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Abstract. With the developed by the authors of a ground
level enhancements events (GLE) modeling technique, the
modeling study of 35 large GLEs for the period 1956 – 2006
has been carried out. The basic characteristics of relativistic
solar protons (RSP) are obtained: a rigidity (energetic) spec-
trum, anisotropy axis direction, and pitch angle distributions
for each event. It is shown that in nearly all events there ex-
isted two components (population) of relativistic solar par-
ticles: prompt and delayed. The prompt component (PC)
prevails in the beginning of the event. It is characterized by
an impulsive profile, strong anisotropy and exponential en-
ergetic spectrum. The delayed component (DC) dominates
during maximum and decline phases of the events. It has a
gradual intensity profile, moderate anisotropy and a power
law energetic spectrum. The analysis of the large number
GLE shows the value of a characteristic energy in the expo-
nential spectrum of PC has rather stable meaning∼ 0.5 GeV
and well agrees with the spectrum of protons accelerated in
an electric field arising during the magnetic reconnection in
the solar corona. The value of a spectral exponent of the
power law spectrum of DC is distributed from 4 up to 6 with
most at 5. This is close to the simulated spectrum arising
in the process of stochastic acceleration in turbulent solar
plasma.

1 Introduction

The study of 35 large ground level enhancements (GLEs)
during the period of 1956 – 2006 has been carried out
with the GLE modeling technique developed by the authors
(Vashenyuk et al., 2009). The GLE modeling technique al-
lows derivation of the basic characteristics of the relativistic
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solar protons (RSP) from the data of the worldwide network
of neutron monitors. These are: rigidity (energy) spectrum,
direction of anisotropy axis, and pitch angle distributions.

Dynamics of these parameters in each event were studied.
It is shown that in nearly all events there existed two compo-
nents (populations) of relativistic solar particles: prompt and
delayed ones.

The prompt component (PC) prevails in the beginning of
the event. It is characterized by an impulsive profile, a strong
anisotropy and an exponential energetic spectrum. The de-
layed component (DC) dominates during maximum and de-
cline phases of the events. It has a gradual intensity profile, a
moderate anisotropy and a power law energy spectrum. The
averaged parameters of the PC and DC spectra and their pos-
sible connection to probable mechanisms of acceleration on
the Sun were studied. The acceleration by electric field in the
region of magnetic reconnection for the PC and the stochas-
tic acceleration in the turbulent plasma for the DC are con-
sidered the most probable of these mechanisms.

2 GLE modeling technique

Parameters of the primary solar protons outside the magneto-
sphere can be obtained by modeling the responses of the neu-
tron monitors (NM) to an anisotropic solar proton flux and
comparing them with the NM observations (e.g.Smart et al.,
1971; Shea and Smart, 1982; Cramp et al., 1997; Vashenyuk
et al., 2006b, 2009). This kind of analysis requires data of no
less than 25−30 NM stations, and it consists of a few steps:

1. Definition of asymptotic viewing cones of the NM sta-
tions under study by the particle trajectory computations
in a model magnetosphere (with a step in rigidity of
0.001 GV). The magnetosphere model of Tsyganenko
(2002) was employed.
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Fig. 1. (a) Increase profiles on the neutron monitor stations Mc-
Murdo (McM) and Apatity (Ap) during the GLE on 20 January
2005. Arrows mark times when the prompt component (PC) (1) and
delayed component (DC) (2) is dominated.(b),(c) the derived ener-
getic spectra of RSP: 1 is the spectrum of PC and 2 is the spectrum
of DC. Points indicate the direct solar proton data from balloons
launched in Apatity (filled circles) and GOES-11 (squares)

2. Calculation of the NM responses with variable primary
solar proton flux parameters.

3. Application of the least square procedure (optimization)
for determining primary solar proton parameters (en-
ergy spectrum, anisotropy axis direction, pitch-angle
distribution) outside the magnetosphere by comparison
of computed NM responses with observations.

In this paper we will concentrate on the energy spectra of
solar protons. The details of our GLE modeling technique
can be found inVashenyuk et al.(2009). As an example of
GLE modeling analysis application, we consider an event of
20 January 2005.

3 The GLE No 69 of 20 January 2005

The event was connected to a solar flare 2B/X7.1, helio-
coordinates N14 W61, which occurred at 06:44 UTC (type
II radio onset). An onset of pion-decay gamma-ray emis-
sion > 100 MeV signaling on appearance of protons with
Ep∼ 300 MeV was detected at 06:45:34± 4 s by the SONG
instrument at the CORONAS-F spacecraft (Kurt et al., 2010).
It agrees with the arrival time 06:49 UTC of the first parti-
cles, taking into account an approximate propagation time
∼ 11 min of the prompt component protons.

The GLE No 69 was the largest RSP event in intensity
since the famous GLE No 5 of 23 February 1956. Figure 1(a)
shows the intensity profiles of the two ground based neutron
monitor (NM) stations: McMurdo (Antarctica) and Apatity.

Fig. 2. Statistical distribution of parameter E0 of the PC exponential
spectrum

One can see a short-lived and very intense peak in the pro-
file of the McMurdo NM, which is caused by the so-called
prompt component of relativistic solar protons. The smooth
profile of the Apatity station belongs to the so-called delayed
component (Vashenyuk et al., 2006a,b). Parameters of RSP
were obtained with the modeling technique from the data of
36 NM stations of the worldwide network (Vashenyuk et al.,
2006b). Energetic spectra of RSP derived for moments 1
and 2 are shown in Fig. 1(b) and(c). The spectrum of PC (I)
obtained during a short-lived intense peak has exponential
dependence on energy (a straight line in the semi-log scale in
Fig. 1(c)):

J = J0exp(−E/E0). (1)

The spectrum of DC (2) obtained at the decline phase of the
event has a power-law form (a straight line in a log-log scale
in Fig. 1(b)):

J = J1E
−γ (2)

where E,E0 are measured in GeV andJ0,J1 in
(m2 s st Gev)−1. Accordingly, the parameters of the expo-
nential PC spectrum (1) for the GLE of 20 January 2005
(No 69) areJ0 = 2.5·106 (m2 s st Gev)−1 andE0 = 0.49 GeV.
Parameters of the power law spectrum (2) for this event:
J1 = 7.2 ·104 (m2 s st Gev)−1 andγ = 5.7. There is a good
agreement between the DC of the relativistic solar proton
spectra derived from ground level observations and the di-
rect solar proton measurements on balloons and spacecraft
(Fig. 1(b) and(c)).

4 Results of GLE modeling study

By now, we have analyzed 35 GLEs of the total 50 that oc-
curred in the period 1956 – 2006. Nearly all of them were
sufficiently large events where no less than 25−30 NM sta-
tions showed an increase, consistent with the condition of
applicability of the GLE modeling technique (Vashenyuk et
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Table 1. Parameters of energetic spectra of relativistic solar protons in the GLEs 1956 – 2006.

Energetic spectra parameters
No GLE No Date Type II onset Flare Importance Heliocoordinates Prompt component Delayed component

J0 E0 J1 γ

1 05 23.02.1956 03:36* 3 N23 W80 7.4·105 1.37 5.5·101 4.6
2 08 04.05.1960 10:17 3+ N13 W90 2.7·105 0.65 1.6·103 4.2
3 10 12.11.1960 13:26 3+ N27 W04 - - 7.5·103 4.1
4 11 15.11.1960 02:22 3 N25 W35 - - 1.0·105 5.3
5 13 18.07.1961 09:47 3+ S07 W59 5.2·103 0.52 3.6·103 6.0
6 16 28.01.1968 07:55 - N22 W154 1.4·104 0.58 6.7·103 4.7
7 19 18.11.1968 10:26 1B N21 W87 1.2·104 0.58 2.6·103 5.5
8 20 25.02.1969 09:12* 2B N13 W37 7.7·104 0.38 4.7·103 5.0
9 22 24.01.1971 23:16 3B N19 W49 3.4·104 0.45 .7·103 5.8
10 23 01.09.1971 19:34 - S11 W120 - - 4.7·103 5.4
11 25 07.08.1972 15:19 3B N14 W37 6.6·102 1.23 4.3·102 5.0
12 29 24.09.1977 05:55 - N10 W120 6.5·102 1.14 9.3·102 3.2
13 30 22.11.1977 - 2B N24 W40 1.5·104 0.77 1.1·104 4.7
14 31 07.05.1978 03:27 1B/X2 N23 W82 3.5·104 1.11 1.3·104 4.0
15 32 23.09.1978 09:58 3B/X1 N35 W50 - - 7.0·102

16 36 12.10.1981 06:24* 2B/X3 S18 E31 1.7·103 1.21 - -
17 38 07.12.1982 23:44 1B/X2.8 S19 W86 5.7·103 0.65 7.2·103 4.5
18 39 16.02.1984 09:00 - -W132 - - 5.2·104 5.9
19 41 16.08.1989 01:06* 2N/X12.5 S15 W85 6.8·103 0.56 3.8·103 5.1
20 42 29.09.1989 11:33 -/X9.8 -W105 1.5·104 1.74 2.5·104 4.1
21 43 19.10.1989 12:49 3B/X13 S25 E09 4.0·104 0.53 3.0·104 4.8
22 44 22.10.1989 17:44 2B/X2.9 S27 W31 7.5·104 0.91 1.5·104 6.1
23 45 24.10.1989 18:00 2B/X5.7 S20 W57 2.4·104 0.72 1.1·105 4.9
24 47 21.05.1990 22:12 2B/X5.5 N35 W36 6.3·103 1.13 2.7·103 4.3
25 48 24.05.1990 21:00 1B/X9.3 N36 W76 2.8·104 0.60 9.1·103 4.3
26 51 11.06.1991 02:05 2B/X12.5 N32 W15 2.6·103 0.83 3.3·103 4.8
27 52 15.06.1991 08:14 3B/X12.5 N36 W70 - - 5.8·103 4.6
28 55 06.11.1997 11:53 2B/X9.4 S18 W63 8.3·103 0.92 8.2·103 4.6
29 59 14.07.2000 10:19 3B/X5.7 N22 W07 3.3·105 0.50 5.0·104 5.4
30 60 15.04.2001 13:48 2B/X14.4 S20 W85 1.3·105 0.62 3.5·104 5.3
31 61 18.04.2001 02:17 - -W120 2.5·104 0.52 1.2·103 3.6
32 65 28.10.2003 11:02 4B/X17.2 S16 E08 1.2·104 0.60 1.5·104 4.4
33 67 02.11.2003 17:14 2B/X8.3 S14 W56 4.6·104 0.51 9.7·103 6.3
34 69 20.01.2005 06:44 2B/X7.1 N14 W61 2.5·106 0.49 7.2·104 5.6
35 70 13.12.2006 02:51 2B/X3.4 S06 W24 3.5·104 0.59 4.3·104 5.7

*Type II was not observed; type IV or microwave radio emission onset is indicated.

al., 2009). In almost all of 35 events considered, we discov-
ered two RSP components, i.e. the prompt component and
the delayed component. Table 1 shows the results of the GLE
modeling for 35 events under study.

The Table presents in consecutive columns: GLE No, date
of event, and type II radio emission onset (probable time of
relativistic solar proton generation). When the data on type
II onset were not available, the onset of the type IV or mi-
crowave radio burst was indicated. These cases are marked
by an asterisk. The flare importance in the H-alpha and in the
soft X-rays, as well as the flare heliocoordinates, are listed in
the next columns. In the last columns the parameters of de-
rived energetic spectra in accordance with relations (1) for
the PC and (2) for the DC are given.

5 Regularities in the spectra of prompt and
delayed solar proton components

Figure 2 shows the statistical distribution ofE0, which is a
characteristic energy of the exponential energetic spectrum
of the RSP prompt component. It has a pronounced peak
at E0 ∼ 0.5 GeV, which means that the majority of events
have such a PC spectrum. However, there are also several
events withE0 ≥ 1. In Fig. 3 the statistical distribution of
the spectral parameterγ is shown. Here, the majority of the
events have the value ofγ around 5 (from 4 to 6).
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Fig. 3. Statistical distribution of parameterγ of the DC power law
spectrum

6 Discussion

It can be shown that the interplanetary propagation cannot
significantly influence the spectral form of the relativistic so-
lar protons (Vashenyuk et al., 2006a). Thus, we consider the
regularities of the spectral parameters in the Figs. 2 and 3
as the evidence of a specific mechanism of particle accel-
eration during flare-related phenomena of the Sun. In our
previous papers, the prompt component was associated with
acceleration by an electric field, originating in a region of
magnetic reconnection in the solar corona. Such reconnec-
tions may arise at the border of magnetic polarities near the
photosphere (Manoharan and Kundu, 2003) or in the trailing
part of a rising Coronal Mass Ejections (CME) (Aschwan-
den, 2011). In an area of magnetic reconnection, an electric
field arises that accelerates particles of surrounding plasma.
The spectrum of protons obtained by simulation in the con-
figuration of magnetic and electric fields typical for the re-
connection site has a form close to exponential (Vashenyuk
et al., 2006a,b, 2008; Perez-Peraza et al., 2009). Podgorny
et al. (2010) performed simulation of the proton energy dis-
tributions in the actual magnetic and electric fields config-
uration in the area of the “Bastille Day” flare on 14 July
2000. The obtained proton spectrum has an exponential form
with E0 ∼ 0.5 GeV. The spectrum obtained from experimen-
tal data with the GLE modeling has the same magnitude of
E0 (Table 1).

Bazilevskaya(2009) andAschwanden(2011) found that
the first relativistic particles leave the Sun at the moment
close to the maximum of the hard X-rays. Nearly simultane-
ously with the hard X-rays the high energy gamma-rays are
observed, testifying to an acceleration of protons (Kuznetsov
et al., 2006).

This is another evidence for the connection of PC particles
with a flare rather than with any other phenomena.Gopal-
swamy et al.(2010) consider CME and connected coronal
shock as the main source of RSP. We, in turn, suppose that

CME and the connected coronal shock can be related to the
DC of relativistic solar protons. The DC appear 10−30 min
after the PC (Vashenyuk et al., 2006a,b) and have the power-
law energetic spectrum, which is typical for shock wave ac-
celeration (Ellison and Ramaty, 1985). At the same time, we
consider a stochastic acceleration by the magneto hydrody-
namic (MHD) turbulence in disturbed coronal plasma as a
most appropriate generation mechanism for the DC of rela-
tivistic solar protons (Gallegos-Cruz and Perez-Peraza, 1995;
Perez-Peraza et al., 2006, 2008, 2009). This mechanism may
also be connected to a CME. Particles that are trapped in
closed magnetic loops interact with MHD turbulences in-
side an expanding CME. Energy losses due to adiabatic de-
celeration are small compared to the effect of acceleration
(Perez-Peraza et al., 2009). In this paper the spectra of DC
obtained with the GLE modeling for the events No 42, 59,
65, and 69 were fitted by the theoretical spectra calculated
at reasonable parameters of magnetic turbulence and a CME
expansion speed. A good consistency between the experi-
mental DC spectra obtained with the GLE modeling and the
ones calculated within the theory of a stochastic acceleration
(Gallegos and Perez-Peraza, 1995) was shown.

This enables one to consider the stochastic acceleration as
the basic mechanism of DC generation. In the present paper
we have not considered in detail the effect of acceleration at
the shock wave on our results. But, according to estimations
of Perez-Peraza et al., (2009), the diffusive shock wave accel-
eration is more effective in the subrelativistic energy domain.

Any large disturbance event on the Sun has two impor-
tant components: a flare and a CME. Based on the properties
of the prompt and delayed components of RSP considered
above, a more probable source of PC is the flare (connection
with hard X-rays and gamma radiations). The source of DC
(plasma turbulence) is likely connected to the CME.

Tylka and Dietrich (2009) tried to perform the comprehen-
sive analysis of rigidity spectra of relativistic solar protons
during GLEs. Based on the simplified procedure, they ob-
tained the “event-integrated spectra” in the power law form
and showed the good consent of these spectra with the di-
rect solar proton data of moderate rigidities. In our proce-
dure we obtain spectra through every 5 min and only such
time resolution allows us to separate the prompt and delayed
components. We also show the good consent of DC spectra
with direct measurements of solar protons of moderate ener-
gies. For PC such consent it is not observed (Vashenyuk et
al., 2006a, 2009). Procedure of (Tylka and Dietrich, 2009)
deriving “event-integrated spectra” (EIS) does not allow the
separation of PC and DC. Their event-integrated spectra in
the main present DC as the PC occupies only a small initial
part of the event. Therefore, the consent is observed by EIS
with direct solar proton data in moderate energies. At the
same time, the definition of a power law spectrum on a ba-
sis of event-integrated spectra comprises an error associated
with a superposition of spectra of PC and DC.
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7 Conclusions

The study of 35 large GLEs during the period 1956 – 2006
has been carried out with the GLE modeling technique de-
veloped by the authors. The basic characteristics of rela-
tivistic solar protons (RSP), such as a rigidity (energy) spec-
trum, direction of anisotropy axis, and pitch angle distribu-
tions are obtained, and their dynamics are studied for each
of the events. It is shown that in almost all events, there
exist two components (populations) of relativistic solar par-
ticles: the prompt component and the delayed one. The
prompt component (PC) prevails in the beginning of the
event. The mark of the PC in the solar corona can be an
onset of hard gamma rays. The PC is characterized by an
impulsive profile, a strong anisotropy and an exponential en-
ergy spectrum:J (E) = J0exp(−E/E0). The delayed com-
ponent (DC) dominates during the maximum and the decline
phases of the events. The DC has a gradual intensity pro-
file, a moderate anisotropy and a power law energy spectrum:
J (E) = J1E

−γ . The analysis of the large number of GLEs
shows that E0 in the exponential spectrum of PC has a rather
stable mean of∼ 0.5 GeV in the majority of the events. The
value of the spectral exponentγ is distributed from 4 up to
6 with most atγ = 5. The exponential spectrum of PC with
E0 ∼ 0.5 GeV agrees well with the spectrum obtained in sim-
ulating proton acceleration in the electric field arising during
magnetic reconnection in the solar corona. The power law
spectrum of DC with a spectral exponentγ = 5 is close to
the model spectrum resulting in the process of stochastic ac-
celeration in a turbulent solar plasma.

Acknowledgements.This work was supported by the Russian
Foundation Basic Research (RFBR), grants 09-02-00076, 09-02-
98511 and by a Program of the Presidium of the Russian Academy
of Sciences “Neutrino Physics”. The data of neutron monitor Mc
Murdo (Bartol Research Institute neutron monitor network) are
supported by US NSF Grants: ANT-0739620 and ANT-0838839

Edited by: B. Heber
Reviewed by: two anonymous referees

References

Aschwanden, M. J.: GeV particle acceleration in solar flares and
ground level enhancement (GLE) events, Space Sci. Rev., to be
published, 2011.

Bazilevskaya, G. A.: On the early phase of relativistic solar particle
events: are there signatures of acceleration mechanism? Adv.
Space Res., 43, 530–536, 2009.

Cramp, L. J., Duldig, M. L., Flueckiger, E. O., Humble, J. E., Shea,
M. A., and Smart, D. F.: The October 22, 1989 solar cosmic ray
enhancement: an analysis of the anisotropy and spectral charac-
teristics, J. Geophys. Res., 102, 24237–24248, 1997.

Ellison, D. C. and Ramaty, R.: Shock acceleration of electrons and
ions in solar flares, Astrophys. J., 298, 400–408, 1985.

Gallegos-Cruz, A. and Perez-Peraza, J.: Derivation of analytical
particle spectra from the solution of the transport equation by the
WKBJ method, Astrophys. J., 446, 400–420, 1995.

Gopalswamy, N., Xie, H., Yashiro, S., and Usoskin, I.: Ground level
enhancement events of solar cycle 23, Indian J. Radio and Space
Physics, 39, 240–248, 2010.

Kurt, V. G., Yushkov, B. Yu., Kudela, K., and Galkin, V. I.: High-
energy gamma-ray emission of solar flares as indicator of accel-
eration of high-energy protons, Cosmic Res., 48, 70–79, 2010.

Kuznetsov, S. N., Kurt, V. G., Myagkova, I. N., Yushkov, B. Yu.,
and Kudela, K.: Gamma-ray emission and neutrons from so-
lar flares recorded by the SONG instrument in 2001-2004, Solar
Syst. Res., 40, 104–1102, 2006.

Manoharan, P. K. and Kundu, M. R.: Coronal structure of a flaring
region and associated coronal mass ejection, Astrophys. J., 592,
597–606, 2003.

Perez-Peraza, J., Gallegos-Cruz, A., Vashenyuk, E. V., and Balabin,
Yu. V.: Relativistic proton production at the Sun in the October
28th, 2003 solar event, Adv. Space Res., 38, 418–424, 2006.

Perez-Peraza, J. A., Vashenyuk, E. V., Gallegos-Cruz, A., Balabin,
Yu. V., and Miroshnichenko, L. I.: Relativistic proton production
at the Sun in the 20 January 2005 solar event, Adv. Space Res.,
41, 947–954, 2008.

Perez-Peraza, J., Vashenyuk, E. V., Miroshnichenko, L. I., Balabin,
Yu. V., and Gallegos-Cruz, A.: Impulsive, stohastic, and shock
wave acceleration of relativistic protons in large solar events of
1989 September 29, 2000 July 14, 2003 October 28, and 2005
January 20, Astrophys. J., 695, 865–873, 2009.

Podgorny, I. M., Balabin, Yu. V., Podgorny, A. I., and Vashenyuk,
E. V.: Spectrum of solar flare protons, J. Atmos. Solar-Terr.
Phys., 72, 988–991, 2010.

Smart, D. F., Shea, M. A., Tanskanen, P. J.: A determination of the
spectra, spatial anisotropy, and propagation characteristics of the
relativistic solar cosmic ray flux on November 18, 1968, in: Proc.
12 th ICRC, Hobart, Tasmania, 1, 483–486, 1971.

Shea, M. A. and Smart, D. F.: Possible evidence for a rigidity-
dependent release of relativistic protons from the solar corona,
Space Sci. Rev., 32, 251–271, 1982.

Tsyganenko, N. A.: A model of the near magnetosphere with a
down-dusk asymmetry: 1. Mathematical structure, J. Geophys.
Res., 107, 1176,doi:10.101029/2001JA000219, 2002.

Tylka, A. J. and Dietrich, W. F.: A New and Comprehensive Analy-
sis of Proton Spectra in Ground-Level Enhancement (GLE) Solar
Particle Events, in: Proc. 31st ICRC, Lodz, paper 0273, 2009.

Vashenyuk, E. V., Balabin, Yu. V., Perez-Peraza, J., Gallegos-Cruz,
A., and Miroshnichenko, L. I.: Some features of relativistic par-
ticles at the Sun in the solar cycles 21-23, Adv. Space Res., 38,
411–417, 2006a.

Vashenyuk, E. V., Balabin, Yu. V., and Gvozdevsky, B. B.: Rela-
tivistic solar protons in the event of 20 January 2005, Modeling
study, Geomagn. Aeron., 46, 424–429, 2006b.

Vashenyuk, E. V., Balabin, Yu. V., Gvozdevsky, B. B., and Schur,
L. I.: The characteristics of relativistic solar cosmic rays in the
event of December 13, 2006, Geomagn. Aeron., 48, 157–161,
2008.

Vashenyuk, E. V., Balabin, Yu. V., and Gvozdevsky, B. B.: Rela-
tivistic solar cosmic ray dynamics in large ground level events,
in: Proc. 21-st ECRS, Kosice, Slovakia, 9–12 September 2008,
Inst. Exp. Phys., Slovak Acad. Sci., 264–268, 2009.

www.astrophys-space-sci-trans.net/7/459/2011/ Astrophys. Space Sci. Trans., 7, 459–463, 2011

http://dx.doi.org/10.101029/2001JA000219


Copyright of Astrophysics & Space Sciences Transactions (ASTRA) is the property of Copernicus Gesellschaft

mbH and its content may not be copied or emailed to multiple sites or posted to a listserv without the copyright

holder's express written permission. However, users may print, download, or email articles for individual use.




