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Abstract

We useHinodeX-Ray Telescope (XRT) and Solar Optical Telescope (SOBrilaph
(FG) Stokes-V magnetogram observations, to study the eadgt of a solar eruption that
includes an erupting filament that we observ& RACEEUYV images. The filament under-
goes a slow rise for at least 20 min prior to its fast eruptiod strong soft X-ray flaring;
such slow rises have been previously reported, and the-ieadedata elucidate the phys-
ical processes occurring during this period. XRT imagesstimat during the slow-rise
phase, a soft X-ray (SXR) sigmoid forms from apparent reectian low in the sheared
core field traced by the filament, and there is a low-levelnsity peak in both EUV and
SXRs during the slow rise. MDI and SOT FG/V magnetograms sihaivthe pre-eruption
filament is along a neutral line between opposing-polarityaaced network cells, and the
SOT magnetograms show that these opposing fields are floagagter and canceling for
at least six hours prior to eruption. From the MDI data we meashe canceling network
fields to be~ 40 G, and we estimate that 10*° Mx of flux canceled during the five hours
prior to eruption; this is only 5% of the total flux spanned by the eruption and flare, but
apparently its tether-cutting cancelation was enoughstethdize the sigmoid field holding
the filament and resulted in that field’s eruption.
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1. Introduction

One of the major unsolved issues of solar physics is the aafube onset of solar eruptions.
These eruptions involve magnetic regions on the Sun of varsize scales, and lead to solar flares
and coronal mass ejections (CMES). In recent years the iawpoe of CMESs in particular has become
better appreciated, as their role in Space Weather andetssbn the Earth have become more clear.
Such concerns have deepened our desire to understand e afagplar eruptions, and eventually
how to predict them. Thelinodesatellite, launched in September 2006, contains an arnpgveérful
solar instruments that will help us better understand siaptions and their cause. Here we present
an example of a solar eruption observedHiymodeon 2007 March 2. We use thginodedata in
combination with those from théRACE and SOHOmissions to study the processes leading up to
this eruption.

Eruptions involving filaments are instructive, since tharfient can act as a tracer of the
otherwise-invisible coronal field, and in particular maisoof the filament just prior to eruption in-
dicate how the field evolves when it is on the verge of explodiBometime prior to eruption the
filament typically shows activity intimating possible inmméng eruption (Roy & Tang 1975; Rust
1976), and the filament also often begins a relatively slee (fslow rise phase”) prior to eruption
(e.g., Tandberg-Hanssen, Martin, & Hansen 1980; Kahlek 4988; Feynman & Ruzmaikin 2004).
For quiet region events, the pre-eruption slow rise phasdast several hours (Sterling & Moore
2004; Sterling, Harra, & Moore 2007), but it can be much st 10 min, for active-region erup-
tions (Sterling & Moore 2005; Williams et al. 2005). The 20@arch 2 event occurred in an active
region, and accordingly the pre-eruption evolution waatretly quick. Hinodeand TRACE, how-
ever, have sufficient time and spatial resolution to follbe pre-eruption dynamics. Here we present
observations of the filament froliRACE, and the soft X-ray (SXR) and detailed magnetic field
evolution fromHinode As theHinodemagnetic data available for this event are not yet calildrate
we also use co-temporal, but spatially and temporally moegse magnetic field data from the the
Michelson Doppler Imager (MDI) magnetograph on #@HOspacecraft.

2. Instrumentation and Data

Overall, the eruption itself was rather weak in SXRs, peglkiha GOESclass B2.5 level
on 2007 March 2 at 05:29 UT, with th@ OESdata showing substantial enhancements from about
05:02 UT, and the event was located at abtng’ W of disk center near the equator. The filament
that erupts is visible in absorption in the EUV images frGiRACE. At least portions of it are
disturbed from the time of our earlieSRACEimages at 04:28 UT, and it undergoes a slow rise prior
to erupting, as discussed belo§B(3, and Fig. 3).

The Hinode satellite (Kosugi et al. 2007) contains three instrumerttee Solar Optical
Telescope, SOT (Tsuneta et al. 2007), the X-Ray TelescoR€, ($akao et al. 2007), and the EUV
Imaging Spectrometer, EIS (Culhane et al. 2007); here wlenad data from the first two of these.
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From SOT we will use magnetograms constructed from the S@rdiaph (FG) set to the
magnetically-sensitive 6302 line. SOT was observing the I- and V-Stokes componentsiglitie,
and we use the V-Stokes data, which represent the linegbt-saagnetic field. Each original frame
is 2048 x 1024 pixels, with a pixel size 0f.16.” We use 21 frames between 22:20 UT on March 1
and 04:54 UT on March 2, with images nominally every 7 min,with a gap between 22:55 UT and
03:16 UT, when data were not available.

From XRT we use images taken with its “Ti-poly” and “thick Afilters, both of which have
broad temperature response functions with peak temperegaponses of several MK. Response at
lower temperatures, however, is different, with Ti-polysiéive to plasmas cooler than 1 MK, while
the thick Al becomes substantially responsive to plasmaotit 2 MK and hotter. Our basic data
set consists of 4812 x 512-pixel images between 04:01 UT and 05:47 UT on March 2, witjpeal
cadence of 2 min and a pixel size bH32”. This time period begins before the primary pre-eruption
SXR emissions start, and continues past the time of peakifiezesity.

We have EUV data of the eruption fromRACE (Handy et al. 1998), specifically from its
171A filter, which has a peak response at about 1 MK. We use imagasthe start of thd RACE
observations of this region on March 2 from 04:28 UT to 06:27 With a typical cadence of 1 min
and a pixel size 06.5”. We also use full-disk magnetograms from the MDI (Scherreal e1995),
which have2” pixels; for the time of this event these images were takey onte about every 5
hours. Despite their lower cadence and lower spatial résolcompared to SOT, we use these MDI
magnetograms because they are calibrated, while the SOmattagams have yet to be calibrated.
In addition, the field of view of the SOT magnetogram is resdd and does not cover the entire
filament, while we can select out subimages from MDI that cdive whole region of interest.

Videos 1, 2, and 3 respectively are constructed fromMRACE, XRT, and SOT FG/V images.

We aligned the various data sets as follows. Since the im&nt pointing parameters are well
understood folTRACE and SOHQ we can overlayTRACE EUV images onto MDI magnetograms
accurately. We can align the SOT magnetograms with the MQJrmasograms by comparing frames
from similar times. We then initially aligned XRT images of80OT magnetograms, and subsequently
onto MDI magnetograms, using preliminary alignment infation among the threBlinodeinstru-
ments derived within thédinodeteam (H. Hara 2007, private correspondence; N. Narukagé&,200
private correspondence). We then adjusted the alignmemplybye.g., matching bright features in
XRT with stronger magnetic elements. Based on the matchirsyich features across the field of
view that we use, we estimate our final alignment to be aceuoat 10”.

3. Observationsand Analysis

3.1. EUV Evolution

Figure 1 showsTRACE frames of the erupting region, with an MDI magnetogram aidrl
Prior to eruption the filament is activated and moves upwaith the filament obviously having
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changed position between Figures (1a) and (1b) §86®. A new EUV loop (red arrow in Fig. 2b)
brightens from its westernmost-side base beginning at7?04B, and the illumination propagates
along the loop, reaching the apex at about 4:42 UT and thesiiep(ast) base at about 4:51 UT.
Over the first 5 minutes we estimate that this brighteninggisaabout 50,000 km from the West base
to the apex, giving a velocity of 170 km s™!, to about a factor of two. In Figure 1c the filament is
starting violent motions coinciding with the onset of flareghtenings.

3.2. SXR Evolution

Figure 2 shows images from XRT overlaid onto the same MDI retmgram as that in
Figure 1, and panels (a), (b), and (d) of Figure 2 roughlyespond respectively to panels (a), (b),
and (c) of Figure 1. Figure 2a is prior to the start of the obsipre-eruption brightenings. Figure 2b,
about 20 min prior to the main flare, shows a sigmoid loop dgyaly. From movies made from
these XRT images (Video 2), this loop appears to be devejopear the locations indicated by the
white and black arrows in the figure. This loop begins with wwdyapears as an outflow from this
location between images at 4:28 UT and 4:30 UT, and by theinede at 4:32 UT the entire north-
ern “elbow” of the sigmoid (Moore et al. 2001) is discernaliy 4:45 UT it is a detached sigmoid
loop, with the north elbow indicated by the red arrow in Feg@b. This sigmoid loop continues
to expand outward, and appears to arch out to a more senaishape by the time of Figures 2d
and 2e, although much of this erupting sigmoid is obscuresddbyration in the XRT images. From
this time the arched sigmoid structure is escaping from tire&s the field apparently opens up, and
is beyond the frame’s field of view in Figure 2f. On averagéween images at 5:12 UT and 5:21 UT
the outward-moving front (red arrows in Figs. 2d and 2e) heleaity of about 100 km ', in the
plane normal to the line-of-sight. This could, howeverrespond to the accelerating structure seen
in SXRs by Alexander, Metcalf, & Nitta (2002). At earlier t@s it appears that similar but fainter
sigmoid loops were ejected from the same location, sugggeftrmation by sequential episodes of
reconnection in the middle of the sheared core field holdwedgitament.

At the base of the erupting location, the footpoints of thglitest SXR loops during the very
early eruption phase (Fig. 2d) are rooted in strong magmd¢iments near the location where the
sigmoid forms (white and black arrows in Fig. 2b), but latethe flare development, the situation
changes so that the brightest loops have footpoints roattidefr away from the core (white arrows
in Fig. 2e). This change may come about because of the aimaaf the very strong field near the
sunspotin the southwest (near coordinasds’(,20”)) caused the feet of the reconnected field to jump
to that strong field, or because the initial sigmoid erupggoited loops in a secondary episode that
had pre-existing connections to the strong sunspot fielthémorth of Figure 2f there is additional
strong SXR emission that may be due to field that may have ap@reartially opened) up due to
complex secondary processes (such as ejection of a laxgglying magnetic structure, e.g. Moore
& Sterling 2007), although a comprehensive analysis ofdHeatures is beyond the scope of the
present investigation.



3.3. Filament Motions

Figure 3 shows the trajectory, projected on the solar di§la portion of the filament as a
function of time. It is undergoing a “slow-rise phase” froteast the time of the start of tiERACE
observations, it undergoes a disturbance at about 04:4%&nirhas a “fast-rise phase” starting be-
tween 05:05 UT and 05:12 UT.

We chose to follow the filament along the Figure 1a fiducialcsialong it we can track the
pre-eruption motions relatively consistently; the oraitn of the fiducial was selected to follow
the approximate direction in which the filament is ejectetd afuthe field of view. Actual motions
of the filament, however, are complex, with different parftshe filament having different behavior
(see video 1). Thus, although the trajectory if Figure 3 didative of the entire filament’s motion,
detailed trajectories will differ for different parts ofatilament. Our main emphasis is that there is
a slow evolution (slow-rise phase) prior the the ejecti@stdrise phase). Also, it is difficult to sort
out which of the filament’s motions are in the vertical direct In fact, the filament undergoes a
counter-clockwise twist between about 5:00 and 5:15 UT,thidis suggestive of a kink instability
(similar to an event studied by Williams et al. 2005), as assed further below. During the slow rise
phase, there is a burst in intensity in both IRACE EUV images and in the XRT SXR images, in
the lightcurves from, respectively, the location of the eV loop of Figure 1b and the location
where the sigmoid forms in Figures 2a—2c; this burst digtuhie filament trajectory. Later, there is
a bright flaring apparent inRACEfrom 05:10 UT, while the XRT intensity is saturated due toifigr
from 05:02:37 UT.

3.4. Magnetic Field Behavior

Both the west end (the source of the propagating emissiotieofiew loop of Figure 1b and
the point of formation of the sigmoid of Figure 2b are at apprately the same location, viz. that
indicated by the white and black arrows in Figure 2b. FromNti2l magnetograms in Figures 1
and 2, this location is near a site of merging opposite-ftglanagnetic elements along the neutral
line of the pre-erupting filament. To gain clues to the sowtthese features, the likely ultimate
source of the eruption, we investigate more closely the \aehaf the magnetic field around this
location with SOT.

Figure 4 shows SOT FG/V images around the erupting regione €m identify common
features in Figure 4a with the MDI magnetograms in Figures-2f] with the sunspot at the right
edge nea20” N. East of the spot are two partially-complete positive emea-network cells, and the
two furthest east of these flux clumps butt up against parhafragularly-shaped negative-polarity
enhanced-network cell; the box in Figure 4a is centered wncthiliding-positive-negative location.
Again comparing with Figure 1, we see that it is this locatizat contains the neutral line upon which
the filament existed prior to eruption, and from where th@pgom emanated.

Figures 4b—4d show the evolution over time of the field of tegion of the white box in
Figure 4a. As mentioned i§2, there is a time gap in these data, and it occurs betweemtgess in
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Figures 4b and 4c. A movie made from these SOT images (VideoBgver indicates that over this
time gap the negative and positive regions flowed into edoroFor example, in Figure 4b both the
large positive clump of field nea2{8"”,26”) and the negative clump ne&0§”,40") are not apparent
in Figure 4c; because of the overall flow pattern apparerttemtovie, we assume that these clumps
have each largely canceled with respective opposing pielsriThis flow continues, and more flux
has canceled by the time of Figure 4d (which is identical &ottfme of Fig. 4a).

We would like to determine the amount of flux-change with timéhe region around where
the eruption appears to begin. We select the black box inr&idgd (also shown in Fig. 4a) for this
estimate. We do not, however, use the SOT data for this parpesause as of the time of this writing
those data are not yet calibrated. Instead, we measure k1a the same location in the MDI images.
We have three appropriate images, at 19:15 UT on 2007 MarahdLat 00:03 UT and 04:51 UT on
2007 March 2; in each case we have selected a box close toable tabx of Figure 4, but at each
time we have adjusted the boundary slightly so that each bwars the same gross features. We find
unsigned magnetic flux values for these three times to bepeatisely,3.0 x 10* Mx, 3.4 x 10 MXx,
and1.0 x 10* Mx. Thus, there is a substantial drop in the unsigned magfieti between 00 UT
and the time of the eruption near 5 UT, and this is consistetit the flux cancelation shown by
the SOT FG/V magnetograms. (Our MDI flux values do not incladeadjustment factor obtained
by Berger & Lites 2003, which would increase the stated \&loy about a factor of about 1.5.)
From following some of the seemingly most rapid of the eletmeonnverging toward the neutral line
between Figures 4b and 4c, we deduce converging velocitied®=+ 0.15 km s, where the error
is from uncertainty in identification of identical convengiclumps of magnetic elements in the two
frames.

4. Interpretation and Discussion

We can summarize our observations as follows. Over 20 muor poi the onset of strong
SXR flare emission at 5:02 UT on 2007 March 2, a sigmoid was ig@wia reconnection at the
location of the white and black arrows in Figure 2b, with thasrows showing the roots of the “lower
reconnection product,” where the sigmoid is the “upper n@eation product.” Also during this pre-
flare period there were slow motions of a filament visible inVEW new EUV loop appeared during
the slow-rise; to within our alignment accuracy, the EUVdade a strand of the north portion of
the XRT sigmoid. Thus both the north elbow of the sigmoid attl/Hoop arch over the filament.
Both the EUV loop and the site of the sigmoid formation undeagpurst in intensity, disturbing the
filament’s slow rise, near 04:45 UT. Sterling & Moore (2008yle5terling, Harra, & Moore (2007)
have seen similar SXR intensity brightenings prior to themflare that were related to the slow-rise
phase of filaments, and this could be the flare precursor temgig discussed by Harrison (1986),
which he suggested was related to CME onset. SOT and MDI tata that the location where the
sigmoid forms and from where the EUV-loop emissions emaai@®n a neutral line where opposite-
polarity magnetic flux convergence had been occurring santeast 22 UT on March 1.
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Figure 5 shows our interpretation of these observations.girben and magenta field lines are
poised to reconnect, forming the low-lying black loop andatirmoving sigmoid loop. There would
be other loops similar to the green and magenta loops thaloveabsequently reconnect, although
clumps of magnetic field in the photosphere would tend to ntlaé@econnection episodic; this would
account for the fainter-illumination sigmoid fields that g&e in the XRT images prior to production
of the bright sigmoid of Figures 2b and 2c. Reconnection e$#hfields reduces field restraining the
filament field, and results in the slow rise of the filament; Mo& Roumeliotis (1992) discussed the
slow start to eruptions by such processes, which they c&led/ly driven tether cutting.” Sterling,
Harra, & Moore (2007) present a slightly different exampleene “tether weakening” reconnection
appears to be occurring. In both cases, each reconnectisodepresults in a further rise of the
filament.

Key to the reconnections at the crossing point of the Figugeegn and magenta field lines,
is the converging of the photospheric magnetic field as tedday the SOT FG/V data. Cancelation
of this flux at the neutral line leads to reconnection at theegrmagenta field crossing point (which
is near location of the white arrow in Fig. 2b), producing gert lower reconnection loop and the
rising filament-holding SXR sigmoid, the activation andvglese of the filament, and eventually to
disruption of the whole field system resulting in the fastfient rise in the violent eruption.

From the fluxes derived from the MDI data in the previous ®ectwe can make an estimate
of the strength of the field above the noise level (which we tak 10 G) in the region of the black
box in Figures 4a and 4d, and we derive this strengthp be about 40 G. (The 1.5 factor of Berger
& Lites 2003 would make this 60 G.) Thus the fields are not vérgrg). Moreover, we measure
that the entire immediate erupting and flaring region, whighestimate to spaihs0”"—300" in z
and 0”"—150" in y, (see e.g. Fig. 2, however this ignores possible secondaptiens covering a
larger area), to have flux 5 x 10%° Mx, and so the a flux change ef 5% over the last 5 hours prior
to eruption is enough to begin the release of energy corddméhe pre-existing sheared field by
some mechanism, such as an instability, leading to theieruptan Ballegooijen & Martens (1989)
suggest that long-term flux cancelation can result in filarseipporting flux-tube geometries, and to
the eventual destabilization and eruption of the filamdms; ¢tould be what is occurring here.

The erupting sigmoid loop we see in Figure 2 is similar to yipetdescribed by Rust & Kumar
(1996) and Pevtsov, Canfield, & Zirin (1996), where the sigitoop is made by the reconnection
of the crossed arms of the elbows in the onset of eruptiongirtrast to the longer-lasting sigmoid-
shaped active regions discussed by, e.g., Canfield, HudsMtKenzie (1999) and Sterling et al.
(2000). Both types, however, are a consequence of the sheaiare of the magnetic field in erupting
regions and many active regions. Moore et al. (2001) alsoasdeveloping sigmoid of the type we
observe here (see their Fig. 5).

Rust & Kumar (1996) also discuss the kink-mode instabilitylie context of eruptions. Our
filament undergoes writhing near the onset of the fast-ris#se, and so a combination of tether-
weakening reconnection, along with tether-cutting reeation and the kink instability could be the
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release mechanism for the fast-rise phase of the eruphanistsimilar to the conclusion reached by
Williams et al. (2005) for a filament eruption they observed.
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Fig. 1. TRACE 171A images of the erupting filament (white arrows), and a newpldmat brightens during the
pre-eruption phase (red arrow in b). Red and blue contoersespectively positive and negative polarities from an
MDI magnetogram from 4:51 UT on 2007 Mar 2; contour levelse50, 100, and 300 G. Panels (a) and (b) span
a pre-eruption phase when the filament is undergoing a skamd other motions, and panel (c) is from near the
time of onset of the filament's fast eruption. In (a) the wiiideicial line is used to determine the filament height as
a function of time in Fig. 3, and the box in (b) is for for gertarg the lightcurve of Fig. 3. North is up and East to

the left in these and all images in this paper. Video 1 is a moftheTRACE images.
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Fig. 2. HinodeXRT SXR images of the erupting region, on the same MDI maggraio contours as in Fig. 1.
Panels (a)—(c) are during the pre-eruption period, (d) &)d(e from about the time of the start of the eruption
and the filament's fast rise, and (f) is near the time of thee®apeak intensity. In (b), the red arrow points to the
north part of a sigmoid loop, and this corresponds to the Eddy lof Fig. 1b. The white and black arrows point out
the roots of the lower reconnection product, and that logpeaps bright in the XRT movie. In (d) and (e) the red
arrows point to the middle part of the erupting sigmoid dinoe. White arrows in (d) and (f) point to the footpoints
of bright loop arcades, which shift between the pre-erupgieriod of (d) and the time near the flare peak in (f).
The bright streaking in (e) is due to saturation of the XRT CGD (c) the boxed region is used to generate the

lightcurve in Fig. 3. Video 2 is a movie of the XRT images on sicale of panels (a)—(c).
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lightcurves of integrated intensities (with arbitrary tieal scaling) fromTRACE and XRT from the boxed regions
in Figs 1b and 2c, respectively.
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(a) SOT FGIV: 2-Mar-2007 04:53:44 UT

(b) SOT FG/V: 1-Mar-2007 22:55:43
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(c) SOT FG/V: 2-Mar-2007 03:15:42 (d) SOT FG/V: 2-Mar-2007 04:53:44
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Fig. 4. SOT FG Stokes-V magnetograms of the erupting region. Comgpérese with the MDI magnetogram and
TRACEimages of Fig. 1 shows the relation to the filament. Panek(a)dontext image showing a nearby sunspot,
and Panels (b)—(d) show a close up of the neutral line undeetbpting sigmoid, from the white box in (a),
at different times. White and black show positive and negagpolarities. These opposite polarities undergo flux
cancelation over time, as calculations of the total ungignaarity in the back box of (a) and d) show (see text).
Video 3 is a movie of the SOT images on the scale of panel (a).
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Fig. 5. Schematic interpretation of the eruption of Figs. 1—4. Red blue contours roughly correspond to the
magnetic pattern in the MDI (Figs. 1 and 2) and SOT FG/V (Figmégnetograms, the broken shaded feature
represents the filament along the neutral line of the blackdéd-ig. 4. The green field curve represents the loop
seenin EUV (Fig. 1b) in the North part of the sigmoid of FigThe magenta curve represents a field line extending
from the region around the sunspot in Figs. 2d—2f. Magnetionnection between the the field of the green and
magenta structures results in two reconnection produetssigmoid of Fig. 2, and smaller loops that straddle the
neutral line and which have footpoints indicated by the twaas, and these correspond to the white and black
arrows in Fig. 2d; both of these reconnection products aaas black lines in the schematic.
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