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The following morphological features of a flare in
the chromosphere are identified.

Flare ribbons (FRs) are observed in the light of
chromospheric lines; the bipolar structure typical of
intense flares consists of two bright flare ribbons
diverging in the process of the development of the flare
(the propagation velocity of the front of the flare belt is
up to 5 km/s [Altyntsev et al., 1982]). The system of
arcs connecting flare ribbons is observed at the post�
maximum phase of the flare.

Structures at the ends of flare ribbons (SEFRs) are
emission flare structures that rapidly change their
brightness and shape [Altyntsev et al., 1982; Banin and
Fedorov, 1971; Heyvaerts et al., 1976]. Long before the
end of the Hα flare, the contrast of the central parts of
the structures at the ends of flare ribbons decreases to
the level of the undisturbed chromosphere; as a result,
the structures at the ends of flare ribbons are trans�
formed to the quasi�ring structures tracing the bound�
aries of the cells of the chromospheric grid (see Figs. 1
and 2a).

Peripheral structures (PSs) are flare emission struc�
tures at the periphery of the active region differing
from flare ribbons in morphology and brightness
[Komarova et al., 2004]. Peripheral structures begin to
develop at the place of disappearing structures at the
ends of the flare ribbons. The process looks like the
structuring (increase in the compactness and bright�
ness) of thin chains of flocculi tracing the boundaries
of the cells of the enhanced chromospheric gird at the
periphery of the active region. Thin double emission
belts of peripheral structures are formed with a width
of 1.5–2 × 103 km, which is smaller than the width of

the flare ribbons (about 104 km). The distance between
the strips ranges from 2 × 103 to 10 × 103 km. The dou�
ble strip is rapidly stretched, propagating along the
flocculi with a velocity up to 0.6 × 103 km/s. The max�
imum brightness is observed in the outer (with respect
to the active region) narrow strip of the peripheral
structures and in the head of the propagating emission
region. The double strip of peripheral structures is
observed in the region of one sign of the magnetic
field.

Remote brightenings [Yurchyshyn et al., 2004] are
the brightenings of the emission nodes of the chromo�
spheric grid in Hα at distances of about (100–200) ×
103 km from the active region during the flare.

On the basis of the analysis of the images of the
listed flares observed both on the disc and on the limb,
we propose a topological model of the united event
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Fig. 1. Flare on May 16, 1981: (a) the pre�maximum stage,
the development of the spiral structures at the ends of flare
ribbons is seen in the upper part and (b) the post�maxi�
mum stage, the development of the peripheral structure is
seen in the right part, the arrow marks the section of the
emission of the peripheral structure in the spot shadow.
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including an intense flare and coronal mass ejection
(CME).

First stage of the event development. The chain of
the vertices of the arcade of flare arcs connecting flare
ribbons adjoins the quasi�cylindrical shell of the
CME. The magnetic field of the shell is the set of spi�
rally twisted field lines inside which the axial magnetic
pinch, i.e., the central arc of the CME, is located. The
bases of the pinch are manifested at the heliosphere
level as the emission of structures at the ends of flare
ribbons. Flare arcs are located at an acute angle to the
magnetic polarity separation lines. As a result, the
magnetic field at the vertices of the arcs is antiparallel
to the field at the lower points of the shell of the CME.
According to [Somov, 2005], the current layer, i.e., the
reconnection region (see Fig. 3), which is a source of
energy for the entire solar event is developed in the
contact line of the vortices of the arcade and the lower
surface of the CME. Within the model, particles emit�
ted from the current layer diverge in four directions.
The particles leaving to the CME move along the spi�
ral lines of the CME shell and get to the outer (upper)
front of the CME where collide with the dense plasma
inducing emission in the hard X�ray range. Some par�
ticles continue to move in the spiral trajectories to
their chromospheric bases (structures at the ends of
flare ribbons). As a result, the energy release in the
current layer generates six hard X�ray sources in six
spatially separated points of the chromosphere and
corona. According to the calculations with the method
presented in [Sidorov, 2004], the ratio of the energy
contributions to the flare and CME is estimated as 0.6
to 0.4 (see Fig. 4 and its caption).

Second stage of the event development. The fast
development of the peripheral structures begins near
the flare maximum. According to the model, the
peripheral structures are the chromospheric bases of
the outer shell of the CME: the central pinch of the
CME is based on the structures at the ends of flare rib�
bons and shells bungling them are based on the periph�
eral structures (see Fig. 5). The development of
peripheral structures looks like the propagation
(expansion) of the double strip of peripheral structures
with bright frontal edge (front) connecting the strips,
which rapidly moves along the chain of flocculi (see
Fig. 5a). At each time (1, 2, and 3 in Fig. 5b), the
peripheral structure front is enclosed in the same
peripheral structure, but considered at a later time (2,
3, 4, etc.). It is assumed that the loops of the CME
based on the previously “emitting” sections of the
peripheral structure are inserted into the loops of the
CMEs based on the lately emitted sections of the
peripheral structure.

At the late stage of the development of the flare–
CME event far from the flare active region, the remote
brightening phenomenon is observed. According to
[Yurchyshyn et al., 2004], under favorable conditions,
remote brightenings can be sources of proton fluxes
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Fig. 2. Flare on October 19, 2001 at the pre�maximum
development stage in the (a) Hα line (Big Bear observa�
tory) and (b) 171�Å range (TRACE spacecraft).
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Fig. 3. Topological scheme of the solar flare–CME event
at the early development stage.
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Fig. 4. Time dependence of the energy release in the flare
on October 19, 2001. The upper line is the energy released
in the current layer. The lower line is the fraction of the
energy spent on the flare including losses on radiation,
heating, and heat conduction.



1078

GEOMAGNETISM AND AERONOMY  Vol. 49  No. 8 (Special Issue 2)  2009

SIDOROV, YAZEV

generating gamma sources (in the event on July 23,
2002, remote brightenings were apparently sources of
protons generating a gamma burst near a flare belt,
because the latter with a delay of 1 min repeated
almost exactly the light curve of the remote brighten�
ing [Yurchyshyn et al., 2004]). According to the
model, the electron fluxes moving from the active
region to the outer arcs of the rising CME to their
remote bases (at a characteristic distance of 105 km
from the active region) initiate shock heating in them,
which is manifested as the remote brightening effect
(see Fig. 6). As a result, accelerated proton fluxes
move along the same arcs in the opposite direction and
generate a gamma source in the bases of the arcs in the
active region. Necessary conditions for a flare event
under which high�energy ions and electrons move to
the different bases of the coronal arcs were theoreti�
cally derived in [Zaitsev and Stepanov, 2008]. Under
these conditions, the gamma source generated by
high�energy ions and hard X�ray sources generated by
fast electrons are spatially separated.

To explain the acceleration of protons, the model
involves the betatron mechanism, which was often
used previously by many authors (see [Karlický and
Kosugi, 2004] and reference therein). Within this
mechanism, protons are accelerated by the electric
field E, which is induced by time variations of the
magnetic field B according to the Faraday law ∇ × E =
–∂B/∂t. The decrease in the longitudinal electric field
in the coronal loops during the flare [Zaitsev and
Stepanov, 2008], as well as the decrease in the spiral
twisting degree of the loop [Portier�Fozzani and
Inhester, 2001], leads to the disappearance of the non�
potential part of the longitudinal magnetic field of the
loops, which is due to the solenoidal component of the
current.

In the event on July 23, 2002, the pitch angles cal�
culated for fast protons, which interact with the dense

chromospheric plasma and generate the 2.23�MeV
gamma source, are 87°–88°. The calculations indicate
that some protons with larger pitch angles and energies
of 20–30 MeV can be reflected from the “magnetic
mirror” over the spot shadow (we used the method for
calculating the coronal magnetic field [Dulk and
McLean, 1978] according to which the vertical gradi�
ent is B ~ 0.035 G/km for B ~ 500 G at an altitude of
(14–18) × 103 km) and return to the upper corona
through the coronal loops of the CME. The concen�
tration of almost all the kinetic energy of the protons
in the rotational motion enhances the gradient drift on
the inhomogneities of the magnetic field and density
of the CME front, promoting their emission to the
heliosphere.

The proposed scenario does not contradict the
known correlations of the proton ejection with the
existence of the gamma source and chromospheric
emission in the spot shadow; moreover, it explains the
possibility of the reflection of protons from strong
magnetic fields in the spot shadow and, therefore,
emission of protons to the upper corona. Note that the
last circumstance is not explained by the scenario of
the acceleration of particles in the event on July 23,
2002 proposed in [Zaitsev and Stepanov, 2008], where
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Fig. 5. Development of peripheral structures (PSs) in the
flare on October 19, 2001: (a) the image in the Hα line, the
arrow marks the section of the emission of the structures at
the ends of flare ribbons getting to the spot shadow and (b)
the assumed scheme of the SEFR–PS system.
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Fig. 6. Scheme of the emission of solar protons to the
upper corona in the region of the joint development of the
solar flare and CME at the post�maximum stage of the
event. Along the magnetic arcs connecting the remote Hα

brightenings (shown by white arrows) with the gamma
source, fast protons move and generate the gamma source
(the centroid of the gamma source is shown by the white
circle). Some protons are reflected from the strong mag�
netic field in the flare active region, move to the upper
corona along the CME loops and, then, to the heliosphere
(on an example of the flare on July 23, 2002 [Yurchyshyn
et al., 2004]).
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ions are accelerated from the corona to the chromo�
sphere along the magnetic field of the loop. The mech�
anisms described in [Zaitsev and Stepanov, 2008] is
not likely decisive in the case under consideration.

Within the considered model, it is possible to pro�
pose the following criterion of the potential proton
origin of an event at its post�maximum development
stage:

• in the chromospheric lines, the presence of the
remote brightenings and penetration of the emission
of structures at the ends of flare ribbons or peripheral
structures to the spot shadow (shown by the arrows in
Figs. 1b and 5a, respectively);

• in the gamma range, the appearance of the radia�
tion source near the flare development region.

According to the model, the emission structures of
remote brightenings indicate the possible localization
of the chromospheric source of protons getting to the
heliosphere, as well as its topological relation with the
CME and gamma source in the flare.

CONCLUSIONS

The analysis of the observation data makes it possi�
ble to separate the sequence of the described phenom�
ena that are reproducible in the above solar events and
confirm the proposed model or, at least, are consistent
with it.

ACKNOWLEDGMENTS

This work was supported by the Ministry of Educa�
tion and Science of the Russian Federation (project

no. RNP 2.2.3.1/198, program “Development of the
Scientific Potential of Higher Education”).

REFERENCES

A. T. Altyntsev, V. G. Banin, G. V. Kuklin, and V. M. Tomo�
zov, Solar Flares (Nauka, Moscow, 1982) [in Russian].

V. G. Banin and A. S. Fedorova, “A Strong Chromospheric
Flare of November 5, 1970,” Issled. Geomagn. Aeron.
Fiz. Solntsa, No. 2, 73–85 (1971).

G. A. Dulk and D. J. McLean, “Coronal Magnetic Fields,”
Solar Phys. 57, 279–295 (1978).

I. E. Heyvaerts, R. Priest, and D. M. Rust, Preprint
No. ASE�4025 (Cambridge, 1976).

M. Karlicky and T. Kosugi, “Acceleration and Heating Pro�
cesses in a Collapsing Magnetic Trap,” Astron. Astro�
phys. 419, 1159–1168 (2004).

E. S. Komarova, V. I. Sidorov, and S. A. Yazev, “Specific
Development of the Solar Flare of October 19, 2001,”
Soln.–Zemn. Fiz., No. 6, 90–92 (2004).

F. Portier�Fozzani and B. Inhester, “3D Coronal Structures
and Their Evolutions Measured by Stereoscopy, Con�
sequences for Space Wather and the Stereo Mission,”
Space Sci. Rev. 97, 51–54 (2001).

V. I. Sidorov, “Relationship between the Flare Energy and
Coronal Mass Ejection of October 19, 2001,” Soln.–
Zemn. Fiz., No. 8, 71–72 (2004).

B. V. Somov, “Solar Flare Physics,” Zemlya Vselennaya,
No. 2, 4–13 (2005).

V. H. Yurchyshyn, Wang, V. Abramenko, et al., “Magnetic
Field, Hα, and RHESSI Observation of the July 23,
2002 Gamma�Ray Flare,” Ap. J. 605, 546–553 (2004).

V. V. Zaitsev and A. V. Stepanov, “Coronal Magnetic Arcs,”
Usp. Fiz. Nauk 178 (11), 1165–1204 (2008).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


