially
in the center-side penumbra, and not seen in the limb-side pgmbra. The size
of the down ow patches is about 0.5°0r smaller. Figure 1 (b) shows that the
down ow patches (black contours) are located in laments with relatively large
Stokes V intensities (i.e., spines) where relatively verttal magnetic elds exist.
Figure 2 shows two dimensional spectra of Stokes | and V alonthe vertical
line located on the center-side penumbra as shown in Figure.1Most of the
pixels have blue shifts in the center-side penumbra becauss the Evershed ow.
This is also clearly seen as enhancements in the blue wing otdkes V shown
in Figure 1 (d). It is clearly seen in Figure 2 that there is a tiny area where
a strong red shift is observed indicated by the arrows in Figue 2 (b), which
corresponds to the down ow patch. This con rms that the enhanced Stokes V
intensities in the red wing are due to the down ows in the photosphere.

3. Geometry of the Down ow Patches

The asymmetric distribution of the down ow patches between the center-side
and the limb-side suggests the ow geometry in the penumbra Bown in the
illustration in Figure 3. The Evershed ow essentially foll ows horizontal mag-
netic eld lines in the penumbra. When we observe a sunspot aay from the
disk center, the ow makes strong blue shifts in Stokes V pro les in the center-
side penumbra, which are clearly seen as enhanced Stokes Mdnsities in the
blue wing (see Fig 1 [d]). The Evershed ow has sinks of the owat the outer
boundary of the penumbra, and makes strong red shifts with oposite magnetic
polarities. These down ows are clearly seen as enhanced 3tes V intensities



20 Katsukawa and Ju@ak

Center-side\ K Limb-side

<=

Evershed flow \ \§7
Downflow

Figure 3. lllustration of the ow geometry in a penumbra. The Evershed
ow indicated by the black arrows has orientation parallel t o horizontal mag-
netic elds, while the ow inside a down ow patch has orienta tion parallel to
vertical magnetic elds.

with the opposite sign in the red wing in Figure 1 (c) (Westendorp Plaza et
al. 2001; Ichimoto et al. 2007). On the other hand, the down av patches here
observed have the same magnetic polarities as the sunspot uora, and cannot
be explained in a framework of the standard Evershed ow. Whe the down ow

follows vertical eld lines in the penumbra, which are 30 to 50 from the normal,

the down ows are detected as red shifts of Stokes V pro les inthe center-side
penumbra, but not in the limb-side penumbra because the ow drection is al-

most perpendicular to the line-of-sight direction.

The physical mechanism of the down ow patches in the penumba is not
yet understood. A possible idea suggested by Katsukawa et a(2008) is that
the down ow is driven by magnetic reconnection in the upper photosphere to
lower chromosphere. This idea is based on observational elénce that some of
the down ow patches are temporally and spatially coincidert with brightenings
seen in the chromosphere. Further studies are required to wterstand the origin
of the down ow patches, including temporal evolution of magnetic and velocity
elds

Acknowledgments. Hinode is a Japanese mission developed and launched
by ISAS/JAXA, with NAOJ as domestic partner and NASA and STFC (UK)
as international partners. It is operated by these agencie$n co-operation with
ESA and NSC (Norway).
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Abstract. Solar magnetic elds leave their ngerprints in the polariz ation
signatures of the emergent spectral line radiation. This ocurs through a variety
of rather unfamiliar physical mechanisms, not only via the Zeeman e ect. In
particular, magnetic elds modify the atomic level polariz ation (population im-
balances and quantum coherences) that anisotropic radiatie pumping processes
induce in the atoms and molecules of the solar atmosphere. tarestingly, this
so-called Hanle e ect allows us to \see" magnetic elds to whch the Zeeman
e ect is blind within the limitations of the available instr umentation. Here |
argue that the Caii IR triplet and the He i 10830A multiplet would be very
suitable choices for investigating the magnetism of the sar chromosphere via
spectropolarimetric observations from a future space telscope, such as JAXA's
SOLAR-C mission.

1. Introduction

We may de ne \the Sun's hidden magnetism" as all the magnetic elds of the
extended solar atmosphere that are impossible to diagnoseasthe only consid-
eration of the Zeeman e ect. Contrary to what one might think of, there are
many examples that belong to this category:

Most of the magnetism of the quiet solar photosphere.

The magnetic elds of the solar chromosphere outside sunsgs, including
the spike-like jet features that we call spicules.

The magnetic elds that con ne the plasma of solar prominences and I-
aments, including those of active regions.

The magnetism of the solar transition region and corona.

The reasons are the following, but see more information in tke paper by
Trujillo Bueno (2009) on Recent Advances in Chromospheric and Coronal Polar-
ization Diagnostics. First, the polarization of the Zeeman e ect as a diagnostic
tool is blind to magnetic elds that are randomly oriented on scales too small
to be resolved. Second, the circular polarization induced ¥ the longitudinal
Zeeman e ect scales with the ratio, R, between the Zeeman splitting and the
Doppler broadened line width, while the StokesQ and U signals produced by the
transverse Zeeman e ect scale aR?2. Therefore, the Zeeman e ect is of limited
practical interest for the exploration of magnetic elds in hot (chromospheric
and coronal) plasmas.

21
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Fortunately, there is another physical mechanism by means bwhich the
magnetic elds of the solar atmosphere leave ngerprints in the polarization
of the emergent spectral line radiation: the Hanle e ect. Anisotropic radiation
pumping processes produce atomic level polarization (i.epopulation imbalances
and quantum coherences among the magnetic sublevels pertang to any given
degenerate energy level). The Hanle e ect can be de ned as anmodi cation of
the atomic level polarization due to the presence of a magnét eld, including
the remarkable e ects produced by the level crossings and jgulsions that take
place when going from the Zeeman e ect regime to the complet®aschen-Back
e ect regime (e.g., Landi Degl'Innocenti and Landol 2004). The Hanle e ect
is especially sensitive to magnetic strengths between:DBy and 10By, where
the critical Hanle eld intensity ( By, in gauss) is that for which the Zeeman
splitting of the J-level under consideration is similar to its natural width: By =
(1:137 10 ")=(tjire 93) (with gy the level's Land factor and ty its radiative
lifetime in seconds). Since the lifetimes of the upper levsl (J,) of the transitions
of interest are usually much smaller than those of the lower dvels (), clearly
diagnostic techniques based on the lower-level Hanle e ecare sensitive to much
weaker elds than those based on the upper-level Hanle e ect Summarizing:

The Hanle e ect is sensitive to weaker magnetic elds than the Zeeman
e ect: from at least 1 mG to a few hundred gauss. Moreover, it & sensitive
to magnetic elds that are randomly oriented on scales too snall to be
resolved (e.g., the Hanle-e ect investigation by Trujillo Bueno et al. (2004)
showed that the bulk of the \quiet" photosphere is teeming with tangled
magnetic elds at subresolution scales, withtBi 100 G, which support
the suggestion that a solar surface dynamo plays a signi canrole for the
quiet Sun magnetism).

The Hanle e ect as a diagnostic tool is not limited to a narrow solar
limb zone. In particular, in the forward scattering geometry of a solar
disk center observation, the Hanle e ect creates linear pdarization in the
presence of an inclined magnetic eld (e.g., Trujillo Buenoet al. 2002).

The disadvantage of the Hanle e ect as a diagnostic tool is tkat for magnetic
strengths B > 10By(Jy) the linear polarization signals are sensitive only to the
orientation of the magnetic eld vector. Fortunately, the H anle and Zeeman
e ects can be suitably complemented for exploring magnetic elds in solar and
stellar physics.

2. How To Explore the Magnetic Fields of the Solar Chromosphe re?

There are several possibilities for mapping the magnetic é&ls of the solar chro-
mosphere, but the following spectral lines would be very suable choices to
guarantee important scienti ¢ discoveries via spectropoarimetric observations
from a future space telescope, like JAXA's SOLAR-C mission.

2.1. The IR Triplet of Ca il

We already know that diagnostic techniques based on the Zeeanm e ect in the
Caii IR triplet are very useful for obtaining information on the t hree-dimensional
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1 .

Figure 1.  An example of our recent spectropolarimetric obsevations of the
Caii 8542A line in a very quiet region close to the solar limb, using ZIMPOL
at the French-Italian telescope THEMIS. The reference diretion for Stokes
Q is the tangent to the closest limb. From Trujillo Bueno et al. (2009).

structure of sunspots magnetic elds (e.g., Socas-Navarreet al. 2000; Socas-
Navarro 2005). But, what Stokes pro les do we see outside swspots?

Figure 1 shows a high-sensitivity spectropolarimetric obsrvation of the
quiet solar chromosphere in the strongest (8542A) line of the Ca ii triplet.
It was obtained by R. Ramelli (IRSOL), R. Manso Sainz (IAC) and me using
the Zurich Imaging Polarimeter (ZIMPOL) attached to THEMI S. The observed
Stokes V=l pro les are clearly caused by the longitudinal Zeeman e ect but
the StokesQ=I and U=l signals are produced mainly by the in uence of atomic
level polarization. Although the spatio-temporal resolution of this spectropo-
larimetric observation is rather low (i.e., no better than 3°°and 20 minutes),
the fractional polarization amplitudes uctuate between 0.01% and 0.1% along
the spatial direction of the spectrograph's slit, with a typical spatial scale of §°
Note that while the Stokes Q=I signal changes its amplitude but remains always
positive along that spatial direction, the sign of the Stokes U=I signal uctuates.

The physical interpretation of these spectropolarimetric observations re-
quires solving the so-called NLTE problem of the 29 kind (e.g., via the appli-
cation of the multilevel radiative transfer code MULTIPOL d escribed in Manso
Sainz and Trujillo Bueno 2003a). Interestingly, while the scattering polarization
in the 8498 A line shows sensitivity to inclined magnetic elds with str engths
between 1 mG and 50 G, the emergent linear polarization in theB542 A and
8662A lines is sensitive to magnetic elds in the milligauss range (Manso Sainz
and Trujillo Bueno 2007). The reason for this very interesting behavior is that
the scattering polarization in the 8498 A line gets a signi cant contribution from
the selective emission processes that result from the atormipolarization of the
short-lived upper level, while that in the 8542 A and 8662 A lines is dominated
by the selective absorption processes that result from the tamic polarization of
the metastable (long-lived) lower levels (Manso Sainz and fiujillo Bueno 2003b).
Therefore, in \quiet" regions of a stellar atmosphere the manetic sensitivity of
the linear polarization of the 8542 A and 8662 A lines is controlled by the lower-
level Hanle e ect, which implies that in regions with 1 < B < 50 G the Stokes
Q and U pro les are only sensitive to the orientation of the magnetic eld vec-
tor. In such regions the 8498A line is however sensitive to both the orientation
and the strength of the magnetic eld through the upper-level Hanle e ect. As
expected, our multilevel radiative transfer calculations for the interpretation of
the observations of Fig. 1 show that the spatial variations n the observed frac-
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Figure 2. Hei 10830A spectropolarimetric observation of polar faculae
obtained in collaboration with M. Collados (IAC) using the T enerife Infrared
Polarimeter attached to the German Vacuum Tower Telescope.

tional linear polarization are mainly due to changes in the aientation of the
chromospheric magnetic eld.

These types of polarization signal resulting from atomic leel polarization
and the Hanle and Zeeman e ects can be exploited to explore th thermal and
magnetic structure of the solar chromosphere. They can alsbe used to evaluate
the degree of realism of magneto-hydrodynamic simulation®f the photosphere-
chromosphere system via careful comparisons of the obser/eStokes pro les
with those obtained through forward-modeling.

2.2. The He i 10830 A Multiplet

A very suitable diagnostic window for inferring the magnetic eld vector of
plasma structures embedded in the solar chromosphere and mma is that pro-
vided by the polarization produced by the joint action of atomic level polariza-
tion and the Hanle and Zeeman e ects in the Hei 10830A triplet. O -limb
observations give information on the magnetic eld of spicdes and prominences
(e.g., Trujillo Bueno et al. 2005; Merenda et al. 2006) whileon-disk observations
show amazing polarization signatures in a variety of plasmastructures, such as
laments in quiet and active regions (e.g., Trujillo Bueno et al. 2002; Kuckein
et al. 2009), emerging ux regions (e.g., Solanki et al. 2008 sunspots (e.g.,
Centeno et al. 2006), aring regions (e.g., Sasso et al. 2007etc. The order of
magnitude of the ensuing polarization amplitudes varies bawveen 0.1% and 1%,
approximately, while they are 0.01% in quiet regions at the solar disk center
(see Asensio Ramos et al. 2008). Moreover, Fig. 2 shows a vemteresting
example of the Stokes pro les observed in polar faculae. Théact that there
is a nearby photospheric line of Sii whose polarization is caused by the Zee-
man e ect, makes the 10830A spectral region very suitable for investigating the
coupling between the photosphere and the corona. For eld stengths B < 100

G the linear polarization of the He i 10830A triplet is fully dominated by the
atomic level polarization that is produced by anisotropic radiation pumping pro-
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cesses (Trujillo Bueno et al. 2002). For instance, in Fig. 2he linear polarization
of the He i 10830A triplet is mainly caused by atomic level polarization, while
the circular polarization is produced by the longitudinal Zeeman e ect. For eld
strengths 100<B < 2000 G the linear polarization of the Hei 10830A ftriplet is
caused by the joint action of atomic level polarization and the transverse Zee-
man e ect (Trujillo Bueno and Asensio Ramos 2007). This can k& seen also
in Fig. 2 of Trujillo Bueno (2009), which shows examples of mdel calculations
for the case of a plasma structure levitating at a height of 2B0 km above the
visible solar surface and permeated by a magnetic eld of 120 G with di erent
orientations. In particular, that gure emphasizes that th e in uence of atomic
level polarization on the linear polarization of the He i 10830A triplet is very
signi cant, even for magnetic elds as strong as 1200 G, and hat it removes the
180 azimuth ambiguity present in the Zeeman-e ect pro les.

Table 1. The Ca ii IR triplet

Pros

Cons

Provides information on the thermal and
the magnetic structure, all the way up
from the photosphere to the bulk of the
chromosphere.

The polarization signals are sensitive
to magnetic elds from mG to kG
strengths.

Good choice to evaluate the reliability

of MHD models of the photosphere and
chromosphere via spectral synthesis and
comparison with observations.

Not the ideal choice for studying the

magnetic eld that con nes the plasma

of structures embedded in the solar chro-
mosphere and corona.

The forward scattering polarization sig-
nals are very weak, but nevertheless mea-
surable through longer integration times.

Stokes inversion of the magnetic eld is
possible, but requires a model for the
thermal and density strati cation.

Table 2. The He i 10830 A triplet

Pros

Cons

Good choice for studying the magnetic
eld that con nes the plasma of struc-
tures embedded in the solar chromo-
sphere and corona.

Photospheric lines are present in the
same spectral region, so information on
photospheric magnetic elds can also be
obtained.

Stokes inversion of the magnetic
eld vector is possible (e.g., via the
Hanle+Zeeman code HAZEL developed
by Asensio Ramos et al. 2008).

Not a very suitable choice to study the
magnetism of the quiet chromosphere
(see, however,x3.3 and x5.4 in Asensio
Ramos et al. 2008).

It is di cult to obtain information on the
thermal and/or density structure.

Not suitable to evaluate the reliability
of MHD models of the solar photosphere
and chromosphere.
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3. Concluding Comments

The exposure time needed for detecting 0.1% (0.01%) fractimal polarization
signals with a spectral resolution of 50 i\ and a spatial resolution of 1°in any
of the considered triplets is of the order of 1 s (60 s), assumg a 1m aperture
telescope having an overall throughput of 10%. Tables 1 and Bummarize the
advantages and disadvantages of the information provided ypthe Stokes pro les
produced by atomic level polarization and the Hanle and Zeeran e ects in both
triplets. While the Ca ii IR triplet is very suitable for exploring the thermal

and magnetic structure of the bulk of the solar chromosphergthe He i 10830A
triplet is the best choice for determining the magnetic eld of plasma structures
embedded in the solar chromosphere and corona. Obviouslyt would be ideal
to develop high-sensitivity polarimeters to observe both riplets from a space
telescope, but choosing only one of them would already allows to discover
hitherto unknown aspects of the Sun's hidden magnetism.
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Statistics of convective collapse events in the photospher e
and chromosphere observed with the HINODE SOT

C.E. Fischer, ! A.G. de Wijn, 2 R. Centeno, 2
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Abstract. Convective collapse, a theoretically predicted process tat inten-
si es existing weak magnetic elds in the solar atmosphere,was rst directly
observed in a single event by Nagata et al. (2008) using the ph resolution
Solar Optical Telescope (SOT) of theHinode satellite. Using the same space
telescope, we observed 49 such events and present a statisti analysis of con-
vective collapse events. Our data sets consist of high reaglon time series of
polarimetric spectral scans of two iron lines formed in the bwer photosphere and
Iter images in Mg lb , and CallH. We were thus able to study the implication
of convective collapse events on the high photospheric andhe chromospheric
layers. The physical parameters from the full Stokes pro les were obtained with
the MERLIN Milne-Eddington inversion code. For each of the 49 events we
determined the duration, maximum photospheric down ow, and eld strength
increase. We found event durations of about 10 minutes and & strengths of
up to 1:65 kG.

1. Introduction

Time series of solar photospheric convection as seen in themtinuum at visible
wavelengths and the corresponding magnetograms show a hilyhdynamic quiet
sun. Movements, accumulation, and separation of magneticlements are clearly
determined by the granular ows (Berger (1996)). Sten o (1973) determined
the eld strengths of the coalesced magnetic concentratios by using the ratio
between StokesV pro les of two iron lines with roughly the same excitation
potential and line strength but with di erent e ective Land e factors. This line-
ratio technique revealed that the spatial-resolution-independent eld strength is
around 1{2 kG. This is signi cantly more than the equipartit ion eld strength
of 500 G Takeuchi (1999), which is obtained by equating the know kinetic
energy density of the convective ows with the magnetic enegy density. This
led Parker (1978) to a possible explanation for the increase eld strength and
the observed kG elds. This scenario is illustrated in cartoon form in Fig. 1.
The rst direct observation of a convective collapse event ly Nagata et
al. (2008) shows a magnetic network element undergoing a trssition from a
weak eld strength of 400 G to a 2 kG ux tube. The increase of magnetic

1Utrecht University, Departement Natuur- en Sterrenkunde, Princetonplein 5, 3584 CC Utrecht,
The Netherlands

2High Altitude Observatory, National Center for Atmospheri ¢ Research, P.O. Box 3000, Boulder,
CO 80307, USA
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Figure 1.  Convective collapse scenario according to Parkgi1978). On the
left the magnetic ux tube is sitting in the intergranular la ne and is strong
enough to reduce convective heating, which will develop an diabatic tem-
perature gradient in its radiatively cooled atmosphere. The dotted lines rep-
resent the magnetic eld and the horizontal line shows the = 1 level and
the Wilson depression inside the ux tube. The convective ctlapse process
assumes an initial mass down ow, represented by the big darlarrow point-
ing downwards. The temperature of the downwards traveling nass increases
adiabatically, whilst the surrounding atmosphere shows a mich steeper tem-
perature gradient. This leads to an enhancement of the downihft. The ux
tube is then evacuated and forced to compress as the gas oulsi the ux tube
is pressing horizontally against it, represented by the thih arrows. The limit
of the compression is reached when the magnetic eld pressarbalances the
outer gas pressure. The right side shows the compression ofi¢ ux tube,
which leads to the intensi cation of the magnetic eld stren gth.

eld strength was preceded by a strong down ow of 6 kms 1. They were also
able to link the strong- eld magnetic element to the formati on of a continuum
bright point. They concluded from these observations that they were withessing
a convective collapse event.

We present new observations from theHinode Spectro-Polarimeter (SP)
with the addition of chromospheric intensity in CallH and Mg Ib, doppler-
grams revealing the dynamics of the upper photosphere and pfrm a statistical
analysis of 49 convective collapse events identi ed in seval time series taken
with the Hinode SOT.

2. Observations and Results

We obtained 13 one-hour time sequences with thélinode Spectro-Polarimeter
(SP) each covering an area of 41 by 8 arcsec with a cadence of 58 seconds
and a pixel size of 016 arcsec. The Fel 630.15 nm and Fel 630.25 nm spectral
lines were used with a spectral resolution of @21 A. Simultaneous Narrowband
Filter Imager (NFI) images in the wings of Mglb, and CallH Itergrams with

the Broadband Filter Imager (BFI) were recorded. The Mglb, ltergrams were
taken in both the blue and red wings at 114 nA with an exposure time of
0:41 s and a pixel size of 16 arcsec. The CallH Itergrams were taken with
an exposure time of 015 s and a pixel size of A1 arcsec. The magnesium
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Figure 2. A convective collapse event associated with dowrows in the up-
per photosphere. The eld of view is 4.8%by 4.8 % The columns show the
CallH intensity, the magnesium dopplergram, the continuum intensity and
the line-of-sight velocity in the magnetic element. Black orresponds to down-
ows in the magnesium dopplergram. Green contours indicatethe location
of line-of-sight ux directed toward the observer, while red contours indicate
line-of-sight ux directed away from the observer. The contour levels are at
30 Mx=cm? in the apparent longitudinal ux density. The blue contours

indicate the transverse apparent ux density at 140 Mx=cm®.

dopplergrams were obtained by dividing the di erence betwen the blue wing
and the red wing images by the sum. Part of the SP eld of view wa outside
of the Mg I b, dopplergrams due to instrument misalignment.

Convective collapse events were identi ed by eye in the obsgeed data and
the inversion parameters. Each time series was checked foudden substantial
increases in magnetic eld strength preceded by a strong phospheric down ow.
We found that in all these cases, the event was accompanied by continuum
bright point and nearly always by a brightening in the CallH i mages. The
magnesium dopplergram exhibits a strong down ow in about three quarters of
the events that took place within the eld of view of the magnesium dopplergram.

Figure 2 shows a typical sequence in the calcium intensity, ragnesium dopp-
lergram, where black corresponds to down ows, the continuun intensity and the
photospheric line of sight velocity. Clearly, a bright point can be seen in the con-
tinuum as well as in the CallH images forming just after a strong photospheric
down ow. The magnesium dopplergram shows a strong down ow,to0. The
ux tube is therefore evacuated not only in the low photosphee but also in the

high photosphere. As shown by the statistical analysis, ths is the case for most
events.
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Table 1.  Statistics of convective collapse events

max v down | start B | peak B | duration
Type of event [kms 1] [G] [G] [min]
11 without Mg down ow 3.80 819 1093 10.36
28 with Mg down ow 3.92 886 1356 10.37
10 Mg out of FOV 3.33 900 1262 9.09

Statistics obtained from the 13 hours of repeated 4.8 x 41 ased raster
scans. To obtain the properties of the magnetic elements weoflowed them
by eye from one time step to the next. The maximum of the line-d-sight
velocity and the magnetic eld strength are averages over tle three highest
data points, where the starting magnetic eld was taken at the point of the
strongest down ow. The duration of the event was determinedby taking

the time when the maximum down ow occurred as the start point until

after the magnetic eld had reached its maximum and declinedto values
comparable to equipartition eld strength.

Table 1 shows the statistics of the identi ed events and incldes the max-
imum photospheric line of sight velocity, the magnetic eld strength before the
event took place, the maximum eld strength reached, and theduration of the
event.

3. Conclusion

We found 49 convective collapse events in the quiet solar ptiosphere, all show-
ing a brightening in the continuum intensity and reaching peak magnetic eld
strengths of up to 1:65 kG, and with almost all events showing a brightening
in the CallH intensity. The evacuation of the ux tube is demo nstrated by
down ows in the lower photosphere, which are also observedni the upper pho-
tospheric layers. Our observations provide very clear evidnce of the ubiquitous
occurrence of the convective collapse process. Only about guarter of these
events do not show a signi cant down ow in the high photosphere. We also
found that the duration of the events from the down ow until t he peaking and
subsequent decrease of magnetic eld strength is about 10 miites.
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Abstract. We present statistical properties of the transient horizortal mag-
netic eld (THMF) observed by the spectropolarimeter (SP) aboard Hinode.
The topics to be reported here include (1) locations of theirappearance and
disappearance in terms of granular structure, (2) size andifetime distribution,
(3) spatial relationship between vertical and horizontal magnetic elds, (4) az-
imuth orientation of the horizontal eld vector, (5) PDF (pr obability distribution
function) of the intrinsic magnetic eld strength. An exten sive statistical survey
reveals numbers of so far unknown unique and remarkable pragties of THMFs,
leading us to conclude that a local dynamo processes is respgible for THMFs.

1. Introduction

Following the discovery of horizontal magnetic eld with AS P (Lites et al. 1996),
and the SOLIS and GONG instruments (Harvey et al. 2007), highresolution
spectro-polarimetric observations with the Solar Optical Telescope (SOT, Sue-
matsu et al. 2008; Ichimoto et al. 2008; Tsuneta et al. 2008aShimizu et al. 2008)
on board the Hinode satellite (Kosugi et al. 2007) have extended the studies
considerably (Lites et al. 2008; Centeno et al. 2007; Orozc8uwarez et al. 2007;
Ishikawa et al. 2008; Ishikawa and Tsuneta 2009; Tsuneta etla2008b). Cen-
teno et al. (2007) and Ishikawa et al. (2008) show that these trizontal elds
are granular-sized and transient (see also the movie in Iskawa and Tsuneta
2009). Hereafter we refer these horizontal elds taransient horizontal magnetic
elds (THMFs). These granular-sized THMFs appear to be observed h over
the Sun (quiet Sun; Lites et al. (2008); Centeno et al. (2007) Orozco Swarez
et al. (2007), plage region; Ishikawa et al. (2008), and polaregions; Tsuneta
et al. (2008b)). This paper is concerned with the observatioal properties of
THMFs to understand this enigmatic phenomena. We report staistical proper-
ties of THMFs such as locations of appearance and disappeanae, size, lifetime,
the magnetic con guration, and comparison of THMFs in a quiet region with
those in a plage region. The comparison between the quiet SumHMFs and
those in the plage region would indicate whether they have iruence from the
global magnetic eld, allowing us to discuss their origin.

32
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2. Observations

The quiet Sun and a weak plage region located near the disk cesr were observed
with narrow FOV (20 160P%r 2.5°0 160°8epending on the data) and with
cadence of about 30 seconds using the SP in so-called Fast-panode. The
SP provides us with Stokes spectral proles (, Q, U, and V) of the Zeeman-
sensitive photospheric Fe | 630.15 nm and Fe | 630.25 nm linedn the Fast-Map

mode, to obtain high time cadence and polarization accuracyetter than 0.1%,

the spectra at two consecutive slit positions, each of whicthas the integration

time of 1.6 sec, are summed, and they are also summed by 2 pisehlong the
slit on the CCD. As a result, both the step size of the scan and he pixel size
along the slit are  (°3.

For the identi qggon of THMFg, we employ the maps of the net li near
polarization, LP Q2+ U2d= I.d . The integration is carried out from
-21.6 pm to 21.6 pm from the mean center of the Stokek pro les for Fe | 630.25
nm without polarization signals. The LP maps clearly show that numerous
THMFs appear and disappear in the photosphere (see the movim Ishikawa and
Tsuneta 2009). In order to pick up statistically-signi cant THMFs we employ
two criteria in terms of LP and the area. First, we choose pixels withLP higher
than 0.22%. The high time cadence ( 30 sec) of our data allows us to follow
the time evolution of these pixels with high LP . Second, we then pick up events
with the maximum area larger than 3 pixels ( 2x1C° km?) in time domain.

3. Statistical Properties of THMFs

3.1. Locations of Appearance and Disappearance

Figure 1 (a) shows the histograms of normalized continuum intensity wlere
THMFs appear (solid line) and disappear (dashed line) in theplage region. The
dotted line shows the intensity distribution for whole data as a reference. Higher
intensity corresponds to interior of granules, while lowerintensity comes from the
dark intergranular lane. The intensity of the location where THMFs appear is
mainly distributed above 1.0. This suggests that THMFs appear in the relatively
bright region of the granules, and that they show up on the phaosphere due to
the convective up ow motion in the granules (See also Ishikava et al. 2008). The
intensity for THMF disappearance is distributed in the lower range compared
with that for THMF appearance. However, the distribution fo r disappearance
extends above 1.0 comparable to the granules. This implieshat all THMFs do
not necessarily reach the intergranular lane, where down @ dominates. The
similar tendency is also found for THMFs in the quiet Sun.

3.2. Size and Lifetime

Ishikawa et al. (2008) report that THMFs have the size and thelifetime compa-
rable to those of granules. However, this statement was baseon small samples,
and we still have an important question: Is there any THMF much larger than
a granule? Is there any THMF staying for much longer than a graule? Unlike
granules, do THMFs have a characteristic size and lifetime? By analyzing a
larger number of THMFs, we would be able to answer these quekins.
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Figure 1 (b) shows the histogram of the size for THMFs. The e ective size

D is given by D = 2(A= )2, where A is the area of THMFs. This equation
was used for obtaining the size of granules (Roudier and Mudlr 1986), and we
also use this for direct comparison between THMFs and gran@s. The number
of THMFs increases with smaller size. The shape of the size siribution of
THMFs is similar to that of granules as shown in Figure 6 in Roudier and
Muller (1986), and neither THMFs nor granules seem to have a learacteristic
size. Moreover, the size of THMFs is distributed in a narrowe range (D =0.6%
1.4% than that of granules, and the size of THMFs is essentially snaller than
that of granules. Note that the cuto at the lower end of the di stribution is
caused by our area threshold for THMFs. The histogram for sig consists of
THMFs both in plage and quiet regions, and we do not see any dierence in the
size distribution between them.

Figure 1 (c) shows the histogram for the lifetime of THMFs which are the
same samples as the size analysis. The lifetime correspontisthe duration for
which a THMF have LP higher than 0.22%. The lifetime of THMFs is dis-
tributed in a narrower range (1 { 14 min) than that of granules as shown by Fig.
4 in Hirzberger et al. (1999): the mean lifetime of granuless 6 min (Hirzberger
et al. 1999) and that of THMFs is 4 min. THMFs have the lifetime shorter
than granules. While the number of granules increases withtgorter lifetime, the
distribution of THMF lifetime has the peak of about 4 min. Alt hough this may
be due to the choice of thresholds such as the area andP value, 4 min may
correspond to the characteristic lifetime of THMFs.

3.3. Magnetic Con guration of THMFs

Transient horizontal magnetic elds are not purely horizontal especially at both
ends because of diB = 0. We here discuss possible magnetic con guration of
THMFs by comparing vertical and horizontal eld strengths b etween inside and
outside the THMFs. We derive the eld strength from weak eld approximation
(Landi degl'Innocenti and Landol 2004), in which LP is proportional to square
of the transverse eld strength, and circular polarization (CP) to the line-of-
sight (LOS) eld strength (assuming that lling factor is on e). The observed
regions were located near the disk center, and transverse dn_OS elds corre-
spond to horizontal and vertical elds, respectively. We dene the outside belt
surrounding the THMFs with the width of 1 pixel. The inside of THMFs would
have stronger horizontal eld strength than circum-THMF be It by de nition. If
THMFs have the shape of the small loop with relatively large radius of curva-
ture, the vertical eld strength in the circum-THMF belt wou Id be stronger than
inside since the belt tends to includefootpoints of horizontal THMFs. In gure 1
(d), we plot the maximum horizontal magnetic eld strength ins ide and outside
the THMFs. Because we recognize the regions which have highP as THMFs,
the circum-THMF belt indeed has weaker LP (horizontal eld strength). On
the other hand, vertical eld distributions overlap as shown in Fig. 1 (e), and
there seems to be no signi cant di erence in vertical magnetc eld strength
between the inside and the outside of THMFs. Vertical elds associated with
THMFs are distributed between -50 G and +50 G, and the eld strength is
much smaller than horizontal one. This histogram also showshat THMFs have
a bipolar structure with negative and positive footpoints. These distributions



Properties of transient horizontal magnetic elds 35

shown in Fig. 1 (d) and (e) are for samples in the quiet Sun, and similar ones
are also obtained for THMFs in the plage region.

3.4. Direction of magnetic Field Vector and Intrinsic Magne tic Field
Strength

The small-scale horizontal elds appear to exist all over the Sun, and this ubig-
uity may tell us their origin: they may come from the vertical elds and/or the
global magnetic elds or they may be generated by a local dyneno process. We
point out that studies which focus on only the quiet Sun are na su cient to
solve this problem, and we should compare the properties ofdrizontal elds in
the quiet Sun and in a plage region dominated by global magneét elds. We do
not see any clear di erence in (1) locations of appearance ahdisappearance, (2)
lifetime and size, (3) spatial relationship between horizatal and vertical elds,
as reported in the previous sections. Here we focus on the aauth direction of
THMFs. If THMFs directly come from global elds, THMFs in the plage region
would have a preferred azimuth direction which is consistehwith that of plage's
global magnetic elds.

Figure 1 (f ) shows the magnetic eld azimuth of THMFs for the 95 events
in the quiet Sun and the 109 events in the plage region. Thesevents satisfy
the selection criteria of LP > 0.22%. There does not seem to be any signi cant
orientation in either region. Using a threshold of LP > 0.26%, we detected 37
events in the quiet Sun and 42 events in the plage region. We sl the azimuth
angles of the magnetic vector for these THMFs in Fig. 1 ¢). In the plage
region we nd a broad peak between 120 and 180 and a valley between 30
and 60 , while these events in the quiet Sun does not show any clear p& and
valley. This peak angle corresponds to the tilt angle of the lipolar plage region.
This may indicate that THMFs with higher LP in the plage region appear to
be partially related to the plage region's global elds.

LP de ned here does depend on both the intrinsic eld strength and the
lling factor. Therefore, we obtained probability density functions (PDFs) of
intrinsic magnetic eld strength derived from Milne-Eddin gton inversion, and
compared PDFs between in the plage region and the quiet Sun. igure 1 (h)
shows magnetic eld strength distributions for nearly horizontal magnetic elds
(70 < < 110, isinclination angle with respect to LOS). Note that we plot
eld strength, avoiding the persistent vertical ux concen trations for the plage
region. PDFs for horizontal elds in the quiet Sun and in the plage region
are exactly the same. This surprising result suggests that brizontal elds as
represented by THMFs are uniform and universal on the solar arface. Moreover,
93% of horizontal magnetic elds have eld strengths less ttan 700 G, which
corresponds to the typical equipartition eld strength in t he shallower layer of
the convection zone.

4. Conclusions and Discussions

Normalized continuum intensities where THMFs appear are dstributed mainly
above 1.0, and corresponds to interior of granular patterns. This indicates
that THMFs reach the photosphere with the up ow motion of gra nules. In-
tensities for THMF disappearance are sometimes above 1.0, and THMFs do
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Figure 1. (a) Histograms of mean normalized continuum intensity where
THMFs appear (solid) and disappear (dashed) for 52 events irthe plage re-
gion. Thin dotted line represents the continuum intensity distribution for
whole FOV. (b) and (c) Histograms of lifetime and size for THMFs, re-
spectively. Dashed line in €) represents a mean lifetime of 4 min. ¢)
Histograms of maximum horizontal eld strength inside THMF s (solid) and
circum-THMF belt (dashed) in the quiet Sun. (e) Histograms of maximum
(for positive) and minimum (for negative) vertical eld str ength inside THMFs
(solid) and circum-THMF belt (dashed). (f) and (g) Histograms of the eld
azimuth angle for THMFs with LP higher than 0.22% and 0.26%. Three pix-
els with the highest LP are taken from individual events, and their azimuth
angles are plotted. The azimuth angle 0 is to the west. The solid and dashed
lines indicate the case for the quiet Sun and the plage regignrespectively.
(h) PDFs for horizontal eld strength. Solid and dashed lines represent the
quiet Sun and the plage region without persistent vertical elds, respectively.
The distributions are exactly the same, and it is di cult to d istinguish them.
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not necessarily reach the intergranular lane, where down @ dominates. This
raises a gquestion about the mechanism of disappearances oHMFs. There
are three possibilities: (1) THMFs somehow submerge. (2) TFs become
fragmentary due to the convective motion, and are too weak tobe detected.
(3) THMFs reach chromosphere through the photosphere. It walld be possible
that THMFs which disappear in the dark region submerge due tothe convec-
tive down ow there. However, some THMFs are located in the rdatively bright

rgion when they disappear, and these THMFs may have a di culty to submerge
because such a region appears to be dominated by up ow. Thefere, the last
two possibilities also should be considered.

Both lifetime and size of THMFs are essentially smaller thanthose of gran-
ules. We, however, point out that there is a di erence betwee THMFs and
granules in terms of the lifetime and the size. THMFs as well a granules do not
have a typical size, but they have a characteristic lifetimeof 4min. It is con-
ceivable that the size and the lifetime are related to the mebanism of THMF
disappearance, and here we would like to discuss last two cdidates, which
are suggested above. Let us rst discuss the possibility tha THMFs become
fragmentary, and are too weak to be detected. Convective mabn would break
THMFs with eld strength weaker than the equipartition eld into small frag-
ments and we would expect that a number of THMFs increases wh weaker
intrinsic magnetic eld strength. This may be the reason that the number of
THMFs is larger with smaller areas (Fig. 1 (b)). Furthermore, smaller THMFs
would be more easily broken into small fragments by the conwvetive motion, and
smaller THMFs may have smaller lifetimes. If this is the case we would expect
the number of THMFs to increase as lifetime decreases, and TMFs should have
a lifetime distribution similar to that for granules, becau se we already know that
the number of THMFs is larger with smaller areas. This is not @mnsistent with
the lifetime distribution we obtained (Fig. 1 ( €)).

In case of the second possibility that THMFs reach the chromsphere, what
does the typical lifetime of 4 min suggest? Ishikawa et al. (08) reported that
the horizontal magnetic elds are blue-shifted by 0-1 km s 1 with respect to
the granular motion by comparing StokesQ and U pro les with Stokes | pro-
les. Assuming that THMFs have a upward motion of 1 km s 1, in 4 minutes
THMFs would move up by 200 km, which are comparable to the thickness of
line forming region. Since we are looking at one thin layer ofphotosphere, it
would be di cult to de nitely conclude that these THMFs reac h the chromo-
sphere without combining chromospheric observations. Hoewver, it is possible
that THMFs go through and reach above the line forming layer d Fe | 630nm
(Abbett 2007; Steiner et al. 2008).

Figure 1 (e) suggests that THMFs statistically have negative and posiive
magnetic patches which appear to correspond to footpoints o THMFs, but
the strength of vertical eld component is small compared with inferred eld
strength of horizontal components. We also do not see any cé& di erence in
vertical elds between inside and outside a THMF. Considerng these results
and their lifetime and size smaller than those of granules, atip of iceberg" of
the very shallow sea-serpent ux tube or granular-sized clsed loop could be a
possible magnetic con guration of THMFs. The schematic diggrams are shown
in Figure 2. We can not rule out the magnetic topology such as lhe one shown
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Figure 2.  Schematic diagrams representing two magnetic cogurations for
THMFs.

on the right panel of Fig. 2. From our observations, we are notable to obtain
one speci c picture of the THMF magnetic con guration, and f urther analysis
is needed. In any case, the magnetic con guration is a ectedby the convective
motion due to the weakness of the eld.

We do not nd any clear dierence in the properties (intensity, lifetime,
size, and spatial distributions of vertical and horizontal eld) between the quiet
Sun and the plage. Moreover, there is essentially no prefeed orientation for
the THMFs in either region; however, THMFs in the plage region with higher
LP have a slight preferred direction consistent with that of the plage-region's
large-scale vertical eld pattern. A remarkable discovery is that there is no
di erence in the distribution of intrinsic eld strength of horizontal elds between
the quiet Sun and the plage regions when we avoid the persigté vertical ux
concentrations for the plage region (Ishikawa and Tsuneta @09).

We showed that THMFs have essentially the same properties irnthe plage
region and in the quiet Sun except for highLP THMFs. In addition, Ishikawa
et al. (2008) reported that the occurrence rates of THMFs arevery high, and
there is no di erence in them between plage and quiet regionstoo. These iden-
tical properties of THMFs indicate that THMFs do not have any direct in uence
from global magnetic elds. The lifetime and the size are essntially smaller than
those of granules, and most of horizontal elds have smallereld strength than
the typical equipartition eld strength of granules. These properties indicate
that THMFs are somehow strongly related with granular convective motions.
Therefore, we propose that THMFs are maintained by a local dpamo process
due to near-surface convective motion (Cattaneo 1999; Velgr and Schuassler
2007). Preferred orientation for higherLP may indicate that seed elds at least
partially come from global elds.
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Fine Structure of a Coronal Bright Point as Seen with
SoHO, TRACE and Hinode .

D. Rerez-Suarez!, R.C. Maclear?, J.G. Doyle! and M.S. Madjarska®

Abstract. We present a study of a Coronal Bright Point (BPs) where data
from Hinode, SoHO and TRACE are analyzed. Covering a large temperature
range, we study the variation of the BP from the surface to thecorona investigat-
ing both the morphology and variation in physical parameters, such as electron
density, Doppler-shift and magnetic eld variability. We o btain excellent cor-
relation between the X-ray light curve with the positive magnetic ux; also a
good agreement is found between a potential extrapolated nmgnetic eld and
the loops seen in the X-ray images.

1. Introduction

EUV/X-ray BPs are small (30°° 40%ize) coronal features of enhanced emission
most easily observed in the quiet Sun and coronal hole regien They are asso-
ciated with photospheric bipolar magnetic features (Krieger et al. 1971).Up to
2/3 of them are related to cancellation of pre-existing magretic features rather
than the emergence of a new magnetic ux (Webb et al. 1993). Tley were rst
identi ed in soft X-ray rocket images in 1969 and commonly presented as di use
clouds with a central bright core of 10 Mm as seen in Skylab X-ays (Golub
et al. 1974) or SOHO/EIT images. High spatial resolution images (1°° 2%
have shown that BPs consist of several miniature loops that culd evolve on a
time scale of 6 min (Sheeley and Golub 1979).

2. Observations

A BP was observed on April 13 2007 with 7 di erent instruments for a maximum
of 7 hours (17:00 - 00:00 UT). The 155@\ Iter was used with TRACE . In SoHO
two instruments looked at the event; MDI, with high resoluti on magnetograms
and EIT with the standard 195 A full disk images. With Hinode the instruments
used were: SOT ltergram in the Caii H line and G-Band lIter, XRT using the
Al-mesh and the 2%slit from EIS . The cadence of the images vary from 20 s
(XRT) to 60 s (MDI). The data has been aligned and EIS data was orrected
for both; a tilt in the slit, plus orbital rotation. The BP had a life time of

! Armagh Observatory, College Hill, Armagh BT61 9DG, N. Irela nd

2School of Mathematics and Statistics, University of St. And rews, North Haugh, St. Andrews,
Fife KY16 9SS, UK
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Figure 1. Images of the bright point as seen on 13 April 2007 skwing the in-
tensity in Fe xii 195.12A, the Doppler velocity as measured by Fexii 195.12A,
the FWHM obtained in Fe xii 195.12A and the electron density as measured
by the Fe xii (186.88+186.85)/(195.12+195.18) line ratio. The solid line is
the intensity contours, while the dashed and dotted lines ae the MDI mag-
netic eld contours 150 G. This data was taken from 22:01:14 UT to
22:32:31 UT.

approximately 37 hours (23:40 12/Apr/2007 - 13:12 14/Apr/2007). Its size is
20°0 300 reaching a maximum area of 155  10° km?.

3. Spectroscopic Analysis

A spectroscopic analysis has been done in order to study dient aspects such
as the full width half maximum (FWHM), Doppler velocity and t he electron
density. Doppler velocity and FWHM have been calculated fora broad range of
temperatures; from Heii 256.32A (log T=4.7) to Fe xiv 270.52A (6.3).

The Doppler velocity for all the lines studied are in arange & 15 kms 1.
In the case of Heii 256.32A, the values oscillate between +5 to +25 km s 1 but
it is not reliable because the line is blended on the red sideybSi x 256.37 A,
Fe xiii 256.42A and Fe xii 256.41A (Young, et al. 2007). However all the lines
analyzed show similar behavior, red-shifted in the South-Vést and blue-shifted
in the North-East as is shown, for Fexii 195.12A, in the Figure 1. The Doppler
velocities of the BP obtained from a single spectrum average over the whole
BP show that the general trend in all those lines is to be red-hifted.

The FWHM shows a similar behavior for the coronal lines, with an incre-
ment of 10 mA in the bottom part of the BP, where the largest line-shift are
located, This increment may suggest a high degree of turbulece and/or addi-
tional unresolved ows in the loops. For Heii 256.32A even though the line is
blended, therefor wider, it is clearly identify the regions of the magnetic eld.

The electron density has been calculated using the sensitity lines ratios
of Fe xii 186.88+186.854/195.119 and Feiii 203.797+203.82/202.04 obtaining
values inside the BP of log (N/em 2) of 9.56 and 9.52 respectively. The result



42 Rerez-Suwarez et al.

Figure 2.  Comparison of MDI extrapolated possible loop with the image
processed by edge detection from XRT 22:14 UT.

for Fe xii ratio is shown in the Figure 1. The core of the bright point shovs an
increment of the electron density respect to the BP which is tearly identi ed.

4. Magnetic Topology

The magnetic topology was studied using the high resolutionMDI data. The

negative region of the BP is four times stronger than the podive. The BP has
a con guration of a small bipole nearby a larger negative mompole. Both re-
gions are made up of a changing set of smaller magnetic feates which appear,
merge, cancel, etc. The 3D magnetic structure of the bright int region was
topologically reconstructed by picking out these strong manetic features, mod-
eling them as point magnetic sources and then using a poterdl eld model to

recreate the 3D magnetic eld lines (Maclean et al. 2008). A ery good agree-
ment is found when those extrapolated eld lines are compard with an edge
detected XRT image (Figure 2). The integrated total positive and negative mag-
netic uxes were analyzed. We nd a linear Pearson coe cient of 0.75 between
the positive ux and XRT, suggesting that the ux emergence in the positive

polarity region of the BP is responsible for the X-Ray brightenings.

5. Conclusions

The bright point, as viewed in the X-ray images, showed a strture of 20°° 4%
with several clearly resolvable loops. Its total lifetime was 37 hours. The
spectroscopic data showed a Doppler-shift of several km & in both coronal and
transition region lines. This is also the location of the lamgest line broadening.
A good agreement was found the electron density derived fromwo electron
density line ratios with a value of 3:7 10° cm 3.

Regarding to the magnetic topology study, an excellent corelation was
found between the positive magnetic ux and the X-ray ux. Al so, the remark-
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able agreement between the extrapolated magnetic eld conguration and the
X-ray images suggest that the overall BP magnetic structureis close to potential.
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On the Relationship Between Polar Coronal Jets and
Plumes
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Abstract. We utilize observations from Hinode/XRT and the Extreme ul-
traviolet (EUV) imagers onboard STEREO to study the relationship between
coronal jets and plumes. The data were recorded on Apr. 7-8 ahNov. 2-4,
2007. Detailed results are presented for the Apr. campaignlang with prelim-
inary analysis of the Nov. observations. We nd that > 90% of the identi ed
jets are directly related to plumes (Apr. data). EUV data show that plume
haze rose from the same spatial location of more than 70% of ¢ identi ed
jets. The remaining jets occurred in areas where plume matéal exists already.
The jet-plume transition is smooth in some cases and delayedly up to several
minutes in others. Short-lived, jet-like events and small transient bright points
occur at di erent locations within the base of pre-existing long-lived plumes.
The latter are enhanced after the manifestation of jet-like events. The present
observations suggest evidence for X-ray jets as precursoof polar plumes and
of their brightness changes.

1. Introduction

Observations with unprecedented high spatial and temporalresolution from re-
cent space missions, such adinode (Kosugi et al. 2007) and the Solar TErres-
trial RElations Observatory (STEREO: Kaiser et al. 2008), provide complemen-
tary data sets to study the plasma thermodynamic propertieswithin di erent
structures of the solar atmosphere, in particular, coronaljets and plumes. This
helps to form a complete picture of these structures.

Coronal jets and plumes were often considered as totally uralated struc-
tures. In fact, their apparent characteristics support this hypothesis. On the
one hand, X-ray jets are high-temperature, emissive beamshiat are collimated
by newly open magnetic elds (length: ~ 10° 1(° km; widths: 10* km;
see Cirtain et al. 2007). The measured plasma out ow speedsithin X-ray jets
range from 100 km s ! to more than 1000 km s . On the other hand, polar
coronal plumes appear hazy with no sharp edges. They are sigoantly cooler,
lengthier, and wider than X-ray jets (temperature: 1 MK; length: > 30R ;
width: 20 40 Mm; see DeForest et al. 1997; Wilhelm 2006).

Itis, however, important to note that coronal jets and plumes share common
properties that are fundamental to the physical processestathe origin of their
formation and evolution. They are, for instance, both rooted into magnetic
ux concentrations of the chromospheric network and are wickly believed to
form through magnetic reconnection of emergent bipolar ux with the ambient
coronal eld (Wang 1998). Studying the relationship between coronal jets and
plumes is important for our understanding of the solar wind and heating of the
plasma within the polar coronal holes.

44
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We report on observations of Apr. 7-8, 2007, and also prelinmary results
from data of Nov. 2-4, 2007, aiming to investigate the relatonship between
polar coronal jets and plumes.

2. Observations and Data Analysis

We utilize data from two observation campaigns of the solar suthern and north-
ern polar regions on Apr. 7-8 and Nov. 2-4, 2007, respectivel The Hinode
X-Ray telescope (XRT; Golub et al. 2007) carried out observéions with high
spatial (about 1%pixel) and temporal ( < 1 minute) resolution at di erent time
intervals during both campaigns. These data are used to idelify X-ray jets. For
the present study, we kept only well de ned events (several dint and short-lived
features were excluded from the sample). For the Apr. campan, 28 X-ray jets
are selected. More events are also identi ed from the Nov. aapaign.

EUV images from the STEREO/SECCHI/EUVI telescopes are mainly used
to identify polar plumes in relation with the X-ray jets sele cted from XRT data,
in addition to several jet events. Data from the 171A channel, which is adequate
for polar plume emissions, are utilized.
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Figure 1. (a)-(c): Hinode/XRT iimages of the northern polar coronal hole
recorded on Nov. 7, 2007, showing two jet events (white arros; panel (b)
shows the corre- sponding bright points). (d)-(i): STEREO/SECCHI/EUVI
A images showing polar plume haze clearly rises from the samecations as
X-ray jets (black arrows).

Fig. 1 illustrates the relation between jets and plumes. Twojets observed
by Hinode/XRT are shown with typical characteristics of X-ray jets (c on ned-
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ness, length, and width). The bright point at the base of the event shown in
Fig. 1a is relatively large and lasted for several hours. Seral jets erupted from
the same location at separate times. The event shown in Fig.d occurred above
an initially-weak bright point (see Fig. 1b) that enhanced just prior to the jet.
It fainted after and gradually disappeared.

Although the rst event occurred above a bright point very cl ose to the
solar limb, which makes o -limb emissions quite di use due to integration along
the line of sight, it is clear that plume material was well developed after the jet.
Taking into account the di erence in angular view points betweenHinode/XRT
and STEREO-A ( 19), the bright point at the base of the jet (and the fol-
lowing plume) is more complex than in the X-ray images. It is dso noteworthy
that several short-lived, transient jet-like events occured within the plume. As
Raoua et al. (2008) suggested, these may be the powering sote of long-lived
plumes.

The transition from jet to plume is more evident in the case ofthe event
shown in Fig. 1c. The jet is very prominent in X-rays and to a less degree in
EUV data (Fig. 1g). The plume haze is, however, conspicuous feger the jet
disappeared (Fig. 1h-i). The transition from jet to plume was smooth. The
plume lasted for a while after the bright point died out.

Data from the Apr. 7-8, 2007, campaign were studied in more dails. We
nd that about 26 jet events out of 28 were associated with plune material and
that polar plumes trailed about 20 of the 26 jets. A number of erents showed
a time gap between the jet vanishing and the plume appearanceThe time gap
ranges from minutes to a few tens of minutes.

Raoua et al. (2007a) studied plasma thermodynamic properies within
polar plumes constrained by spectral observations from thdJltraviolet Coron-
agraph Spectrometer (UVCS: Kohl et al. 1995) onboard theSolar and Helio-
spheric Observatory (SOHO: Domingo et al. 1995). They found that in order
to reproduce UVCS spectra properties, polar plumes would peferentially be
rooted more than 10 in latitude away from the solar poles. Raoua et al.
(2007b) studied the latitude distribution of polar magneti ¢ eld concentrations
and found that this distribution decreases signi cantly toward the solar poles
(see Fig. 2). They concluded that this in agreement with the siggestion that
polar plumes are rooted away from the pole. The histogram of te 28 jets of
the Apr. campaign is plotted on the same Figure (thick line). Although the
sample is not statistically very large, the histogram showsa trend similar to
the latitude polar ux distribution suggesting that more je ts (and consequently
more plumes) occur away from the solar poles.

3. Discussion

The present observations show evidence for a close relatiehip between polar
coronal jets and plumes. We believe that coronal jets are thgorecursor of polar
plume formation, in particular long-lived ones. Jets are lkely the impulsive
phase of reconnection between newly emergent magnetic uxral the ambient
coronal eld. Plumes may be the result of slow rate magnetic econnection and
residual heating mechanisms. This is supported by the facthat bright points at
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Figure 2.  Thin lines: monthly normalized (by the observable area surface)
distributions of magnetic ux elements as a function of latitude for the north

polar cap from June through Nov. 2007 (for details see Raouaet al. 2007b).
Thick line: histogram of the 28 jets with a latitude bin size of 5 .

the base of plumes usually disintegrate into several partsrad also the occurrence
of short-lived bright points and transient jet-like events at the base of plumes.

The present results are very important for our understanding of the for-
mation and evolution of ne structures within the polar coro nal hole and the
physical processes responsible for that. The sample of polgets and plumes
needs to be signi cantly more important in order to establish a complete picture
on the relationship between polar jets and plumes and may betber structures
in the solar atmosphere, such as spicules and surges.
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Abstract. This article brie y discusses vector magnetic elds of of a sunspot
light bridge (LB) where chromospheric plasma ejections (orit is called surges)
occurred intermittently and recurrently for more than 1 day. Obliquely ori-
ented magnetic elds with strong vertical electric current density higher than
100 mA/m? are clearly observed along the light bridge, suggesting a tisted
magnetic ux (current carrying) loop lying along the bridge . The magnetic eld
structure of the light bridge is modeled to explain observedrecurrent ejections in
terms of magnetic reconnections at the low atmosphere. Deits of our ndings
will be described in a more complete paper (Shimizu et al. 20®).

1. Introduction

The light bridge (LB) is one of the well-known fundamental structures in sunspots.
Some shows penumbral morphological structures with a lametary feature,
while others consist of cellar structures formed by convedbn. Magnetic elds
in LBs have lower eld strengths and more horizontal elds than in the neigh-
boring umbrae (Leka 1997; Jurtak et al. 2006). It is interpreted that eld-free
convection penetrates a strong magnetic eld and forms a cuys-like magnetic
eld (Spruit and Scharmer 2006).

One of the important observational aspects of LBs is that renarkable long-
lasting plasma ejections or surge activities are observednithe chromosphere
along some LBs (Asai et al. 2001; Bharti et al. 2007). A constat brightness
enhancement is also observed over a LB witlTRACE 160 nm images (Berger
and Berdyugina 2003). These observations imply that transént energy release
events and steady heat source can exist in the chromospherdoag LBs.

2. Observational Data

We have examined spectro-polarimetric data from high resaltion SOT measure-
ments of a LB formed in the leading sunspot of NOAA Active Regbn 10953 on
2007 April 29 and 30. Magnetic eld vectors were derived by a Mine-Eddington
inversion and the 180 azimuth ambiguity was carefully resolved with AZAM
software. Simultaneous imaging observations with chromgsheric lines (Ca Il H
and H ) show that upward plasma ejections occurred intermittently and recur-
rently from the LB in almost all the period on April 30 (Figure 1) and ejections
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continued until May 1. On the other hand, plasma ejections wee not observed
before 19:50 UT on April 29, although the LB is already formedin the sunspot.

Figure 1. Chromospheric ejections along a sunspot light bdge on April 30.

Physical parameters of observed ejections are as follows. h& apparent
length is 1,500 3;000 km and the speed 6 40 km/s. Assuming that ejections
are launched along the inclination of the magnetic eld detemined at the foot-
points, the length is estimated to be §500 13;000 km and the upward speed
is 26 180 km/s. These are values typical of H surges reported previously.

The series of spectro-polarimeter (SP) data shows that higly inclined mag-
netic eld is newly formed along the LB on April 30, although magnetic elds in
the LB have lower eld strength and are more horizontal than in the neighboring
umbrae on the both days. The magnetic eld along the LB on April 30 has a
eld strength of 700 1700 gauss and inclination of 120 140, where 90 and
180 are de ned as horizontal and vertical to the local solar surfice, respectively.
The chain of the footpoints of chromospheric ejections is gmarily located along
the east edge of the LB, which is exactly the interface betwee the inclined LB
magnetic eld and pre-existing vertically oriented umbral eld. In contrast, a
very limited number of weak chromospheric ejections is obgged at the west
side of the LB.

A strong vertical electric current density higher than 100 mA/m 2 is clearly
observed along the LB. The current density (J,) map shows an elongated (4
arcsec long, 1 arcsec width) enhancement along the LB. The diction of this
electric current is upward from the surface. Moreover, anoher strong enhance-
ment patch with opposite current direction (2 1 arcsec) was observed exactly
on the interface between the inclined magnetic eld and preexisting vertically
oriented umbral eld.

3. Interpretation

Long-lasting chromospheric plasma ejections from along tb edge of the LB are
indication of magnetic reconnections at a very low altitude which is close to
the height where the magnetic elds are measured with SP. Th$ means that
SP data may provide the magnetic eld structure near reconnetion points and
it can be a powerful tool for probing magnetic eld and electric currents near
reconnection points.
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The obliquely oriented magnetic eld along the LB with inten se vertical
electric current may be a signature of a twisted magnetic uxor current carrying
loop lying with oblique angle along the LB. Here the observedvertical electric
current is interpreted to be the vertical component of a eld aligned current
existing along an obliquely oriented magnetic ux loop. This current carrying
loop appeared from below the photosphere and it was trapped élow the cusp-
shaped magnetic eld structure formed along the LB, as illugrated in Figure
2.

Figure 2.  lllustration of magnetic eld con guration at the LB.

The magnetic eld and the current have opposite directions dong the loop.
The magnetic eld is twisted with a negative rotational angl e along the loop.
This means that upward directing eld component is formed at the east side of
the loop and that this component is anti-parallel to the neighboring vertically-
oriented umbral eld. Anti-parallel magnetic elds are pre ferable for causing
magnetic reconnections. This scenario can give an answer te question why
chromospheric ejections were primarily launched from the ast side of the current
loop, i.e., the interface between the inclined magnetic el and pre-existing
vertically oriented umbral eld. In contrast, parallel el d con guration is formed
at the west side of the loop.

With this interpretation, it has turned out that the eld-al igned current
creates a twist of magnetic elds along the magnetic loop andhe twisted eld
lines can play a vital role in triggering magnetic reconnecions. In this case,
magnetic reconnections are the energy driver for chromospgric plasma ejections
from along the LB.

A strong current patch with the opposite sign was also obsergd on the
magnetic eld interface at the east side. This current enharcement may be a
signature of electric current sheet forming at reconnectig point. Some series of
intense ejections were launched from this site in a hour arood the examined SP
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data. A patch of down ow (0.7 km/s) was detected with SP at the time when
the slit was just at the footpoint kernel of an intense chromaspheric ejection.
This observed down ow may be the downward component of reconection jets
from a reconnection point, whereas the chromospheric ejeitin is the upward
component of reconnection jets. This observation suggesthat the reconnection
point is still located above the height where the magnetic dd is measured with
SP.
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Solar Polar Field Observed by  SOHO /MDI and Hinode

Yang Liu
HEPL, Stanford University, Stanford, CA94305-4085, USA

Abstract. Using 1-minute cadence time-series full disk magnetogramtsiken
by SOHO/MDI in 2007 March, and the corresponding Hinode/SOT vector mag-
netograms, | have studied evolutionary characteristics ofmagnetic elements in
Sun's south polar region in solar minimum. It is found that th e lifetime of mag-
netic elements is 17.0 hours on average with an average lifete of 21.8 hours
for elements with positive eld, the dominant polarity in th e south pole, and
1.6 hours for elements with negative eld. The elements withpositive eld are
dominant in the south pole with a percentage of 76% in elemennumber and
90.5% in magnetic ux. The lifetime and magnetic ux of the el ements is found
to be highly related. This agrees with some previous studiefor the elements in
low latitude quiet regions.

Using an image cross correlation method, | also measure soleotation rate
at high latitude, up to 85 ° in latitude, whichis ! =2:914 0:342 sin? 0:482
sin®  rad/s sidereal. It agrees with previous studies using specbscopic and
image cross correlation methods, and also agrees with the salts from some work
using the element tracking method in which the sample of traked elements is
large. The consistency of those results from di erent data @d methods strongly
suggests that this rate at high latitude is reliable.

1. Introduction

To better understand Sun's polar eld is helpful to advance aur knowledge on
solar dynamo. MDI magnetic eld measurement during campaign programs is
speci cally useful to study evolutionary characteristics of magnetic elements in
polar regions, because the magnetograms are (1) full disk,ave (2) a cadence of
1 minute, and (3) a long time coverage from several days to mdhs. Lifetimes
of elements and rotation rate are two topics that these data @n help to address.
There have been some prior studies to measure lifetime. Dengt al. (1999),
after tracking 1300 elements in high latitude, found that the lifetime of elements
varies from several hours to more than 58 hours. Varsik et al(1999) reported
the lifetime of magnetic \knots" is longer than 7 hours but shorter than 24 hours.
Benevolenskaya (2007) found \the polar magnetic elements &ve a tendency to
be present for about 1-2 days". Tsuneta (2008) found the liféme of elements is
within 10 to 15 hours. Thus, it is useful to give a statistical estimate of lifetime of
magnetic elements in high latitude. The solar rotation rate in high latitude has
also been measured using various methods, such as spectrmgic (Howard and
Harvey 1970; Becker 1978), image cross correlation (Cram et. 1983; Snodgrass
1983; Strous and Simon 1998; Meunier 2005), and element trking (Howard
1978; Zhang et al. 1997; Deng et al. 1999; Benevolenskaya Z00In this paper,

| will measure element lifetime and rotation rate at high latitude.
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2. Data and Methodology

Two data sets are used in this study. One was taken in March 200, covering 20
days, and the other was a 30-day continuous observation takein March 2008.

Vector magnetic eld data taken by Hinode/SOT from 12:02:19 to 14:55:48 on
2007 March 16 were also used to calibrate MDI data. To estimag lifetime of

elements, | rst transform magnetograms into Carrington coordinates and, after

correcting for Carrington rotation, average 30 remapped images to suppress the
noise. The averaged data is then mapped onto polar region, ashown in Fig.

1. A movie is made from those data. With this movie, | manually track each

element to obtain the lifetime. The rotation rate is measured using an image
cross correlation method. Again, the magnetograms are trasformed into the

Carrington coordinates, and 60 remapped images are averade The averaged

images are then divided into strips along the latitude with a bin size of 8. Cross

correlation is performed for the corresponding strips froma pair of remapped

magnetograms with a certain time lag between them. The crossorrelation code,

cross.cor_taylor.pro, developed by G. Fisher at Berkeley, allows sub-pixel shift

to nd position of the maximum.

Figure1.  Solar polar eld from southern pole down to -57 degee in latitude.
The data were taken by MDI on 16 March 2007. The image shown heris an
average of 30 magnetograms centered at 13:52 UT.

3. Results

3.1. Lifetime of Magnetic Elements

Many elements have a lifetime less than 10 hours, while somelegnents can
live much longer, up to 80 hours (left panel of Fig.2). The pogive elements
are dominant at the south pole by 76% in number and 90.5% in magetic ux

(see Table 1). Their lifetimes are 21.8 hours on average, wti is much longer
than that of negative elements (1.6 hours). It is also shown hat lifetime is

correlated with the magnetic ux of the elements (middle panel of Fig. 2)
with a Pearson correlation coe cient of 0.80. This agrees wth the results from
Hagenaar et al. (1999), who found a correlation between lifime and ux of

magnetic concentrations in quiet Sun at low latitude. A comparison of element
ux from MDI and Hinode data exhibits a high correlation but the measured
magnetic ux from MDI is lower than Hinode's by a factor of 1.75 (right panel
of Fig. 2). MDI's ux is estimated from radial eld that is con verted from
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observed line-of-sight eld by assuming eld is purely radial, while Hinode's ux
is measured from vector eld data.
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Figure 2.  Left: Histogram of lifetime of magnetic elements.Middle: scatter
of lifetime and magnetic ux for all elements, with a Pearson correlation
coe cient of 0.80. Right: scatter of magnetic ux of elements measured from
Hinode data and MDI data. The Pearson correlation coe cient is 0.98. A
linear tting, y =0:269+0:569 X, is shown in solid line.

Table 1.  Properties of magnetic elements at high latitude (pleward of 69)

Lifetime (hour) Percentage (number) Percentage (ux)

positive 21.8 17.0 76% 90.5%
negative 1.6 0.8 24% 9.5%

3.2. Dierential Rotation at High Latitude

The rotation rate at high latitude, up to 85 °, is determined from the pairs of
magnetograms with 2 hours time lag, to bel =2:914 0:342 sin?2  0:482
sin®  rad/s sidereal. The rates from pairs with dierent time lags, up to
5 hours, are not signi cantly di erent. Shown in Fig. 3 is a comparison of
the rates between this work (black diamond) and previous stalies from various
methods. It agrees with results from image cross correlatio method (in blue),
and spectroscopic method (in green), and also agrees with ¢hresult of Deng
et al. (1999) that used an element tracking method to manualy track 1300
elements. Signi cant discrepancy can be seen between thisask and the work
done by Howard (1978); Zhang et al. (1997); Benevolenskaya2007), which used
element tracking method. One possible interpretation is that the sample of
tracked elements for those studies is small: the random matin of the elements
may contaminate the results.

4. Conclusions

Using 1-minute cadence magnetograms taken by MDI and vectomagnetic eld
measurement taken byHinode, | have analyzed the magnetic elements at high
latitude (poleward of 65° in latitude) in solar minimum. The data were taken
in 2007 March. 1t is found that a lifetime of magnetic elements in south polar
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Figure 3.  Solar rotation rate at high latitude derived by previous studies
using di erent methods, comparing with the result from this work (in black
diamond).

region is 17.0 16.3 hours on average, with an average lifetime of 21.8 17.0
hours for elements with positive eld, the dominant polarity in south pole, and
1.6 0.8 hours for elements with negative eld. The number of the sitive
eld elements is about 76%, while the ux of those elements isabout 90.5%.
Lifetime of elements is found to be related with the ux of the elements, which
is consistent with the elements in low latitude quiet Sun (Hagenaar et al. 1999).
Solar rotation rate at high latitude, up to 859, is also measured to be =

2914 0:342 sin? 0:482 sin* rad/s sidereal. The result agrees with
previous work using cross-correlation and spectroscopic athods, and also agrees
with results from some element tracking work in which the sanple of the tracked
elements is large, such as Deng et al. (1999) (see Fig. 3).

Acknowledgments. The author wishes to thank S. Tsuneta for Hinode vector
magnetic eld data, J. Zhao for suggesting using an image crss correlation method to
measure solar rotation, and G. Fisher for providing the imag cross correlation code. |
also want to thank B. Lites for suggestions on the manuscript This work was supported
by the NASA NAG5-13261, and Lockheed Martin contract 810000791 . SOHO is a
project of international cooperation between ESA and NASA.
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Observations of magnetic elements in the quiet Sun
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Abstract. We present here the analysis of high-resolution images of thquiet

Sun at disk center taken with the Solar Optical Telescope (SQ) on board Hinode

in the CN bandhead (388.35 nm) and magnetograms in the Mg | lie (517.27
nm). These observations are complemented with data from th&Swedish 1m Solar
Telescope (SST). All data sets were obtained during theHinode/Canary Islands

joint campaign (HOP 0014) in September, 2007. In particular we investigate
the morphology, radiative and magnetic properties of smalscale elements in the
solar atmosphere.

1. Introduction

The study of the radiative properties of small-scale magndt elements in the
quiet Sun internetwork such as bright points (BPs) is of gred interest in under-
standing, among other things, their relevance in the contex of solar irradiance
variations. In the last few years the observation and study & BPs has shown
great progress. However, some properties such as their magpic eld strength
and other physical parameters could not yet be fully determned and it is neces-
sary to extend this study to di erent times during the solar c ycle. The advent
of Hinode data o ers a great opportunity to carry out these kinds of studies.
The high spatial and temporal resolution of the instruments onboard Hinode,
as well as the wide spectral coverage permit to study in detadisolar activity at
small scale.

2. Observations

In September 2007, a joint campaign ofHinode instruments and the solar tele-
scopes in the Canary Islands was organized in order to studyhie quiet Sun and
active region magnetism using high resolution data at di erent wavelengths. In
this work, we make use of continuous data series from spacend ground-based
instruments simultaneously taken during the period from 840UT to 9:20UT,
on September 29, 2007. The observations used in this work wertaken in the
CN bandhead (sampling of 00544%x) and Mgl line (sampling of 0:08°%px)
from Hinode. Simultaneous images the G-band (sampling of ©349px) from
the Swedish Solar Telescope (SST) were also analyzed.

All the data were processed following the basic reduction pscedure: at-
elding and correction by dark current. Data from SST were further recon-
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structed by using the Multi-Object Multi-Frame Blind Decon volution (MOMFBD,

van Noort et al 2005) to remove the atmospheric in uence on tre images. After
this restoration, images were also corrected by Earth rotaion and translation

e ects, destretching and elimination of p-modes and jittering. The space-borne
observations, on the other hand, were corrected for cosmicays e ects along
with solar p-modes removal (Title et al 1986) among other things. Individual

successive images were aligned to each other in order to idég features in suc-

cessive frames. Co-alignment between images at di erent weelengths was also
performed.

3. Analysis

3.1. Magnetic Elements

A major problem in the study of small-scale solar features ighe level of noise
present in the data from magnetograms. The 1-sigma noise leV for the magne-
tograms used in this work is typically about 30 G. This value reduces to about
20 G, when 1-min averages over consecutive magnetogram araken. Moreover,
we take into account only those pixels with magnetic signal dove 3-sigma.

Small magnetic elements were identi ed in consecutive magetograms. The
magnetic ux density for each of those regions were estimatg. Their values in
Gauss were obtained by using the factor derived by Chae et al2007) by com-
paring simultaneous data from SOT-SP (Spectro-polarimete) and SOT-NFI
(Narrowband Filter Imager) for the Fel line. It is worth noti ng that we use
these values only for reference. The original magnetic sigt jV=lj is shown in
the upper x-axis. We are aware of the di erent sensitivitiesof both spectral lines,
Mgl and Fel, to magnetic eld as well as the fact that they prov ide information
of magnetic eld from the chromosphere and photosphere resgctively. However,
since the sizes of the structures studied here are so small drlso the lter width
is such that it provides mixed information from the photosphere and the lower
chromosphere, we consider the values in Gauss thus obtainets a good approxi-
mation for the magnetic ux density. We would like to point ou t that in order to
get the correct values, a similar comparison between speatrpolarimetric data
and NFI magnetograms, both in the Mgl line, should be carriedout. The distri-
bution of magnetic uxes, areas in square arcseconds and thifetime are shown
in Fig. 1.

3.2. BPs Detected in CN- and G-band

Bright points were identied in 40 CN images (one image per mnute) using

the MLT 4 algorithm developed by Bovelet and Wiehr (2007). The techique

consists of recognizing dierent levels of intensity and sgmenting the image
according to the level selection of features above a brightss threshold. Infor-
mation about sizes and brightness of BPs could be thus obtaied. The scaled
intensities are calculated over the N-pixels of each BPlgy = Ni i ﬁ

where | nean represents the mean intensity for the whole image. The distibu-

tions of these properties for those BPs detected in successi images are shown
in Fig. 2.
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Figure 1.  Properties of magnetic elements. Left: Distribuion of magnetic
ux density measured for each feature. Values in Gauss are dhined following
Chae et al (2007). Middle: Size distribution. Right: Lifetime (minutes) for
the magnetic elements lasting more than 3 minutes.
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Figure 2.  Distribution of properties of BPs detected in CN bandhead. Up-
per panel, left: Lifetime (minutes) of each feature. Right: Distribution of
scaled intensities measured for the BPs detected during thebserving period.
Bottom panel, left: Area distribution. Right: Diameter dis tribution.

BPs were also detected in a G-band image taken with SST at 09D UT
using the method described by Sanchez Almeida et al (2004) A larger number
of small scale features were recognized in the G-band imagepmpared to the CN
image taken at the same time. The intensity and size distribdions are displayed
in Fig. 3.
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Figure 3. Properties of BPs observed in G-band. Left: Distrbution of
scaled intensities of BPs. Center: Area distribution. Righ: Diameter distri-
bution.

4. Discussion and Concluding Remarks

Typical magnetic ux density values estimated in the small-scale magnetic ele-
ments are of the order of hG. Most of the features have areas sailer than 0.1
square arcseconds, although they cover a wide range of vakleThe areas of BPs
observed in G-band are considerably smaller than they are irCN, with peaks
at 0.02 and 0.06 square arcseconds respectively. The dianeetof BPs can be
calculated assuming a circular shape. The distributions othis parameter show
peaks at 027°%and 0:14%°for CN and G-band BPs respectively. The apparent
large di erence between these properties derived from thestwo wavelengths can
be attributed to the higher resolution of the telescope and he narrower pass-
band width of the G-band Iter in SST making possible to resolve individual
small features when they are located in chains containing nonerous BPs. In
CN, instead, they appear blurred so they are often counted as single feature.
Probably for the same reason, BPs are more numerous in G-bandrhe coverage
for BPs is 0.26%, while for CN is 0.22%. Both distribution of the scaled intensi-
ties for BPs observed in CN and G-band show a maximum between &nd 1.05.
However, in G-band, some elements show values spanning frot9 to 1.8, while
in the CN bandhead, the highest scaled intensity is 1.25.

In this work, we have estimated the area coverage and the intesity, mag-
netic ux, size and lifetime distributions of BPs from observations at di erent
wavelengths. As a next step, we expect to complete the crosssmparison of their
radiative properties and morphology. Our nal goal is to study the relationship
between BPs brightness at di erent wavelengths and magnet ux.
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Abstract. Performing Stokes inversion on single pixels can be di cult due
to seeing and instrumental smearing. We present two di eren techniques to im-
prove Stokes inversions. The rst method, REGIONS, is a codahat nds pixels

that are likely to contain signal from the same magnetic elenent. The second
method, mCLEAN, reconstructs a magnetogram if the point spread function
(PSF) of the instrument and seeing is known.

1. REGIONS

1.1. Introduction

Polarization signals corresponding to a single magnetic ement are often spread
over several pixels due to atmospheric seeing and/or instmnental smearing,
thereby reducing the signal per pixel. This makes it dicult to perform in-

versions on single pixels, particularly in the quiet sun. The morphological RE-
GIONS code nds pixels that are likely to contain signal from the same magnetic
element.

1.2. Method

REGIONS is an algorithm that uses morphological methods to educe the mag-
netic map into patches, each representing one magnetic eleent. After eroding
the magnetogram, it nds the local maxima, performs an analysis on surround-
ing pixels with signals above the noise level, and groups the into patches.

1.3. Example

We applied REGIONS to HINODE SOT/SP data from May 21, 2007 (see Fig. 1).
We used a subsection of 57 by 40 pixels (black rectangle in Fidl) to identify
patches with REGIONS. Stokes spectra from one patch were irerted with LILIA
Socas-Navarro (2001). The three panels in Fig. 2 show the abkite magnetic

eld strength, the transverse magnetic eld strength, and t he inclination angle

, for each of the 42 individual pixels in the patch. The averag values of these
three parameters obtained from the inversion and their coresponding error bars
are shown with grey rectangles. The black, very thin, rectamgles correspond to
the parameters and their error bars obtained by inverting the average Stokes
spectra in the patch. Because the error is very small, the ragangle looks like a
line. Averaging spectra with REGIONS before inverting rather than pixel-by-
pixel inversions dramatically improves the quality of the inversions while also
increasing the speed.
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Figure 1. HINODE SOT/SP magnetogram from May 21, 2007. The
large magnetogram is 164 x 72 arcsec and the zoomed-in magngtam
is 6.4 x 9.1 arcsec. The right rectangle shows the patches idé ed by RE-
GIONS, the grey scale corresponds to di erent patches.

Figure 2. The magnetic eld strength, the transverse magneic eld
strength, and the inclination angle, , for each of the 42 individual pixels
in the patch identi ed by the square in the rightmost image. T he vertical
lines are error bars, the black, vertically very thin rectangles (that appear
like dark lines) correspond to the parameters and their erro bars obtained by
inverting the average Stokes spectra in the patch, and the gry rectangles cor-
respond to the average values of the parameters obtained fro the inversion
and their corresponding error bars.

2. mCLEAN

2.1. Introduction

Every image produced by an instrument is smeared by the instument's point
spread function (PSF). If the PSF is known, a CLEAN-like algorithm can re-
construct the original. We have adapted the algorithm to work with magnetic
maps, which contain both negative and positive values.

2.2. Method

CLEAN Hegbom (1974) is a deconvolution procedure based on aimple, iterative
algorithm that nds the strengths and locations of smeared point sources. The
procedure nds the brightest pixels in the image and subtrads a fraction of the
smeared point source at the same location. The iterative sufpaction process
continues until the noise level has been reached. This redslin a residual image
and a list of point sources of varying intensity. We developé a modi ed version
of CLEAN, called mCLEAN, that also works for negative signals by taking into
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account the sign of the signals. We also make sure that the piedure does not
produce false maxima on either side of the noise level. Falsraxima can occur
when the procedure has found a maximum (positive or negative mCLEAN
then uses subtraction of images which can give negative or itive false values.
As we are looking at both positive and negative signals, we ha to make sure
that these are not artifacts from previous substractions.

2.3. Example

The mCLEAN procedure was applied to an arti cial magnetogram. This magne-

togram consists of zero signal with positive and negative piot sources. The mag-
netogram was smeared with a PSF to mimic instrumental e ects We then ap-

plied mCLEAN to recover the magnetogram. The three panels inFig. 3 show the

magnetograms and the three panels in Fig. 4 show correspondj cross-sections
through the center of the magnetic elements. The left panel Bows the original

data, the middle the smeared version, and the right panel thenCLEANed mag-

netogram. This shows that, with a known instrumental PSF, we can recover the
unsmeared magnetogram. This has a direct application as thenagnetogram

pixel points correspond to integrated Stokes pro les and wecan therefore sum
up the group of Stokes pro les carrying the spatially smear@ polarization sig-

nal. The summed up Stokes spectra can then be inverted with mech improved

results as the signal-to-noise ratio is increased. Tests Wi additive noise as well

as real data will be performed next.

Figure 3.  The three panels shows the magnetograms with the aginal data,
the smeared version, and the mCLEANed magnetogram .

Figure 4. The three panels show corresponding cross sectisthrough the
center of the magnetic elements.
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Abstract

Magnetic ux emerges on the Sun on many di erent scales, fromweak intranetwork to
network concentrations and (ephemeral) active regions. M#hods previously developed
to recognize regions of magnetic emergence on MDI Full Disk egnetograms fail when
applied to Hinode/SOT Stokes maps: the resolution is so much higher that simp
bipoles on MDI are observed as collections of fragments. Werpsent a new method for
the automatic detection and characterization of ux emergence on a range of scales.

1. Introduction

Harvey (1993) developed a method to (manually) detect epherral active regions on
Kitt Peak and BBSO magnetograms. Those data had a resolutiorof 5°°and 6% respec-
tively. Based on Harvey's method, Hagenaar (2001) develomka computer algorithm to
automatically detect magnetic bipoles in quiet Sun on MDI Full Disk magnetograms,
which have a resolution of #°(Hagenaar et al. 2003, 2008).

So far, detection of ux emergence has been done by recogmitn of bipoles on
individual MDI FD images. The ltergrams provided by Hinode SOT have a 12 times
higher resolution with pixels as small as 0.1& so that simple bipoles are detected
as groups of many magnetic features. We therefore work on a meapproach to nd
locations of ux emergence.

2. Data

We study three sequences aflinode SOT magnetograms. One sequence shows a simple
ephemeral region on 2007 March 8 between 03:00 UT and 06:30 Uin the Fe | 6302

A line, see Figure 1. A more complicated emergence, in anothebipolar area, was
observed between 2007 Sep 27 14:00 UT and Sep 28 10:00 UT, iretNa | line at 5896
A, see Figure 2. The third sequence was taken in Fe | 6308 , and shows an emerging
sunspot on 2006 between Dec 1 23:55 UT and Dec 2 08:45 UT, as shoin Figure 3.

3. Method

The magnetogram sequence is rebinned intonacropixels with sizes of 5 Mm, roughly
the spatial scale of mesogranulation (November et al. 1981)

The total positive (negative) magnetic ux ) (t) is determined in each macropixel
in the entire sequence. For chosen timescales, we smooth () (t) with a kernel k( ;t)
and take its time derivative, d ) (t)=dt.

Gaussian ts are individually performed on d ) (t)=dt for both the positive and
negative polarities. When the parameters of the ts satisfy ALL of the following criteria,
ux emergence is judged to have PROVISIONALLY occurred in that macropixel:
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Figure 1.  Top: Hinode SOT observations of a ephemeral emerging ux re-
gion on 2007 Mar 8, observed in Fe 6302A. From left to right: 02:55 UT;
04:35 UT; 06:29 UT. The circles have a radius of 20 Mm, about auper-
granule. Bottom: the ephemeral region is detected by our algrithm. The
colors correspond to the number of provisional occurrencesas explained in
Section 3.



Magnetic Flux Emergence

Figure 2.  Top panels: Hinode SOT observations in Na | 5896\ on 2007
Nov 27. From left to right: region at 17:54, 18:13 UT and 18:33UT. The
circles have a radius of 6 Mm, about a mesogranule. Bottom: tB ndings of
our algorithm.
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Figure 3.  SOT observations of an emerging sunspot on 2006 Ddd2. The
image was observed in Fe 630 and the eld of view is 141 89 Mm?. Top:
Dec 1, 12:24 UT, central panel: Dec 2 3:31 UT. Bottom panel: arilobite
shaped bipolar region has emerged and is recognized by our thed.
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Centers of the two Gaussians are su ciently close in time;
Heights of Gaussians are comparable;

Areas under the Gaussians are comparable (i.e., newly appezd positive and
negative uxes are comparable);

Uncertainties in Gaussian parameters are su ciently small (i.e., Gaussian ts are
reasonable);

Gaussian widths span at least several frames in magnetograsequence.

The above procedure is repeated for various timescales and radii R, where R is the
number of adjacent macropixels to include in calculation of ux proles ) (t) (and
their time derivatives).

If, for a given macropixel (i;j ), the number of provisional occurrences is> 5
(depending on the number of frames in the sequence), then weonclude that ux has
really emerged in that macropixel.

4. Conclusions

Magnetic ux emerges on the solar surface on many di erent sales. We developed a
new method for the automated detection of newly emerging magetic ux over a range
of spatial and temporal scales.

Several free parameters in the algorithm may be varied depeting on the properties
of the bipolar features to be detected. For instance, di eraces in the polarities of an
emerging ux region may lead to an apparent ux imbalance in magnetic maps. Such
instrumental limitations must be accounted for by a certain amount of tolerance in the
algorithm.

This method was developed studying Stokes V maps made byinode SOT, and has
the potential for application to SDO HMI data. SOT data have shown characteristics
of the solar magnetic eld in both quiet and active Sun. SDO will take continuous full
disk observations in many di erent wavelengths and give beter statistics.
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Abstract. High resolution Hinode Spectro-Polarimeter observations permit
one to examine the detailed structure of the magnetic eld vector in emerg-
ing ux regions. We nd the eld to have a concave-upward geometry on the
smallest scales observed (8%, indicating the presence of U-loops at the sites
of approaching and canceling opposite polarities. This stucture stuggests that
reconnection is taking place at or below the surface, allowig the emerging ux
to rid itself of its considerable mass burden. Supersonic den ows are often
observed adjacent to, but no coincident with, the sites of caceling ux. We
propose that these are the sites that drain the mass containgin the buoyantly-
rising ux elements. The observations then suggest a procesof sub-surface
reconnection producing O-loops that then are forced to desend with the inter-
granular convective down ows, thus making ux submergenceimportant to the
larger scale ux emergence process.

1. Observations

The Hinode/SOT (Kosugi et al. 2007) data presented herein are derivedrom extensive
observations of the entire disk passage of Active Region 108 obtained during 6 -
19 December 2007. In this work we report orHinode/SOT Spectro-Polarimeter (SP)

observations of this region when observed close to disk cestt at a time when ux

was actively emerging. We study one particular SP map obtaied at highest angular
resolution (SP \Normal Map") on 11 December 2007. The area maped was 151 162°
(1024 1024 pixels), within which the emergence was occurring oveithe supergranule-
sized region shown in Fig. 1.

2.  Analysis

The standard calibration of SP data (http://sot.Imsal.com /data/sot/levelld/) not only
yields Stokes pro les, but also outputs a number of useful gick-look parameters relating

1The National Center for Atmospheric Research is sponsored by the National Science Founda-
tion.
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Analysis results of a portion of the SP map of Regionl0978 on

11 December 2007 (11:14 and 12:41 UT, = 0:98) are shown. Panels are as
follows clockwise from upper left: continuum intensity at 630 nm, red wing
\Ichimotogram" at a displacement of +260 m A, intrinsic eld strength jBj as
gray scale (white to black is 0 to 2000 Gauss) with arrows evgr10" observed
pixel denoting the direction of the horizontal component ofthe magnetic eld,
and the longitudinal apparent ux density B',p,. The cross indicates the
location of a strong down ow corresponding to the Stokes prdes of Fig. 3.
White regions in the jBj image indicate regions of low polarization where no

inversion was performed.
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Figure 2. The vector eld structure of a small region of abutting opposite
polarities just below the center of the eld of Fig. 1 is shown in perspective
view. The signed eld strength is depicted in the upper planeas a gray scale
(white/black = + = 2000 Gauss), and arrows of length proportional to the
eld strength indicate the vector orientation of the eld. T he bottom plane

presents the corresponding continuum intensity. White lines indicate polarity

inversion lines. The lower left edge is south, and the loweright edge is west.

to the magnetic eld and dynamics. Among those are the contiruum intensity 1. and
the \apparent longitudinal ux density" Bl ,,. The latter quantity may be thought

of as a very accurate and sensitive magnetogram image, as & based on the Stoked/
signal integrated over the two 630nm Fel lines, and related ¢ the average ux density
within the resolution element using a non-linear calibration curve (Lites et al. 2008)
appropriate for weak, spatially resolved elds.

We have subjected these SP full Stokes spectra of the pair ofeman-sensitive Fe |
lines at 630 nm to a least-squares Milne-Eddington (ME) \inversion" to extract measures
of intrinsic eld strength and other quantities. We have used the reliable inversion code
developed for the Advanced Stokes Polarimeter (ASP). Afterinversion, we have used
the IDL routine AZAM written by P. Seagraves for data from the Advanced Stokes
Polarimeter (Lites et al. 1995) to resolve the ambiguity of the eld azimuth.

Additionally, we have made highly monochromatic spectrohdiograms of StokesV
in the far red wing of the 630.25 nm. The latter presentation, denoted by us as an
\Ichimotogram" after K. Ichimoto who rst used the techniqu e on SP measurements of

sunspots (Ichimoto et al. 2007), clearly reveals locationsf large receding Doppler shifts
in plasma that is magnetized.
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Figure 3. Observed Stokesl;Q;U;V proles (dots) from the location

marked by a cross in Fig. 1 are presented along with synthetigro les (solid

curves) tto the observations using a two-component Milne-Eddington mag-
netic atmosphere plus a scattered light pro le. The displaed magnetic com-
ponent is redshifted by 101 km s !

3. Observed Properties of the Emergence Site

The panels on the left of Fig. 1 show the quick-lookl. and B‘ 4, of the emergence
region. The upper panel on the right shows the red-wing Ichinotogram, and the lower-
right image shows the intrinsic eld strength of the emergerce region as a gray scale with
arrows indicating the orientation of the horizontal eld. T he latter image shows that
the entire area is dominated by weak (hectoGauss) elds thatare dominantly horizontal
with preferred orientation from SE toward NW (lower-left to ward upper-right). Inter-
spersed among the weak elds are isolated small regions, pnanent in the B" p, image,
consisting of stronger, more vertical elds. These strong elds are usually abutting op-
posite polarities, mostly not separated by any weak, horizatal elds at the maximum
resolution of the SP. Concurrent sequences dflinode/SOT Iter magnetograms in the
Na D1 line show these opposite polarity strong eld regions b converge and cancel in
place. The continuum image reveals many granules that are ehgated in the direction
of the hectoGauss horizontal elds.

Examination of the vector eld in the vicinity of the abuttin g opposite polarity
strong shows that the eld structure has a \concave-upward" or \U-loop" geometry;
see Fig. 2. The Ichimotogram shows many isolated, tiny, intese down ows within the
emergence region. Shades of gray indicate the polarity andrength of the far-red wing
StokesV signal. Many fewer of these \events" appear in the correspoding blue-wing
Ichimotogram. We designate these locations as Strongly Reshifted Magnetized (SRM)
plasma. The Stokes pro les for one prominent event highlighed in the Ichimotogram
are presented in Fig. 3, where we also display a ME inversion ith two magnetized com-
ponents. Clearly there is down- owing plasma with very high speeds in the magnetized
plasma. The characteristics of the SRM events are as follows
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1) The rapid sequence of Na D-line magnetograms obtained byhe Hinode Nar-
rowband Filter Instrument show the ux elements moving along the SE toward NW
line, with opposite polarity strong eld colliding and canc eling, 2) SRMs are highly
localized, many of which are at or below the SP resolution lint of 0:3° 3) SRMs oc-
cur in intergranular lanes, or at the edges of granules, and @ sometimes associated
with continuum bright points, 4) intrinsic eld strengths o f SRMs are typically hecto-
Gauss; i.e. weaker than found in the cores of the strong eld encentrations within the
emergence region. Some, however, do have kiloGauss eld stigths, 5) SRMs occur
away from the polarity inversion line of localized cancelirg magnetic ux, near the outer
edges of the abutting opposite polarity ux concentrations, and 6) inversion of Stokes
pro les associated with SRMs demonstrate sonic or supersaa downward velocities in
the photosphere.

4. Discussion

These observations are consistent with the following scena for the emergence process:
Flux emerges over a broad area as hectoGauss horizontal edd Owing to the weakness
of the elds, granular convection may distort and advect the eld, producing local dips
in the eld. Convective down ows concentrate elds and, via convective collapse,
lead to kiloGauss concentrations with a U-loop con guration (concave-upward eld
structure). The buoyantly rising ux drains its mass into th e vicinity of the strong ux
concentrations. Opposite polarity ux elements are forcedtogether by the convective
ows, leading to forced reconnection and the detachment of asub-surface \O-loop".
The O-loop descends via the convective down ows into the cowection zone, thereby
freeing the horizontal eld structure to rise further into t he atmosphere.
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Abstract. Magnetic null points can be located numerically in a potential
eld extrapolation or their average density can be estimated from the Fourier
spectrum of a magnetogram. We use both methods to compute thaull point
density from a quiet Sun magnetogram made withHinode's NFI and from mag-
netograms from SOHO's MDI in both its high-resolution and low-resolution
modes. All estimates of the super-chromospheric column deity (z > 1:5 Mm)
agree with one another and with the previous measurements: 310 2 null points
per square Mm of solar surface.

1. Null Point Density

Line-of sight magnetograms, such as Figure 1, show the quietun to be composed of a
disordered mixture of positive and negative polarity. The mronal magnetic eld above
is expected to be complex and vanish at a number of points cad null points (Schrijver
and Title 2002; Longcope and Parnell 2008). These null poirg might serve as a site of
heating (Hassam 1992; Craig and McClymont 1993) or of cororlgets (Shibata et al.
1992; Cirtain et al. 2007).

The high resolution magnetogram fromHinode's NFI (Figure 1a, with 0:16° 0:16%
pixels) reveals ne spatial structure, however, within a relatively small eld of view:
136° 96%°° The MDI full-disk magnetogram (Figure 1b) has lower resolution but from
its larger eld of view it is possible to extract the same region (labeled A) or a larger
300°° 300P°square centered at disk center B), similar to those used by Longcope and
Parnell (2008).

Potential elds are extrapolated from lower boundaries conposed of the NFI mag-
netogram (Figure 1a) and sub- eld A of the MDI magnetogram. This region is near
enough to disk center that no compensation is made for surfae curvature | the line-
of-sight eld is used as the vertical eld, B,(x;y;0). The extrapolation yields eld
components on Cartesian grid points. The algorithm of Hayne and Parnell (2007)
identi es each point at which tri-linear interpolation of t he gridded eld vectors vanish:
magnetic null points.

The heights of null-points directly found this way can be summarized as a density,

n (2), shown as the solid curves in Figure 2a. The null columnN;(z), shown in Figure
2b is the number of null points, per surface area, above a giveheight. For the surface
area of the entire magnetogram (the right axis) the number ofnulls abovez' 8 Mm
falls to only a handful, and the cumulative density su ers from statistical errors.
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Figure 1. Magnetograms of a section of quiet Sun from 19 Sept.2008,
(scaled between 100 G). (a) From the MDI NFI instrument. (b) From
SOHO/MDI in full-disk mode. Outlines show the eld of view of (a) a nd of
the 300°° 300P°images used below.

Comparison reveals that additional spatial resolution yidds more null points in the
potential extrapolation from an ideal photospheric surface (z = 0), but the additional
null points are, as expected, at very low altitude. Hence, tle number of coronal null
points (z > 1:5 Mm) is much less dependent on resolution.

2. The Spectral Estimate

An alternative to direct identi cation of null points is an e stimate based on the isotropized
Fourier spectrum of the magnetogram,S(k), developed by Longcope et al. (2093). Fig-
ure 3a shows the spectra from various magnetograms, compuleout to ke =2 = x
in order that the the total Fourier-space area, k 2, matches that occupied by the actual
magnetogram with  x X pixels.

The spectral estimate of null density depends on the variane, 2(z), of the vertical
component of the extrapolated eld as well as on an inverse caracteristic length scale,
d(z), de ned by a related integral

Z, Z,
2(z)=2 S(k)e ** kdk ; of(z2)= —
0 Z(Z)

Longcope et al. (2003) showed that under the assumption thaB,(x;y; 0) was a homo-
geneous, Gaussian random eld, the density of magnetic nulpoints is

N(2) = G(B:=,)q(2) ; )

whereG( ) is a dimensionless function (Longcope et al. 2003). The furtion depends on
the mean vertical eld strength B, and also weakly on another moment of the spectrum.
The spectral estimate, Equation (2), is plotted in Figure 2a, as a dashed curve for each
of the two magnetograms. Integrating n (z) downward from in nity gives the column
densities, N, (z), plotted as dashed curves in Figure 2b. In the case of NFI it ppears
that the spectral estimate is reasonably accurate over heigts with more than a handful
of null points above.

The spectral estimate depends on the isotropized spectra pnarily through inte-
grals in Equation (1). Di erent patches of the quiet Sun, such as regionsA and B of

S(k)e **k3dk : (1)
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Figure 2.  The density of null points above theHinode magnetogram (dark)
and sub- eld A of the MDI full disk magnetogram (light). (a) The density,

n (2), of null points found on a gridded extrapolation (solid) and by spectral
estimate (dashed). (b) The column density,N, (z) found by integrating n (2)
downward. Left axis shows the value in Mm 2, the right axis gives the total
number of null points found on the grid.

Figure 1, have very similar spectra, as shown in Figure 3a. Lager elds, such asB,
sample S(k) more densely and thus yield more accurate spectra. Higheresolution, on
the other hand allows spectra to extend to much higher wave nmbers, as does the NFI
curve in Figure 3a. The spectra from instruments of all resalition and elds-of-view
agree relatively well over the lowest wave numbersk 1 rad/Mm.

The moderate wave numbers of the MDI spectra are a ected by wilite noise and the
modulation transfer function of the imaging system, including an intentional defocusing
in full-disk mode (Scherrer et al. 1995). Correcting for these e ects (Longcope and
Parnell 2008) yields spectra even closer to those of NFI. TheNFI magnetogram is
corrected by deconvolution with a PSF calculated from the lunar transit of July 2008;
this has a small but noticeable e ect in the data.

Using each of the spectra from Figure 3a in the spectral estite leads to column
densities shown in Figure 3b. The fact that all of these agre®verz 700 km follows
from the exponential factor in Equations (1). Due to this factor the spectral estimate at
a height z will depend on the spectral rangek < 1=z, where all spectra are similar. The
ne-scale structure contributing to the high wavenumbers in both the Hinode NFI and
the high-resolution MDI spectra create a layer of null points close to the photosphere
(z < 500 km). Departures overz > 10 Mm are due to di erences ink < 0:1 rad/Mm,
where the di erent elds of view lead to di erent spectral fo rms.
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Figure 3. (a) The isotropized spectra, S(k), for di erent magnetograms,
plotted in di erent shades, o set vertically for clarity. D ashed lines ares(k)
e 2 with d =1:2 Mm, for comparison. (b) Spectral estimates of the null
column densities using the same shades. Triangles mark theolumn above
z=1:5 Mm. The dashed line is from the NFI spectrum, but with B, = 0.

Evaluating the columns just above the chromosphere, atz = 1:5 Mm, gives
Nn(1:5Mm) = 3:9 10 3Mm 2 for NFI and N,(1:5Mm) = 3:1 10 3Mm 2 for
MDI in high resolution (triangles in the inset). The latter i s almost exactly the value
found in a sample of 562 MDI quiet Sun magnetograms over 1996098 and 2006{2007
(Longcope and Parnell 2008). Both the NFI and MDI full-disk estimates from eld A
are greater over the range I z < 2 Mm (expanded in the inset) primarily due to the
mean eld over the small eld of view, A: B, ' 2.5 G. The larger eld of view (B)
is much more ux-balanced (B, ' 0:28 G). Using the NFI spectrum with B, =0 in
Equation (2) gives the estimates from the dashed line, fallig much closer to those from
eld B.
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Abstract. We address only a rst step in relating limb and disk observations
by illustrating and comparing the spines and barbs of three derent quiescent
prominences and laments observed in H by three dierent telescopes. Al-
though the appearance of the three quiescent prominences guite di erent, we

show that each consists of a spine, barbs extending from thepfe, and arcs at
the base of some of the curtains of barb threads.

1. Similarities Among Di erent-Appearing Quiescent Promi nences

If we verify that we are comparing the same type of prominencewe can apply what

we have learned from ground-based observations and other ape-based observations to
the Hinode Solar Optical Telescope (SOT) images and vice-versa. The tiee quiescent
prominences (or laments against the disk) that we compare ae shown in Figure 1. The

SOT image on 2007 Apr 25 is in the lower right. Across the top ae shown three images
of the prominence observed from the east limb to the west limbat Helio Research for
the dates 2001 Sep 30, Oct 2 and Oct 3. The third quiescent promence in the lower

left was observed in high resolution at the Swedish Solar Telscope (SST) on 2003 Aug
25-26. All three of the prominences were taller than 50,000 ik and over 200,000 km
long. The appearance of the three prominences is quite di eent. The purpose of this

poster paper was to point to the reasons for these di erencesand to provide evidence
that the basic structure of these prominences is similar. Tley all have a spine, barbs
which extend to the sides of the spine, and dynamic arcs at thébase of some of the
barbs. Each of these structural elements consists of ne theads of similar dimensions
(Lin et al. 2005).

2. Comparison of Spines

We demonstrated that all three prominences have a spine parélly seenin H in di ering
degrees in the three prominences. Most of the spine of the SOprominence is invisible
against the disk as found in the Mauna Loa full disk images. Hwever, in STEREO
Ahead images in 304 from EUVI/SECCHI, the spine is visible against the disk thr ee
or more days prior to the SOT image. The spine was oriented nedy east-west and
thus, when the prominence was observed by SOT, it is viewed ém its east end and
slightly from the north side as it passes beyond the limb. Thelarge vertical structure
in SOT cannot be the spine. However, if some threads of the spe were visible, they
would appear to be vertical from our end view of the prominene.
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Figure 1. The three quiescent prominences are oriented suckhat the
threads in their barbs are approximately parallel. To view the Helio Re-
search and SST images from the same perspective as SOT, oneeds only
to imagine viewing the prominences as if standing on the chnmosphere at
the positions of the arrows; the threads would then appear veical as in the
Hinode/SOT image.

What we mainly see in the SOT image is the threads of two tall babs of the
prominence above and beyond the limb. In Figure 2, the two babs without a connecting
spine can be seen against the disk in the H images from Mauna Loa on Apr 25. We
veri ed that these are barbs from the STEREO Ahead images showing the prominence
against the disk on Apr 25. The end view of two lament barbs, one on each side of
the spine, yields a conical structure (see example in Lin, Mein and Engvold 2008).
However, without the spine being visible above the limb, onecannot distinguish the
barb on the left side of the spine from the one on the right side

Some threads of the horizontal spine are visible in 304 equatorward and much
lower than of the tall dominant structure in SOT image in Figure 1. The SOT image
similarly reveals a few horizontal threads already over thelimb that appear to be part
of the spine. For an explanation of the reasons why the spinesimostly invisible in H
and visible in 304A, we refer the reader to Master's thesis of Yong Lin (2000).

The spine of the lament observed at Helio Research is visit# in Figure 1. We
include three images to show the longevity of the spine and bds of this prominence.
However, very little of the spine is seen in this prominence gainst the disk. The spine
is a vertical sheet and our view of it from above is unfavoralé for viewing a thin ribbon
of mass except where it bends eastward. Secondly, the dengibf the spine is too low
for much of it to be seen.

The spine in our third example is much more conspicuous becae it contains
more threads in H in our line-of sight and this makes the spine darker. The darkess
of laments and the visibility of their structures is also st rongly dependent upon the
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Figure 2. Images of theHinode/SOT prominence in Fig.1 before and at
the west limb on 2007 April 23 and 25. The left column containssections
of H images from the Mauna Loa Solar Observatory H full disk telescope.
The right column shows sections of 304 images from the SECCHI/EUVI
instrument on STEREO. The spine of the lament is seen at 304 but only
two barbs of the lament are visible in H . The arrows span the zone where
the dark part of the prominence in 304A crosses the limb.

height of laments (Lin 2000) and the magnetic ux density of the network magnetic
elds in the photosphere surrounding the lament.

3. Comparison of Barbs

The images in Figure 1 are rotated relative to the Helio Reseah images such that
the threads of the barbs are nearly aligned. This arrangemenallows us to better
compare the threads of barbs which are characteristic of thene structure of all quiescent
prominences (Engvold 1976; Martin, Lin and Engvold 2008). The SST image of the barb
on the right of the spine reveals how the threads of barbs typially connect to the spine
while in the barb on the left, parts of some threads (dashed ke), are invisible where
they connect to the spine. In the SOT image, the view of the babs is from the east
end of the lament (Fig 2). For a similar end view of the SST and Helio Research
images as from SOT, one would have to be standing on the chronsphere facing the
barb structure at the position of the black arrows on the images. From this vantage
point, all the threads in the barbs would appear vertical as n the SOT image.

4. Comparison of Arcs

Each of the arrows in Figure 1 also points to an arc at the base fothe barbs. The
arcs generally rise slowly with time but less rapidly than the magnetic bubbles studied
by Berger et al. (2008). They might or might not be the same physical phenomena
as the faster moving bubbles. One sees generally a down ow ale the arcs rather
than counterstreaming which is nearly everywhere in the spies and barbs of quiescent
prominences and laments. Below the arcs there appears to ba void of mass. The
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contrast of the structure above and the absence of structurédelow the arcs cause them
to stand out even when other structures are sometimes supensed in the line-of-sight.

The arcs represent a change in the direction of down ows fronthe threads above. The
arcs have a wide range of sizes and they are common. We suggd#isat at least some

of the more slowly changing arcs represent the magnetic intéace between prominence
magnetic elds and the intranetwork magnetic elds within s upergranules immediately
below the barb threads that appear to terminate at the arcs.

5. Conclusion

We have shown that in spite of large apparent di erences betveen quiescent prominences
and laments, all are composed of the same ne thread structue and this ne structure
takes the form of three basic structures: spines, barbs whitbranch from a spine and
arcs which form and change at the lower apparent endpoints ofmany barbs.

Acknowledgments. SFM and OP acknowledge support from NSF grant ATM-
0837915 and ATM-0519249, YL acknowledges the Norwegian Resrch Council grant
FRINAT 171012.
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Abstract. In this paper, we analyse a a 48h high-resolution time sequee of
the quiet Sun photosphere obtained with the Solar Optical Tdescope onboard
Hinode. Using oating corks advected by velocity elds inferred from photome-
try measurements, we show that long-living Trees of Fragmeting Granules play

a crucial role in the advection of small-scale magnetic eld and in the build-up

of the magnetic network.

1. General Introduction

Understanding the distribution and di usion of magnetic u x at the solar surface is
of primary importance to describe many aspects of solar magetism, and notably re-
quires uncovering the physical nature of ows at various scées which contribute to the
transport of magnetic elements. Amongst these scales, suggranulation seems to play
a particular role. Its physical origin is still in debate: whether supergranules originate
from convective processes (Simon and Weiss, 1968) or from arbe-scale instability of
the turbulent granular ow (Rieutord et al. 2000) is not know n. No direct relation has
been evidenced so far between the small-scale granulatiomé supergranulation.

2. Observing the Quiet Sun

Addressing these problems requires high-resolution obseations of the solar surface
dynamics on a large eld-of-view for several consecutive hars. We present new obser-
vations from the Hinode satellite that ful Il some of these requirements. We use NFI
(NarrowBand Filter Imager) and BFI (Broadband Filter Image r) images of the SOT
(50 cm primary mirror, 80 Mm? eld, resolution  0:1%. An exceptional continuous

record of 48 hours was obtained at the disk center between Augst 29th, 10:17 UT and
August 315!, 10:19 UT 2007.

3. Characterization of TFGs With Hinode

A TFG (Tree of Fragmenting Granules, Roudier et al. 2003) corsists of a family of
repeatedly splitting granules, originating from a single ganule at its beginning. TFGs
are used in this study as a tool to quantify the temporal and smtial organization of the
solar granulation at large scales. Fig. 1 illustrates that the lifetime of long-lived TFGs
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is of the order of the supergranulation lifetime, up to 48 hous. A signi cant part of the
area of the SOT eld-of-view (> 60 %) is covered with long-lived TFGs (see Roudier et
al. 2008 for more details).
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Figure 1. Lifetime histogram of individual granules and TFGs for the full
time sequence of 48hléft). Evolution of the percentage of granules belonging
to TFGs lasting longer than 8h (right).

4. TFGs, Corks and the Magnetic Network

To understand how the magnetic network forms, we use passiveorks advected by hor-
izontal velocity elds determined using the LCT algorithm f or granule tracking (e. g.
Roudier et al. 1999). We observe that mutual interactions of TFGs expulse corks from
initial granular cells and concentrate them on supergranuér border lines in approxi-
mately 3h-4h. The long-lived families then tend to control the long-time evolution of
the corks distribution (Fig. 2).

Corks are also observed to concentrate into high magnetic o areas (Figs. 3-4),
suggesting that the horizontal motions of the magnetic eld over the solar surface are
driven by the evolution and combination of TFGs.

5. Diusion Coe cient Estimate

Turbulent magnetic di usion is an important quantity for me an-eld dynamos as it
controls the time scale of dynamo oscillations (for time-pe&iodic dynamos). With this
long time series, we can make a direct evaluation of this coecient based on the plasma
ow at scales above 2.5 Mm. After an initial advection stage, a turbulent di usion
coe cient 450 kn?/s is obtained (Fig. 4). Maybe quite coincidentally, the imp lied
di usion time scale over the solar magnetic belts, namely ( R )?/D, is 11 years (
32).

6. Conclusions

Thanks to a long 48 hours time sequence obtained with the SOT mboard Hinode, we
have been able to con rm the organization of ows at the surface of the quiet Sun in the
form of Trees of Fragmenting Granules. We quanti ed the contribution of these families
to magnetic eld di usion in the quiet Sun and their role in bu ilding the photospheric
network (Roudier et al. 2008).

The overlap between the distribution of oating corks and magnetic elements shows
that magnetic elds get passively advected before they endip in a patchy distribution
on supergranule boundaries. This possibly indicates that lhese magnetic patches start
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Figure 2.  Snapshots of the evolution of families, t = 1 hour, start top
left. Each family is visible with di erent grey value. Corks which have been
uniformly distributed at t = 0, are visible as bright network which evolves
under the TFGs evolution.

Figure 3. Corks (top) and longitudinal magnetic eld ( bottom) modulus
evolution over ten hours,start top left
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Figure 4.  Corks and longitudinal magnetic eld location after 24h (eft) and
48h (middle). Di usion coe cient over 48 hours obtained by corks tracki ng.
Saturation is obtained only after 24hrs, demonstrating the need for long time
series to make the estimate ight).

to provide a signi cant dynamical feedback on large scale avs at supergranular scales,
hence explaining the emergence of this particular scale inhe velocity power spectrum
of the quiet Sun.
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Abstract. To reproduce the radio observations at 17 GHz from Nobeyama
Radioheliograph (NoRH), a 3-D solar atmospheric model was anstructed con-
sidering the thermal bremsstrahlung and gyro-resonance eission mechanisms.
To estimate the magnetic eld structure in the solar atmosphere, we have extrap-
olated photospheric magnetograms from MDI considering patntial and force-
free magnetic eld extrapolations. The changes in the quietSun atmosphere
(density and temperature distributions) due to the interaction with magnetic
eld were considered. Our model showed the following result for a highly po-
larized 17 GHz active region: a) the intensity of the MDI magnetograms is able
to account for the emission as gyro-resonance, however, thgoblem with satu-
ration points still persists; b) for a small number of saturation points, a simple
linear correction can be applied; c) a gaussian t to the magretic eld intensity
was adjusted in magnetograms with large number of saturategboints; d) the cor-
rection method could change completely the brightness temerature result; and
e) the brightness temperature maxima results have a excelté correspondence
with the observed values.

1. Introduction

Active regions provide one of the most interesting researcheld in solar physics. The
intense magnetic elds change completely the local atmospére composition (density
and temperature distributions). Dedicated instruments with high spatial resolution are
necessary to improve our knowledge about physical processiking place in the active
regions.

Selhorst et al. (2008) developed a solar atmospheric modeler active regions in
the 3-D space to reproduce the emission observed at radio fjeencies (hereafter re-
ferred to as the SSC-AR model). The model considers the folleing free parameters:
a) the active region magnetic structure; b) density and temperature distributions inside
the ux tube; and c) the ux tube width. The magnetic eld stru cture was obtained
by potential and force-free eld extrapolations from magnetograms observed by MDI
(Michelson Doppler Imager) onboard the SOHO (SOlar and Heliospheric Observatory)
satellite, unfortunately, these magnetograms presented@me saturated points (Liu and
Norton 2006; Livingston et al. 2006), which needed be correed.

The SSC-AR model con rmed that the third harmonic of gyro-re sonance domi-
nated the emission in highly polarized 17 GHz active regionas proposed by Shibasaki
et al. (1994) and Vourlidas et al. (2006). On the other hand, he 34 GHz emission was
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totally due to the thermal bremsstrahlung.

In this work, we propose to model the active region NOAA 10930Qthat produced
three X-type ares on December 2006, using the SSC-AR model.

2. Observations

The active region NOAA 10930 has been intensely studied, maly because of the X-
type three ares on December 2006. Here, we try to model the emssion of the active
region during a quiet period. The maps obtained at 17 GHz by tle NoRH presented
maximum brightness temperatures (T, ) above Q50 10° K on December 11, and
left-hand polarization greater than 80%. We chose a map obseed at 02:40:00 UT to
avoid the beam deformation e ect that is present in maps with low elevation. This map
presented aTg,,, =0:44 10° K and a maximum polarization of 83%, which is a clear
indication of the presence of gyro-resonance emission (Vdidas et al. 2006; Selhorst et
al. 2008).

To extrapolate the atmospheric magnetic eld (Scherrer et d. 1995), we used a
magnetogram observed by MDI at 00:00:01 UT. Unfortunately,the magnetogram pre-
sented a large number of saturated points, as a solution forttis problem we replaced
these points by those from gaussian ts in the horizontal andvertical directions (see
Figure 1). After correction, the active region maximum magnetic eld intensity ( jBj)
increased from 2700 270 to 4400 440 G.
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Figure 1. a) NOAA 10930 magnetogram. The dashed line crossesver
saturated points in the magnetogram. b) The magnetic eld intensity pro le
(solid line) across the dashed line in Figure 1a showing theadurated points
and the gaussian t proposed here (dotted line).

3. Model and Results

To model the active region NOAA 10930, we employed the same picedure presented
in Selhorst et al. (2008), in which all extrapolated magnett eld lines anchored in foot-

points with intensity greater than jBj > 1000 G are wrapped by a ux tube around it

with density and temperature distributions di ering from t he quiet atmosphere values.
This procedure resulted in a total of 308 ux tubes, which were simulated with a con-

stant width of 4500 km.

The table below shows the results for potential ( = 0) simulations using the
corrected magnetogram. Wherer T and r ne are the gradients of temperature and
density (protons and electrons) in the chromosphere, whileNt and N, are constant
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factors that increase the temperatures and density distrilutions in transition region and
corona in relation to the quiet Sun values.

4.

Table 1. Maximum brightness temperatures at 17 GHz resultirg from the
NOAA 10930 simulations and their free parameters.
rT Nt I Ne Nn, T Bmax
(Kkm 1 ( 10cm 2 km 1) ( 1P K)
1 7.08 6 -4.80 2 0.37
2 7.08 6.5 -4.80 2 0.46
3 7.08 10 -4.80 2 1.35
4 7.08 6 -4.38 3 0.51
5 7.08 6.5 -4.38 3 0.63
6 7.08 10 -4.38 3 1.75
7 7.08 5 -3.97 4 0.41
8 7.08 6 -3.97 4 0.64
9 7.08 10 -3.97 4 0.21

Table 1 shows that the chromospheric changes in the ux tube omposition (r T

and r n,) are the same parameters used to model the active region NOAA0008 in
Selhorst et al. (2008). However, despite that the maximum bightness temperature at
17 GHz observed in NOAA 10930 is about three times the value aterved in NOAA

10008, the coronal temperature necessary to model NOAA 1093is smaller, whereas a
multiplying factor Nt between 6 and 6.5 was need to model the active region NOAA
10008,Nt = 10 was the lower limit (see Figure 2).

Figure 2.
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Comparison between the temperature in the quiet Sa atmo-
sphere (solid line) and the temperatures distribution in the active region
NOAA 10008 (dotted line) and NOAA 10930 (dashed line).

Discussion and Conclusions

In Selhorst et al. (2008) we have modeled active region NOAA @008, with a MDI mag-
netogram with jBjmax = 3400 340 G and few saturated points, which were corrected
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by linear interpolations. Unfortunately, the active region studied here (NOAA 10930)
has a large area with saturated points in its most intense negtive part. Gaussian ts
were used to estimate the magnetic intensity in the saturatel points, these procedure
resulted in a negative region with ajBjmax = 4400 440 G.

The NOAA 10930 maximum magnetic eld intensity is 1000 G greaer than the
value observed in the active region NOAA 10930, this di ererce together with the
smooth decrease due to the gaussian t resulted in smaller gonal particle tempera-
tures required to reproduce the maximum brightness temperture observed at 17 GHz,
that is dominated by the third harmonic of gyro-resonance ( 2000 G) formed in an
optically thin region in the lower corona (Shibasaki et al. 1994; Vourlidas et al. 2006;
Selhorst et al. 2008).

These results show the inuence of magnetograms saturated rosub-estimated
points to model the solar atmosphere and emphasize the necsty of dedicated in-
struments with high precision and spatial resolution.
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Abstract. We investigate the relation between Trees of Fragmenting Gan-
ules (TFGs) and the locations of concentrated magnetic ux in internetwork
areas. The former have previously been identi ed with mesoganulation. While
a relationship has been suggested to exist between these feees, no direct ev-
idence has yet been provided. We present some preliminary selts that show
that concentrated magnetic ux indeed collects on the bordes of TFGs.

1. Introduction

Magnetic eld in the quiet solar photosphere, while ubiquitously present, is concentrated
at the edges of convective cells. We refer the interested réar to De Wijn et al. (2009)
for a comprehensive review of small-scale magnetism in theower solar atmosphere.
The convective ows expunge eld from the interiors of granules and concentrate it
as \magnetic elements" (MEs) in the intergranular downdrafts. Supergranular ows
advect eld to supergranular boundaries where it forms the magnetic network. Gas
motions are also expected to push eld to the edges of cells @n intermediate, so-called
mesogranular scale. This scale has indeed been observed lretpositions of photospheric
magnetic elements in internetwork areas (e.g., DomnguezZerdena 2003; De Wijn et al.
2005; Tritschler et al. 2007; Lites et al. 2008). Berger et al(1998) also observed \voids"
in active network. However, no evidence has been presentedhdt the observed cells
outlined by MEs correspond to mesogranular cells. Mesograres have been associated
with so-called \Trees of Fragmenting Granules" (TFGs, Roudier et al. 2003; Roudier and
Muller 2004, called \active granules" by Mudller et al. 2001). TFGs consist of repeatedly
splitting granules that originate from a single granule. They may live for several hours,
much longer than the lifetime of an individual granule. Flow elds derived from granular
motions also show convergence at the borders of TFGs. One wllithus expect MEs to
lie predominantly on TFG boundaries.

2. Data and Analysis

An image sequence spanning several hours of moderately quigun was recorded using
the Solar Optical Telescope on theHinode spacecraft (Kosugi et al. 2007; Tsuneta et al.
2008; Suematsu et al. 2008; Ichimoto et al. 2008; Shimizu el.&2008) on March 30, 2007.
The Narrowband Filter Imager was used to record Stokes | and Vin the photospheric
Fei line at 630.2 nm. More details can be found in De Wijn et al. (2®@8). Their study
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Figure 1. Frame number 524 in the Fei sequence with the border of TFGs
overlaid in black, and the positions of MEs overlaid as whitediamonds. Areas
identi ed as network by De Wijn et al. (2008) are shaded dark gay. The thin
white box indicates the area shown in Fig. 2. The image has beecropped to
remove pixels a ected by image motion.

of magnetism in quiet-sun internetwork yielded the locations of strong concentrations
of magnetic ux that we use in this analysis.

To reduce noise, the Fe intensity data is initially Itered using an optimum lter,
and averaged over 3 frames in time. To ensure proper segmeritan and separation of
granules, the data is scaled up spatially by a factor of two. Mise is further reduced
through convolution with a 8-pixel Gaussian. We identify granules by computing the
curvature C =21, I, 1 In+1 ineach pixel in 4 directions. If the minimum curvature
is positive, the pixel is labeled as part of a granule. The graule mask is then extended
to values of curvature up to  2:5 10 4, following the CST algorithm (Rieutord et al.
2007). We apply erosion-dilation processing with a 3-pixek-shaped kernel to remove
very small features. Finally, granules are grouped into faniies by following them in
space and time. Two granules are considered to be members dfed same family if there
is a path through the granule mask forward in time that conneds them. At the start of
the sequence, all families consist of a single granule. Asntie progresses, some families
die out, others grow, and new families appear. If two granule of di erent families merge,
we keep the oldest family. The lifetime of TFGs is on the orderof several hours, so one
must expect to wait a similar amount of time before the TFG pattern is established.
Here, we will study a single frame taken about 5 hours after tle start of the sequence.

The segmentation of the granules and the subsequent groupininto families has
been performed for several variations of the number of frame over which is averaged
in time, the width of the Gaussian, and the level to which the masks are extended to
negative curvature values. The chosen parameters appear tbe fairly robust, i.e., the
resulting pattern does not change much within some range oftie chosen values for the
parameters. The process is most sensitive to the amount thathe mask is extended.
Too much extension may merge separate granules, causing tggr TFGs, while too little
extension results in very limited grouping.
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Figure 2.  Closeup of the white box in Fig. 1, using the same re@sentation.
The locations of strong ux as indicated by the white diamonds lie close to
the borders of TFGs, indicated by thick black lines.

3. Results and Discussion

Frame number 524 in the Fei sequence, recorded at 05:25:33, is shown in Fig. 1. It shows
the granular pattern, with the borders of TFGs overlaid in bl ack, and the positions of
MEs overlaid as white diamonds. The granular pattern is shaed in dark gray in network
areas. The segmentation there is not good, because of the dosion between granules
and bright points. As a result, the TFG pattern there is not tr ustworthy. Also, the
analysis by De Wijn et al. (2008) did not identify MEs in the network. This is not a
problem for our analysis, because our interest is primarilyin the internetwork.

A closeup of the white box is shown in Fig. 2. Many MEs appear tdie preferentially
near the borders of TFGs. The interiors of large TFGs are modly devoid of MEs. These
preliminary results are encouraging. It thus seems highlyikely that the cells described
by, e.g., De Wijn et al. (2005) and the \voids" in maps made with the Hinode SP
instrument found by Lites et al. (2008) correspond to mesoganules.

Further statistical study is required to quantify the relat ionship between the bor-
ders of TFGs and the positions of MEs. While these preliminay results are encouraging,
it must be veri ed that MEs lie statistically closer to the bo rders of TFGs than, e.g.,
to the border of randomly placed cells of similar size.

MEs that emerge in TFG interiors are expected to migrate to the borders in a
matter of perhaps an hour, then along the borders of TFGs to tke network. In this
context it is of interest to study the motions of MEs in detail and to quantify the
contribution of TFGs to the formation of the magnetic networ k and the di usion of
magnetic eld.

Acknowledgments. Hinode is a Japanese mission developed and launched by
ISAS/JAXA, with NAOJ as domestic partner and NASA and STFC (U K) as inter-
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Abstract. We studied the development of soft X-ray (SXR) brightenings
around emerging ux regions (EFRs) and found that the identi ed EFRs could
be categorized into three groups by the SXR structures aroud them, i.e.: (1)
loop brightening connecting between two opposite polarites in the EFR, (2)
brightening around the edge of the EFR, and (3) no apparent stuctures. For
the group (2), the onset of the SXR brightenings delayed longr than one hour
after the appearances of the EFRs in magnetograph data. Maggtic cancellations
in magnetograms were found around some, not all, of the EFRs.

In one of the EFRs, \second" emergence of magnetic ux seemsottrigger
the SXR brightenings, which may suggest an energy release thugh an interac-
tion between a pair of parallel ux tubes.

1. Introduction

In soft X-ray (SXR) images of the Sun we can see bright coronabtructures above
active regions. Such coronal structures are heated by some @nhanism related with

their magnetic eld, but we don't understand yet about the de tail of the mechanism.

We study isolated emerging ux regions (EFRS) in very early phase. Since they have
simpler magnetic structure, we may be able to nd some relatonship between their
magnetic ux and their brightness in SXR images.

2. Data
We used sequential MDI magnetograms to identify EFRs. The SR images were taken
by XRT onboard Hinode (Golub et al. 2007; Kano et al. 2008). Both of the data set

covered about 11 hours from 18:00 UT on 5-Apr-2007. Table 1 somarizes the data
used in our study.

Table 1. Summary of the observation data we used in this study

Instrument FOV Spatial sampling Cadence
(arcsec) (arcsec) (Sec)

magnetogram SoHO/MDI  614x300 0.608 60
SXR image Hinode/XRT 528x528 1.031 20 30

After we identi ed EFRs in magnetograms, we coaligned the dada from di erent
sources. The accuracy of the coalignment is estimated bettethan 3 arcsec. Since the
observational eld of view located near the solar disk cente, the projection e ects are
very small for all the EFRs. After the coalignment we sought XR brightenings around
the EFRs identi ed in the magnetograms. Here we de ned an \SXR brightening" as
an event satisfying the following three conditions: (1) intensity increase larger than the
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Figure 1.  An example of type 1 EFRs. The negative SXR image(lft) and
the magnetogram(right) were taken around 21:30 UT (2007/0405). The
contours in both images show the place of magnetic elements.
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Figure 2. Same as gure 1, but for a type 2 EFRs.

temporal uctuation which was found in the same area before he EFR appears, (2)
larger in size than 5 XRT full-resolution pixels in single image, and (3) observed in, at
least, two sequential images

3. Results and Discussions

We identi ed 43 EFRs in the MDI magnetograms, and categorized them into three
groups on the basis of the structure of the SXR brightenings eound them: (1) bright
SXR loop connecting the opposite magnetic polarity elemerg (type 1, see gure 1),
(2) brightening around some part of its outer edge (type 2, se gure 2), and (3) no
apparent SXR bright structures.

The observational characteristics of each group are summaed in Table 2. It
should be noted that: (1) about 40% of the EFRs did not trigger any SXR brighten-
ings, (2) the EFRs without SXR brightening have rather small magnetic ux in them
(gure 3), and (3) the rst SXR brightening for each EFR often lagged more than one
hour behind the appearance of the EFR in magnetograms ( gure4).

Assuming the upward velocities of the magnetic ux of the EFRs are a few km/sec
(Zwaan et al. 1985; Yashiro and Shibata 2000), the magneticuxes must reach \coronal
height" in the delay times of the type 1 group.

Li et al. (2007) reported better correlations between the apearance of EFRs in
magnetograms and the SXR brightenings with shorter delays.The discrepancy in the
results between ours and theirs may come from the di erenceri the de nition of an SXR
brightening. They listed fainter ones than we did. The discussion about the detection
limit of XRT will be needed to resolve the discrepancy.

We found an interesting example (gure 5). After the full development of the
\ rst" magnetic ux in the EFR, there appeared \second" ux i nside the EFR (21:50,
22:00 UT). Then an SXR brightening started (22:10 UT), and developed (22:40, 23:40
UT) above the \second" emerging ux. Please note that there were no apparent mag-
netic cancellations observed in photospheric level assated with the SXR brightening
like some of the examples reported in Kotoku et al. (2007) andhat the second SXR
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Figure 3.  The histogram of total magnetic ux in the EFRs.
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Figure 4. Time proles of the total magnetic ux(top) and the SXR
ux(bottom) of the EFR shown in gure 1. The EFR appeared arou nd 20:00
UT in the magnetograms. The rst small SXR brightening was observed

around 21:30 UT.
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Figure 5. The evolution of the EFR in gure 1. The series of mage-
togram(top) show a second emergence of a magnetic ux tube. A SXR
brightening can be seen in the negative SXR images(bottom) laove the sec-
ond ux tube. The size of the each image here is 32 arcsec.

brightening (22:10 UT ) is much larger than the rst one (21:30UT, gure 1) (see g-
ure 4). It suggests that even in an interaction of a pair of paallel, not anti-parallel, ux
tubes nontrivial energy release can be occurred. The anti-grallel components in the
parallel ux tubes may play an important role for the energy r elease through magnetic
reconnection.

Table 2. The characteristics of each type of EFR. The \Delay" in the table
means the one between the rst appearance of the EFR in the magetograms
and the rst SXR brightening around it. The rightmost column show the life
time of each SXR brightening.

Number Delay Magnetic Flux Life Time

(min) (1018 Mx) (min)
Type 1 9 60 120 1.9 10.0 2 10
Type 2 17 15 240 1.0 45 2 18
No Brightenings 18 N/A 04 20 N/A
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