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FEATURES OF THE DEVELOPMENT OF GAMMA-RAYS
IN A SOLAR FLARE FEBRUARY 25 2014

Abstract. A flare event February 25 2014 was investigated, which was a source of radiation in the gamma
range. Photometric processing of the photogeliograms A1700A (ultraviolet continuum, SDO spacecraft) is used to
plot the temporal profile of the change in the relative intensity of a bright plasma of flare. The coincidence in time of
the amplified emission of gamma photons (10keV-50MeV) and the maximum intensity of the flare plasma flowing
down to the photosphere, during of the impulsive phase of flare, is established. In this case, the most effective was
the increase in the number (up to 10* times) of gamma photons with energy (50-300) keV. During the development
of the main phase, the priority source of gamma rays is nuclear reaction of high-energy flare protons, which received
additional acceleration on the shock front of high-speed coronal mass ejection. Observed on February 25, 2014, the
value of the gamma-ray flux in the energy range (100MeV-10GeV) turned out to be one of the highest for the entire
FERMI telescope operation in 2009-2017.

Keywords: Solar flares, photometry, gamma rays.

Introduction

Use of the observation data obtained on the modern spacecrafts (SC) allows to investigate
development of solar flare processes in various intervals of energy, including also y-range. Development
of flare is connected with allocation of free magnetic energy in active area owing to her dissipation in
current layers because of magnetic reconnection with the subsequent action of stochastic acceleration at
development of various plasma not stability [1-3]. The most powerful flares belonging to the class of
gradual events often are followed by Coronal Mass Ejections (CME). On modern representations, the
flare and CME are considered as the uniform process connected with violations of balance of magnetic
structure in active area. In the course of flare energy release, at annihilation of a current sheets there is an
intensive heating of plasma and acceleration of particles to high energy. Besides, high-speed CME are
capable to excite shock waves on which fronts particles effectively accelerate at the movement of flare
fluxes of plasma near the Sun and in the interplanetary environment.

During development of a impulse phase of flare from area of primary energy release fluxes of quickly
moving currents of plasma, thermal waves and high-energy charged particles which part on magnetic and
power tubes extends down are observed. At interaction with denser plasma in the bases of loops, it is
generated bremsstrahlung: X-ray, gamma radiation. And also the surrounding plasma is heated. Rapid and
considerable heating of plasma in the photosphere and the chromosphere leads to "evaporation" and rise it
up and to filling of all volume of magnetic arches. During this period the greatest strengthening of soft x-
ray radiation is observed. Further the main phase at which heated plasma in the system of arches radiates a
long time in the soft x-ray range follows, gradually losing energy [4]. And at the same time on this
background there is an interaction of flare streams to the developing coronal ejection.
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Figure 1 - a) - photospheric (1700 A) the image of flare on February 25 2014 0:44:54 UT at the moment of its maximum relative
intensity; b) - temporary change of a flux of X-ray radiation of flare (1-8) A, his derivative (c), relative intensity of photospheric
flare plasma (d) and counts gamma photons with energy (100-300) keV (e)
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Processing of observational data

The intensity of heated plasma in the photosphere is defined by the power of flare process in a
corona. For powerful flares in a maximum of an impulse phase sites of hot plasma with an excess
brightness of radiation for photo matrix pixels can appear. It leads to overflowing (from pixels with the
excess charges on the next pixels which don't have such surplus) charges of pixels of a photo matrix
(blooming) and to emergence in pictures of bright moustaches, tool origin, and sent to the opposite sides
from sites with the overestimated brightness. For flares of the cells of the photodetector causing overflow
it has been established that it occurs during the periods of formation of high energy quanta of radiation.

In article on the example of development of an event on February 25 2014 (X4.9 S12 ES82, the
beginning of 00:39 UT) by means of the observation data obtained on various spacecrafts have considered
properties of process of formation of flare gamma radiation.

On photogeliograms of SC SDO A1700 A (the ultra-violet image of the top photosphere, a
temperature minimum) with good spatial resolution bright sites of the flare plasma which is flowing down
are presented. By means of specially developed program, photometric processing of these pictures is
carried out and the time profile of change of relative intensity AI A1700 A photospheric flare plasma
(fig.1d) is received. The intensity of the preflare undisturbed photosphere was accepted for 1.00.
Temporary resolution for separate measurements is ~ 50 sec.

Comparing all given parts of the figure 1, it is possible to notice: the flare plasma which is flowing
down on photosphere level, had very high brightness that has led to noticeable manifestation on a
photogeliogram of effect of a blooming in the form of bright thin moustaches in opposite directions. The
impulse phase of flare proceeded 11 minutes from 00:39 till 00:50. The end of impulse phase is noted in
the drawing by a vertical dash line. Her situation is defined by the moment when value of a derivative of
change of a flux of X-ray radiation (c) becomes equal to zero, upon transition from growth to falling X-
ray. Further at negative values of a derivative d/dt (X-ray) development of the main phase of flare
radiation begins. Time interval between a maximum of a derivative of radiation X-ray and the beginning
of the main phase is considered to be an explosive stage of impulse phase. During this period, it is
supposed that the flare plasma which is below at the level of the photosphere and the chromosphere
begins to rise promptly upward and to fill all volume of coronal arches, leading them to the maximum
luminescence. It is remarkable that on time the moments of maxima of relative photosphere intensity
(fig.1d) and derivative d/dt (X-ray) (fig.1c) practically coincide for impulse phase of flare. It is necessary
to consider that the time profile of change of counts of photons with energy (100-300) keV (fig.1e) has the
form rather close from curve of relative photosphere intensity (fig.1d) at coincidence of maxima of
curves.

The most vigorous episode of flare issue in the photosphere in the period of impulse phase of flare
(0:44:06 0:44:54 UT) coincides on time with the maximum values of counts of gamma photons not only
with energy (100-300) keV (fig.1), but also (50-100) keV, (300-1000) keV, (1000-50000) keV — of SC
FERMI the BGM device and also — (300-800) keV and (800-7000) keV of SC RHESSI (fig. 2). But in
view of the fact, flare strengthening of the most significant amount of gamma photons with energy (50-
100) keV and (100-300) keV (the count has increased by 10* times), it is possible to assume that photons
of such energy flare plasma during development of impulse phase most effectively made.
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Figure 2 - Changes counts of gamma photons (300-50000) keV during flare development on February 25 2014.
Data of observations of SC FERMI and SC RHESSI
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At the same time on images of the photosphere the most considerable effect of excess radiation
which is shown in the form of extended narrow beams is visible during an interval, with a maximum at
00:44:54 to UT (see fig. 1). That is, there is a coincidence on time of the strengthened radiation of gamma
photons to the maximum flare intensity of the photosphere. It is indicated the most probable source by
gamma ray - the bremsstrahlung of electrons in the field of highly density photospheric plasma. This
indicates the most probable source gamma rays - the bremsstrahlung of electrons in the field of highly
density photospheric plasma.

Observations on SC GOES have shown strengthening of streams of electrons from it E.- >4 MeV and
also protons with E,; >100 MeV, at flare development.

During the termination of impulse phase of flare on February 25 at 00:43:00 UT has begun to develop
coronal ejection which at 00:55:00 UT already was at distance ~2.0 R, (SC STEREO A). According to
data from the LASCO C2 and C3 (telescopes SC SOHO) ejection type Halo had very high linear speeds at
development near the Sun: (2069-2147) km/s. At the same time at a body of CME there was a
characteristic structure of the forward shock front (fig. 3).

: : 014/02/25 02:42:06
Figure 3 - Development of CME on February 25 2014 according to pictures of SOHO C3
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Figure 4 - Values of fluxes of a gamma radiation in the range
of energy (100 MeV-10 GeV) according to SC FERMI on the LAT tool

At development of high-speed CME usually there are shock waves which are an additional source of
acceleration of flare protons in the top layers of a corona and in the interplanetary environment. The flare
protons accelerated on the shock front of ejection become a source of radiation of gamma photons of
highest energy [5]. Collision of high energy protons with protons of low energy is resulted by nuclear
reaction with formation of pion-decay (neutral and charged) which in the course of the disintegration form
scale gamma photons of high energy. So the SC FERMI on the LAT tool in the range of energy (100
MeV-10 GeV) for three periods of observations (fig. 4) has registered on February 25 2014 the following
values of fluxes of gamma radiation:

— 18 ——
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01:10:30 - 01:30:30 Fy=1.62-10"(y cm™s™)
04:20:30 - 04:41:30 Fy=2.45-10"*(y cm™ s™)
07:30:30 - 07:52:30 Fy=9.73-10°(y cm™ s™)

During flare development on February 25 2014 values of a flux of gamma-photons in the range of
energy (100 MeV-10 GeV), the second in value for the entire period of observations of the Sun on the
FERMI telescope were registered (2009-2017). Such high of values of fluxes of the accelerated particles
and photons of various energies, the bound to development of the active process in the form of direct flare
strengthening and shockwaves of ejection, in many respects were defined by influence of efficient
structure of a magnetic field of group of spots. The active region AR 11990 during the considered period
had the complex configuration of a class 6 that is confirmed by the magnetograms received on SC SDO.

The flare developed on February 25 2014 practically on east edge of the Sun (E82). Because of it
fluxes of the charged particles, following is magnetic power lines, were recorded near-earth satellite
devices with a delay and, the most important, strongly weakened. At the same time, the flare images and
CME show a fairly large event power, this is also confirmed by the fluxes of photons having hard gamma
energy. SC GOES near Earth fixed only slight increase fluxes of protons with energy >10 MeV and >100
MeV, and the pfu index by means of which quantitatively estimate proton events had rather small value

(pfu=103).
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Figure 5 X-ray radiation (1-8) A and integral fluxes of protons of flare on February 25 2014 according to SC GOES

Data of SOHO indicate arrival of the shock front of CME (Shock4) only on February 27, in 63 hours
after its emergence and having a linear velocity V=440 km/s, which the close to the speed of a calm solar
wind. At the same time, it is necessary to consider that CME speed at its near the Sun, was >2000 km/c.
Thus, secondary signs of an event on February 25 the bound to passing of particles through interplanetary
space, point to the strong degradation of their quantitative parameters. So the event is on February 25,
2014 also good example of influence of the interplanetary space which is strongly distorting properties of
primary signs of flare process on condition of its development near east edge of the Sun.

Flux 1/(s-cm?-sr-MeV/n)
EM

1 \;
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Figure 6 - Fluxes intensity jumps in spectra energy of ions Fe and O at development of a flare event on January 7, 2014
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For comparison, consider the development of flare and coronal ejection on January 7 2014 which had
quite efficient conditions when driving of the accelerated particles to Earth magnetosphere. The flare
January 7 2014: X1.2, coordinates — S12W12, start — 18:04 UT, max - 18:32 UT. The beginning of
development of coronal ejection — 18:24 UT, at the speed near the Sun (1714-1830) km/s. Arrival to Earth
of the shock front of CME - Shock4 on January 9 at 19:33 UT, after 49.5 hour at a speed of V = 525 km/s.
The most important superiority had event on January 7 an in the quantitative assessments of fluxes of high
energy protons near Earth. The proton pfu=1033 index much surpassed the corresponding value for a
February event. Presence of high energy fluxes of protons of E; >60 MEV with intensity of Fp >10
1/(s-cm®sr) is confirmed by existence of sharp jumps of intensity in spectra energy of ions in the range of
1.5-2.5 MeV/n in the period of the disturbed phase of development of January flare of 2014 (fig.6) [6].

However, as a result, extent of geomagnetic influence of an event on February 25 nevertheless was
higher. First, it is necessary to consider that the impulse phase of flare on February 25, more powerful in
the X-ray class, was almost three times shorter, than at flare on January 7 (10 min and 28 min). This
enhanced effectiveness of process of acceleration of particles, and undoubtedly the significant role in it
was also played by the superiority in the linear speed of CME near the Sun (2147 km/s in comparison
with 1830 km/s). Secondly, CME on February 25 had more complex magnetic structure (amplitude of the
southern component of an interplanetary magnetic field was Bz=-12 nT) that resulted in value of the
Dst=-97 nT index which corresponds to border between a moderate and strong geomagnetic storm.
Arrival of January ejection caused only very weak geomagnetic disturbance of Dst=-22 nT at Bz=-5 nT.

The most noticeable superiority of an event on February 25 is shown in generation of gamma-ray
fluxes of various energy during the development of impulse phase of flare and especially in the period of
the main phase with the most probable powerful acceleration of protons on shockwaves of coronal
ejection. For the most vigorous photons in the gamma range (100 MeV-10 GeV) in a February event, we
can oppose only photons in the gamma range (1-50) MeV in a January event.

Discussion of the results. Conclusions

Change of intensity of bright plasma at the level of a photosphere A1700 A is the good indicator
characterizing strengthening direct flare radiation — including fluxes of gamma photons.

Feature of development of flare during impulse phase was process of formation of gamma-photons of
high energy in the range of (1-50) MeV as result of impact of the flowing-down flare plasma on a
photosphere. In this case, the observed maxima of counts of gamma photons of different energies and the
relative intensity of the bright photospheric plasma coincide in time.

For the event under consideration in during the main phase the development, a rather close interaction
is characteristic of the flare process and a powerful coronal ejection (the beginning of flare 0:39:00 and of
ejection 0:43:00). Accelerated on shockwaves of ejection, protons with energy of E, >100 MeV, became a
source of high intensity of a flux gamma ray photons of range (100 MeV-10 GeV). It was possibly result
of a nuclear interaction of additionally accelerated protons with protons of routine energies at which there
are formed peonies, decaying up with the emergence of gamma photons. At that, the newly formed
gamma photons have the energy of the initial high energy protons.

It is necessary to point out one feature of development of the main phase of an event — larger duration
of presence of a gamma ray emission range (100 MeV-10 GeV): not less than 7 hours.

Thus, an event on February 25, 2014 - a good example very efficient at all stages of development of a
source of the emergence of gamma ray photons of the widest range of energy.
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2014 KbIJIIbIH 28 AKITAHBIHJIAFbI KYH KAPKbBIJIBIHIAT BI
TF'AMMA-COVYIJIEJIEHY IIH JAMYBIHbIH EPEKIIEJIIKTEPI

Annoranus. 2014 XpurIsH 24 aKmaHBIHA TaMMa-Hana3oH/a COyJIeICHYIiH K31 OOJIBI TaOBUIATHIH XKapKbLT
NPOLIECCiHIH 3epTTeyi Kypriziani. Pororennorpammaap A1700A (ynerpakyirin koHtuHyyMm, SDO rapeimn anma-
patbl) QOTOMETPIIK OHICYNIEPiHiH KoMETiMEH >KaphIK JKapKbUI TUIa3MaChIHBIH KapKBIHIBUIBIFBIHA KATBICTHI CaJIBIC-
THIpMAITBl ©3TEPICTIH yaKbITmA KecKiHi KypbUImbel. ['amma-kBanTTHIH (10keV-50MeV) kymeiTiares coyneneHyi
YaKbIThI KOHE KAPKbUIIBIH UMITYJIbCTIK KE3CHIHIH aamy Ke3iHae ¢orocdepara JeiiH TOMEH aFraThlH JKapKbLI IU1a3-
MACBIHBIH CH YKOFapbl KAPKBIHABUIBIFEI OOMBIHIIIA COMiKeCTIKTEp TaralbiHaanAbl. by perre (50-300)keV sneprusimen
raMMa-KBaHTTApbIH CaHBIHBIH apTYHI (10* ecere neiiin) afiTapabIKTail THiIMI GONBII LIBIKTEL MaCCaHBIH JKOFapb
KBULIaM/IBIKTaFbl KOPOHAJIb LIBIFAPBLIYbl COKKBICHI OAaFbITBIHAA KOCBHIMILIA YJIETy aJIFaH >KOFapbl SHEPrUsUIBIK
’KapKbUI IPOTOHAAPBIHBIH SAPOJIBIK peaKkusuIapbl 0acThl KE3CHHIH JaMybl Ke31He raMMa coyJIeJIeHy IiH Heri3ri Ke3i
6omaner. 2009-2017 xputmapel FERMI TeneckoObIHBIH Oapiblk xkyMbic yakbiThiHAa (100MeV-10GeV) auamna3zo-
HBIHJIA TAMMa- KBAaHTTap,IbIH aFBIMBIHBIH OipJICH Oip €H KOFapbl MOHI OAKBUIAH/IEL.

Tyiiin ce3aep: KYH XapKbUIbl, POTOMETPHSI, TaMMa CayJIeNIeHY

VK 523.62
I. MHHaCﬂHIIl, T. MHHaCHHIIl, B. Tomo308>

' Acrpodmsnuecknii macTHTyT MM. B.I'. ®ecenkoa, OGceppatopus-23, AnMatel, Kazaxcran;
*Uucruryr Conmeuno-3emuoit ®usuxu, yi. JlepmonTosa 126-a, UpkyTck, Poccust

OCOBEHHOCTH PA3BUTHUS TAMMA-U3JYYEHUS B COJTHEYHOM BCIIBIIIKE
25 ®EBPAJISA 2014 TOJA

Annotauus. IIpoBesieHO HcciIen0BaHUE BCIbIIEYHOro npouecca 25 ¢espand 2014 roxa, KOTOpblil sBHIICS
MICTOYHMKOM M3Iy4eHHus B raMMa-auanaszone. C moMoIbsio GoToMeTprueckoii 06pabotku dororemumorpamm Al700A
(ynpTpaduoneroBelii  KOHTHHYYM, KocMmuueckuii ammapaT SDO), mocTpoeH BpeMeHHOW mpoduis H3MEHEHHUS
OTHOCHTEJEHOW MHTEHCHBHOCTH SIPKOH BCIIBIIIEYHON IUIA3MBL. Y CTAHOBJICHO COBIIAJICHHE 110 BPEMEHH YCHIICHHOTO
nanyuenus: ramma-kBantoB (10keV-50MeV) u MakcuMalibHOW WHTEHCUBHOCTH BCIIBIIIEYHOI I1a3Mbl, CTEKAIOIIEH
BHU3 110 (orocdepsl, B Mepuoj pa3BUTUS HUMITYJIbCHOHM (a3bl Bemblmku. [Ipum 3tom Hambonee 3¢deKkTUBHBIM
OKa3aJI0Ch YBEIIMYEHHUS KOJIMUYEcTBa (IO 10* pa3) ramma-kBauToB ¢ sHeprueii (50-300)keV. Bo Bpems pasBHTHS
rJIaBHOM (1)a3b1 OCHOBHBIM HWCTOYHHUKOM TaMMa H3JIYYCHHUSA CTAHOBATCA SAACPHBIC PEAKIMUU BbICOKOIHCPIMYHBIX
BCIBINICYHBIX IMPOTOHOB, MNOJYYUBHIUX JOMNOJHUTECIBHOC YCKOPCHHUC Ha YJIapHOM (prHTe BBICOKOCKOPOCTHOT'O
KOPOHAJILHOTO BbIOpoca Macchl. HaOironanock OZHO M3 CaMbIX BBICOKMX 3HAYCHUH IMOTOKAa I'aMMa-KBaHTOB B
nuanasone sHeprun (100MeV-10GeV) 3a Bee Bpems pabotsl Teneckorra FERMI B 2009-2017 rogax.

Ki1roueBble cj10Ba: COTHEYHbIE BCIIBIMIKH, ()OTOMETPHS, FaMMa H3JTy4eHHE
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