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PROPERTIES OF ULTRAVIOLET EMISSION
AT DEVELOPMENT OF SOLAR FLARES

Abstract. By means of processing photoheliograms in the A1700A ultraviolet emission (temperature minimum,
upper photosphere) obtained on the Solar Dynamics Observatory (SDO) spacecraft, the behavior of the relative
intensity of bright plasma at the level of the photosphere during the development of impulsive phase of solar flares
was studied. The interrelation of the course of change in flare ultraviolet emission with the profile of time derivative
of the X-ray flux (1-8) A and with the value of enhancement in the density of electrons arising at development of
flares has been revealed.
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Introduction

With the help of modern space observations of the Sun with high temporal, spatial and spectral
resolution, it is possible to study in detail the process of direct flare enhancement during the development
of its impulsive phase. As a result of the effect of magnetic reconnection in the active regions of the
corona, from areas of primary energy release, there are fluxes of rapidly moving plasma flows, heat waves
and high-energy charged particles, some of which propagate downward through magnetic flux tubes.
When interacting with a denser plasma at the footpoints of loops, X-rays, gamma rays are generated and
the plasma is heated. The rapid and significant heating of plasma in the photosphere and the
chromosphere leads to “evaporation” and raising it up and filling of all volume of the magnetic arches.
During this period the greatest increase of soft X-ray radiation is observed. All this relates to the
development of the impulsive phase. This is followed the main phase at which heated plasma in the
system of arches radiates a long time in the soft X-ray range, gradually losing energy [1].

For powerful flares at a maximum of impulsive phase at photoheliograms L1700 A there are bright
thin vertical rays located in opposite directions from sites of hot plasma (bluming) that indicates to the
excess brightness of radiation, overflowing of a charge in photomatrix pixels and its further redistribution.

At the same time, different flares have their own current sheet structure, as well as the underlying
magnetic power tubes, which in each case leads to a unique direct flare energy enhancement, both in
structural and in time dimension. Our purpose - to find regularities in properties of impulsive phase at
development of various flares.

Processing of observational data

For each of the flares presented for consideration, the profiles of the change with time of the intensity
of X-ray 1-8A (GOES), its derivative and the change in brightness of ultraviolet emission were compared.
Temporal values of derivative X-ray (resolution 1 min) for flares events are taken in the SDO spacecraft
database.

The VLAD program by means of which temporary changes of brightness of ultraviolet emission of
flare concerning the center of a disk (figure 1) are received was developed for photometric processing of
photoheliograms of SDO. The intensity of undisturbed photosphere was accepted for 1.00.
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Figure 1 - A screenshot of process of photometric processing of photoheliogram 11700 A with the image
of flare on March 7, 2012 at 00:17:43 UT

In total 12 flare events in the development of which were followed by bright areas of ultraviolet
emission (table 1) are analyzed. Flares of various X-ray power from C2.5 to X6.9 and according to
different classes are presented: impulsive and gradual.

Table I - Characteristics of the flares used in work, results of photometric processing
and data on enhancement of density of electrons in flare plasma

Data and Onset Flares UT Power X-ray Class of Flares Almax A1700A AN
Ne ¢lem’
1 07.03.2011 19:43 M3.7 Gradual 1.125 3.02
2 09.08.2011 07:48 X6.9 Gradual 1.236 3.00
3 06.09.2011 22:12 X2.1 Gradual 1.155 4.97
4 23.01.2012 03:38 M8.7 Gradual 1.099 2.50
5 07.03.2012 00:02 X5.4 Gradual 1.312 7.02
6 09.03.2012 03:22 M6.3 Gradual 1.141 2.98
7 06.07.2012 23:01 X1.1 Gradual 1.246 4.01
8 02.05.2013 04:58 M1.1 Impulsive 1.054 0.72
9 25.02.2014 00:39 X4.9 Gradual 1.253 4.03
10 16.05.2014 20:11 C2.5 Impulsive 1.020 0.51
11 20.10.2014 16:00 M4.5 Impulsive 1.051 1.03
12 24.10.2014 21:07 X3.1 Gradual 1.216 5.05
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For three events in the figure 2 results of processing of observation data are presented. On
geometrical arrangement and the sizes of bright areas of ultraviolet emission we can assume possible the
structure of coronal loops in which flare radiation during the impulsive phase gets. Each of the flares
shown in fig. 2, had a different number of flare nuclei at the level of the photosphere - from one to three.
This was it corresponded in the number of peaks in the changes in the intensity of ultraviolet emission, in
changes in the X-ray flux, as well as in the derivative of profile of this flux. Moreover, each peak is
associated with changes in the brightness of an individual region, it indicates the discrete manifestation of
sources of energy release during the development of flare in different parts of the corona.

Since the steady period of presence of negative values of a derivative on time of a flux of soft X-ray
radiation, action of a source of flare enhancement — the end of impulsive phase actually comes to end.
Further the main phase of development of flare begins. Between a maximum of impulsive phase and the
beginning of the main phase there is a period of possible raising up of the heated plasma of photosphere
and chromosphere (process of "evaporation" - an explosive stage) and fillings of all volume of coronal
arches — an interval of maximum brightness of flare loops.
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Figure 2 - Top panel: images of ultraviolet emission in a maximum of development of impulsive phase of flares: March 9, 2012
03:40:55 UT, M6.3; October 24, 2014 21:16:06 UT X3.1: September 6, 2011 22:18:55 UT, X2.1. Below - comparison of profiles
of change fluxes X-ray intensity with its derivative on time and relative intensity of ultraviolet emission of flare plasma. Vertical

dash lines are the moments of the greatest values of ultraviolet emission AI A1700 A; the dot line — maximum X-ray intensity
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All the boundaries of the existing phases in development of flares are determined by the moments of
the maximum values the intensity of ultraviolet emission 7»17001&, the X-ray flux and its derivative.
Including the position of the explosive stage, which is shown on figure 3.
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Figure 3 - Flare on March 9, 2012 M6.3 N15W03. Phases in flare development: I - impulsive phase (two vertical solid lines),
IT — the main phase. An interval between a maximum of impulsive phase and the beginning of the main phase — is explosive stage.
The top curve - profile X-ray intensity and lower - relative intensity of ultraviolet emission of flare plasma

The change in the intensity of bright plasma at the level of photosphere A1700A is a good index
characterizing the direct flash strengthening, including the emission of flare gamma-ray fluxes. The
materials of the telegram on the results of observations of the X6.9 flare on August 9, 2011 on FERMI
spacecraft [2] reported that gamma radiation in the range energy >500 keV (the GBM tool, BGO device in
period 08:02:05 - 08:03:43 UT) and LAT tool (20MeV — 1GeV, 08:01:40 - 08:05:00 UT) was recorded. It
is remarkable that all these time intervals of enhancement fluxes of gamma radiation with emission peaks,
coincide with a profile of maximum stage of development of ultraviolet emission flare plasma (fig. 4). At
the same time the visibility period on photoheliograms of bright narrow rays with an excess brightness
(08:01:43 - 08:03:43 UT), practically coincides with time of flare fluxes of high-energy gamma radiation.
The flare on August 9, 2011 represents an exceptional case when at development of a gradual event the
power prevalence of radiation in the period of impulsive phase, over main was observed.
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Figure 4 - Change of relative intensity of ultraviolet emission of flare plasma August 9, 2011 X6.9 N14 W69
and its look in the period of the maximum brightness - 08:03:43 UT (top picture)

Results of observations on the FERMI telescope for the period of impulsive phase were published
also for flare on September 6, 2011 [3]. Significant increase in intensity of gamma radiation (~ 5 MeV) on
the BGO device was observed from 22:18 till 22:23 UT, radiation peak at 22:19 UT. At the same time on
images of the photosphere the increased flare brightness in the form of narrow rays is visible during the
22:18:07 — 22:23:19 UT, with a maximum at 22:18:55 UT (see fig.2). That is, there is a coincidence on
time of the enhancement of gamma radiation with the maximum ultraviolet emission of flare.

As for development of gradual flares during the main phase, all of them were followed by joint
influence of coronal mass ejections (CME). An additional source of proton acceleration associated with
the development of high-velocity CME may be the occurrence of shock waves in the upper layers of the
corona and in the interplanetary space. The flare protons accelerated on the shock front of emissions to
energy Ex >500 MeV, became a source of gamma radiation of very high energy: (100 MeV-10 GeV)
which was registered on the FERMI telescope. Only gradual events on August 9, 2011 and on October 24,
2014 showed the maximum values of energy of gamma radiation of smaller values.

The important parameter connected with relative intensity of flare emission at the level of
photosphere the values of enhancement of density of electrons during flare development is represented. In
figure 5 comparison of temporary change of relative intensity of flare brightness in the photosphere L1700

and enhancement density of electrons of Ne™ in 1/cm’ (SC WIND) is shown. Coincidence of the course
of these profiles for two flares of an event on March 7, 2012 indicates relationship of the considered
parameters.
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Figure 5 - Comparison of the relative intensity of the ultraviolet emission A1 700A with the electron density of Ne™ during the
development of flares on March 7, 2012. At the top: photoheliograms of flares March 7, 2012 00:17:43 UT X5.4 N18 E31 and
March 7,2012 01:13:43 UT X1.3 N15 E26 in the periods of maximum ultraviolet emission

The similar picture is observed for all events used in our work. Satellite observations show of
enhancement of density of flare electrons practically simultaneous registration with gamma radiation of
ultraviolet flare emission. To explain this fact, it is necessary to allow an exit of fluxes of high-energy
flare electrons through open magnetic structures of active regions in interplanetary space and, in the
minimum interaction with plasma of solar wind, before arrival to Earth orbit. So for flares on March 7,
2012 considerable raising of an integrated fluxes of electrons > 4 MeV from background value 1.7-10" to
2.9-10° ¢ /(cm’ s sr) was registered on the GOES spacecraft.

At development of three considered impulsive flares (table 1): on May 2, 2013, ANe =0.7 (1/cm’), on
May 16, 2014, ANe =0.5 (1/cm’) and on October 20, 2014 ANe=1.0 (1/cm’), are registered only
insignificant enhancement of density of electrons, in limits by ANe = 1.0 (1/cm’). While the gradual flares
led to more significant enhancement of density of electrons: ANe =2.5-7.0 (1/cm?).

Thus, it is possible to claim about existence of relationship between the values of the maximum
intensity AI A1700 A and enhancement of density of electrons ANe¢™ the arising from development of
flares (fig. 6).
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Figure 6 - Comparison of maximum relative intensity of ultraviolet emission 11700 A and values of enhancement
of density of electrons ANe™ for the considered flare events. Averaging of dependence is shown on condition
of minimum mean squared deviations of values from an average. A coefficient of correlation according
to Pearson r=0.87 and a regression coefticient of b=0.039 are calculated

Discussion of the results and conclusion

12 flare events of different classes from C2.5 to X6.9 (March, 2011 — October, 2014) are analysed in
which development bright ultraviolet emission (A\1700 A), were observed. The program by means of
which temporary changes of brightness of ultraviolet flare emission concerning the center of a disk are
received is developed for photometric processing of photoheliograms (temporary resolution ~ 50 sec.).
For each flares change profiles intensity X-ray (1-8 A) were compared with its derivative on time and
relative brightness of an ultraviolet emission. The maximum X-ray emission of flares, which coincides
with the zero value of its derivative, corresponds to the end of the impulsive phase and the beginning of
the main phase of the development of flares. The explosive stage of flares connected with "evaporation"
of the chromosphere and fast raising of hot plasma up occurs in a period between a maximum of
impulsive phase and the beginning of the main phase.

A quite satisfactory relationship was found between the values of the maximum intensity of bright
regions of ultraviolet emission at A1700A and the magnitude of the enhancement of the electron density,
ANe’, arising during the development of flares.

The course of the relative intensity of bright flare plasma at the level of the photosphere coincides
with the profile of the derivative of the X-ray flux, and its values are a good index of direct flare
enhancement, including the emission of gamma-ray fluxes in the impulsive phase of flare development.
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I'. Munacsinn, T. Munacsun, B. Biopuuenko, A.JK. budocunon
B.I'. ®ecenkoB ateiHaFE! ACTpoU3UKaIBIK HHCTUTYT, O6cepBaTopus-23, Anmatsl, KazakcTan
KYH KAPKbIJIBIHBIH JAMY KE3IHJEI'T YJIBTPAKYJII'TH ODMUCCUSIHbIH KACUETTEPI

Annoranus. Solar Dynamics Observatory (SDO) Fapelm anmapaTslHaH adbIHFAH, YJIBTPAKYITiH IMHCCHIBI
A1700A, doTorenrorpaMm KeMeriMeH (TeMIepaTypa MUHUMYMBbIH, JKOFapFbl GoTocdepa) oHzIey, KYH KaPKbUIBIHBIH
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UMIyIbCTi (asanbiH JamybiHAa doTtocdepa neHrediHAeri KaphlK IJIa3MaHbIH CalbICTHIPMasbl MHTEHCHBTINITiHIH
epeKuIeniri 3eprrenmi. YakeIT OOHBbIHIIA TyBIHABI TPO(QHUIBAI peHTreH coynenenyinin (1-8) A arbHbIH,
VIBTPAKYNTiHAI AMHCCHUAIBI KApKBUIMEH ©3apa OallIaHBICTHIPATHIH JKOHE JKApKBUINBIH NaMy Ke3iHAeri maiima
0onaThIH, 3J€KTPOHAAP THIFBI3ABIFBIHBIH KYIICIO IIaMACHIHBIH ©3repy JKOJIAaphl aHBIKTAJIIbL.

Tyiiin ce3aep: KYH XapKbUIbl, HOTOMETPHS, SMMUCHSUIBIK JKapKbUI, FAMMa COYJICIICHY.

YK 523.62
I'.C. Munacsinu, T. M. Munacsauu, B./l. BioBuuenko, A.7K. Buéocunon
Actpodusnuecknit ”HCTUTYT uM. B.I'. @ecenkoBa, ObcepBaropus-23, Anmarsl, Kasaxcran
CBOWVCTBA YJbTPA®UOJIETOBO SMUCCHUU ITPU PA3BUTHUU COJTHEYHBIX BCIIBIIIEK

An"oranusi. C momomp0 00paboTKH  (QoToremHorpaMM ¢ YIbTPa(HOIETOBOW 3IMHCCHEH A1700A
(TemneparypHblii MHHHMYM, BepxHss Qotocdepa), mosydeHHbIX Ha KocMmuueckoM ammapare Solar Dynamics
Observatory (SDO), npoBeeHO H3y4eHHE MOBEACHHS OTHOCHTEIbHOW MHTEHCHBHOCTH SIPKOW IUIa3Mbl HA YPOBHE
(dorochepsl MpU Pa3BUTHU UMITYJILCHOW (Da3bl COMHEYHBIX BCIBILICK. BBISBICHA B3aMMOCBS3b XOAa HW3MEHEHHS
BCHBIIIEYHOH yIbTPapuONEeTOBON 3MHCCHH C HPO(UIEM NPOU3BOAHON IO BPEMEHH INOTOKA PEHTI€HOBCKOIO
mnyuerns (1-8) A u ¢ BeMuMHON yCUIEHHS MIIOTHOCTU 31€KTPOHOB, BO3HUKAIONIUX NIPH PA3BUTHH BCIIBIIIEK.

KuroueBbie cJI0Ba: COJHECYHBIC BCIBIIIKH, ()OTOMETPHS, IMUCCHSI BCITBIIICK, FTaMMa U3JTy9ICHUE.
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