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ABSTRACT

Context. To understand the mechanisms that trigger solar flares, gquereemodels describing and quantifying observable resgon
to the original energy release process, since the coroeafjgnelease site itself cannot be resolved with curremirtieal equipment.
Testing the usefulness of a particular model requires thgpanison of its predictions with flare observations.

Aims. To test the standard flare model (CSHKP-model), we measteethagnetic-flux change rate in five flare events @edént
GOES classes using chromosphgimtospheric observations and compared its progressittnolvserved nonthermal flare emis-
sion. We calculated the cumulated positive and negativenetagflux participating in the reconnection process, ad asthe total
reconnection flux. Finally, we investigated the relatioesi®en the total reconnection flux, the GOES class of thetgvand the
linear velocity of the flare-associated CMEs.

Methods. Using high-cadence dland TRACE 1600 A image time-series data and MIMHO magnetograms, we measured the
required observables (newly brightened flare area and rtiagiedd strength inside this area). RHESSI and INTEGRALkdch4-ray
time profiles in nonthermal energy bands were used as oliderpeoxies for the flare-energy release rate.

Results. We detected strong temporal correlations between theatbmagnetic-flux change rate and the observed nonthermsd emi
sion of all events. The cumulated positive and negative fiuwéth flux ratios of between 0.64 and 1.35, were almost edgint to
each other. Total reconnection fluxes ranged betwe@x 10?* Mx for the weakest event (GOES class B9.5) andb1510°! Mx

for the most energetic one (GOES class X17.2). The amoungaghetic flux participating in the reconnection process wagker in
more energetic events than in weaker ones. Flares with reoomnection flux were associated with faster CMEs.
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1. Introduction the CSHKP model (Carmichael 1964; Sturrock 1966; Hirayama
o ) . 1974;| Kopp & Pneumahn 1976). According to this, the separat-
Solar flares are intriguing, intensely-studied phenomBh&h 4 fiare ribbons are the chromospheric signatures of theggne
progress has been made in understanding the processesthgldlease in the corona. The energy, which has been released at
cur on the Sun when a flare occurs. However, these eventsyfgs primary energy-release site, is transported downwata i
main a partly-unsolved mystery. Itis generally acceptedhe e chromosphere along the newly reconnected field lines, by
energy fueling a solar flare is magnetic energy, which is acos; particles and thermal conduction. When it is deposited
mulated slowly and stored inside the corona. After its ®¥eaine two footpoints of the field lines, which are rooted insige
by magnetic field reconnection, it is converted into the ke posite magnetic polarities, the chromosphere brighteasthe
energy of fast particles, plasma flows, heat, and MHD shogk_caled flare kernels are created, and many of these atjace
waves. Unfortunately, our observations remain inseresttvhe yernels form elongated flare ribbons. The reconnectionisite
primary energy-release process, since the energy reléase s |ocated below the flare-associated erupting filaf@ME, and,
the reconnecting current sheet cannot be resolved wn_hu:rur Csince the erupting structure rises continuously to higleo-c
rent technical equipment. To learn about the. propertiedhef t, 5 heights, the reconnection also occurs at successiigigh
energy release site and the processes occurring thereevee thyir,des, as the flare progresses. As a consequence, field li
fore depend on exploring the plasma responses to the origifian footpoints rooted further and further away from eadheot
energy-release process. are involved in the reconnection process. Thus, the nevighbr
One of the observable consequences of the energy relegsed areas of both ribbons are located further and furthet ap
in the corona are the bright, separating flare ribbons, whigd we observe separating flare ribbons.
can be seen in UV bands and chromospheric spectral lines,
and are prominent in &l They are located on each side of the  Since the coronal reconnection site is coupled with the<chro
magnetic polarity inversion line and move away from it durmosphere by the reconnected field lines, it is obvious that th
ing the course of the flare. This apparent motion can be aronal magnetic reconnection rate, i.e., the rate at wimab-
plained by the most widely accepted model of erupting flarasetic field lines are reconnected, is associated with tharaep
ing flare ribbons. Based on the CSHKP model, Forbes & Priest
Send @print requests to C. H. Miklenic, e-mail: (1984) and Forbes & Lin (2000) considered the rate of photo-
christiane.miklenic@uni-graz.at spheric magnetic flux-change Using magnetic flux conserva-
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tion, they derived a quantitative estimate for the cororabn- relations between the total reconnection flux, the GOES dés
nection rate or magnetic flux change rateespectively, that can the events, and the linear velocity of the flare-associatd& £

be derived from observable quantities The paper is structured as follows. Sectidn 2 contains de-
scriptions of the used data sets, Sett. 3 describes the detho
¢ = 9 B,da, (1) thatwe have applied, SeEl. 4 lists the results for each fame,
ot in Sect[5 the results are summarized and discussed.

whereB,, is the photospheric magnetic-field strength component

perpendicular to the solar surface inside the newly brigdde )

areada, which is swept up by the flare ribbons. We denote b¥. Data and observations

"r‘: ;25 :jaotfngitnvg}'sczmﬁgge.tllﬁguoxrig%gfocrgﬁgg Srﬁggreallt;esd amgghe five flare events presented in this paper were eruptive (tw

model, since it describes the evolution of a flare in a velrticﬁg:);&)wféagse’n?:smcéjceg f\I,:rtg iNgl\r/:Eb (;r:ls;r el c(I)(;/ aerrl\)l/lngptgg

plane. In the third dimension, namely, the direction of tlee p . X o . . : '
L o : . and in some cases also a third ribbon or distant brightertiags

larity inversion line, translational symmetry is qssym'ﬁds 45" heseen. The position of a flare on the solar disk serged ae(z?sel

Z\ljgpttg; fhoeméi[;sng;g nr?r??r?é i(r)]i?d.dirgwoe%esli' Ol:] Iiz I:]I;?I)C/, hQW tion criterion, since the magnetic field component normahto

but rather highly fragmented into temporary magnetic igan solar surface is required for the analysis (see §éct. 3yeThe,

However, we note that calculating the magnetic flux chantge r%'gnﬁr;ﬁze d?snllycg\r/]?g:s Ahsaetg:,)enr;é%?:éggr?gtrig?i:)enﬂvgﬁs?vlgg\v
¢ does not require the assumption of translational symmet '

Thereforey'is valid in three dimensions. a\Blhty of high-cadence image time-series data imdt UV and

To test the CSHKP model, an observable quantity is rgprr_lrplete (iovertigeﬂof the |m|ciuI5|ve pha;tir:n :‘-DITRS: dat ;
quired that can be regarded as a proxy for the energy rele:(\se olana yze the lar_?_ e&/gnzs., We used the following data sets
rate or reconnection rate, respectively, which we are iabkp See also summary in fa )
of measuring directly. The fast electrons that spiral doartv i , i )
along the newly reconnected field lines, generate microwade Full-disk  line-of-sight magnetograms, provided by the
gyrosynchrotron emission, and when they deposit theirggner SOVMDI instrument (Scherrer etal. _1995) onboard the
at the footpoints of the reconnected field lines, hard X-ray Solar and Heliospheric Observatory (SOHO). In all events
(HXR) emission is produced by the nonthermal bremsstrahlun  €XCept for that on 2003 November 18, five successive mag-
of electrons being scattere@ @ns. Therefore, the observed mi-  N€tograms one-minute apart were averaged together to form
crowave and HXR fluxes act as indicators of the rate of acceler & Single low-noise magnetogram, which was used in further
ated electrons, which carry a large fraction of the totalrgpe _ analysis. _ _ _ _
released during a flare (e.3., Hudson 1991; Dennis|et al})2003: High-cadence (4 — 60 s) image time-series dataioHUV.
Thus, microwave and HXR emission can be used as proxies for 1€ Hr images were provided by various ground-based ob-
the flare energy-release rate. If the CSHKP model is apgicab ~ Servatories: Kanzelhohe Solar Observatory (KSO, Austria
the derived magnetic-flux change ratstiould exhibit a similar ~ |Ofruba & P6tz1 2003), Big Bear Solar Observatory (BBSO,
temporal evolution as the observed HXR and microwave flux, YSA; [Denkeretal.[ 1999), Hvar Observatory (Croatia
i.e., the maxima in the-profile should coincide approximately ~ Otruba [2005), and Meudon Observatory (France). UV
co-temporally with peaks in the observed nonthermal flare- images in the 1600 A passband were obtained from
emission. Strong temporal correlations of observed nontae ~ the Transition Region and Coronal Explorer (TRACE;

emission with derived quantities characterizing the mégme- Handy et al. 1999). . o _

connection process, such as the magnetic flux change rate, ¢ Full-disk, nonthermal HXR-intensity time-profiles frotime
electric field at the reconnecting X-point, or the Poynting/l Reuven Ramaty High Energy Solar Spectroscopic Imager
which is transported into the reconnection region, weretbin (RHESSI; [Linetal.| 2002). For one event (2003 Oct

several cases (e.d., Asai etlal. 2004; Oiu bt al. 2004; Jin et 28), HXR observations from the gamma-ray spectrome-
2005; [Isobe et al._2005; Lee ef . 2D06; Temmer et al. [2007; ter SPI onboard the International Gamma-Ray Astrophysics
Miklenic et al[20077). Laboratory (INTEGRAL; Jean et &l. 2000) were used. The

Itis known from observations that the energy release in a dy- €nergy bands of the RHESSI profiles were chosen in such a
namical flare is also related to the kinematics of the astatia ~ Way that the emission was clearly nonthermal (steep rise —
CME (e.g./ Maricic et dl. 2007; Temmer ei al. 2008). Statid fast decay of the peaks). At the same time, the photon ener-
studies indicate that CME parameters, such as the velosity a  9ies had to be low enough to produce reasonable count statis-
kinetic energy, are correlated with the soft X-ray (SXR) lpea tics. Since the GOES classes of the analyzed events ranged
flux and the time-integrated SXR flux, i.e., the flare fluence betweenBand X, dierent energy bands of the RHESSI pro-
(e.g./Moon et di. 2002; Vrénak et al. 2005). Qiu & Yurchyshy files were used in each case to satisfy these demands.
(2005%) reported that a greater amount of total reconneétian
is related to higher CME velocities. Data reductionAllimages of a particular event were rotated

In this paper, we present a detailed analysis of five wefie solar north, if necessary, andf@rentially rotated to the same
observed erupting flare events offdrent GOES classes. Wereference time. bl images were cross-correlated in time to ac-
calculated¢’ to test the model prediction, namely, the coecount for seeing fects. Coalignment of the flierent data sets
temporal evolution of the derived magnetic-flux change aaig was accomplished using MDI continuumgatblue wing, and
observed nonthermal flare emission. In addition, we detezchi TRACE WL images. Sunspots near the flare sites were taken
the cumulated reconnection-flux profiles for the positivel aras a reference for coalignment by cross-correlation teghas.
negative magnetic polarity domain as a function of timertie The diferent pointings of the TRACE WL and 1600 A tele-
tio of these fluxes, as well as the total flux that had to have bescopes were taken into account. MDI images were converted
reconnected until the end of the flare. Finally, we inveséiddhe from SOHO-view to Earth-view.
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.TRACE 1600 A- 22:46:43-UT -| TRACE 1600 A 22:46:43 UT Detected flare area

Fig. 1. 2005 January 15, X2.6 flarea): Image frame corrupted by many particle hit3: The same image after the particle hits
have been removed by the running median methpd:lare area at 22:46:43 UT detected from b).

Table 1. Event Information. For each event we list the date, NOAA \&ctiegion, position, and GOES class plus GOES
maximum of the flare, as well as the first LASCO C2 appeararee central position angle, and the linear velocity of the
associated CME. Details on the CMEs were obtained from théiIGQASCO CME CATALOG (Yashiro etal. 2004, -
http://cdaw.gsfc.nasa.gov/CME 1list/).

Flare CME
Date NOAA  Position GOES first LASCO C2 central PA linear velocity

AR Class Max. [UT]| appearance [UT] [deg] [knT§]
2003 Oct28| 10486 S16E08  X17.2 11:10 10:54 Halo 2460
2003 Nov 18| 10501 S02E37 M3.9 08:31 08:50 Halo 1660
2005Jan 15| 10720 N13WO04 X2.6 23:02 23:06 Halo 2860
2006 Jul06 | 10898 S10W30 M25 08:35 08:54 Halo 910
2007 May 19| 10956 NO1WO05 B9.5 13:02 13:24 260 960

Table 2.Information on the used data sets. For each event we lishtiment, wavelength, cadence, and pixel scale of theémag
time series. A 'yes’ in the Saturation-column indicateg tha observations were saturated during the impulsivegbgihe event.
The last two columns give the used instrument and energy bthe observed nonthermal HXR emission.

Date Image time series _ _ HXRs
Instrument Wavelength Cadence [s]’/pixel  Saturation Instrument Energy [keV]
2003 Oct 28 | Meudon Obs. K blue wing ~ 60 1.9 no INTEGRAL/SPI > 150
2003 Nov 18 TRACE 1600 A ~23 0.5 no RHESSI 20-60
2005 Jan 15 TRACE 1600 A ~ 10 0.5 no RHESSI 30-100
BBSO Hx line center ~ 60 1.05 yes and 100 —300
2006 Jul 06 Hvar Obs. Hy line center ~4 0.3 yes RHESSI 20-50
2007 May 19 KSO Ha line center ~ 60 2.2 yes RHESSI 15-50

When using intensity thresholds tofidirentiate between the median is lower than a particular intensity threshoigelp
flare pixels and non-flare pixels, transient bright non-fl@e x in framei will be replaced by the median, whereas all pix-
tures, such as cosmic rays, will inevitably be included agnorls with medians exceeding the threshold remained uncldange
ribbon pixels. This ffect was distinct during the impulsive phas@&hus, only particle hits were removed from the images, while
of one of the events studied (2005 Jan 15, X2.6). Since theke intensity of the flare pixels was not modified (cf. Hig). 1).
features do not survive for more than 1 or 2 frames at any givé&a check this method, we calculated the total flare areayekri
pixel, they can easily be eliminated. One possibility is te-c from both the original time series of this event and the frame
ate running mean images over a few frames. Thus, bright-pavtihere the particle hits had been removed, and found a totet fla
cle hits are smoothed out (e.g., Longcope et al. 2007; Qil etarea overestimation 6f100%, when using the original times se-
2007), although, the intensity of the flare pixels is also ified.  ries. The overestimation of the reconnection flux, howewas
Therefore, we created running median images in the image tionly ~20%, since particle hits cover the entire FOV, i.e., also re-
series of this event. For each pixelwe calculated the mediangions far away from the flare site, where the magnetic fields ar
of framesi to i + n (with n = 5) at the location ok. If xis a weak.
flare pixel, it will also be bright in the following frames atige
median is high. If pixek is a particle hit, however, it will be dark
again in the subsequent frames, and the median will be low. If
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3. Analysis 4. Results

To determine the magnetic-flux change rate % f B.dawe The results are presented separately for each event. Tihesfol
measured the following quantities: ing is valid for all events. Panels (a) — (d) of Figk . 4.16a:8
[I0 show the evolution of the flare ribbons in each event. Banel

1. The newly brightened areda in an image compared with (8) were taken during the impulsive phase, panels (b) shew th
the preceding images, separately for each magnetic polagttuation at the time of the maximum of the HXR profiles, pan-
domain. This was done by: (1) creating basedence im- els (c) display the flare ribbons at the time of GOES maximum,
ages from the original time series; (2) determining the §mafnd panels (d) are decay-phase images. Panels (e) show-the ca
est intensity maximunism of the entire dfference-image culated total flare area, i.e., the sum of the newly brigideare _
time-series; (3) multiplyingsm by various scaling factors €as in all images, superposed on the decay-phase imagey and i
to derive a set of potential intensity thresholds. ThredtiolPanels (f), the contours of this area are plotted on the MDd-ma
that enabled us to fierentiate correctly between flare pixetogram of the flaring region. The top panels of Fig$.1 815, 7,
els and non-flare pixels, were considered to be approprid@eandIl show the GOES12 1 — 8 A soft X-ray (SXR) flux, as
The usability of the various threshold candidates was estiell as the cumulated reconnection-flux profiles, and in thte b
mated by considering the total flare area detected in usitign panels, the derived magnetic-flux change geitepresented
them. Thresholds that were too low produced total flare ared§ng with the observed nonthermal HXR emission profile.
that also contained non-flare pixels, whereas relativegi hi
thresholds omitted fainter parts of the flare ribbons. Sinc
several thresholds within a certain range seemed to be éF L. 2003 October 28, X17.2 flare

propriate for identifying the total flare area, the analys#s  panels (a) - (d) of Fifll 2 show the flare evolution in Meudan H
carried out for a range of reasonable _thresholds, and tleen #hd panel (e) displays the total flare area. It consists ofvibe
mean of the thus calculated magnetic-flux change-rate pigrge regions, swept up by the separating flare ribbons, #s we
files was taken. We found that thepeak-times were insen- as some smaller regions in the vicinity that also brightargih
sitive to the diferent thresholds, but the height of the pealiie course of the flare. In Figl 2 (panel f), the contours otdhe
changed by 5 — 15%. _ _ tal flare area are plotted on the MDI magnetogram. The narther
To be counted as a member @&, a particular pixel had ribbon passed through the negative magnetic polarity domai
to exceed the given threshold, and be a non-flare pixel\ihereas the southern one appeared in the positive poRaitis

the preceding images. Furthermore, it had to be located @F-both ribbons passed regions of magnetic field strengthezkc
side the currently-analyzed magnetic-polarity domaird anmng 1500 G.

exceed the MDI noise level of 20 G.
2. The normal component of the photospheric magnetic-field

Strength Bn insideda. The |ine-0f-sight magnetograms Of>200 Meudon Observatory ~ 28-Oct-2003 11:03:14| Meudon Observatory  28-Oct-2003 11:05:13
MDI are known to be less sensitive to fields stronger than a_s
proximately 1700 G, i.e., MDI underestimates strong fielc ,,,
Berger & Lites 2003). Following the cross-calibrationdyu -

of Berger & Lite5 (2003), we multiplied the reported MDIjz0 .
line-of-sight magnetic field values by 1.56. Furthermore, w
assumed that the field is approximately radial at the phot
sphere, and therefore divided the photospheric magndtic ﬁ':zgg Meudon Observatory  28-Oct-2003 11:10:11|_ Meudon Observatory  28-Oct-2003 11:24:05
by the cosine of the central meridional distance of the fla

to derive the radial magnetic-field strength at each pixel. **

450!

300
At each timet, we measured both the newly brightened are™ - 'k
da, consisting of all pixels meeting the aforementioned dete ™ ,
and B, at the locations of these pixels, and then calculated t-#%°
positive and negative magnetic reconnection flux at eac iyn 5%
multiplying the pixel area an@, of each pixel and adding the **°
products. Division of the reconnection flux by the time intds -5
between two consecutively taken images yielded the magne30
flux change-rate for the positive and negative polarity diama-3s0
o+(t) andg_(t), respectively. The magnetic flux change-rate -0
was calculated by taking the meangafande._. 450
We also determined the cumulated magnetic reconnectisoo
flux at each time for both polarity domaing, (t) ande_(t), re-
spectively, by adding the newly reconnected flux at tinrethe Fig. 2. 2003 October 28, X17.2 flare &) — d). Temporal evo-
flux that had been reconnected up to tim8ince equal amounts|lution of the flare ribbons in H. a): impulsive phase image,
of positive and negative magnetic flux are involved in the rd): time of INTEGRAL/SPI maximumc): time of GOES maxi-
connection process at each time, thgt) and ¢_(t)-profiles mum,d): decay phase image): calculated total flare area super-
should be identical in the ideal case. We also calculatedathe posed on decay phase image (black with white contours: nega-
tal reconnection-flux profile(t) to be the mean ap, andy_, tive polarity, gray with black contours: positive polapitf): total
and we used the-profiles obtained from the lowest and highflare area on MDI magnetogram. Contours are the same as in e).
est of the appropriate thresholds as an error estimate ebthle MDI data range scaled 91000 G out of £168Q +1650] G. —
reconnection flux. FOV: 508’ x 334",

Meudon Observatory ~ 28-Oct-2003 11:24:05 | SC

-100 0 100 -300 200 -100 0 100
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Fig. 3. 2003 October 28, X17.2 flare Fop: GOES12 1 -8 A 5
soft X-ray (SXR) profile, cumulated total magnetic recortiac
flux (¢wor) plus error estimate, and cumulated positive and nec so
tive reconnection flux4,, ¢_). Bottom:INTEGRAL SPI HXR
countrate and magnetic flux change raip (-

-50
The top panel of Fid.I3 shows the GOES flux, as well as tl fy
cumulated total reconnection flux along with its error estien -'%°
For the sake of clarity, we plotZo: = ¢ + ¢—. In addition, the
cumulated reconnection flux originating separately froeyibs- & & 00!
itive and negative magnetic polarity domaips,ande_, is pre- -350 -300 -250 -200 -150 -100  -350 -300 -250 -200 -150 -100
sented. The positive and negative flux profiles look similaero Fig. 4.2003 November 18, M3.9 flare — Pana)s- d): Temporal

the entire time range. This indicates that almost equal @MSOUg, o\ ution of the flare ribbons in TRACE 1600 A): impulsive

of positive and negative magnetic flux participate in theorec phase imageb): time of RHESS| maximumg): time of GOES
nection process ata giventime, as theoretically expeDedng  ,yimium d): decay phase image): calculated total flare area
tne |mpuI|S|\t/e dpf?ase, V‘f’.rllen rtnorel and mlor?hfluc;( IS rec?]nnec_tgff,ldecay phase image (black with white contours: negative po
the cumulated flux profiles steeply rise. In the decay pnase, 'Iarity, gray with black contours: positive polarity); total flare
after the GOES flux reached its maximum, the reconnection ptg .- ‘- MDI magnetogram. Contours are the same as in e). MDI

cess slowly comes to an end, and the amount of newly recqy); — .
nected flux decreases. This results in nearly constant @ietll E%E? ;agggfcaled 1500 G out of 1700 +1220] G. - FOV.

flux profiles during this phase of the event. At the end of the an

alyzed time interval, the ratio of cumulated positive veraeg-

ative reconnection flux is 1.02, and the total flpry adds up to  remains relatively simple, and the positive-polarity flamea

~ 155 x 10% Mx (cf. Table[3). (black contours) appears as an elongated structure.

~ The INTEGRAL SPI count-rate af 150 keV, and the de- = The cumulated positive and negative reconnection-flux pro-
rived magnetic flux change-rate are presented in the bottifas ook similar (cf. top panel of Fig] 5), although, slightnore
panel of Fig[B. The INTEGRAL profile exhibits several spikegegative than positive flux is detected near the end of the ana
embedded in a broad peak, which lasts fren11:02 UT to |yzed time interval. The ratio of positive to negative flux0i91
11:10 UT. Since the cadence of therlinages was only about at ahout 08:30 UT (cf. Tablg 3). The total cumulated flux adds
1 min, it was not possible to resolve every single INTEGRAYp to 23 x 102! Mx. We note that the cumulated fluxes of the
spike, although, the magnetic flux change-rate does reftect ntire event may be higher than listed in Table 3, since it was

-150

overall shape of the INTEGRAL flux. not possible to analyze the event up to the end of the impilsiv
phase due to gaps in the TRACE data aft€8:24 UT.
4.2. 2003 November 18, M3.9 flare In the bottom panel of Fifl5, the RHESSI HXR 20 — 60 keV

time profile is presented along with the derived magnetic re-
This event was already published lin_Miklenic et al. (2007gonnection rate. During the event, RHESSI observed fouomaj
We present it again here, because the cumulated magngéeks. Three of them are also evident in ghprofile, the time
reconnection-flux profiles had not then been calculatedyblyt  interval of a fourth peak being unable to be analyzed becaluse
the magnetic flux ratio of the overall positive to negativeore-  the aforementioned gaps in the TRACE data. The co-temporal
nection flux, taken at the end of the analyzed time interval.  occurrence of the first three RHESSI apgbéaks is, however,
Panels (a) — (d) of Figll4 show the flare evolution imbvious, the RHESSI peaks being slightly delayed, as ineita
TRACE 1600 A. In Fig[% (panel e), the total flare area iby the gray vertical bars, highlighting the time lag betwéea
presented, and in Fi§l 4 (panel f) the contours of this area aorresponding peak values. The numbers on the left of each ba
superimposed on the MDI magnetogram. The northern ribbandicate the time delay of the RHESSI peaks in seconds. We
which sweeps across the negative polarity, stops whendhesa note that in_Miklenic et &l. (2007), we did not divide the mag-
stronger fields. Thus, the flare area (white contours) isefbrcnetic field by the cosine of the central meridional distanche
into a complex shape by the magnetic field topology. The souftare, and therefore obtain in the present paper slightlydrig
ern ribbon is not fiected by strong magnetic fields, so its shapelues in thep-profile.
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Fig.5.2003 November 18, M3.9 flare Top: Same as in Fig.]3. **
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TRACE 1800 15-Jan-2005 23:03:35

280 u—
4.3. 2005 January 15, X2.6 flare b

Panels (a) — (d) of Fig[16 show the flare evolution iI240 TRACE 1600 15-Jan-2005 25:09:34 |1 N 15-J¢ 17

TRACE 1600 A. Figurél (panel e) displays the total flare area, 50 100 150 50 100 130

and, in Fig[6 (panel f) the area contours are plotted superifig. 6. 2005 January 15, X2.6 flare — Panals— d): Temporal
posed on the magnetogram of the flaring region. The negatiwp|ution of the flare ribbons in TRACE 1600 &): impulsive
polarity area (white contours) is large compared to thetjvesi phase image): time of RHESSI maximumg): time of GOES

one (black contours). This fiérence in flare area is caused bynaximum,d): decay phase image). calculated total flare area
the negative-polarity ribbon sweeping, at least partlgaarof n gecay phase image (black with white contours: negative po
weaker magnetic field, whereas the positive-polarity rbbo-  |4rity, white with black contours: positive polarity); total flare
cupies exclusively strong field regions, some of them exoged are3 on MDI magnetogram. Contours are the same as in e). MDI

1500 G. This produces comparable fluxes, although the sizeggfig range scaled 91000 G out of }147Q +1790] G. — FOV:
the flare areas fer. 160" x 134"

The horizontal bars in the top panel of Fig. 7 indicate
the instrument observation times of BBSO and TRACE. Since
TRACE observations did not start before22:42 UT, we used assign the main RHESSI peak to any of #hpeaks. The corre-
BBSO Hry images, which covered the entire impulsive phase, spondence between the remaining RHESSI@peaks is more
estimate the cumulated reconnection fluxes for the time-intebvious. After~ 22:55 UT, theg-profile and the progression
val in which TRACE data was missing. We calculated the fluxes the nonthermal emission look similar, although the reéat
separately for kit and TRACE 1600 A, and then we attached thBeight of the RHESSI peaks is not always reproduced bythe
flux profiles obtained from TRACE images to those derived froprofile, e.g., the last RHESSI peak at about 23:07 UT is high in
BBSO images up to the start of TRACE observations. Since themparison to its counterpart in the magnetic flux change rat
Ha images were saturated, the fluxes derived from BBSO majie co-temporal occurrence of observed and derived peaks is
be overestimated, although, they still provide a referdagel also obvious, however, in this event, the RHESSI peaks being
for the beginning of the TRACE profiles, and thus allow the eslightly delayed. The vertical bars in the bottom panel of.
timation of the overall cumulated flux in this event. The aurvindicate the time lag between the peaks in the RHESSI 100 —
progression of the positive and negative fluxes is similet, we 300 keV andp-profiles, and the numbers on the left of each bar
detect more positive than negative flux during this eventhat indicate the time delay in seconds. We also checked the delay
end of the analyzed time interval, the ratio of cumulated-pogimes of RHESSI peaks in the 30 — 100 keV profile and found
tive to negative flux is 1.35, and the total flgx: adds up to delays of 53, 54, and 48 s. Both sets of delay times are compara
~ 4.5 x 1071 Mx (cf. Table[3). ble to those found in the 2003 November 18 event, presented in

The magnetic flux change-rate derived from TRACE imag&g£ct[4.2.
along with two RHESSI light curves are shown in the bottom
panel of Fig[¥. The RHESSI peak betweer22:43 UT and
22:53 UT is unusually broad, and in the 30 — 100 keV and 10 4. 2006 July 06, M2.5 flare
300 keV profiles the highest RHESSI peak appears later tlean Banels (a) — (d) of Fid.J8 show the flare evolution observed
maximum ing. Until ~ 22:55 UT, the magnetic flux change ratéen Hvar Hae, which was associated with an erupting fila-
exhibits four spikes embedded in a broad peak, while RHES@&Ent. Figurd B (panel e) displays the total flare area, and in
exhibits the aforementioned broad main-peak. Thus, we dlid rig.[8 (panel f) the area contours are superimposed on the MDI
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Fig. 7.2005 January 15, X2.6 flareTop: Gray and black hori- T T L L B SovmMDI 6-iul-2006 08:02:01 UT
zontal bars mark the instrument observation times for BBSO +'% 'Y v} 1
and TRACE 1600 A. Profiles derived from TRACE observatior “ i

begin at~ 22:42 UT and were attached to the light-gray profile-150 B
obtained from BBSO observatiorBottom:RHESSI HXR 30 — {} ?{? @
100 keV and 100 — 300 keV time profiles and magnetic flu-200 e N
change ratey). Light-gray vertical barsmark time delays of
RHESSI 100 — 300 keV peaks compared to the associated m.,s, . ]
netic flux change-rate peaks. Delay in seconds is given on ... ~ 400 450 400 450 500 550 600

left of each bar. Fig.8. 2006 July 06, M2.5 flare — Panety — d). Temporal
evolution of the flare ribbons in & a): impulsive phase im-
age,b): time of RHESSI maximumg): time of GOES maxi-
magnetogram. The negative-polarity area is small comp@redmum, d): decay phase image): calculated total flare area on
the positive one, because the northern ribbon enters thenpendecay phase image (black with white contours: negativerpola
bra of the nearby sunspot, where the magnetic fields aregstroiy, white with black contours: positive polarityf): total flare
However, it stops at the border between penumbra and umbrarea on MDI magnetogram. Contours are the same as in €). MDI
In this event, more positive than negative reconnection flgata range scaled te-100Q +400] G out of F139Q +450] G. —
is detected over the entire analyzed time range (cf. top IpaF®V: 255’ x 183".
of Fig.[d). During the first part of the impulsive phase in par-
ticular, the positive cumulated flux profile exhibits a steise,
while the negative flux increases more gradually, its finat fl
tening occurring later than that of the cumulated positive.fl
Thus, cumulated positive and negative fluxes become compe
ble in strength at the end of the analyzed time interval, whe
the flux ratio is 1.06, and the total cumulated flux adds up
2.6 x 107 Mx (cf. Table[3). We note that the dHimages were
saturated during the impulsive phase of the event, so theicalg & ~— RHESSI 20-50 keV
lated flux values may be overestimated. i —e 16000
In the bottom panel of Fid]9, the RHESSI 20 — 50 ke\f % st
time profile along with the derived reconnection rate ard-plcs< ,E
ted. In this event, the nonthermal emission exhibits two dig™ 12000
tinct peaks between 08:18 UT and 08:25 UT. Afterwards, sef 't ]
eral small spikes are visible betweer®8:28 UT and 08:37 UT. 0k e . — g g e
The two main RHESSI peaks are not resolved in the magnet ' "Start Time (06-Jul-06 08:13:00) ' '
flux change rate. In the-profile, only one broad peak is evi- _. -
dent, which spans the time range of the two main RHESSI peakid- 9-2006 July 06, M2.5 flare ¥op: Same as in Fi@.|Bottom:
The maximum of the broag-peak corresponds with the second//agnetic flux change ratep] and RHESSI HXR 20 — 50 keV
RHESSI peak, and the RHESSI spikes occurring after 08:28 (e profile. Counts at times of RHESSI shutter movements are
is evident in the magnetic-flux change rate as a broad bungt 0 0-
However, there is a second lower bump in therofile after

I[)Qﬁ ux

o = N W & oo
R WL L | T

magnet
[10°" Mx]
GOES 12 flux

cumulated

8000

14000

RHESSI counts s detector™

emission is visible. was anchored near the flare site, wefittowards west and has
already disappeared from thexHilter at 12:50 UT. A part of
4.5. 2007 May 19, B9.5 flare the second erupting filament is still visible as a dark, etiad

structure in panels (a) and (b) at the top of the images, adtho
Panels (a) — (d) of Fid.10 show the flare evolution observéds already in a state of eruption. In panel (c), it has alnef$
in KSO Ha. There are two stable filaments east of the flathe Hy filter, and in Fig[ID (panel d) it has completely vanished.
site. Two further filaments in this active region were emgti Figure[I0 (panel ) shows the total flare area in this evedtiran
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. 6
Fig.[1I0 (panel f) the area contours are plotted on the MDI ma,,
netogram. The size of the positive and negative-polariégsis £ °¢ 5
comparable. Both areas are elongated structures. 2t 2
B 3
-2 i
2= E o
250 KSO HALPHA 19-May-2007 | KSO HALPHA 19-May-2007 =
E4- E 15
12:51:38 [
0_ 71000 -
200 2 [ —— RHESSSI15-50 keV ] 8
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Fig. 11. 2007 May 19, B9.5 flare Jop: Same as in Fig]3.
KSOHALPHA 19-May-2007 | KSO HALPHA ey Bottom:RHESSI HXR 15 — 50 keV time profile and magnetic
250 13:01:38 ks flux change rateg).

Be Table 3. Cumulated reconnection fluxes and ratio of positive to

negative flux at the end of the analyzed time interval. Flates
given in units of 18" Mx. Fluxes in the flare on 2003 November
18, may be higher, since it was not possible to analyze thateve
up to the end of the impulsive phase due to gaps in the TRACE
data after~ 08:24 UT. Error estimates g are obtained from
the lowest and highest of the appropriate intensity thrielsho
(see Sect.]3 for more detail).

150

100

50

b+
KSO HALPHA 19-May-2007 18 Date %EISESS o ®- Prot ool

S 20030ci28 X172 156 153 1588 102
2003Nov18 M3.9 >22 >-24 >23+02 091
2005Jan15 X2.6 52 -39 484 1.35
2006 Jul06 M25 27 25 2604 1.06
2007 May19 B9.5 14 22 1802 064

250

200

150

100

% ciple be thermal emission, the shape of the RHESSI peaks and

the RHESSI spectra indicate that the emission is predortijnan
nonthermal. The first and highest RHESSI peak is also evident
100 50 0 50 100 150-100 50 o  s0 100 1s0 thee-profile, whereas the second and third peak are unresolved.

Fig.10. 2007 May 19, B9.5 flare — Panedy — d). Temporal _ _

evolution of the flare ribbons in &l a): impulsive phase image, 4.6. Relations between reconnection flux, GOES class, and
b): time of RHESSI maximumg): time of GOES maximum, CME velocity

d): decay phase image). calculated total flare area on decay _. . .
phase image (black with white contours: negative polagiitsty Yn Fig.[12, for the five flares studied we plot the measured GOES

; . o e eak flux versus.: a) the total flare arBai.e., the sum of the
with black contours: positive polarityf),: total flare area on MDI P A ; ; i o
magnetogram. Contours are the same as in €). MDI data ra@@gly brightened areas in allimages; b) the mean magnelic fie

_ ) ength(B) inside A; and c) the total magnetic reconnection
ggaélled 10+1000 G out of £1900+1910] G. — FOV: 268 x flux ¢ior. We calculated the three quantities for each of the ap-

propriate intensity thresholds (see SEtt. 3) and plot teeaae.
Error bars were obtained from, (B), and¢ for the lowest

In this comparatively weak event, more negative than posind highest thresholds. Error bars in Figl 12 (panel b) also i
tive reconnection flux is detected (cf. top panel of Eig. Btthe clude the &ects of the MDI noise level of 20 G. After calcu-
end of the analyzed time interval, the ratio of cumulatedtp@s lating in log-log-space the correlation between the GOES peak
to negative flux is 0.64. The total flux adds up t8 X 10?* Mx  of each event and, (B), andgyy, respectively, the GOES peak
(cf. Table[3). We note that thedHmages were saturated duringvas found to neither correlate wilinor (B ), although, it is cor-
the impulsive phase of the event, so the calculated flux galuelated significantly withpyo; (R = 0.89, confidence level 95%,
may be overestimated. cf. Fig.[12 (panel c)). Since our sample size is small, we tiate

The bottom panel of Fig. 11 displays the derived magnetiese cannot exclude the possibility thaend(B ) are also related
flux change rate, as well as the RHESSI 15 — 50 keV time prim-the GOES peak flux (see Sdct.]5.2 for a detailed discussion o
file. Although the lower end of this energy band could in printhis issue).
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Fig. 12.GOES peak flux vsa) Total flare area; b) Mean magnetic field strengti ) insideA; c) Total reconnection flux. In the
upper left corner of c) the Pearson correlationfiomntR, along witha, the probability of error, is shown. Error bars are obtained
from the lowest and highest of the appropriate intensitgsholds (see Sel. 3 for more detail). Error bars in (b) aisownt for

the MDI noise level of 20 G.

In Fig.[I3 (panel a), we combine the reconnection fluxe
from the five events analyzed in this paper with results fro
other events, derived by Qiu & Yurchyshyn (2005), Qiueta

- R =062 (all events)
" o =0.002
- R =0.31 (all but X10.0, X17.2)

29-0ct-2003 a

28-Oct-2003
Qa4

a

(2007), and_Longcope etlal. (2007). We note that these ¢ F a=0.20
thors applied potential-field extrapolation from the phspioeric
MDI magnetograms to a height of 2 Mm, which we did not
Nevertheless, our results are consistent with the enlatgéal
set, and we derive comparable reconnection fluxes for thetgve w
on 2003 October 28 and 2003 November 18 (cf. encircled eve ©
in Fig.[13). The combined data set contains two events exoged L &
GOES class X10 (2003 October 28 and 29). For the entire di § -

set, the correlation between GOES peak apgdis significant i
(R = 0.62, with a confidence level greater than 99%). Howeve
if the two most energetic events are excluded, the coroglati
(R = 0.31) is significant only with a confidence level of 80%
This indicates that the rare X10-events strongly contribute to

the correlation. | a
07-Nov-2004

a®
i A &) p7-Nov-2004
XFE a
F a a A a

18-Nov-2003 Oa i

ol vl

QES class

-]
vl

<o ! a)_-

28-0ct-2003
O a

m/s]

A A
18-Nov-2003 iOa a
A

We also investigated the relation between the total reconnis,
tion flux in the flare and the kinematics of the associated CM 2
In Fig.[13 (panel b), we plot the linear CME velocity, takeorfr % “
the SOHO LASCO CME catalog (Yashiro et lal. 2004), i.e., th> N
linear speed obtained by fitting a straight line to the hetghe gmt a A =
measurements, againgt: for all events from Fig_13 (panel a). = .
Using only the five events analyzed in this paper (markedias =
Fig.[I3 (panel b)), the correlatio®R(= 0.71) is significant only © A
with an 80%-confidence level, although, taking the enlacped - a
set, we find a correlation that is significant with a confidenc a ) ) L
level greater than 99% (cf. Fig. 113 (panel b)), the corretatio-
efficient R = 0.76) being lower, however, than that reported b,
Qiu & Yurchyshyn (2005) for the subset of 13 events analyzqqg. 13. a) GOES peak flux vsgr, b) Linear CME veloc-
by these authors. Nevertheless, our result is in line widt tifi ity, taken from the SOHO LASCd CME catalog, WSt ©
Qiu & Yurchyshyn (2005), indicating that flares of higherege a1y events from this study (cf. FiJ12); indicate events
nection flux are associated with faster CMEs. taken from[ Qiu & Yurchyshyn! (2005). Qiu etlal. (2007), and

Longcope et al. (2007). Same events analyzedfiie@int stud-
ies are encircled. Upper left corner of each panel showssBear
correlation co#ficientR along witha, the probability of error.

b) |

1
Total reconnection flux [107 Mx]

5. Discussion 5.1. Potential errors

In the following, we list potential errors in the determiiositof Potentially significant measurement errors, which can lresu
the magnetic reconnection flux that may arise from the agpli&om transient bright non-ribbon features, such as cosays,r
methods, as well as the technical equipment and data atigaisiwere accounted for by eliminating short-lived featuresifriine
procedure. Afterwards, we discuss the physical implicegtiof images (see Secil 2 for more detail). Disregarding trahfean
our results. tures can result in an overestimation by 100% of the totaé flar
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area and 20% of the total reconnection flux, if an image time s&f 30 — 40% should be taken into account, especially for event

ries is strongly corrupted by particle hits. Bright corofaps in which the fluxes were derived from saturated irhages.

may also overestimate the flare area, and thus, the recathect

flux, when counted among flare pixels. Therefore, we exclud

these regions from the analysis by setting the correspgrmixa

els during the time range, when these brightenings occutoed

Z€ro. We derived the magnetic-flux change rate from chromo-
A crucial factor is the threshold value, which is used to dispheri¢gphotospheric observations of five flare events (GOES

cern flare pixels and non-flare pixels. Longcope ét al. (2067) classes B, M, and X) and compared it to the observed nonther-

ported a change of 25% in the measured flux, when experimemial flare emission. In addition, we calculated the cumulptesd

ing with cutdT values. We also tested several diitmlues and itive and negative magnetic flux participating in the reaection

found a change of 5 — 15% in the measured reconnection fluxprocess, as well as the total reconnection fx We also deter-

A further efect, which may cause an overestimation of th@lined the correlation between they, GOES peak, and linear
flare area, and thus, the reconnection flux, is caused by ettimi velocity of the flare-associated CMEs. _
the amount of charge that each pixel of a CCD chip can store. We found good temporal correlations between the derived
If there is too much charge at a particular location on the cabagnetic-flux change-rate and observed nonthermal emigsio
chip, i.e., if a pixel is saturated, it will overflow to its mgibor- all events, i.e., hard X-ray peaks were clearly reflectechin t
ing pixels, preferentially the pixels above and below thieisa Magnetic flux change-rate profiles, as expected from the stan
rated pixel. The signal in those pixels is questionableesthey dard model, although the relative height of the peaks was not
will usually contain spilled charge. In three of the ever28q5 always reproduced in the-profiles. In two events, for which
January 15, X2.6, 2006 July 06, M2.5, and 2007 May 19, Bg_g)(,)n-saturgted TRACE image time series were available vaith p
He images were saturated during the impulsive phase, and tegllarly high cadence<( 23 s), the HXR peaks appeared de-
area and reconnection flux may thus be overestimated. layed by roughly 1 min. Considering the amount of this delay,

All sources of uncertainty mentioned so far are related %gMiklenic et al (20077), we speculated that it might be teth
f

gdz Consideration of the results in view of the standard
flare/CME model and numerical MHD models

the flare area. The second quantity required to determine m t_he travel time of a reconnected field line from thﬁudm_on
netic reconnection rates and fluxes, namely, the magndticie 'c910n to the lower edge of the current sheet. However, sirece
measured routinely only in the photosphere. Thus, photaph found a delay of HXR peaks in only two events so far, no con-
line-of-sight magnetograms are commonly used for this psep cIusmns_can be drawn at present. It is, however, intergstn
However, since the magnetic field strength decreases frem ppte that Warmuth et al. (2009) calculated a t_ravel time 0592
photosphere to the chromosphémnsition region, where the N the 2003 November 18 flare, when comparing their model of
flare area is measured, reconnection fluxes are overesdma%k‘:OCk dr_'ft accelerat_|on at the reconnection outflow teation
when the magnetic field is derived from photospheric magn —OCE wgh (_)bsdervat:ons. ion f db

tograms, as was done for the present paper. Qid ét al.|(2607) rozir e derived total reconnection uxesozrfmge etweBix 1
ported an overestimation of about 20% in the reconnection fgo™ Mx for the weakest event and < 10" Mx for the most

derived from photospheric magnetic fields compared to the ﬂgner?etic onet (Cfi, Tab!f]. 3)- A(cj:cordintg to the st?_ndﬁrd thdeI:j
derived using potential field extrapolation to a height of &M equal amounts of positive and negative magnetic Tiux shou

As for th i field. a furth il f Farticipate in the reconnection process. The cumulated pos
s for the magnetic field, a further potential source of efy/e 5 negative fluxes that we found were roughly balanced,
ror must be accounted for. Berger & Lites (2003) reported thai, #1.,x ratios ranging between 0.64 and 1.35. According to

MDI measurements underestimate fields stronger than 17003, & Yurchvshvh (2005), flux ratios of between 0.5 and 2 can

and Oiu et al.|(2007) estimated an upper limit to possibly Uil regarded as a good flux balance, given the numerous uncer-
derestimated reconnection flux due to MDI saturatii®®s, -inties involved in the measurements.

assuming that saturation occurs at field strer_lgths_ of 14y 1 Beside determining reconnection rates and fluxes, we also

gnd %)50025')27“’;0 ofdtg%()e%/%nts analyj/-éeg(?éhls paﬁer (Zogilculated the correlation between GOES peak flux and: (1) to
Ctober 28, X17.2 an January 15, X2.6), small parts @ fjare area; (2) mean magnetic field strength inside thea:ar

the flare ribbons entered regions with field strengths song,, (3) total reconnection flux. Although neither the flareaar

than 1(1500 G. Accorfdlnfg 0 Qiu etlal, (26)07), this may resuI]E Ror the magnetic field were correlated with the GOES class, th
f["mt uln erestlm?te C;I a ‘?I_W percenti fatttﬁ.é’er§[’ max]!rr;lum, 3 al reconnection flux was. However, we note that our sam-
otal reconnection Tux. o account Tor tNIELL, We tollowe ple size is small. Therefore, we cannot exclude the possibil

thg cross-calibration study of Berger &_Lites (2003) andtmnul ity that the other two parameters are also related to the GOES
plied magnetic field values by a correction factor of 1.56. oo flux, and statistical studies have indeed found suafecor
The misalignment between YMa images and MDI mag- |ationsNagashima & Yokoyama (2006) analyzed 77 C, M, and
netograms is another source of uncertainty, which can be &sfiares and detected a threshold value in the magnetic fiald th
timated by artificially dfsetting the two sets of images. Weincreases with the GOES peak flux. For example, X-class flares
did not experiment with intentionally misaligned imagest b occurred only when the mean magnetic field in the active re-
Longcope et &l. (2007) and Qiu & Yurchyshyn (2005) reporteglon was stronger thar 100 G.[Su et al.[(2007) analyzed a
that artificial misalignment by up td’4can account for up to 10 — sample of 31 flares and found that for events of stronger aver-
20% of change in the measured flux. However, the co-alignmeffe magnetic field strength, the GOES peak flux tended to be
accuracy that we achieved was higher thén 2 higher. In a subsample of 18 out of the 31 events, they also de-
Bearing in mind all the sources of uncertainty discussdédcted a positive correlation between the GOES class arfd bot
above, it is dfficult to provide an overall error estimate for thehe flare area and the magnetic flux, the magnetic flux show-
total reconnection flux in each of the five events analyzed ing a much stronger correlation than the area or the magnetic
this paper. Hects of over- and underestimation may cancel eaéield.|Su et al.|(2007) attributed this to the magnetic fluxei
other to a certain degree. To be on the safe side, an oveagstinthe product of the other two parameters. Although the agplie
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methods for determining the flare are&eli from our approach — nally contained in the arcade is redistributed into bottstbesly
Nagashima & Yokoyama (2006) used intensity thresholdsfin soising flux rope and the underlying arcade field. Thus, the-mag
X-ray images, and Su etlal. (2007) took a contour level in ghotnetic shear in the arcade is reduced after the flux rope faomat
spheric magnetograms of the flaring region as a basis forthe dut increases again, if additional footpoint motion occuts
culation ofA— our findings are in line with the explanation giversoon as the magnetic shear exceeds a critical value, arrether
bylSu et al.|(2007), because they also indicate that in thitegd connection event occurs and a new flux rope is formed. When
the combination of area and magnetic field inside this aria-is magnetic reconnection continues, this newborn flux ropesris
portant. It is conceivable that we did not find the weaker&orrwith increasing velocity, and finally merges with the preasty
lations between GOES class adédind(B ) due to the small size created flux rope. This process of flux rope formation and merg
of our sample, but we did find the stronger correlation betweég can be repeated as long as magnetic shear is continuously
GOES peak flux ang. supplied. Cheng et al. (2003) quantitatively compared tbdeh

In addition, we incorporated our flux results into a largetesults with low-corona observations of a filament eruptan
set of results, taken from Qiu & Yurchyshyn (2005), Qiu et alng a flar¢CME event and found good agreement in the evolu-
(2007), and_Longcope etlal. (2007), and again found a signtifien of the flux rope height, velocity, and acceleration dgrihe
cant correlation between GOES peak flux and total recororectilux rope acceleration phase. Although the model does not ad-
flux (R = 0.6, confidence level greater than 99%). However, thiiress the escape of a flux rope from the Sun into interplanetar
correlation became smalleR (= 0.3), and was significant only space, it shows that reconnection enhances the flux ropkeacce
with an 80%-confidence level, when the most energetic eveation, and thus supports the scenario of a feedback resdtipn
(GOES classes X10) were excluded. This suggests that thbetween the erupting structure and the reconnection inahe. fl
rare, most energetic flares strongly contribute to the tatiom. Lin & Forbes (2000) investigated the interaction between an
Still, the results indicate that the amount of magnetic flax-p already existing flux rope and magnetic reconnection. lir the
ticipating in the reconnection process is larger in moregetec  two-dimensional model, the flux rope experiences a cafaisito
events than in weaker ones, as theoretically expected. Bne nmloss of equilibrium when the photospheric sources of the-cor
magnetic flux is reconnected in a flare, the more energy is re&al magnetic field are brought together quasi-staticaltyraach
leased into fast particles and can subsequently be degasite a critical distance. Then, the flux rope jumps to a new equilib
the chromosphere. This energy heats the chromospherio@lasrium position at a higher altitude, and a vertical currerdeth
which then evaporates, fills the flare loops, and causes themist created below the flux rope. The model shows that without
emit soft X-ray radiation, measured by the GOES satellifee. reconnection in the current sheet the magnetic tensiore fisrc
eventis assigned to a particular class in the GOES cladsifica always strong enough to prevent the flux rope from reaching in
scheme according to its maximum soft X-ray emission, whiderplanetary space. However, even a modest reconnectien ra
can be understood as a measure of the cumulated energy in(gvescribed by the inflow Alfvén Mach numbisty) is suficient
hot thermal plasma (e.g., \Veronig etlal. 2002, 2005). to allow its escape. Based on this loss-of-equilibrium nhadel

We also found that flares with more reconnection flux aiits extension, which includes gravity in the calculatiof#n(
associated with faster CMEs. This correlation, which wa® al2004; Reeves & Forbes 2005b), Reeves (2006) examined the rel
reported by Qiu & Yurchyshyn (2005), can be explained by @vance of reconnection for the flux-rope acceleration byyana
feedback relationship between the CME kinematics and the &g its impact on the individual forces acting on the flux rope
connection process in the flare (Vrsnak et al. 2005; Maegial. They found that only the force due to the current sheet was
2007] Temmer et &l. 2008). According to the standard/GtE  affected considerably by changes in the reconnectionVate
model, 50% of the magnetic flux reconnected during a dynamhile other forces, e.qg., gravity, exhibited only minor nbgas
ical (two-ribbon) flare is transported upward to higher e¢mlo with varyingMa. Slow reconnection rates resulted in longer cur-
heights and even interplanetary space. The reconnectimegs rent sheets, and thus, an increase in the downward forctedxer
in the flare, which is initiated in the wake of the CMEexts the by the current sheet on the flux rope. As a consequence, #ie tot
CME by: (1) reducing the net tension of the overlying magnetacceleration of the flux rope was decreased in cases of slow re
field; (2) increasing the magnetic pressure below the argpticonnection rates. When the reconnection rate was fastothe f
flux-rope; and (3) supplying the flux-rope with extra poldidadue to the current sheet was diminished, because fast reconn
flux (Marici¢ et al.l 2007). This enhances and prolongs the ation rates dissipate the current sheet. Therefore, thé flata
celeration of the flux-rope and therewith additionally @sv rope acceleration was higher in cases of fast reconnection.
the CME. Therefore, CMEs that are associated with dynamical All of the models aforementioned are 2D or 2.5D models,
flares are generally faster than those linked with eruptiee fi which might be appropriate only in describing the eruptiba o
ments, and CMEs that are associated with more powerful flaresry long flux rope, especially when its height and width are
i.e., flares of higher GOES class or fluence (time-integréd® much smaller than its length. In 3D models, the flux rope is
flux), are of higher median speed and kinetic energy than weanchored in the photosphere, and because of its final siee, th
flare-associated CMESs (Moon et al. 2002; VrSnak et al. 2008)erlying field can be pushed aside by the erupting structure
In other words, the higher the amount of flux reconnected inTdus, unlike in the 2D-approach, in 3D-model reconnect®n i
flare, the higher the amount of flux going upward, resultirtg ul not necessarily the main mechanism reducing the tensidmeof t
mately in faster CMEs. overlying field. However, Vrsnak (2008) demonstrated that

Numerical MHD models dealing with the formation of a flux3D-flux-rope model without reconnection high acceleratiare
rope, its sudden eruption and escape from the Sun provide ptevented because of the inductive decay of the currenten th
ditional evidence of a feedback relationship between apteruflux rope as the eruption progresses. On the other handgdinclu
ing structure and magnetic reconnectlon. Chenglet al. (2893 ing reconnection underneath the rising flux rope providesH’
complished 2.5-dimensional resistive MHD simulationsloé t poloidal flux to the rope. This preserves the current in the flu
evolution of an initially closed arcade field configuratidy rope, and thus prolongs and enhances its acceleration.
imposing a shear-increasing footpoint motion, magnetiome The theoretical work discussed above reveals the impagtanc
nection occurs, creating a new flux rope. The toroidal flugieri of magnetic reconnection for the kinematics of the erupting
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structure. Reconnection in the current sheet occurs ddhieg rent sheet in the model being directly related to the stienft
eruption of the flux-rop€€ME, additionally drives the eruption, the background magnetic field, while the kinetic energy ef th
and may even be essential for a flux-rope to escape from the Silux rope depends on both the mass of the flux rope and the
i.e., there may be no fast CMEs without magnetic reconnectistrength of the background field. Therefore, low mass CMEs
which is generally believed to play a major role in solar flarefrom weak-field regions can have a similar velocity profile as
However, it is known from observations that CMEs are not nemassive CMEs from stronger field regions. Thiatience in the
essarily associated with flares. Instead, they may occetheg physical properties of both situations is evident only ie #im-
with erupting filaments. After the eruption of a quiescerd-fil ulated X-ray emission of the associated flare.

ment a growing system of post-eruption loops is often olestrv  Taking into account the results provided by numerical MHD
in the EUV range (e.gl. Vrsnak etial. 2005). Morphologigall simulations of solar eruptions, it becomes apparent theatom-
these loop systems are similar to postflare loops, except fination of theoretical work and flagi@ME observations is es-
the fact that they are not hot enough to be seen in soft Xential for improving our understanding of the underlyityg-
rays. Quiescent filament eruptions occur in quiet regiomgre ical mechanisms and the relation between the two phenomena.
the plasma-to-magnetic-pressure ratiis generally larger than
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