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DEFINITION OF THE RECONNECTION RATE
OF MOST POWERFUL SOLAR FLARES

Abstract. We observed top 10 X-class solar flares registered in the period November 1997 - September 2017.
We measure physical parameters of 10 solar flares, such as the temporal scale, size, and magnetic flux density, and
find that the sizes of flares tend to be distributed more broadly as the GOES class becomes weaker and that there is a
lower limit of magnetic flux density that depends on the GOES class. We also made a brief analysis of solar flares
registered in these days, also has shown the duration of time and peak of solar flares in Universal time.

We have identified several physical quantities of solar flares and estimated reconnection rate of solar flares. To
determine the physical parameters we used images taken with the AIA instrument on board SDO satellite at
wavelengths 131 A, 174 A, 193 A, 211 A, 335 A, 1600 A, 1700 A, 4500 A, SXT - pictures, HMI Magnetogram,
SOLIS Chromospheric Magnetogram, GOES XRT-data. We estimate reconnection inflow velocity, coronal Alfven
velocity, and reconnection rate using the observed values. The inflow velocities are distributed from a few km s to
several tens of km s, and the Alfven velocities in the corona are in the range from 10° to 10* km s”. Hence, the
reconnection rate is 10~. We find that the reconnection rate in a flare tends to decrease as the GOES class of the flare
increases.

Keywords: solar flares, X-rays, reconnection rate.

Introduction. Solar flares are strong “explosions”, seen as sudden brightening atmosphere of the Sun
over active regions (sunspot groups). They take position in the chromosphere and the corona, but the
powerful ones can increase temperature even the photosphere (producing a flare visible even in white
light).

Richard Carrington, who was drawing sunspots, when he suddenly noticed two bright spots in one of
the sunspot groups, observed the first Solar flare in 1859. They brightened and faded in just ten minutes.
Carrington already noticed that this phenomenon was followed by the appearance of northern lights on the
following night. These white-flares are very rare, less than a hundred of them were observed in the last
century. In the short wavelength range (UV and X-ray) the brightening is even more bigger. During a
flare, the total ultraviolet radiation of the Sun rises with a significant factor, while the level of sum X-ray
radiation from the Sun can grow with orders of magnitudes [1].

Flares produce effects across the entire electromagnetic spectrum. They produce x-rays and ultraviolet
radiation, which indicates very high temperatures during a flash. Radio waves show that a small fraction
of particles is accelerated to high energies. Most of the radiation is synchrotron radiation generated by
electrons moving along spiral paths around magnetic field lines. The flux of high-energy particles and
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cosmic rays also increases on Earth as a result of intense flash. Magnetic storms on Earth often occur with
a delay of about 36 hours after a flare event was observed on the Sun. This is mainly interpreted as the
amplification of the solar wind, which compresses the magnetosphere and increases the magnetic field at
the surface of the Earth. Flashes appear in areas where a sharp change in the direction of the local
magnetic field occurs. The preferred mechanism for explaining the sudden release of energy in flashes is
magnetic reconnection.

Solar flares are giant explosions on the sun that send energy, light and high speed particles into space.
These flares are often associated with solar magnetic storms known as coronal mass ejections (CMEs).
The number of solar flares increases approximately every 11 years, and the sun is currently moving
towards another solar maximum, likely in 2013. That means more flares will be coming, some small and
some big enough to send their radiation all the way to Earth.

The biggest flares are known as "X-class flares" based on a classification system that divides solar
flares according to their strength. The smallest ones are A-class (near background levels), followed by B,
C, M and X. Similar to the Richter scale for earthquakes, each letter represents a 10-fold increase in
energy output. So an X is ten times an M and 100 times a C. Within each letter, class there is a finer scale
from 1 to 9 [2-3].

C-class and smaller flares are too weak to noticeably affect Earth. M-class flares can cause brief radio
blackouts at the poles and minor radiation storms that might endanger astronauts [4].

The most powerful flare measured with modern methods was in 2003, during the last solar maximum,
and it was so powerful that it overloaded the sensors measuring it. Massive solar X-ray flare, which
occurred on 4 November, was, at best estimate, an X28. This is a new number 1 X-ray flare for the record
books, the most powerful in recorded observational history.

In this work, we have identified several physical quantities of X-class solar flares and estimated
reconnection rate of X-class solar flares. We have analyzed top 10 strongest solar flares registered from
the period November 1997 - September 2017.

Table 1 - Strongest solar flares since November 1997 [6].

Ne GOES Date Region Start Maximum End
class
1 X28+ 2003/11/04 10486 19:29 19:50 20:06
2 X20+ 2001/04/02 9393 21:32 21:51 22:03
3 X17.2+ 2003/10/28 10486 09:51 11:10 11:24
4 X17+ 2005/09/07 10808 17:17 17:40 18:03
5 X14.4 2001/04/15 9415 13:19 13:50 13:55
6 X10 2003/10/29 10486 20:37 20:49 21:01
7 X9.4 1997/11/06 8100 11:49 11:55 12:01
8 X9.3 2017/09/06 2673 11:53 12:02 12:10
9 X9 2006/12/05 10930 10:18 10:35 10:45
10 X8.3 2003/11/02 10486 17:03 17:25 17:39

Data analysis. The amount of energy released during a flare [7-9], £ fare» ©an be explained by the

magnetic energy stored in the solar atmosphere,

2
Eﬂare ~ Emag = BCOr L3
‘ & (1)

where L is the characteristic size of the flare and B, is the characteristic magnetic flux density in the

corona. Since the released magnetic energy balances the energy flowing into the reconnection region, we
can describe the energy release rate as
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where V) is the inflow velocity of the plasma. Therefore, the time required for the energy inflow to

supply the flare energy is estimated as

|dE

mag

ye
dt 4V

L 3)
and this should be the timescale of the flare. Using this timescale, we can estimate the inflow velocity
V. as

in

Tﬂare ~ Eﬂare(

L
in
47’- flare (4)
. . . . V., .
To evaluate the reconnection rate in nondimensional form, M , = , we must estimate the Alfven
A

o . B, . . .

velocity in the inflow region: V, = W Hence, if we measure the coronal density p the spatial
o ’

scale of the flare L , the magnetic flux density in the corona B

o » and the timescale of flares 7, , we can
calculate inflow velocity ¥, , Alfven velocity V/,, and reconnection rate M ,[10-11].

The Geostationary Operational Environmental Satellite or GOES [5] carry out monitoring of solar
flares in a real time. Data on the electrons, protons, and X-rays were taken from satellites GOES 13,
GOES 14 and GOES 15 [5-6].
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Figure 1 - Active area 10486 (XRT Hinode)
and the total X-ray flux obtained in GOES 13 and GOES 15 [5]

In figure 1 shown the images obtained on the board of Hinode satellite in XRT (November 4, 2003,
X28). To determine the length of the loops, we used SXT images. From the SXT data, we get values for
the length of the loops.
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Figure 2 - Total proton and electron flux obtained in GOES 13 and GOES 15 [5]

In figure 2 shows the total flux of X-rays and an electron, which was registered on November 4, 2003.

Results. Using the above described method, we analyzed 10 X-class solar flares that have been
registered 1997-2017 years. Examined the dependence of the reconnection rate from GOES class of solar
flares. Table 2 summarizes the parameters of the flares obtained in this work.

Table 2 - Parameters of the flares

Date fe;tllgg GBS | r(s) | Lem) | TAOK) | ¥ (em-s™) M, Epy2lerg-s™)
2003/11/04 10486 X28+ 1260 | 2,39-10° 14 4,75-10°> | 593-10"%| 8,73-10%
2001/04/02 9393 X20+ 1140 | 1,31-10° 14 2,86-10° | 3,57-107% | 1,57-10%
2003/10/28 10486 | X17.2+ | 4740 | 2,32-10° 14 1,22-10° [ 1,53-107% | 2,12-10%
2005/09/07 | 10808 X17+ 1380 | 1,96 - 10° 14 3,55-10° | 4,43-107% | 4,37 107
2001/04/15 9415 X144 | 1860 | 1,38-10° 14 1,85-10° | 2,31-10% | 1,13-10%
2003/10/29 10486 X10 720 | 2,39-10° 14 831-10° | 1,04-107% | 1,53-10°®
1997/11/06 8100 X9.4 360 | 1,74-10° 14 1,21-10° | 1,51-10"% | 1,18-10%¢
2017/09/06 | 12673 X9.3 540 | 7,98-10° 14 3,69-10° | 4,61-10"%| 7,55-10%°
2006/12/05 10930 X9 1020 | 4,35-10° 14 1,07-10° [ 1,33-107%* | 6,48-10%°
2003/11/02 10486 X8.3 1320 | 2,32-10° 14 4,39-10° | 5,49-107* 7,6 -10%7

There is a weak correlation between the timescale 7,,, and the GOES peak flux (figure 3a). The

characteristic size of flares, L, shows a larger scatter when the GOES peak flux is smaller (figure 3b).
Figure 4 shows the dependence of the reconnection rate M , from GOES class.
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Figure 3 - Physical parameters of each flare plotted against the GOES class. (a) Timescale 7 flare - (b) Size L
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Figure 4 - Reconnection rate M 4 Dlotted against GOES class

Conclusion. The values of reconnection rate are distributed in the range from10™ —107. Here, the
value of the reconnection rate decreases as the GOES class increases. The value of the reconnection rate
obtained in this study is within 1 order of magnitude from the predicted maximum value of the Petschek
model [12].
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EH KYATTBI KYH 'KAPKBILJIBIHBIH
KAMTA YIITACY KbLJIIAM/IBIFbIH AHBIKTAY

AnHoTaums. KyH >xapKbUTbl 6apiblK JIEKTPOMArHUTTIK CIIEKTpre ocep eredi. KyH skapKbpUIbl Ke3iHlIe peHTIeH
JKOHE YIBTpa(HONIeT COyJieci IIbIFaabl opi OV KYH JKApKbUIBIHAA ©TE KOFaphl TEMIICPATYPaHbIH Oap EKCHiH
kepceresi. PagroTonKplH OeIIeKTepAiH KilIKeHe OeJiriHiH KOFaphl JHEprusra NeWiH YIEWTIHIINH KepceTesi.
CoynenenyiiH kem 0eliri — CHupajib TPAacKTOPHSICBIMEH, MAarHUT Opici aiHaIaCBhIHIAFBI KYII CBI3BIFBI OOWBIMEH
KO3FaJIaTBIH 3JICKTPOH TYIBIPATHIH CHHXPOTPOHIBI coylesieHy. KapKbIHABI KapKbUT HOTHDKECIHIE JKeple >KOFaphl
SHEPTreTUKAJIBIK OOJIICKTEp MEH FAPBIIITHIK COYyJIe aFbIHBI Ja apTaabl. JKepleri MarHUTTIK Jaybll kebiHece KyHe
KapKBIHIBI KapKbUT OKAFACHl OalikalFaHHAH KeHiH mamMaMeH 36 caraTka kemrireai. by HerizineH MarHutocdepaHbl
KpIchI, JKep OeTiHmeri MarHUT epiciH apTTHIPATHIH KYH JKENiHIH Kymeroi xen Tycigaipimemi. KyH >kapKpLibl
JKEPTUTIKTI MarHUT OpICiHIH OarbITHI KYPT ©3TepeTiH Kepie maina Oomambl. KyH >kapKbLIBI Ke3iHIOE SHEPTHUSHBIH
KEHETTEH 00CaThUTYBIH TYCIHIIPETIH KOJMAMIIBEI MEXaHU3M — MATHUTTI KaliTa yIuracy.

KyHzaeri kKapKbIHIBI JKapKblT — KYH aTMOC(epachlHIAaFbl €H 9CepJli dHePreTHKAIBIK OKUFalapibiH Oipi. Kyn
JKAPKBUIBIHBIH KYH TOXKIHIH SHEPreTHKAaIbIK TENe-TEeHIKTEerl OPHBIH JKOHE FapbIIITHIK aya-pailblHIarbl MaHbI3/IbI
POIIiH ecKepe OTHIPHIM, KYH OeJICeHAUTIrHEe OaKblIay sKyMBICTAPHI JKYPTi3iIli, SHEPTHs MIBIFBIMBI MEH KYH KapKbIIBI
WHIYKIMSICHIHBIH Maiiia 00y Karaaibl 3epTTe/l. ¥JITTHIK KYH 00CepBaTOPUsIIAPhI KOI YaKbITThl KAMTHTBIH TYPJIi
manimeT (Mbicaibl, Solar and Heliospheric Observatory, SOHO), kepinic (Solar Terrestrial Relations Observatory,
STEREO) »oHe kemnrtereH akmapartapMeH kKamramachi3 etemi (Solar Dynamics Observatory, SDO). Hakrsipak
aiitcak, SDO npepektepiHe Tek OipHemie IepeKTep KOWMAChl apKBUIBI KOJ KETKi3yre 00J1ajpl, MBICAJBI, FHUIBIMU
KYHIBUTBIFBI 0ap TOJIBIK KaJICHTTIK MOIIIMET HEMECEe TOJBIK JUCKIMET1 ipi OJIIIeM I MOIIMETTEP i )KYKTECY KHBIHBIPAK,

1997 »xpurrbl Kapama MeH 2017 KBUIFBI KBIPKYHEK apalbIFbIHAA TIPKEITreH X-KIachiHa jKaTaThiH 10 ¢H MBIKTHI
KYH XapKbUIbIH 3epTTefik. Makanaga 10 KyH >KapKbUIBIHBIH (DU3MKANIBIK MapaMeTpIIepiH OIIIEeAiK, O Heri3iHeH
YaKBIT IIKAJACHl, KYH JKapKbUIBIHBIH ©31HAIK OJIIIeMiH jKOHE MarHUT aFbIHBIHBH THIFRI3ABIFEIH, GOES Kmace ancipeit
OacraraH caiibIH KYH >KapKBUIBIHBIH ©31H/IK eJIIIeMiepi KeHIpeK TapaxyFa OerimM 600maTbiHIBIFBIH aHBIKTaabIK. GOES
KJIACBIHA TOYEJ/Ii MAarHUT aFbIHBI THIFBI3IBIFBIHBIH TOMEHTI IIeTi aHbIKTanabl. CoHmaii-ak, 20-25 HayphI3 apaibIFbIHIA
TIPKEJITeH KYH apKbUIbIHA KbICKAIIIA TaJIay JKYPri3aiK, KYH JKapKbUIbl YAaKbIT IIKAIACBHIHBIH Y3aKThIFbI )KOHE OYKI
QNIEMJIIK YaKbITTa KOPCETIITCH MAaKCUMYMBbI aHBIKTAJIJIbI.

65 ——
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KyH >kapKpUIbIHBIH OipHemnre (M3MKaIbIK MOHI MEH KaiTa YINTACy JKbUIAAMIBIFBIH €CENTEN TaJIKbIIabIK.
dusuKankK napamerprepi anbikTay ymin SDO cryTauri 6opreinga AIA unctpymentinin 131 A, 174 A, 193 A,
211 A, 335 A, 1600 A, 1700 A, 4500 A Tonkpin y3biHabFeHaa ansaran xoe SXT cyperi, HMI Magnetogram,
SOLIS Chromospheric Magnetogram, GOES XRT nepexrepi naiinanansuiapl. baiikay HOTHKECIH/IE albIHFaH MOH/II
KOJIIaHa OTBIPHIIN, MarHUTTIK KalTa YIITacyIbIH TYCY XbULIAMIBIFBIH, KOPOHAIBIK AJB(GBEH JKbUIAAMIBIFBIH JKOHE
MATHUTTIK KaifTa YIITACy/Ibl €CEnTe/liK. AFBIHHBIH TYCY XKbUIIAM/BIFBI GipHEIe KM ¢ -1eH GipHelle OHJaraH KM-Te
¢’!-re meiiin TapanFau, a1 kopoHanarbl AnbseH sxbuamMabFsl 10°-ten 10 kM ¢! 1uanason apanbFbiH Kypais.
CoHBIMEH, MAarHMTTi KaiiTa yimracy skeuiiamabiFel 107 MoHiH Kypaiiasl, KyH sKapKbUIBIHIarbl MArHHTTI KaiTa
YIITACy KbUIIaMABIFBI TOMeHeTeH caiiblH GOES KiIachlHBIH dKOFapbUTAUTHIHBI aHBIKTAIBI.

Tyiiin ce3aep: KyH XKapKbUIbL, PEHTI€H CayJIeci, KaiiTa yITacy *KbUIIaMIbIFbI.
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OIPEAEJEHHUE CKOPOCTH HEPECOEJIVHEHUA
HAUWBOJIEE MOIIHbBIX COJTHEYHBIX BCIIBIIIEK

AnHotanusi. CoyHEYHBIE BCHBIIKK IPOM3BOAAT 3(P(EKTH] BO BCEM BIEKTPOMAarHWTHOM crekTpe. OHHU
IPOU3BOAAT PEHTI'€HOBCKOE U YJIbTPAa(HOIETOBOE H3ITy4YEeHHE, YTO YKa3blBaeT Ha OYCHb BHICOKHE TEMIIEPATyphl BO
BpEMs BCHBIIIKK. PagMOBOIHBI IOKA3bIBAIOT, YTO HEOOMbIIAs YacTh YACTHUI] YCKOPSIETCS A0 BBICOKHX 3HEPIHH.
bonbmas 4vacte H3JIYYCHUS — 3TO CHUHXPOTPOHHOE M3JIYUYCHHUE, T'CHCPUPYEMOC IBJICKTPOHAMH, ABWIKYIIHUMUCA I10
CIIUPAJIBHBIM TPACKTOPHUAM BOKPYI' CHUJIOBBIX JNMHAR MarautHoro moisg. IloTok YacCcTUll BBICOKHX 3Hepr1/1171 nu
KOCMHUYECKHX JIy4el TakKe yBeJIMYMBaeTCs Ha 3eMiie B pe3ysibTare MHTCHCHBHOW BCIBIIIKK. MarHuTHbIe Oypu Ha
3emile 4acTO BO3HMKAIOT C 3aJIepKKOI npuMepHO Ha 36 dacoB nocue Toro, kak Ha CoutHile HabJro1anach BCIIBIIIKA.
OTO B OCHOBHOM HHTEpIIPETHPYETCS KaK YCHJIEHHE COJHEYHOIO BETpa, KOTOPBIM CXKMMaeT MarHutocdepy u
YBEJIMYMBAET MArHUTHOE I10JI€ Y MOBEPXHOCTH 3eMJIM. BCIBIIKK MOSBIAIOTCS B MECTax, IIe MPOUCXOIUT pe3Koe
M3MEHEHHE HaNpaBJIeHUs] MECTHOTO MarHUTHOTO 1oJisl. [IpearnmouTuTensHbIi MEXaHu3M AJIsl OOBSICHEHHSI BHE3AITHOTO
BBICBOOOXK/ICHNS SHEPTUH IIPU BCIIBIIIKAX — 9TO MArHUTHOE TIEPECOCANHEHNE.

Benbimkn Ha CosHIE — OJJHO M3 CaMbIX BIEYATIIAIOIINX SHEPreTHUSCKUX COOBITHH B COJNHEUHOH aTtMmocdepe.
VYuuteiBas UX poiib B SHEPreTHYECKOM OallaHCce CONHEYHOW KOPOHBI U MX (DYyHKIHMIO, HIPAIOIIYI0 BaKHYIO POJIb B
KOCMHUYECKOH 1Orojie, MHOTOYHCIICHHbIE HAOMIOCHUS UCCIIEI0BAIN BBIAEIECHHE SHEPIHN M WHIYKIUIO COTHEUHBIX
BCIBIICK, YAENAs 0co00e BHUMAaHHE COJHEYHONW AakTHBHOCTH. HalMoHanmbHBIE COIHEYHBIE OOCEPBATOPHUU
MpeaOCTaBJIAIOT BCEM CETH MHOKECTBO JaHHBIX, OXBaTbIBAKOIINX O61Hl/IpHI)Ie BPEMCHHBIC OHAala30HbI (HaanMep,
Conueunas u reiuochepnas obcepBatopust, SOHO), MHOrOYHCICHHBIC MEPCICKTHBBI (00CEpBATOPUS COJHEYHO-
3emHbIX otHoleHnid, STEREQO) u Bo3Bpamator MHOro uHpopmanuu (oOcepBaTopus conHeuHOH nuHamuku, SDO).
B wactHOCTH, OrpoMHBIi 00beM SDO-IaHHBIX AOCTYTIEH TOJIBKO U3 HECKOJIBKUX XPAaHWJIMII, TAKOH THUII JaHHBIX, KaK
JIaHHBIE TIOJTHOM KaJEeHIIMH WM TTOJHBIA JMCK, NPEICTABISIONINI HAyYHYI0 LEHHOCTh, TPYJHO 3arpy3uTh M3-332 UX
pasmepa.

Mer Habmromany 10 MOITHBIX COTHEYHBIX BCITBIMICK KiTacca X, 3apeTUCTPUPOBAHHBIX B IEPHOJ ¢ HOSOpst 1997 .
o ceHTsI0ph 2017 r. MBI m3Mepwin prusnyeckre mapaMmeTpsl 10 COTHEYHBIX BCHBIIICK, B OCHOBHOM IIKAITy BPEMEHU,
XapaKTepHBIH pa3Mep BCHBIMEK U IUIOTHOCTh MarHUTHOTO MOTOKA, M OOHApPYKMIHM, YTO XapaKTEpHBIE pa3Mepbl
BCITBIIIIEK UMEIOT TEHACHIIUIO PaclpeaessaThCs Oomnee mmpoko, nockonbky kiacc GOES cranoButcs cnabee u 31mech
CYLIECTBYET HIKHHUM Tpenes MIOTHOCTH MAarHUTHOTO MOTOKa, KoTopas 3aBucuT oT kimacca GOES. Msl Taxke
clenanyd KpaTKuil aHaliu3 COJHEYHBIX BCIBIIIEK, 3apErHCTPUPOBAHHBIX B OTH JHH, a TaKKe II0Ka3aHa
MMPOAOKUTCIIBHOCTh BPEMEHU BCIILIIIKKA U €€ MAKCUMYM 110 BC@MI/IpHOMy BPEMCHMU.

L\ 3 OIpeaACIMIN HECKOJIBKO (1)I/I3I/IlIeCKI/lX BCJIMYMH BCHBIMICK W OLCHUIMU CKOPOCTH ICPECOCANHCHUA
COJIHEYHBIX Bemblmek. [t ompeneneHust (GU3MUECKUX HMapaMeTPOB MBI HCIIOJIB30BATH CHUMKH, ITOJyYEHHBIE C
uncTpyMenTa AIA Ha Gopry cryTHuka SDO Ha mmmnax Boan 131 A, 174 A, 193 A, 211 A, 335 A, 1600 A, 1700 A,
4500 A, SXT - cuumku, HMI Magnetogram, SOLIS Chromospheric Magnetogram, GOES XRT-naHHble.
Hcnone3ys HabIr01acMble 3HAUSHHSI, MBI OLICHWIA CKOPOCTH MPUTOKA MATHUTHOTO MEPECOETNHEHNS, KOPOHAIBHYIO
ab()BEHOBCKYIO CKOPOCTh M MarHWUTHOE nepecoequHeHrne. CKOPOCTH MPUTOKA PacTIpENessIFOTCsl OT HECKOIBKHX KM
¢! 10 HECKOJBKHX JECSATKOB KM ¢, a anb()BEHOBCKHIE CKOPOCTH B KOPOHE HAXOIATCA B tuarnasone ot 10° o 10% km
¢’'. CrenoBaTenbHO, MarHMTHOE mepecoeirHeHne coctapmser 10~. Mbl HAXOAMM, YTO CKOPOCTh MATHHTHOTO
MEPECOETMHEHNS B BCIIBIIIKE MMEET TEHICHIMIO YMEHbIIAaThCA ¢ yBennueHueM kinacca GOES.

KnroueBble c10Ba: COIHEYHAs! BCIIBIIIKA, PEHTTEHOBCKOE U3Iy4€HHE, CKOPOCTh EPECOETMHEHHSI.
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