GeV Particle Acceleration in Solar Flares and Ground Level Enhancement (GLE) Events
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{sl Ground Level Enhancement (GLE)} events represent the most energetic class of {sl solar energetic particle (SEP)} events, requiring acceleration processes to boost gapprox 1 GeV ions in order to produce showers of secondary particles in the Earth's atmosphere with sufficient intensity to be detected by ground-level neutron monitors, above the background of cosmics rays. Although the association of GLE events with both solar flares and coronal mass ejections (CMEs) is undisputed, the question arises about the location of the responsible acceleration site: coronal flare reconnection sites, coronal CME shocks, or interplanetary shocks? To investigate the first possibility we explore the timing of GLE events with respect to hard X-ray production in solar flares, considering the height and magnetic topology of flares, the role of extended acceleration, and particle trapping. We find that 50\% (6 out of 12) of recent (non-occulted) GLE events are accelerated during the impulsive flare phase, while the remaining half are accelerated significantly later. It appears that the prompt GLE component, which is observed in virtually all GLE events according to a recent study by Vashenyuk et al. (Astrophys. Space Sci. Trans. 7(4):459–463, 2011), is consistent with a flare origin in the lower corona, while the delayed gradual GLE component can be produced by both, either by extended acceleration and/or trapping in flare sites, or by particles accelerated in coronal and interplanetary shocks.

Flare Acceleration for GeV Particles
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       Conclusion:

1) The maximum energy of accelerated particles in flares is observed up to 100 MeV for electron bremsstrahlung and up to 1 GeV for protons and pions.

2)  The maximum energy of accelerated particles observed in solar flare gamma rays implies severe constraints for sub-Dreicer electric field acceleration mechanisms, but is achievable with super-Dreicer fields or stochastic acceleration.

3)  The altitude of acceleration regions in flare sites is confined to hacc=5000-35,000 km (<0.05 solar radii) according to time-of-flight measurements and direct hard X-ray imaging. Acceleration       sites at larger distances to the Sun (as inferred for GLE events) are likely to be associated with CME shocks. 

4)  The vertical symmetry of acceleration sites warrants simultaneous acceleration in upward and downward direction (e.g., electric DC fields, wave turbulence regions, fast shocks in Petschek-type) and allows charged particles to escape into interplanetary space and produce GLEs.

     The escape of flare-accelerated particles into interplanetary is faciliated on one hand by temporarily opened fields during the magnetic reconnetion process. For instance, during the “magnetic break-out model” (Antiochos et al. 1999), a temporary opening of  a secondary arcade occurs during the reconnection process. 

     On the other hand, there are also pre-existing open field lines that allow particles to escape. Schrijver & DeRosa (2003) found from potential field extrapolations that a fraction of the IMF connects directly to plages of active regions (<10% in solar min. 30-50% at cycle max.)
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 Nearly 70 Ground Level Enhancements (GLEs) of cosmic rays have been recorded by the worldwide neutron monitor network since the 1950s depicting a big variety of energy spectra of solar energetic particles (SEP). Here we studied a statistical relation between the event-integrated intensity of GLEs (calculated as count-rate relative excess, averaged over all available polar neutron monitors, and expressed in percent-hours) and the hardness of the solar particle energy spectra. For each event the integral omnidirectional event-integrated fluences of particles with energy above 30 MeV (F30) and above 200 MeV (F200) were computed using the reconstructed spectra, and the ratio between the two fluences was considered as a simple index of the event's hardness. We also provided a justification of the spectrum estimate in the form of the Band-function, using direct PAMELA data for GLE 71 (17-May-2012). We found that, while there is no clear relation between the intensity and the hardness for weak events, all strong events with the intensity greater 100 \%*hr are characterized by a very hard spectrum. This implies that a hard spectrum can be securely assumed for all extreme GLE events, e.g., those studied using cosmogenic isotope data in the past.

Relativistic proton levels from region AR2673 (GLE \#72) and the heliospheric current sheet as a Sun-Earth magnetic connection
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On 10 September 2017 Neutron Monitors (NMs) apparatus located at ground level and high latitudes detected an increase in the counting rate associated to solar energetic particles (SEP) emission from X8.2 class solar flare and its associated CME. This was the second highest flare of the current solar cycle. The origin was the active region AR 2673 when it was located at the edge of the west solar disc, without a direct magnetic connection with Earth. 
However, there was a peculiar condition, the solar protons accelerated by the CME shocks were injected within a heliospheric current sheet (HCS) region and when the Earth was crossing this region. We show that the HCS played the role of a magnetic connection between Sun and Earth. The fast-moving protons penetrated the magnetosphere near the north and south poles and their interaction in the atmosphere produced a ground level enhancement (GLE \#72), this was the second in the current solar cycle. In the NOAA Space Weather Scale, SEP is cataloged as radiation storms, from S1(minor) to S5 (extreme), and in the present case, it reached S3 (strong). In addition, four days before, on 6 September, AR 2673 erupted, was an X9.3-class flare (the strongest flare of the current cycle). It was associated with a halo CME toward Earth, triggering the second strongest geomagnetic storm of the current solar cycle on 7 September. We detail these observations.

The GLE on Oct. 28, 2003 - radio diagnostics of relativistic electron and proton injection
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Timing discrepancies between signatures of accelerated particles at the sun and the arrival times of the particles at near-earth detectors are a matter of fundamental interest for space-weather applications. The solar injection times of various components of energetic particles were derived by Klassen et al. (2005, JGR, 110, A09S04) for the October 28, 2003, X-class/γ-ray flare in NOAA AR 10486. This flare occured in connection with a fast halo coronal mass ejection and a neutron monitor-observed ground level event (GLE).We used radio (Astrophysikalisches Institut Potsdam, WIND, Nançay Multifrequency Radio Heliograph), Hα (Observatorium Kanzelhöhe), RHESSI, SOHO (EIT, LASCO, MDI), and TRACE data to study the associated chromospheric and low coronal phenomena. We identify three source sites of accelerated particles in this event. Firstly, there is a source in projection 0.3 R_ away from AR 10486, which is the site of the reconnection outflow termination, as revealed by a termination shock signature in the dynamic radio spectrum. Secondly, there is the extended current sheet above a giant coronal postflare loop system in the main flare phase. Thirdly, there is a source situated on a magnetic separatrix surface between several magnetic arcades and neighbouring active regions. This source is 0.2 R_ away from AR 10486 and acts during onset and growth of high energy proton injection in space. It is not clear if this source is related to the acceleration of protons, or if it only confirms that energetic particles penetrate a multistructure magnetic loop system after being previously accelerated near the main HXR- and γ-ray sources. The result is in favour of energetic particle acceleration in the low corona (<0.5 R_ above the photosphere) and in contrast to acceleration of the relativistic particles at remotely propagating

shock waves.
Multi-spacecraft observations and transport simulations of solar energetic particles for the May 17th 2012 GLE event
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The injection, propagation and arrival of solar energetic particles (SEPs) during eruptive solar events is an important and current research topic of heliospheric physics. During the largest solar events, particles may have energies up to a few GeVs and sometimes even trigger ground-level enhancements (GLEs) at Earth. We study the first GLE-event of solar cycle 24, from 17th May 2012, using data from multiple spacecraft (SOHO, GOES, MSL, STEREO-A, STEREO-B and MESSENGER). These spacecraft are located throughout the inner heliosphere, at heliocentric distances between 0.34 and 1.5 astronomical units (au), covering nearly the whole range of heliospheric longitudes. We present and investigate sub-GeV proton time profiles for the event at several energy channels, obtained via different instruments aboard the above spacecraft. We investigate issues due to magnetic connectivity, and present results of three-dimensional SEP propagation simulations. We gather virtual time profiles and perform qualitative and quantitative comparisons with observations, assessing longitudinal injection and transport effects as well as peak intensities. We distinguish different time profile shapes for well-connected and weakly connected observers, and find our onset time analysis to agree with this distinction. At select observers, we identify an additional low-energy component of Energetic Storm Particles (ESPs). Using well-connected observers for normalisation, our simulations are able to accurately recreate both time profile shapes and peak intensities at multiple observer locations. This synergetic approach combining numerical modeling with multi-spacecraft observations is crucial for understanding the propagation of SEPs within the interplanetary magnetic field. Our novel analysis provides valuable proof of the ability to simulate SEP propagation throughout the inner heliosphere, at a wide range of longitudes.

On the early phase of relativistic solar particle events: Are there signatures of acceleration mechanism? 
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Many physical processes precede and accompany the solar energetic particles (SEP) occurrence on the Earth’s orbit. Explosive energy release on the Sun gives rise to a flare and a coronal mass ejection (CME). X-ray and gamma emissions are believed to be connected with flares. Radio emission is signature of disturbances traveling through the corona and interplanetary space. Particles can gain energy both in the flare and the accompanying wave processes. The beginning of the SEP events has the advantage of being the phase most close to the time of acceleration. Influence of interplanetary transport is minimal in the case of first arriving relativistic solar protons recorded by ground based neutron monitors in so called ground-level enhancements (GLE). The early phase of the SEP events attracts attention of many scientists searching for the understanding of particle acceleration. However, they come to the opposite conclusions. While some authors find arguments for coronal mass ejections as a sole accelerator of SEPs, others prove a flare to be the SEP origin. Here, the circumstances of SEP generation for several GLEs of the 23rd solar cycle are considered. Timing of X-ray, CME, and radio emissions shows a great variety from event to event. However, the time of particle ejection from the Sun is closer to maximum of X-ray emission than to any other phenomena considered. No correlation is found between the particle fluxes and the CME characteristics.

ПРИХОД ПЕРВЫХ РЕЛЯТИВИСТСКИХ СОЛНЕЧНЫХ ПРОТОНОВ И УСЛОВИЯ В СОЛНЕЧНОЙ КОРОНЕ 
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События, когда солнечные космические лучи (СКЛ) можно наблюдать наземными приборами (GLE), часто характеризуются быстрым нарастанием интенсивности релятивистских протонов в начальной фазе, что позволяет оценить время выхода частиц из короны Солнца. Эта фаза события привлекает внимание исследователей благодаря своей близости по времени к моменту ускорения частиц. Известно, что наблюдаемые характеристики СКЛ носят следы воздействия многих физических процессов, в том числе и различных механизмов ускорения, относительная роль которых до настоящего времени не ясна. Основными претендентами на роль ускорителя СКЛ выступают вспышечные процессы и ускорение ударной волной, связанной с выбросом корональной массы (ВКМ). В работе рассмотрено несколько мощных солнечных протонных событий 23-го цикла солнечной активности, оценены время выхода первых частиц из короны и динамика ВКМ. Анализируются временные последовательности рентгеновских и радиовсплесков, близких по времени к выходу частиц. Делается вывод, что первые релятивистские частицы, скорее всего, были ускорены во вспышечных процессах.

Arrival of the first relativistic solar protons and conditions in the solar corona
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Anatoly Belov1, Karel Kudela2, Victoria Kurt3 and Boris Yushkov3

Contrib. Astron. Obs. Skalnat.e Pleso 35, (1 – 11 ?), (2018)  File
http://www.ta3.sk/caosp/Eedition/FullTexts/vol48no2/pp329-338.pdf 

We present a short overview of the event associated with the recent strong solar flare 2017 September 10 (X8.9) based on the available data both from satellite GOES-13, and from selected neutron monitors. The onset time of SPE/GLE at 1 AU was found between 16:06–16:08 UT. The GLE effect was anisotropic with a maximum increase of 6%. The maximum energy of accelerated protons was _ 6 GeV. We estimated release time of sub-relativistic protons release time into open field lines was during time interval of 15:53–15:55 UT.

See Kurt et al. (2018)

Ground level enhancements of the solar cosmic rays and Forbush decreases in 23rd solar cycle

A. V. Belov, E. A. Eroshenko, V. A. Oleneva, V. G. Yanke

PROCEEDINGS OF THE 31st ICRC, Ł ´ OD´Z 2009       File
The outstanding effects of solar activity in 23rd solar cycle, such as ground level enhancements of solar cosmic rays and the largest Forbush decreases (FD), are investigated. The analysis shows that both GLEs and great Forbush effects are connected with anomalously fast ejections of solar matter with similar properties. The main difference between those is in the longitude: the sources of the greatest Forbush effects (FE) are usually located in a central

part of visible solar disk whereas flares associated with GLEs are mostly in the western part of disk. It is shown that accelerative and modulative efficiencies of the solar events are tightly correlated. Coronal mass ejection followed by GLE creates with a big probability a very large FE in the Earth orbit. April, 15-22 2001,  28 Oct - 4 Nov 2003

TABLE I: GLEs of 23rd cycle

TABLE II: The largest Forbush effects of 23-rd solar cycle

The relativistic solar particle event of May 17th, 2012 observed on board the International Space Station
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J. Space Weather Space Clim. 4 (2014) A16

http://www.swsc-journal.org/articles/swsc/pdf/2014/01/swsc130061.pdf
High-energy charged particles represent a severe radiation risk for astronauts and spacecrafts and could damage ground critical infrastructures related to space services. Different natural sources are the origin of these particles, among them galactic cosmic rays, solar energetic particles and particles trapped in radiation belts. Solar particle events (SPE) consist in the emission of high-energy protons, alpha-particles, electrons and heavier particles from solar flares or shocks driven by solar plasma propagating through the corona and interplanetary space. Ground-level enhancements (GLE) are rare solar events in which particles are accelerated to near relativistic energies and affect space and ground-based infrastructures. During the current solar cycle 24 a single GLE event was recorded on May 17th, 2012 associated with an M5.1-class solar flare. The investigation of such a special class of solar events permits us to measure conditions in space critical to both scientific and operational research. This event, classified as GLE71, was detected on board the International Space Station (ISS) by the active particle detectors of the ALTEA (Anomalous Long Term Effects in Astronauts) experiment. The collected data permit us to study the radiation environment inside the ISS. In this work we present the first results of the analysis of data acquired by ALTEA detectors during GLE71 associated with an M5.1-class solar flare. We estimate the energy loss spectrum of the solar particles and evaluate the contribution to the total exposure of ISS astronauts to solar high-energy charged particles.

GIANT GROUND LEVEL ENHANCEMENT OF RELATIVISTIC SOLAR PROTONS ON 2005 JANUARY 20. I. SPACESHIP EARTH OBSERVATIONS 
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A ground level enhancement (GLE) is a solar event that accelerates ions (mostly protons) to GeV range energies in such great numbers that ground-based detectors, such as neutron monitors, observe their showers in Earth's atmosphere above the Galactic cosmic ray background. GLEs are of practical interest because an enhanced relativistic ion flux poses a hazard to astronauts, air crews, and aircraft electronics, and provides the earliest direct indication of an impending space radiation storm. The giant GLE of 2005 January 20 was the second largest on record (and largest since 1956), with up to 4200% count rate enhancement at sea level. We analyzed data from the Spaceship Earth network, supplemented to comprise 13 polar neutron monitor stations with distinct asymptotic viewing directions and Polar Bare neutron counters at South Pole, to determine the time evolution of the relativistic proton density, energy spectrum, and three-dimensional directional distribution. We identify two energy-dispersive peaks, indicating two solar injections. The relativistic solar protons were initially strongly beamed, with a peak maximum-to-minimum anisotropy ratio over 1000:1. The directional distribution is characterized by an axis of symmetry, determined independently for each minute of data, whose angle from the magnetic field slowly varied from about 60° to low values and then rose to about 90°. The extremely high relativistic proton flux from certain directions allowed 10 s tracking of count rates, revealing fluctuations of period  2 minutes with up to 50% fractional changes, which we attribute to fluctuations in the axis of symmetry.

AN IMPROVED MODEL FOR RELATIVISTIC SOLAR PROTON ACCELERATION

APPLIED TO THE 2005 JANUARY 20 AND EARLIER EVENTS
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This paper presents results on modeling the ground-level response of the higher energy protons for the 2005

January 20 ground-level enhancement (GLE). This event, known as GLE 69, produced the highest intensity of relativistic solar particles since the famous event on 1956 February 23. The location of recent X-ray and _-ray emission (N14_ W61_) was near Sun-Earth connecting magnetic field lines, thus providing the opportunity to directly observe the acceleration source from Earth. We restrict our analysis to protons of energy _450 MeV to avoid complications arising from transport processes that can affect the propagation of low-energy protons. In light of this revised approach we have reinvestigated two previous GLEs: those of 2000 July 14 (GLE 59) and 2001 April 15 (GLE 60). Within the limitations of the spectral forms employed, we find that from the peak (06:55 UT) to the decline (07:30 UT) phases of GLE 69, neutronmonitor observations from450 MeVto 10 GeVare best fitted by the Gallegos-Cruz&Perez-Peraza stochastic acceleration model. In contrast, the Ellison & Ramaty spectra did not fit the neutron monitor observations as well. This result suggests that for GLE 69, a stochastic process cannot be discounted as a mechanism for relativistic particle acceleration, particularly during the initial stages of this solar event. For GLE 59 we find evidence that more than one acceleration mechanism was present, consistent with both shock and stochastic acceleration processes dominating at different times of the event. For GLE 60 we find that Ellison & Ramaty spectra better represent the neutron monitor observations compared to stochastic acceleration spectra. The results for GLEs 59 and 60 are in agreement with our previous work.

On the production of highest energy solar protons at 20 January 2005

Bostanjyan, N. Kh.; Chilingarian, A. A.; Eganov, V. S.; Karapetyan, G. G.

Advances in Space Research, Volume 39, Issue 9, p. 1454-1457, 2007
On January 20, 2005, 7:02-7:05 UT the Aragats Multidirectional Muon Monitor (AMMM) located at 3200 m a.s.l. registered enhancement of the high energy secondary muon flux (threshold ˜5 GeV). The enhancement, lasting for 3 min, has statistical significance of ˜4 σ and is related to the X7.1 flare seen by the GOES, and very fast (>2500 km/s) CME seen by SOHO, and the Ground Level Enhancements (GLE) #69 detected by the world-wide network of neutron monitors and muon detectors. The energetic and temporal characteristics of the muon signal from the AMMM are compared with the characteristics of other monitors located at the Aragats Space-Environmental Center (ASEC) and with other neutron and muon detectors. Since secondary muons with energies >5 GeV are corresponding to solar proton primaries with energies 20-30 GeV we conclude that in the episode of the particle acceleration at 7:02-7:05 UT 20 January 2005 solar protons were accelerated up to energies in excess of 20 GeV.

Space Weather Observations during September 2017 with CALET on the International Space Station
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A period of extreme solar activity was observed in early September 2017, during the decaying phase of solar cycle 24. A large number of bright eruptions were registered, including a X9.3 flare on 6 September and a X8.2 flare on 10 September, the two strongest soft X-ray flares in almost 11 years. Both were associated with fast Coronal Mass Ejections (CMEs) and produced Solar Energetic Particle (SEP) events measured by several spacecraft. In particular, the second event was energetic enough to induce a Ground Level Enhancement (GLE) detected by the worldwide neutron monitor network, the second GLE of solar cycle 24. In this work we present a preliminary analysis of the September 2017 SEP events made with the CALorimetric Electron Telescope (CALET) onboard the International Space Station (ISS). We also investigate the relativistic electron precipitation (REP) events associated with the geomagnetic storms occurring in the same period. Data are compared with those of other space- and ground-based detectors.

Spectral Analysis of the September 2017 Solar Energetic Particle Events

A. Bruno, E. R. Christian, G. A. de Nolfo, I. G. Richardson, J. M. Ryan
Space Weather    Volume17, Issue3    Pages 419-437        2019
https://arxiv.org/pdf/1902.03969.pdf
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An interval of exceptional solar activity was registered in early September 2017, late in the decay phase of solar cycle 24, involving the complex Active Region 12673 as it rotated across the western hemisphere with respect to Earth. A large number of eruptions occurred between 4 and 10 September, including four associated with X‐class flares. The X9.3 flare on 6 September and the X8.2 flare on 10 September are currently the two largest during cycle 24. Both were accompanied by fast coronal mass ejections and gave rise to solar energetic particle (SEP) events measured by near‐Earth spacecraft. In particular, the partially occulted solar event on 10 September triggered a ground‐level enhancement (GLE), the second GLE of cycle 24. A further, much less energetic SEP event was recorded on 4 September. In this work we analyze observations by the Advanced Composition Explorer (ACE) and the Geostationary Operational Environmental Satellites (GOES), estimating the SEP event‐integrated spectra above 300 keV and carrying out a detailed study of the spectral shape temporal evolution. Derived spectra are characterized by a low‐energy break at few/tens of MeV; the 10 September event spectrum, extending up to ∼1 GeV, exhibits an additional rollover at several hundred MeV. We discuss the spectral interpretation in the scenario of shock acceleration and in terms of other important external influences related to interplanetary transport and magnetic connectivity, taking advantage of multipoint observations from the Solar Terrestrial Relations Observatory. Spectral results are also compared with those obtained for the 17 May 2012 GLE event.

Solar energetic particle events observed by the PAMELA mission
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Despite the significant progress achieved in recent years, the physical mechanisms underlying the origin of solar energetic particles (SEPs) are still a matter of debate. The complex nature of both particle acceleration and transport poses challenges to developing a universal picture of SEP events that encompasses both the low-energy (from tens of keV to a few hundreds of MeV) observations made by space-based instruments and the GeV particles detected by the worldwide network of neutron monitors in ground-level enhancements (GLEs). The high-precision data collected by the Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) satellite experiment offer a unique opportunity to study the SEP fluxes between ∼80 MeV and a few GeV, significantly improving the characterization of the most energetic events. In particular, PAMELA can measure for the first time with good accuracy the spectral features at moderate and high energies, providing important constraints for current SEP models. In addition, the PAMELA observations allow the relationship between low and high-energy particles to be investigated, enabling a clearer view of the SEP origin. No qualitative distinction between the spectral shapes of GLE, sub-GLE and non-GLE events is observed, suggesting that GLEs are not a separate class, but are the subset of a continuous distribution of SEP events that are more intense at high energies. While the spectral forms found are to be consistent with diffusive shock acceleration theory, which predicts spectral rollovers at high energies that are attributed to particles escaping the shock region during acceleration, further work is required to explore the relative influences of acceleration and transport processes on SEP spectra.

Table SEP events observed by the PAMELA mission (2006-2014)

The solar cosmic ray ground-level enhancements on 20 January 2005 and 13 December 2006 
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Rolf Bütikofer, Erwin O. Flückigera, Laurent Desorghera, Michael R. Mosera and Benoît Pirarda
Advances in Space Research
Volume 43, Issue 4, 16 February 2009, Pages 499-503

Close to the current solar activity minimum, two large solar cosmic ray ground-level enhancements (GLE) were recorded by the worldwide network of neutron monitors (NM). The enormous GLE on 20 January 2005 is the largest increase observed since the famous GLE in 1956, and the solar cosmic-ray event recorded on 13 December 2006 is among the largest in solar cycle 23. From the recordings of the NMs during the two GLEs, we determined the characteristics of the solar particle flux near Earth.

On some features of the solar proton event on 2021 October 28 – GLE73

I.M. Chertok
MNRAS   Volume 517, Issue 2, Pages 2709–2713,     2022
https://arxiv.org/ftp/arxiv/papers/2210/2210.04238.pdf
https://doi.org/10.1093/mnras/stac2843
In addition to several recent articles devoted to the rare event of ground-level enhancement of the solar relativistic proton flux observed on 2021 October 28 – GLE73, we study the 10–100 MeV solar energetic particle (SEP) component of this event. Based on the GOES satellite data for 26 GLEs recorded since 1986, we have formed a scatter plot displaying the ratio of the peak fluxes of the >10 MeV (𝐽10 ) and >100 MeV (𝐽100 ) protons and their energy spectra. Two extreme characteristics of the prompt component of the SEP–GLE73 event were revealed: (1) very small 𝐽10 and 𝐽100 proton fluxes and (2) a very hard energetic spectrum in the 10–100 MeV range. There are only two events with these characteristics similar to SEP–GLE73 namely, GLE40 (1989 July 25) and GLE46 (1989 November 15). A correspondence was demonstrated between the hard frequency spectrum of microwave radio bursts of initiating flares and the hard SEP energy spectrum of these two and other GLEs. These results suggest that the flare magnetic reconnection both in the impulsive and post-eruption phases plays an important role in the acceleration of the SEP–GLE protons.

Diagnostic Analysis of the Solar Proton Flares of September 2017 by Their Radio Bursts

I. M. Chertok

Geomagnetism and Aeronomy  July 2018, Volume 58, Issue 4, pp 457–46
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The powerful solar flares that occurred on September 4–10, 2017 are analyzed based on a quantitative diagnostics method for proton flares developed at the Institute of Terrestrial Magnetism, the Ionosphere and Radio-Wave Propagation (IZMIRAN) in the 1970–1980s. We show that the fluxes and energy spectra of the protons reached the Earth with the energies of tens of MeV qualitatively and quantitatively correspond to the intensity and frequency spectra of the microwave radio bursts in the range of 2.7–15.4 GHz. Specifically, the flare of September 4 with a peak radio flux S ~ 2000 sfu at the frequency f ~ 3 GHz (i.e., with the soft radio spectrum) was accompanied by a significant proton flux J (>10 MeV) ~100 pfu and a soft energy spectrum with the index γ ~3.0, while the strong flare on September 10 with S ~ 21000 sfu at f ~ 15 GHz (i.e., with the hard radio spectrum) led to a very intense proton event with J (>10 MeV) ~1000 pfu with a hard spectrum (γ ~ 1.4), including the ground level enhancement (GLE72). This is further evidence that microwave radio data can be successfully used in diagnostics of proton flares independently of a specific source of particle acceleration at the Sun, in particular, with the IZMIRAN method.

Extreme solar events                                                                                      Review
Edward W. Cliver, Carolus J. Schrijver, Kazunari Shibata & Ilya G. Usoskin 

Living Reviews in Solar Physics volume 19, Article number: 2 (2022) 

https://link.springer.com/content/pdf/10.1007/s41116-022-00033-8.pdf     File
We trace the evolution of research on extreme solar and solar-terrestrial events from the 1859 Carrington event to the rapid development of the last twenty years. Our focus is on the largest observed/inferred/theoretical cases of sunspot groups, flares on the Sun and Sun-like stars, coronal mass ejections, solar proton events, and geomagnetic storms. The reviewed studies are based on modern observations, historical or long-term data including the auroral and cosmogenic radionuclide record, and Kepler observations of Sun-like stars. We compile a table of 100- and 1000-year events based on occurrence frequency distributions for the space weather phenomena listed above. Questions considered include the Sun-like nature of superflare stars and the existence of impactful but unpredictable solar "black swans" and extreme "dragon king" solar phenomena that can involve different physics from that operating in events which are merely large. 774 AD, 17 Sep 1770, 1 September 1859, 4 Feb 1872, 14-15 May 1921, 28 Feb 1942, 5 April 1947, 23 May 1967, 2–11 August 1972 , 29 Apr 1973, 21 Apr 2002, 28 October 2003; 6, 13, 14 Dec 2006, 9 Nov 2011, 28 Oct 2013, 4 Nov 2015

Table 5 Historical fast transit ICME events

Table 8 Largest SEP events during the space age, rank ordered for F30, F200, and FGLE

On the Size of the Flare Associated with the Solar Proton Event in 774 AD
E. W. Cliver1,2, H. Hayakawa3,4,5,6, Jeffrey J. Love7, and D. F. Neidig8,9

2020 ApJ 903 41

https://doi.org/10.3847/1538-4357/abad93
The 774 AD solar proton event (SPE) detected in cosmogenic nuclides had an inferred >1 GV (>430 MeV) fluence estimated to have been ~30–70 times larger than that of the 1956 February 23 ground level event (GLE). The 1956 GLE was itself ~2.5 times larger at >430 MeV than the episode of strong GLE activity from 1989 August–October. We use an inferred soft X-ray (SXR) class of X20 ± 10 for the 1956 February 23 eruptive flare as a bridge to the source flare for the 774 SPE. A correlation of the >200 MeV proton fluences of hard-spectra post-1975 GLEs with the SXR peak fluxes of their associated flares yields an SXR flare class of X285 ± 140 (bolometric energy of ~(1.9 ± 0.7) × 1033 erg) for the 774 flare. This estimate is within theoretical determinations of the largest flare the Sun could produce based on the largest spot group yet observed. Assuming a single eruptive flare source for the 774 SPE, the above estimate indicates that the Sun can produce a threshold-level 1033 erg superflare. If the 774 event originated in two closely timed, equal-fluence SPEs, the inferred flare size drops to X180 ± 90 (~(1.4 ± 0.5) × 1033 erg). We speculate on favorable solar conditions that can lead to enhanced shock acceleration of high-energy protons in eruptive flares.

History of research on solar energetic particle (SEP) events: the evolving paradigm, 

Cliver E.,                                                                                                            Review.
Proc. IAU Symposium, Volume 257, p. 401-412 (2009). File
https://sci-hub.si/10.1017/S1743921309029639
Forbush initiated research on solar energetic particle (SEP) events in 1946 when he reported ionization chamber observations of the first three ground level events (GLEs). The next key development was the neutron monitor observation of the GLE of 23 February 1956. Meyer, Parker and Simpson attributed this high-energy SEP event to a short time-scale process associated with a solar flare and ascribed the much longer duration of the particle event to scattering in the interplanetary medium. Thus “flare particle” acceleration became the initial paradigm for SEP acceleration at the Sun. A more fully-developed picture was presented by the Australian radio astronomers Wild, Smerd, and Weiss in 1963. They identified two distinct SEP acceleration processes in flares: (1) the first phase accelerated primarily ~100 keV electrons that gave rise to fast-drift type III emission as they streamed outward through the solar atmosphere; (2) the second phase was produced by an outward moving (~1000 km s‑1) magnetohydrodynamic shock, occurring in certain (generally larger) flares. The second phase, manifested by slow-drift metric type II emission, appeared to be required for substantial acceleration of protons and higher-energy electrons. This two-stage (or two-class) picture gained acceptance during the 1980s as composition and charge state measurements strengthened the evidence for two distinct types of particle events which were termed impulsive (attributed to flare-resident acceleration process(es)) and gradual (shock-associated). Reames championed the two-class picture and it is the commonly accepted paradigm today. A key error made in the establishment of this paradigm was revealed in the late 1990s by observations of SEP composition and charge states at higher energies (>10 MeV) than previously available. Specifically, some large and therefore presumably “gradual” SEP events looked “impulsive” at these energies. One group of researchers attributes these unusual events to acceleration of high-energy SEPs by flares and another school favors acceleration of flare seed particles by quasi-perpendicular shocks. A revised SEP classification scheme is proposed to accommodate the new observations and to include ideas on geometry and seed particle composition recently incorporated into models of shock acceleration of SEPs. 

THE UNUSUAL RELATIVISTIC SOLAR PROTON EVENTS OF 1979 AUGUST 21 AND 1981 MAY 10

E. W. Cliver
Astrophysical Journal, 639:1206–1217, 2006, File
http://iopscience.iop.org/article/10.1086/499765/pdf 

Sixty-nine ground level events (GLEs) caused by relativistic solar protons have been observed from 1942 to

2005. GLEs are characteristically associated with intense solar flares [having peak _9 GHz flux densities

SP(9 GHz) >103 sfu] and fast (>1000 kms_1) coronalmass ejections (CMEs). The small GLEs on 1979 August 21

and 1981 May 10 provide an exception to these rules of thumb. In comparison with other GLEs, they were

associated with significantly weaker flares [SP(9 GHz) < 30 sfu vs. a median value of _8000 sfu for all GLEs] and

slower CMEs (plane-of-sky speeds _800 km s_1 vs. a median of _1600 km s_1). The sunspot groups in which

these two events originated ranked near the bottom of GLE-parent regions in terms of sunspot area (_100 millionths

of a solar hemisphere [msh] vs. a median of _850 msh). What enabled these two otherwise common place solar

eruptions to accelerate protons to GeV energies? In both cases, intense, long-duration, metric type II bursts were

observed. In addition, both of these GLEs occurred when the background _10 MeV proton intensity at 1 AU was

>1000 times the normal background because of preceding SEP events originating in active regions that were located

in each case _100_ east of the active region responsible for the GLE. We suggest that the relativistic solar protons

observed in these two events resulted from CME-driven shock acceleration of an elevated coronal seed population,

reflecting the enhanced background proton intensity at 1 AU. For this scenario, the timing onset of the relativistic

protons in the two events indicates that the shocks had access to the energetic seed particles within _2–5 R_ of the

solar surface. While an elevated _10 MeV proton background at Earth is a favorable/common condition for GLE

occurrence, it is not a requirement.

Energetic Particle Events of Cycle 24

C. M. S. Cohen, R. A. Mewaldt
Space Weather  Volume16, Issue10 Pages 1616-1623      2018
https://doi.org/10.1029/2018SW002006
sci-hub.tw/10.1029/2018SW002006
The 10 September 2017 solar energetic particle (SEP) event was the largest since June 2015 and one of only two ground level enhancement (GLE) events of solar cycle 24. GLE events are subset of large SEP events (~15% of events identified by Space Weather Prediction Center) with particularly hard spectra, making them a substantial space weather hazard to space‐based instrumentation and exposed astronauts. We present analysis of the 10 September 2017 event and compare it to the other cycle 24 GLE events, to those of cycle 23, and also to two extreme SEP events observed by STEREO. We find the 10 September 2017 event had a broken power‐law spectrum typical of GLE events, but was softer than average at high energies. However, it was hard at low energies with a relatively high break energy which led to 100 MeV proton fluences within a factor of 4.5 of the largest cycle 23 GLE events. The composition was nominal, except for a low Fe/O ratio, which has also been seen in large SEP events this cycle, but is somewhat atypical of the cycle 23 GLE events. The extreme events seen by STEREO exhibited very hard high‐energy spectra, with one event producing ~80 MeV proton fluences larger than the largest cycle 23 GLE event. However, even including STEREO events, the top ten largest cycle 24 events are, on average, 2.4 times smaller than the top ten of cycle 23 based on >10 MeV proton fluences. 6 May 1998, 14 July 2000 and 28 October 2003, 13 December 2006, 7 March 2012, 17 May 2012, 23 July 2012, 1 September 2014

Searching for Extreme SEP Events with STEREO, 

Cohen, C. M. S., J. G. Luhmann, R. A. Mewaldt, M. L. Mays, H. M. Bain, Y. Li, and C. O. Lee

 (2017), Proceedings of 35th ICRC Conference, PoS(ICRC2017), id.134, 1–8.

https://pos.sissa.it/301/134/pdf
Ground Level Enhancement (GLE) events are a particular class of solar energetic particle (SEP) events in which the particle spectrum is hard enough to produce effects on the Earth’s surface. Historically a GLE had to be observed by two separate ground-based monitors to be added to the informal ‘GLE list’ (http://neutronm.bartol.udel.edu/~pyle/GLE_List.txt). As these events are among the most energetic of SEP events, they are a clear space weather concern and understanding the conditions under which they occur and the processes that create them is critical for improving our predictive capabilities. By their very definition, GLEs cannot be identified with only space-based instrumentation or at locations far from Earth, yet as we increasingly send instrumentation to distant locations, our need for predicting space weather throughout the heliosphere becomes more urgent. 

Using the 13-100 MeV proton intensities observed during the 13 Dec 2006 GLE by the STEREO-B spacecraft (when it was still close to Earth) as a guide, we have identified several SEP events observed by STEREO of similar or larger intensity. None of these events were strong enough at Earth to register as a GLE, but had Earth been in the STEREO location, they might have been. We have calculated the eventintegrated proton spectra for these events and found they fell into two categories: those with hard spectra and those with soft spectra above a few tens of MeV. Extrapolation of the hard spectra to higher energies indicates that these events had >500 MeV fluences that exceeded those of the 13 Dec 2006 and 17 May 2012 GLE events by factors of ~4 to 500, suggesting that they would have caused GLEs had the Earth been suitably positioned. The spectral indices of these events are consistent with those found in previous studies of GLE events. Simulations using the WSA-ENLIL+Cone model indicate that the observing spacecraft was magnetically connected to both the event coronal mass ejection (CME) and a preceding CME during the hard spectrum events. This may suggest a favorable configuration for the generation of extreme SEP events and/or GLEs. 4 Jun 2011, 7 Mar 2012, 23 Jul 2012, 1 Sep 2014, 14 Dec 2014

3D propagation of relativistic solar protons through interplanetary space

S. Dalla, G. De Nolfo, A. Bruno, J. Giacalone, T. Laitinen, S. Thomas, M. Battarbee, M.S. Marsh
A&A        639, A105              2020
https://arxiv.org/pdf/2002.00929.pdf 

https://www.aanda.org/articles/aa/pdf/2020/07/aa37338-19.pdf 

Context. Solar Energetic Particles (SEPs) with energy in the GeV range can propagate to Earth from their acceleration region near the Sun and produce Ground Level Enhancements (GLEs). The traditional approach to interpreting and modelling GLE observations assumes particle propagation only parallel to the magnetic field lines of interplanetary space, i.e. it is spatially 1D. Recent measurements by PAMELA have characterised SEP properties at 1 AU for the ~100 MeV-1 GeV range at high spectral resolution. Aims. We model the transport of GLE-energy solar protons through the Interplanetary Magnetic Field (IMF) using a 3D approach, to assess the effect of the Heliospheric Current Sheet (HCS) and drifts associated to the gradient and curvature of the Parker spiral. The latter are influenced by the IMF polarity. We derive 1 AU observables and compare the simulation results with data from PAMELA. Methods. We use a 3D test particle model including a HCS. Monoenergetic populations are studied first to obtain a qualitative picture of propagation patterns and numbers of crossings of the 1 AU sphere. Simulations for power law injection are used to derive intensity profiles and fluence spectra at 1 AU. A simulation for a specific event, GLE 71, is used to compare with PAMELA data. Results. Spatial patterns of 1 AU crossings and the average number of crossings are strongly influenced by 3D effects, with significant differences between periods of A+ and A- polarities. The decay time constant of 1 AU intensity profiles varies depending on the polarity and position of the observer, and it is not a simple function of the mean free path as in 1D models. Energy dependent leakage from the injection flux tube is particularly important for GLE energy particles, in many cases resulting in a roll-over in the fluence spectrum.  May 17th, 2012
The Solar Eruption of 2017 September 10: Wavy with a Chance of Protons

Curt A. de Koning1,2, V. J. Pizzo2, and Daniel B. Seaton1,3

 2022 ApJ 924 106       File
https://iopscience.iop.org/article/10.3847/1538-4357/ac374d/pdf
High-resolution SUVI images reveal an interesting new picture of particle acceleration in powerful solar eruptions. Typically, powerful solar eruptions include a coronal wave component, as well the traditional CME and flare components. At low solar altitudes, coronal waves refract downward, toward the solar surface, because of the slower Alfvén speeds at the base of the corona. The refracted wave plus the shock wave ahead of an intense CME allow for a two-step shock acceleration process that can result in relativistic or GLE particles. This mechanism may be particularly applicable to the first-to-arrive, prompt relativistic particles measured by the Fort Smith neutron monitor during GLE # 72 on 2017 September 10.

A good Review in Introduction
Spectral properties of large gradual solar energetic particle events – 

II -Systematic Q/M-dependence of heavy ion spectral breaks

M. I. Desai, G. M. Mason, M. A. Dayeh, R. W. Ebert, D. J. McComas, G. Li, C. M. S. Cohen, R. A. Mewaldt, N. A. Schwadron, C. W. Smith

ApJ        828 106           2016

http://arxiv.org/pdf/1605.03922v1.pdf
 We fit the ∼0.1-500 MeV/nucleon H-Fe spectra in 46 large SEP events surveyed by Desai et al. (2016) with the double power-law Band function to obtain a normalization constant, low- and high-energy parameters γa and γb; and break energy EB. We also calculate the low-energy power-law spectral slope γ1. We find that: 1) γa, γ1, and γb are species-independent within a given SEP event, and the spectra steepen with increasing energy; 2) EB's are well ordered by Q/M ratio, and decrease systematically with decreasing Q/M, scaling as (Q/M)α with α varying between ∼0.2-3; 3) α is well correlated with Fe/O at ∼0.16-0.23 MeV/nucleon and CME speed; 4) In most events: α<1.4, the spectra steepen significantly at higher energy with γb-γa>3; and 5) Seven out of 9 extreme SEP events (associated with faster CMEs and GLEs) are Fe-rich, have α>1.4, have flatter spectra at low and high energies with γb-γa<3. The species-independence of γa, γ1, and γb and the systematic Q/M dependence of EB within an event, as well as the range of values for α suggest that the formation of double power-laws in SEP events occurs primarily due to diffusive acceleration at near-Sun CME shocks and not due to scattering in the interplanetary turbulence. In most events, the Q/M-dependence of EB is consistent with the equal diffusion coefficient condition while the event-to-event variations in α are probably driven by differences in the near-shock wave intensity spectra, which are flatter than the Kolmogorov turbulence spectrum but still weaker compared to that inferred for the extreme events.

Table 2: Sampling intervals, spectral indices γa, γb and break energies EB from the Band function fits for H, O & Fe, and power-law exponent, α of the Break energies vs. Q/M for 46 SEP

events in this survey.

Modeling the 10 September 2017 solar energetic particle event using the iPATH model

Zhe-Yi Ding, Gang Li, Jun-Xiang Hu, Shuai Fu
Research in Astronomy and Astrophysics    2020
https://arxiv.org/pdf/2005.02326.pdf   File
On September 10 2017, a fast coronal mass ejection (CME) erupted from the active region (AR) 12673, leading to a ground level enhancement (GLE) event at Earth. Using the 2D improved Particle Acceleration and Transport in the Heliosphere (iPATH) model, we model the large solar energetic particle (SEP) event of 10 September 2017 observed at Earth, Mars and STEREO-A. Based on observational evidence,we assume that the CME-driven shock experienced a large lateral expansion shortly after the eruption, which is modelled by a double Gaussian velocity profile in this simulation. We use the in-situ shock arrival times and the observed CME speeds at multiple spacecraft near Earth and Mars as constraints to adjust the input model parameters. The modelled time intensity profiles and fluence for energetic protons are then compared with observations. Reasonable agreements with observations at Mars and STEREO-A are found. The simulated results at Earth differ from observations of GOES-15. Instead, the simulated results at a heliocentric longitude 20 degree west to Earth fit reasonably well with the GOES observation. This can be explained if the pre-event solar wind magnetic field at Earth is not described by a nominal Parker field. Our results suggest that a large lateral expansion of the CME-driven shock and a distorted interplanetary magnetic field due to previous events can be important in understanding this GLE event.

SEED POPULATION IN LARGE SOLAR ENERGETIC PARTICLE EVENTS AND THE TWIN-CME SCENARIO

Liu-Guan Ding1, Gang Li2, Gui-Ming Le3, Bin Gu1, and Xin-Xin Cao

2015 ApJ 812 171

http://arxiv.org/pdf/1604.05784v1.pdf
It has recently been suggested that large solar energetic particle (SEP) events are often caused by twin coronal mass ejections (CMEs). In the twin-CME scenario, the preceding CME provides both an enhanced turbulence level and enhanced seed population at the main CME-driven shock. In this work, we study the effect of the preceding CMEs on the seed population. We examine event-integrated abundance of iron to oxygen ratio (Fe/O) at energies above 25 MeV/nuc for large SEP events in solar cycle 23. We find that the Fe/O ratio (normalized to the reference coronal value of 0.134) ≤2.0 for almost all single-CME events and these events tend to have smaller peak intensities. In comparison, the Fe/O ratio of twin-CME events scatters in a larger range, reaching as high as 8, suggesting the presence of flare material from perhaps preceding flares. For extremely large SEP events with peak intensities above 1000 pfu, the Fe/O ratios drop below 2, indicating that the seed particles are dominated by coronal material rather than flare material in these extreme events. The Fe/O ratios of ground level enhancement (GLE) events, which are all twin-CME events, scatter in a broad range. For a given Fe/O ratio, GLE events tend to have larger peak intensities than non-GLE events. Using velocity dispersion analysis, we find that GLE events have lower solar particle release heights than non-GLE events, agreeing with earlier results by Reames.

Table 1: The properties of the large SEP events (solar cycle 23)
On the identification of time interval threshold in the twin-CME scenario†

Liu-Guan Ding1, Gang Li2,*, Li-Hua Dong3, Yong Jiang4, Yi Jian4, Bin Gu

JGR, Volume 119, Issue 3, pages 1463–1475, March 2014
http://arxiv.org/pdf/1604.05786v1.pdf
Recently it has been suggested that the “twin-CME” scenario [Li et al., 2012] may be a very effective mechanism in causing extreme Solar Energetic Particle (SEP) events and in particular Ground Level Enhancement (GLE) events. Ding et al. (2013) performed a statistical examination of the twin-CME scenario with a total of 126 fast and wide western Coronal Mass Ejections (CMEs). They found that CMEs having a preceding CME with a speed > 300 km/s within 9 hours from the same active region have larger probability of leading to large SEP events than CMEs that do not have preceding CMEs. The choice of 9 hours being the time lag τ between the preceding CME and the main CME was based on some crude estimates of the decay time of the turbulence downstream of the shock driven by the preceding CME. In this work, we examine this choice. For the 126 fast wide CMEs examined in [Ding et al., 2013], we vary the time lag τ from 1 hour to 24 hours with an increment of 1 hour. By considering three quantities whose values depend on the choice of this time lag τ, we show that the choice of 13 hours for τ is more appropriate. Our study confirms our earlier result that twin CMEs are more likely to lead to large SEP events than single fast CMEs. The results shown here are of great relevance to space weather studies.

Table 1. The onset times of the corresponding preceding CMEs within 24 hours of main CMEs.
Duration and Fluence of Major Solar Energetic Particle (SEP) Events

Kazi A. Firoz, W. Q. Gan, Y. P. Li, J. Rodríguez-Pacheco & L. I. Dorman 

Solar Physics volume 297, Article number: 71 (2022) 

https://doi.org/10.1007/s11207-022-01994-7
To understand solar energetic particle (SEP) events and their acceleration processes, it is important to study the SEP properties, e.g. duration and fluence. In this work, we analyzed the temporal evolution of fluxes [cm−2 sr−1 s−1] of >10, >30, and >60 MeV protons and the temporal and spectral evolution of electromagnetic-radiation components for 34 major SEP events that include 13 ground-level enhancement (GLE)-SEP and 21 non-GLE-SEP events, and then determined their possible onset and end times [UT], their duration [hours], and fluence [cm−2 sr−1]. It is observed that the temporal fluxes of >30 MeV protons can sometimes be utilized for those of the fluxes of >10 MeV protons. Correspondence between SEP duration and fluence demonstrates the dependence of fluence on duration that helps distinguish the typical and atypical SEP events. For instance, for the >10 MeV protons, correspondence between the duration and fluence exhibited a weaker correlation (r≈r≈ 0.78; pp<0.002) during the 13 GLE-SEPs than that (r≈r≈ 0.83; pp<0.0001) during the 21 non-GLE-SEPs, revealing a few GLE-SEPs with disproportionate comparability. During the 13 GLE-SEPs, correspondence between the SEP duration and fluence for >30 MeV protons exhibited a stronger correlation (r≈r≈ 0.82; pp<0.0006) than that (r≈r≈ 0.78; pp<0.002) for the >10 MeV protons, indicating that the temporal window of >30 MeV protons is sometimes more appropriate for obtaining a reasonable duration of SEPs. Accordingly, when the temporal window of flux of >30 MeV protons is utilized for that of the >10 MeV protons, the correlation increased significantly (r≈r≈ 0.86; pp<0.0002) during the 13 GLE-SEPs.

On the possible mechanism of the first ground level enhancement in cosmic ray intensity of solar cycle 24

Firoz, Kazi A.; Gan, W. Q.; Li, Y. P.; Rodriguez-Pacheco, J.

Astrophysics and Space Science, Volume 350, Issue 1, pp.21-32, 2014
We have carried out this work to comprehend the possible mechanisms of the first ground level enhancement (GLE71 17 May 2012 01:50 UT) in cosmic ray intensity of the solar cycle 24. For this, the cosmic ray intensities registered by neutron monitors at several sites have been analyzed and studied with concurrent solar flares of different energy channels. To assess empirically whether the GLE might have been caused by the energy released from solar flare or CME-driven shock, we identify the possible time line in terms of the lowest spectral index determined from proton fluxes. If the GLE is caused by the energy released from particle acceleration in solar flare, the intensive phase of the flare representing the extreme emission should exist within/around the possible time line. In this respect, it is observed that the possible time line lies within the prominent phase of CME-driven shock. For better understanding, we have checked the possible relativistic energy with respect to solar flare as well as CME-driven shock. As witnessed, if the extreme emission phase of the flare is considered as the reason for the causation of GLE peak, the flare components procured insufficient amount of energy (≤˜0.085 GeV) to produce a GLE. If the extreme emission phase of the flare is also considered as the dominator along GLE onset, the possible energy procurement (≤˜0.414 GeV) is still not adequate to produce a GLE. In contrast, the CME-driven shock is capable of procuring enough possible relativistic energy (≥˜1.21 GeV) that is sufficient amount of the energy for a GLE production. Any amount of the energy (<0.414 GeV) released from preceding flare components is supposed to have been contributed to the shock process. Thus, it is assumed that the GLE71 was possibly caused by the energy released from the shock acceleration, which might have been boosted by the energy emanated from preceding flare.

On the relationship between ground level enhancement and solar flare

Firoz, K. A.; Moon, Y.-J.; Cho, K.-S.; Hwang, J.; Park, Y. D.; Kudela, K.; Dorman, L. I.

Journal of Geophysical Research, Volume 116, Issue A4, CiteID A04101, 2011
We made an effort to understand the associations and relationships between ground level enhancement (GLE) events and solar flares for the time period of 1986-2006. Our results show that, on average, the GLE event-associated solar flare (˜0.2 × 10-4 W/m2) is much stronger than the non-GLE-associated solar flare (˜0.3 × 10-5 W/m2). The findings have also been supported by the solar flare indices that, on average, the GLE event-associated solar flare index (˜35.01) is much higher than the non-GLE-associated solar flare index (˜4.88). However, this association does not seem to precisely imply that GLEs can occur because of a solar flare, so we examined cross correlations between GLE events and simultaneous solar flares. We found that most (˜78%) of the highest correlations (r > 0.8) took place during an X class flare. There is no clear indication that the more the time lag, the less or more is the correlation or vice versa. Overall, 50% of the high correlations took place at higher time lag (≥65 min), and ˜36% of the high correlations took place at lower time lag (≤40 min), while the rest (˜14%) of the correlations were abruptly high and low at medium time lag (>40 and <65 min). On the basis of the results of cross correlations, we suggest that the intensive portions of solar flares should be responsible for causing GLEs and that the direct proportionality of the time-integrated intensive portion of a flare with the impulsive phase of a GLE event seems to be the main property for comprehending the mechanism.

Relationship of ground level enhancements with solar, interplanetary and geophysical parameters

Firoz, K. A.; Hwang, J.; Dorotovič, I.; Pintér, T.; Kaushik, Subhash C.

Astrophysics and Space Science, Volume 331, Issue 2, pp.469-484, 2011
Cosmic rays registered by Neutron Monitor on the surface of the Earth are believed to originate from outer space, and sometimes also from the exotic objects of the Sun. Whilst the intensities of the cosmic rays are observed to be enhanced with sudden, sharp and short-lived increases, they are termed as ground level enhancements (GLEs). They are the occurrences in solar cosmic ray intensity variations on short-term basis, so different solar factors erupted from the Sun can be responsible for causing them. In this context, an attempt has been made to determine quantitative relationships of the GLEs having peak increase >5% with simultaneous solar, interplanetary and geophysical factors from 1997 through 2006, thereby searching the responsible factors which seem to cause the enhancements. Results suggest that GLE peaks might be caused by solar energetic particle fluxes and solar flares. The proton fluxes which seemed to cause GLE peaks were also supported by their corresponding fluences. For most of the flares, the time integrated rising portion of the flare emission refers to the strong portion of X-ray fluxes which might be the concern to GLE peak. On an average, GLE peak associated X-ray flux (0.71×10-4 w/m2) is much stronger than GLE background associated X-ray flux (0.11×10-6 w/m2). It gives a general consent that the GLE peak is presumably caused by the solar flare. Coronal mass ejection alone does not seem to cause GLE. Coronal mass ejection presumably causes geomagnetic disturbances characterized by geomagnetic indices and polarities of interplanetary magnetic fields.

Erratum to: Relationship of ground level enhancements with solar, interplanetary and geophysical parameters

Astrophysics and Space Science, Volume 332, Issue 1, pp.219-219, 2011
The Common Origin of High-energy Protons in Solar Energetic Particle Events and Sustained Gamma-ray Emission from the Sun

N. Gopalswamy, S. Yashiro, P. Makela, H. Xie, S. Akiyama
ApJ     915 82    2021
https://arxiv.org/ftp/arxiv/papers/2105/2105.01206.pdf
https://iopscience.iop.org/article/10.3847/1538-4357/ac004f/pdf
https://doi.org/10.3847/1538-4357/ac004f
We report that the number of > 500 MeV protons (Ng) inferred from sustained gamma ray emission (SGRE) from the Sun is significantly correlated with that of protons propagating into space (NSEP) as solar energetic particles (SEPs). Under the shock paradigm for SGRE, shocks driven by coronal mass ejections (CMEs) accelerate high-energy protons sending them toward the Sun to produce SGRE by interacting with the atmospheric particles. Particles also escape into the space away from the Sun to be detected as SEP events. Therefore, the significant NSEP vs. Ng correlation (correlation coefficient 0.77) is consistent with the common shock origin for the two proton populations. Furthermore, the underlying CMEs have properties akin to those involved in ground level enhancement (GLE) events indicating the presence of high-energy (up to GeV) particles required for SGRE. We show that the observed gamma-ray flux is an underestimate in limb events (central meridian distance > 60 degrees) because SGRE sources are partially occulted when the emission is spatially extended. With the assumption that the SEP spectrum at the shock nose is hard and that the 100 MeV particles are accelerated throughout the shock surface (half width in the range 60 to 120 degrees) we find that the latitudinal widths of SEP distributions are energy dependent with the smallest width at the highest energies. Not using the energy-dependent width results in an underestimate of NSEP in SGRE events occurring at relatively higher latitudes. Taking these two effects into account removes the apparent lack of NSEP - Ng correlation reported in previous studies.  2011/03/07, 2011/06/07, 2011/08/04, 2011/08/09, 2011/09/06, 2012/01/23, 2012/01/27, 2012/03/07, 2012/05/17, 2012/07/07, 2013/04/11, 2013/10/28, 2014/02/25, 2014/09/01

Table 1. CME, Flare, and SEP properties of SGRE events
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Extreme space weather events including ≥X5.0 flares, ground level enhancement (GLE) events and super geomagnetic storms (Dst ≤ -250 nT) caused by super active regions (SARs) during solar cycles 21-24 were studied. The total number of ≥X5.0 solar flares was 62, 41 of them were X5.0-X9.9 flares and 21 of them were ≥X10.0 flares. We found that 83.9\% of the ≥X5.0 flares were produced by SARs. 78.05\% of the X5.0-X9.9 and 95.24\% of the ≥X10.0 solar flares were produced by SARs. 46 GLEs registered during solar cycles 21-24, and 25 GLEs were caused by SARs, indicating that 54.3\% of the GLEs were caused by SARs. 24 super geomagnetic storms were recorded during solar cycles 21-24, and 12 of them were caused by SARs, namely 50\% of the super geomagnetic storms are caused by SARs. It is found that only 29 SARs can produce ≥X5.0 flares, 15 SARs can produce GLEs and 10 SARs can produce super geomagnetic storms. Of the 51 SARs, only 33 SARs can produce at least one extreme space weather event, while none of the rest 18 SARs can produce an extreme space weather event. There were only 4 SARs, each of them can produce not only a ≥X5.0 flare, but also a GLE event and a super geomagnetic storm. Most of the extreme space weather events caused by the SARs appeared during solar cycles 22 and 23, especially for GLE events and super geomagnetic storms. The longitudinal distributions of source locations for the extreme space weather events caused by SARs were also studied.  28-30, October 2003

Table 1: The flares with intensities ≥X5.0 caused by SARs during solar cycles 21-24.

Table 2: The GLE events caused by SARs during solar cycles 21-24.

Table 3: The SGSs and the related ARs during solar cycles 21-24.
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и поиском ищи GLE

