Contrib. Astron. Obs. Skalnaté Pleso 48, 329 – 338, (2018)

Some characteristics of the GLE

on 10 September 2017

V. Kurt^1, A. Belov^2, K. Kudela^{3,4} and B. Yushkov^1 1 Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, 119991, Russian Federation, 2 IZMIRAN, Troitsk, Russian Federation, 3 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovakia,(E-mail: kkudela@saske.sk) 4 Nuclear Physics Institute of the CAS, Řež, Czech Republic

Received: January 26, 2018; Accepted: April 3, 2018

Abstract. We present a short overview of the event associated with the recent strong solar flare on 10 September 2017 (X8.2) 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 the release time of sub-relativistic protons into open field lines as 15:53 – 15:55 UT.

Key words: solar flare – solar proton event – ground level enhancement

1. Introduction

The flux of high-energy protons arriving at 1 AU is associated with an energy release in a solar eruptive event and/or with the consecutive acceleration via a coronal mass ejection (CME). Solar Proton Events (SPE) or Ground Level Enhancements (GLE), are observed directly over a long time, most probably since the events on 28 February and 7 March 1942 when they were identified by Forbush (1946) and named later as GLE 1 and 2, respectively. Reviews on solar proton events and on GLEs can be found, e.g., in papers by Shea & Smart (1990) and Moraal & McCracken (2012). The GLEs, which are important also for radiation dose at the airplane altitude, are analyzed according to data of a neutron monitor (NM) network (e.g., Mishev et al., 2014). Radiation hazard alerts are based also on the NM data if available in real time with high time resolution (e.g., Souvatzoglou et al., 2014).

Altogether, during the systematic investigation of GLEs, 72 events were recorded (see, e.g., Belov et al., 2010; Poluianov et al., 2017; the GLE database at the University of Oulu). The real time database for high resolution neutron monitor measurements (NMDB) is accessible at http://www.nmdb.eu and described, e.g., by Mavromichalaki et al. (2011).

A low-energy threshold of particles, detected by high-latitude neutron monitors, is ≈ 450 MeV (this threshold is specified by atmospheric absorption), but an effective energy exceeds 600 – 700 MeV. Minimal detected energy for a medium and low-latitude NM is even higher; it is determined by the geomagnetic cutoff rigidity. There is no doubt that GLEs are connected with powerful solar eruptive events, but it is still debated whether protons responsible for the beginning of GLEs and high-energy SPEs are accelerated directly during a flare energy release or later when a shock wave propagates in the upper corona. Particle propagation in the interplanetary magnetic field (IMF) is a complex process controlled by a variety of factors. Angular separation of a site of observation (the Earth) and a source on the Sun affects this propagation (e.g., Kallenrode & Wibberenz, 1990; Tylka & Lee, 2006; Gopalswamy et al., 2013; Plotnikov et al., 2017). In addition, the magnetospheric transmissivity has to be included to interpret correctly the ground based measurements. SPE observations up to proton energies of ≈ 700 MeV onboard GOES satellites allowed us to compare a time profile of each GLE obtained from data of the NM network with time profiles of high-energy proton fluxes observed in the outer magnetosphere where shielding by the geomagnetic field is very slight.

Here we present and discuss the recent GLE associated with a major eruptive event on 10 September 2017 that occurred in the active region NOAA 12673 near the west solar limb (S05W88) with X8.2 importance (GOES-13).

2. Data

Let us consider the anisotropy at the beginning of the event. Usually the anisotropy is best clarified by comparison of count rates of northern and southern near-polar NMs. The asymptotic directions of NMs at high latitudes (not truly polar stations) have a rather narrow cone of acceptance in the longitude extent and they are collecting cosmic ray (CR) charged particles from regions near the equator. The ring of such stations is used for space weather studies (Spaceship Earth; Bieber & Evenson, 1995). During a rather long time period, there was a pair of NMs looking towards north and towards south, namely Thule and McMurdo (by asymptotic directions indicated in Spaceship Earth). The NM installed at McMurdo has recently been moved by 200 km and is now operating as a Korean Jang Bogo NM.

The comparison of the count rate of these polar NMs is presented in Figure 1. This comparison did not reveal any north-south anisotropy. All highlatitude NMs situated at altitudes near the sea level have approximately the same dependence of the count rate on energy of primary CRs. They should display almost the same increases caused by solar CRs, if the effect is the isotropic one. There is a lot of such NM stations – it is mostly an extended group of ground based CR detectors. However, just 11 suitable stations have been found

Figure 1. The count rate variation of northern (Thule) and southern (Jang Bogo) neutron monitors during the event on 10 September 2017. The variation is normalized to the average for one hour before the start of the GLE (14 – 15 UT).

in NMDB so far. Their nominal vertical geomagnetic cut-off rigidities R_c are < 1.4 GV and the standard atmospheric pressure is > 980 mbar.

We have averaged those ”single-type” data from various NMs (see Figure 2). For the averaged variation the statistical error is decreasing at least four times in comparison with 1-minute data of a typical NM. The main feature of the data is their rather high statistical error with the value above 1%. The increase is well pronounced, however details are not easy to interpret. It was assumed that the 10 September 2017 GLE was isotropic from its very beginning. However, we can see that this was not the case. It is probable that it was a break through to the Earth of a very narrow stream of accelerated particles which was observed by a single NM Fort Smith (FSMT). Asymptotic cones of Thule, McMurdo (approximately the same for Jang Bogo) and of Fort Smith can be found in the paper by Kuwabara et al. (2006). The FSMT NM, being one of stations of Spaceship Earth, has < 20^∘ extent of asymptotic longitudes and its asymptotic latitudes are close to the equator (Figure 2 in Kuwabara et al., 2006). The fact that this NM is the only one which shows rather high increase among highlatitude stations indicates anisotropy of the GLE 72 in the first phase of its detection by NMs.

The different course of two temporal profiles of variations indicates the anisotropy of solar CR. The anisotropy was sufficiently high within the first hour of the event, which is typical for GLEs.

Figure 3 displays time profiles of the count rate observed by three middlelatitude NMs. The count rate profiles of Irkutsk (IRK3) and Lomnický Štít

Figure 2. Averaged variations of the count rate of high-latitude neutron monitors on 10 September 2017 (two minute averages, the smoothed line, Fort Smith is excluded) and variation at the NM Fort Smith (points).

(LMKS) with almost similar cut-off rigidities situated at different longitudes (by ≈ 85^∘), indicate that anisotropy in the initial stage of GLE was clearly visible at higher energies. Although the middle-latitude NMs have a rather large extent of asymptotic longitudes, the estimate of differences between the range of asymptotics of the IRK3 and of LMKS can be seen from Figure 3 (panels a and d) in Tezari et al. (2016). While for IRK3 the spread of asymptotic longitudes is situated between 120^∘ and ≈ 260^∘, for LMKS it is situated between ≈ 40^∘ and 180^∘. Thus different time profiles of increases at two mid-latitude NMs probably indicate GLE 72 anisotropy which requires inclusion of more NMs and discussion of the pitch-angle distribution with respect to IMF. Here we selected two mid latitude NMs where some increase was observed from GLE 72. A small variation of the count rate of Almaty NM (AATB), where the cut-off rigidity is equal to 6.69 GV, indicates that the maximum energy of accelerated protons most probably reached 6 GeV.

Figure 4 presents the temporal variation at the NM where, unlike the other high latitude NMs, the increase was observed already at about 16:05 – 16:08 UT. We compared this variation with the flux of solar cosmic rays in the 510 – 700 MeV energy range (data of the GOES-13 satellite). GOES data indicate the onset time between 16:05 – 16:10 UT. Thus we can say with confidence that the first SPE particles arrived to 1 AU within the 16:06 – 16:08 UT interval.

Figure 3. Variations of the count rate at selected middle-latitude stations.

Figure 4. The count rate at NM Fort Smith (the black curve) and the flux of SPE protons with energies of 510 – 700 MeV (data of GOES-13 – the gray histogram).

3. Discussion and summary

The amplitude of this GLE associated with the 10 September 2017 (X8.2) flare which occurred at the western limb of the Sun, was relatively low – a slight increase with approximately 6 – 7%. Figure 5 presents a scatter plot of the maximum GLE increases observed on the ground since 30 April 1976 (GLE27) versus the maximum flux of SPE at the energy > 100 MeV (P100) observed on satellites (IMP and GOES data). The regression curve can be described as

lg(GLE) = (−0.06 ± 0.07) + (0.84 ± 0.11) lg(P 100) . (1)

The event on 10 September 2017 is located within the diagram of the scatter plot, although relation of the GLE with respect to SPE is situated at the lower envelope of all events. This event is 5 − 6σ smaller than the average value indicated by curve (1). However, it is not the unique case among GLEs. There is a group of GLEs with rather soft energy spectra. Such types of spectra have been observed on 30 April 1976, 19 September 1977, 10 April 1981, 10 May 1981, 11 February 1992, 11 April 2001, and 17 January 2005 GLEs.

Figure 5. Dependence of the maximum increase of GLE on the maximum flux of protons with energy > 100 MeV for various GLEs. The black point corresponds to the GLE on 10 September 2017. The point in the upper right corner corresponds to the GLE on 20 January 2005. The linear fit is described by Equation (1).

Maximum of the event was observed within 17:30 – 18:00 UT interval. No north-south anisotropy was found in the event. However, at the beginning of the increase, a considerable longitudinal asymmetry was revealed, according to the difference between temporal behavior of the NM Fort Smith variation and the averaged variation of other high-latitude NMs count rate. Given the different profiles of NMs IRK3 and LMKS (East-West), the longitudinal asymmetry is most probably imprinted at higher rigidities too, at least at > 3.6 GV.

It is supposed that GLE particles are accelerated at the front of the shock wave created in the solar corona during propagation of a CME (see, e.g., Ryan et al., 2000; Yashiro et al., 2004; Kumari et al., 2017). Another hypothesis is that the first high-energy protons arriving to the Earth’s orbit are accelerated during the time when the essential energy amount in the flare was released. It is assumed that particle acceleration and subsequent plasma heating are closely connected with the energy release resulting from magnetic reconnection (see, Fletcher et al., 2011; Zharkova et al., 2011). Both the process of the proton acceleration caused by the most intensive reconnection and the process of the acceleration caused by the shock wave should last for a certain period of time. We do not prefer either of these models.

Observations of the pion-decay emission during a solar eruptive event provide incontestable evidence of the proton acceleration up to high energies (>

300 MeV) and following interaction with the dense medium (Ramaty & Murphy, 1987; Vilmer et al., 2011). When high-energy protons interact with matter, the pion-decay gamma-rays are emitted almost instantaneously. Fermi/LAT observed the onset of the high-energy emission (E_γ > 100 MeV) at ≈15:58 UT (G. Share, private communication). This experimental fact means that the accelerated protons could not escape the Sun earlier than at 15:50 UT.

On the other hand, given the observed time (16:06 – 16:08 UT) of 600 MeV SPE particles appearance at the Earth orbit, we can estimate the latest moment of particle release from the Sun. Suppose that these protons with v ≊ 0.8c propagated along the shortest IMF line L ≈ 1.2 AU. The propagation time is about 750 s, and consequently protons arrived to the Earth 250 – 300 s later than any neutral emission. In other words, these particles escaped the Sun vicinity not later than 15:53 – 15:55 UT.

It should be noted that in most events there are some uncertainties: a) of the time of recording the onset of acceleration by the observed onset of the highenergy gamma-emission E_γ > 100 MeV; b) exact knowledge of energies (velocities) of the protons responsible for the onset of the increase. These uncertainties allow to determine the escaping time interval of GLE particles into interplanetary space with several minutes accuracy. Let us consider the 20 January 2005 flare and GLE associated with it which has almost 100% anisotropy and the amplitude of 6000%. The first protons arrived to the Earth at 06:48:30 UT ±30 s (above 5σ level). We compare this time with the time of appearance of the piondecay emission, measured by CORONAS/SONG during the impulsive phase of the 20 January 2005 flare (Grechnev et al., 2008; Masson et al., 2009; Kurt et al., 2013). Even if the energy of the particles exceeded 10 GeV, and they arrived to the Earth along the shortest possible trajectory L ≈ 1.1 AU, they had to leave the Sun at ≈ 06:38 – 06:39 UT. The beginning of the pion-decay emission was observed by CORONAS/SONG at 06:44:40 UT, and strong increase started from 06:45:30 ±5 s. Taking into account a photon propagation time we obtain that proton acceleration began within 06:36:40 – 06:37:40 UT. Thus, even in this event, with fairly accurate measurements of the onset of sub-relativistic proton acceleration on the Sun and the beginning of the GLE, it is possible to identify the time of particle release from the Sun with the accuracy of 3 – 4 minutes.

Acknowledgements. The authors wish to acknowledge Dr. G. Share for the high energy gamma-ray data, PIs of all neutron monitors (http://www.nmdb.eu), whose data are used in the paper, and GOES data providers. KK wishes to acknowledge support of the grant agency APVV project APVV-15-0194 and VEGA 2/0155/18. This paper was supported by the project CRREAT (reg. CZ.02.1.01/0.0/0.0/15003/0000481) call number 02 15 003 of the Operational Programme Research, Development and Education. The authors are thankful to an anonymous reviewer and the CAOSP editor for their help in improving the paper.

References

Belov, A., Eroshenko, E., Kryakunova, O., Kurt, V., & Yanke, V., Ground level enhancements of solar cosmic rays during the last three solar cycles. 2010, Geomagnetism and Aeronomy, 50, 21, DOI: 10.1134/S0016793210

Bieber, J. W. & Evenson, P., Spaceship Earth - An Optimized Network of Neutron Monitors. 1995, Proc. 24th International Cosmic Ray Conference (Rome), 4, 1316

Fletcher, L., Dennis, B., Hudson, H., et al., An observational overview of solar flares.

2011, Space Sci. Rev., 159, 19, DOI: 10.1007/s11214-010-9701-8

Forbush, S., Three unusual cosmic-ray increases possibly due to charged particles from the Sun. 1946, Physical Review, 70, 771, DOI: org/10.1103/PhysRev.70.771

Gopalswamy, N., Xie, H., Makela, P., et al., Height of shock formation in the solar corona inferred from observations of type II radio bursts and coronal mass ejections. 2013, Adv. Space Res., 51, 1981, DOI: 10.1016/j.asr.2013.01.006

Grechnev, V., Kurt, V., Chertok, I., et al., An extreme solar event of 20 January 2005:

properties of the flare and origin of energetic particles. 2008, Sol. Phys., 252, 149, DOI: 10.1007/s11207-008-9245-1 Kallenrode, M.-B. & Wibberenz, G., Influence of Interplanetary Propagation on Particle Onsets. 1990, Proc. 21st International Cosmic Ray Conference (Adelaide), 5, 229 Kumari, A., Ramesh, R., Kathiravan, C., & Gopalswamy, N., New evidence for a coronal mass ejection-driven high frequency type II burst near the Sun. 2017, Astrophys. J., 843, article id. 10, DOI: 10.3847/1538-4357/aa72e7

Kurt, V., Kudela, K., Yushkov, B., & Galkin, V., On the onset time of several SPE/GLE events: Indications from high-energy gamma-ray and neutron measurements by CORONAS-F. 2013, Advances in Astronomy, 2013, Article ID 690921, DOI: 10.1155/2013/690921 Kuwabara, K., Bieber, J., Clem, J., et al., Real-time cosmic ray monitoring system for space weather. 2006, Space Weather, 4, S08001, DOI: 10.1029/2005SW000204

Masson, S., Klein, K.-L., Butikofer, R., et al., Acceleration of relativistic protons during the 20 January 2005 flare and CME. 2009, Sol. Phys., 257, 305, DOI: 10.1007/s11207-009-9377-y Mavromichalaki, H., Papaioannou, A., Plainaki, C., & et al., Applications and usage of the real-time Neutron Monitor Database. 2011, Adv. Space Res., 47, 2210, DOI: 10.1016/j.asr.2010.02.019

Mishev, A., Kocharov, L., & Usoskin, I., Analysis of the ground level enhancement on 17 May 2012 using data from the global neutron monitor network. 2014, J. Geophys. Res., 119, 670, DOI: 10.1002/2013JA019253

Moraal, H. & McCracken, K., The time structure of ground level enhancements in solar cycle 23. 2012, Space Sci. Rev., 171, 85, DOI: 10.1007/s11214-011-9742-7

Plotnikov, I., Rouillard, A., & Share, G., The magnetic connectivity of coronal shocks from behind-the-limb flares to the visible solar surface during γ-ray events. 2017, Astron. Astrophys., 608, A43, DOI: 10.1051/0004-6361/201730804

338 V. Kurt, A. Belov, K. Kudela and B. Yushkov

Poluianov, S., Usoskin, I., Mishev, A., Shea, M., & Smart, D., GLE and Sub-GLE redefinition in the light of high-altitude polar neutron monitors. 2017, Sol. Phys., 292, 176, DOI: 10.1007/s11207-017-1202-4

Ramaty, R. & Murphy, R., Nuclear processes and accelerated particles in solar flares.

1987, Space Sci. Rev., 45, 213 Ryan, J. M., Lockwood, J., & Debrunner, H., Solar energetic particles. 2000, Space Sci. Rev., 93, 35, DOI: 10.1023/A:1026580008909 Shea, M. & Smart, D., A summary of major solar proton events. 1990, Sol. Phys., 127, 297 Souvatzoglou, G., Papaioannou, A., Mavromichalaki, H., Dimitroulakos, J., & Sarlanis, C., Optimizing the real-time ground level enhancement alert system based on neutronmonitor measurements: Introducing GLE Alert Plus. 2014, Space Weather, 12, 633, DOI: 10.1002/2014SW001102

Tezari, A., Mavromichalaki, H., Katsinis, D., et al., Latitudinal and longitudinal dependence of the cosmic ray diurnal anisotropy during 2001-2014. 2016, Ann. Geophys., 34, 1053, DOI: 10.5194/angeo-34-1053-2016

Tylka, A. & Lee, M., A model for spectral and compositional variability at high energies in large, gradual Solar Particle Events. 2006, Astrophys. J., 646, 1319

Vilmer, N., MacKinnon, A., & Hurford, G., Properties of energetic ions in the solar atmosphere from gamma-ray and neutron observations. 2011, Space Sci. Rev., 159, 167, DOI: 10.1007/s11214-010-9728-x

Yashiro, S., Gopalswamy, N., Cliver, E., et al., Association of coronal mass ejections and type II radio bursts with impulsive solar energetic particle events. 2004, in ASP Conf. Ser., Vol. 325, The Solar-B Mission and the Forefront of Solar Physics, ed. N. Sakurai & N. Sekii, 401 Zharkova, V., Arzner, K., Benz, A., et al., Recent advances in understanding particle acceleration processes in solar flares. 2011, Space Sci. Rev., 159, 357, DOI: 10.1007/s11214-011-9803-y