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Abstract

:

We study the latitudinal extent of the near-relativistic electron events of 10 June 2000 and 26 December 2001, observed by both Ulysses and ACE. From the observations it is shown that the intensity of ACE was quite different from that of Ulysses. Through the numerical simulations, we obtain the SEPs time-intensity profiles, which generally fit well to the observations. To compare the observations we obtained the best fit parameters for the simulations. We suggest that the transport effects, especially the perpendicular diffusion effect, can cause the difference between the intensity profiles of ACE and Ulysses, which is dominated by particle transport at a large radial distance and high-latitude when a spacecraft has poor magnetic connection to the particle source. Furthermore, we present the particle source from the best fit parameters to show that the start and peak times of the particle sources are between the onset and max times of a flare in all the energy channels. Moreover, we propose models for the peak intensity and half width of the particle source, and the time interval from the flare onset to the particle source peak time. We show that the models generally agree with the best fit parameters.
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1. Introduction


Solar energetic particle (SEP), including ions and electrons, observations in the heliosphere provide fundamental information on the SEP acceleration, injection and transport conditions. According to the composition, spectra, and temporal behaviour, SEP events can be typically grouped into two classes: the impulsive events and gradual events [1,2]. Generally speaking, impulsive events are believed to be flare-associated and therefore show a short duration, low intensity, and richness in electrons (electron-dominated),    3  He, and heavy ions. In contrast, gradual events are often associated with coronal mass ejection (CME)-driven shocks and exhibit long duration, high intensity, and richness in protons (proton-dominated). In addition, mixed events of these two types of events also exist [3,4]. However, recently, it is suggested that SEPs are related to both flares and CMEs according to observations [5,6,7], so the above classification of SEP events is not widely acknowledged anymore, but it can still be used as a guide to the possible origin of specific events. With statistics from observations, Wang et al. [8] found that most solar energetic electron events are impulsive and have a    3  He/   4  He value much higher than that in solar coronal or background solar winds, and in vary rare cases, solar energetic electron events are gradual without the high    3  He/   4  He value.



The near-relativistic (NR) (  E > 30   keV) electron observed in interplanetary (IP) space is one of the common types of SEP emission. NR electron events detected at a single spacecraft can be used to infer the mechanisms of electron acceleration (see [9], for a review). Multi-spacecraft measurements for a single SEP event can also reveal the information of NR electron injection and the propagation conditions of SEPs [10]. CMEs and flares are forms of energy release in the solar corona, during which particles are accelerated, plasma is heated, and waves and shocks are generated. The shock can be indicated by several signals [11,12], such as chromospheric Moreton waves, extreme-ultraviolet waves, and type II radio bursts. Type II bursts are the longest known signatures of shocks in the solar corona [13], which can be used as the method for tracking the shock propagation (e.g., [14,15]).



It is generally suggested that the NR electron acceleration occurs mainly at the Sun or in the corona, (e.g., [16]). Some researchers proposed that NR electrons can be accelerated mainly in flares, rather than in the shock (e.g., [17]). However, other authors presented evidence that CMEs or CME-driven shocks near the Sun are the main acceleration mechanisms of NR electrons (e.g., [18,19,20]). Moreover, there are some views that NR electrons are accelerated by both flares and shock waves (e.g., [21]). With respect to the propagation of NR electrons for the modelling work, Dröge et al. [22] assumed that the NR electrons are accelerated in a relatively small flare-associated region even for gradual events, and these particles would escape from the source region before the formation of the major disturbances caused by the coronal shock.



Researchers have used SEP time-intensity profiles simultaneously observed by multi-spacecraft at different locations of IP space, to investigate the acceleration and transport of energetic particles in the heliosphere (e.g., [23,24,25,26,27]). Observations of many spacecraft in the ecliptic at different longitudes, e.g., Helios, STEREO, ACE, SOHO, and IMP-8, are usually used to study the source region of SEP events [28,29], the effect of perpendicular diffusion [27,30], and the physics underlying the longitudinal extent of SEP events [31,32]. Furthermore, some research has investigated the acceleration and propagation processes of SEPs by using spacecraft at different radial distances and latitudes, e.g., ACE, Ulysses, and MESSENGER [19,20,33,34,35,36]. Dalla et al. [37] used velocity dispersion analysis to study Ulysses and near-Earth spacecraft (Wind and SOHO) observations of SEP events to suggest that the SEPs observed by the Ulysses spacecraft at high latitudes was released relatively late, possibly related to the latitudinal difference between the flare and spacecraft footpoint. Furthermore, multiple spacecraft observations are important to investigate the IP environment, e.g., Malandraki et al. [38] studied the large-scale structure and topology of the interplanetary magnetic field (IMF) embedded within IP coronal mass ejections (ICMEs), and Weygand et al. [39,40] studied the solar wind magnetic turbulence. In addition, the multiple spacecraft observations are essential for the study of energetic particle transport, e.g., it is suggested that local structures of background magnetic field can influence the transport of energetic particles [41,42,43].



Furthermore, numerical simulations and their comparison with observations are another important way to promote understanding the particle transport and acceleration processes in the heliosphere [10,22,44,45,46,47,48,49,50,51,52,53,54,55,56,57]. Through numerical simulations, the reservoir phenomenon of SEP events can be reproduced in the ecliptic plane at nearly 1 AU by considering different mechanisms, e.g., perpendicular diffusion, adiabatic cooling, and the source effect (e.g., [45,48]). In addition, some research obtained the perpendicular and parallel diffusion coefficients with simulations and observations in different longitudes and radial distances (e.g., [22,51,54,58,59]). Furthermore, Wu and Qin [60] studied the effects of the magnetic cloud (MC) and sheath region on lower-energy SEPs during a ground-level enhancement (GLE) event using numerical simulations and their comparison with observations. Their results inferred that the enhanced turbulence level and varied magnetic field in sheath–MC can depress the proton intensity of SEP events.



In the past, the majority of numerical studies on SEPs and their correlation with observational data are based on spacecraft located at different longitudes and radial distances, e.g., [22,54,61]. Nevertheless, researchers have performed simulations and analyses for spacecraft observations positioned at varying latitudes. In 2001 Agueda et al. [10] ran simulations without perpendicular diffusion for three large events with NR electrons observed by ACE and Ulysses, in the comparable IP conditions. They suggested that the heliospheric current sheet (HCS) could affect the features of the electron injection profiles.



SEP propagation in the IP space can be divided into two types, the field-aligned (parallel direction) propagation and the cross-field (perpendicular direction) propagation. Energetic charged particles would be subject to parallel and perpendicular diffusion because of the magnetic turbulence in solar wind [62,63]. There are complicated results to indicate both large and small perpendicular diffusion from the analysis of observations (e.g., [51,64,65]), which are also demonstrated by test particle simulations [66,67] and theoretical investigations [63,68]. As is usually shown that SEP events are observed by multiple widely separated spacecraft, one can try to explain the phenomenon by several physical processes. On the one hand, it is suggested that SEPs may be injected over a wide range by some mechanisms, e.g., particle acceleration by CME-driven shocks [50,57,69,70,71,72], or widely separated solar eruptions as SEP sources [73,74,75,76]. On the other hand, it is assumed that SEPs may be spread over a wide range during the propagation by some mechanisms. The first mechanism is the complexity of the magnetic field configurations [41,77,78], which may be caused by random walk of the magnetic field [79]. The second mechanism is perpendicular diffusion in IP space [22,48,80] or in the corona [81].



In different SEP events, one can find various perpendicular diffusion coefficients, which significantly influence the transport of SEPs, especially when the observers are not connected to the particle source [48,49,82,83]. The radial evolution of the perpendicular and parallel diffusion coefficients in IMF are important to simulate SEP events. According to simulations with multiple spacecraft observations of SEP events, the ratio of perpendicular to parallel diffusion    κ ⊥  /  κ ‖    is a constant typically taken to be in the range 0.005–0.1 [22,52,54,59], which basically agrees with the theoretical results (e.g., [63,84]) with parameters for turbulence from solar wind observations, e.g., a composite geometry magnetic field composed of a 20% slab component and an 80% two-dimensional component [85].



Generally, the particle source of SEP events can be divided into two categories, i.e., the CME-driven shocks and solar flares. On the one hand, some gradual SEP events are assumed to originate from the coronal or IP shocks. To model the energetic particles accelerated by an IP shock, the source can be treated as a moving one [45,50,86,87,88,89,90]. On the other hand, impulsive SEP events can be related to the X-ray or EUV flares [91,92,93,94,95], so to model such kinds of SEPs one may use flares as the source of particles (e.g., [96]).



In this work, we investigated the SEPs transport in IP space by analysing two SEP events involving electrons with energies >53 keV, which were simultaneously observed by ACE, a near-Earth spacecraft, and Ulysses, a high-latitude spacecraft. The effects of transport processes and injection sources on the intensities of SEPs were examined based on a comparison between our simulations and observations from multiple spacecraft. The structure of this paper is as follows. Section 2 presents the observation of SEP events and the associated solar flares, type II radio bursts and CMEs. Section 3 describes the SEP transport and source models. Section 4 shows the simulation results and their comparison with the multiple spacecraft observations. Section 5 investigates the best fit parameters of the SEP source and provides models. Finally, Section 6 provides the summary and discussion.




2. Observations


We select electron events with the following criteria: (1) The SEP events observed simultaneously by ACE and Ulysses should have the same active region as the source; (2) The associated flare information, such as onset time, max time, location and peak intensity, is available; (3) The SEP events are not significantly affected by shocks. In addition, due to the limitations of our model, not all events that meet the above criteria can be fitted. Applying all the above criteria we chose two SEP events on the 10 June 2000 (DOY 162) and 26 December 2001 (DOY 360). These events were observed by both ACE and Ulysses spacecraft with varying longitudes, latitudes, and radial distances. For each event, we studied the different particle intensities observed by the two spacecraft.



We used NR electron observational data from the Electron Proton and Alpha Monitor (EPAM) on board ACE [97] and the Heliosphere Instrument for Spectra Composition and Anisotropy at Low Energies (HISCALE) instrument on board Ulysses at high latitude [98]. The design of ACE/EPAM inherited that of the flight-space unit of the Ulysses/HISCALE instrument, so we can directly use them for comparison [36]. The deflected electron (DE) telescopes of ACE/EPAM and Ulysses/HISCALE are pure electron channels in the energy range of 38–315 keV, which is divided into four differential energy channels referred to as DE1: 38–53 keV, DE2: 53–103 keV, DE3: 103–175 keV, and DE4: 175–315 keV. In this paper, we use SEP data from DE2, DE3, and DE4 with the geometrical mean energies 74, 134, and 235 keV, respectively. The intensity profiles of low-energy particles are easily affected by IP local structures, but local structures are not included in our theoretical model. In order to compare the observed and simulated results, we ignore the low-energy channel of DE1 in the SEP events. We study the energetic electron intensities from ACE and Ulysses with 5-min and 1-hour average data, respectively. In order to reduce the influence of the radioisotope thermoelectric generator on Ulysses, following Lario [99], we subtract a constant value of eight electrons     cm 2   s  sr  MeV   − 1    in DE4, to ensure that the two spacecraft have the same background intensities. Similarly, we subtract constant values of 78 and 28 electrons     cm 2   s  sr  MeV   − 1    to the Ulysses intensities in DE2 and DE3, respectively. Furthermore, solar wind speed data can be obtained from ACE/SWEPAM [100] and Ulysses/SWOOPS [101].



2.1. The Observation of the 10 June 2000 SEP Event


The solar origin of the 10 June 2000 SEP event has been associated with an intense M5.2 flare, in the NOAA active region (AR) 9026 at N22W38, with a start time and the peak time at 16:40 and 17:02 UT, respectively (https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-flares/x-rays/goes/xrs, accessed on 1 May 2022), and a 1108 km s    − 1    halo CME in the CDAW CME catalogue (http://cdaw.gsfc.nasa.gov/CME_list/, accessed on 20 February 2023). In addition, a type II radio burst was detected at Wind/WAVES from 17:15 to 18:45 UT (https://cdaw.gsfc.nasa.gov/CME_list/radio/waves_type2.html, accessed on 20 February 2023). For the event, the ACE spacecraft was in the ecliptic at 1 AU, and Ulysses was at location with R, the heliocentric distance, being 3.37 AU, and E87S58 relative to the Earth. The solar wind speeds observed by ACE and Ulysses were    V  A C E  SW  = 505   km s    − 1    and    V  U l y s s e s  SW  = 475   km s    − 1   , respectively. In Table 1, we summarize the site, class, peak intensity, onset and max time of flares, which were observed by GOES in the 0.1–0.8 nm wavelength band, and spacecraft information for the event.



Figure 1 represents the NR electron intensities measured by the ACE (solid) and Ulysses (dashed) spacecraft in the DE2 (black), DE3 (red), and DE4 (blue) energy channels. Additionally, the onset of the flare, adjusted to an ∼8 minute light travel time from the Sun to 1 AU, is marked with the vertical line. Figure 2 shows on the solar surface the magnetic footpoints of the ACE and Ulysses with black and red asterisks, respectively, as well as the flare location with a purple circle during the event, using the footpoint of the ACE as the coordinate origin. We assume the flare location as the centre of the particle source. The longitudes of the footpoints are calculated using the nominal Parker spiral magnetic field model with a solar wind speed measured by the respective spacecraft at the flare onset. We use the latitudes of the spacecraft to indicate that of the footpoints. In addition, we use positive and negative longitude values to indicate that the footpoint is west or east of the Sun–Earth line, respectively. As shown in Figure 2, the ACE footpoint and the source region were separated by   11 ∘   in longitude, in contrast, the Ulysses footpoint was separated from the source region by   50 ∘   in longitude and   80 ∘   in latitude.



From Figure 1 it is indicated that particle intensity enhancements were detected by both spacecraft in the DE2–DE4 energy channels, despite the Ulysses footpoint being distant from the particle source centre. ACE observed a rapid increase in the particle intensities in these energy channels immediately after the solar flare eruption, whereas Ulysses detected a slow increase. In addition, ACE reached the peak intensity earlier than Ulysses. The particle intensity of ACE and Ulysses decreased as the energy increased. Moreover, Table 2 shows that the intensity of these energy channels at ACE was about two orders of magnitude greater than that of Ulysses. At the same time, it is shown that the observational intensity of ACE decays faster than that of Ulysses during the decay phase.




2.2. The Observation of the 26 December 2001 SEP Event


The 26 December 2001 SEP event was related to both an intense M7.1 X-ray flare and a high-speed CME. The flare was at N08W54 (AR9742) with an onset time of 04:32 UT and a peak time of 05:40 UT, and the CME was observed by LASCO with a plane-of-sky speed   > 1446   km s    − 1    and an angular width   >  212 ∘   . A type II radio burst was detected by Wind/WAVES at 05:20 UT. In addition, Ulysses was located at the position with the heliocentric distance R being 2.54 AU, latitude being N69, and longitude being   39 ∘   to the west with respect to the Earth. The solar wind speeds observed by ACE and Ulysses were    V  A C E  SW  = 380   km s    − 1    and    V  U l y s s e s  SW  = 575   km s    − 1   , respectively. Similar to the 10 June 2000 event, for the 26 December 2001 event, we also summarize the SXR flare properties and spacecraft information in Table 1.



Figure 3 shows, using the same format as Figure 1, the time series of SEP fluxes in DE2–DE4 energy channels for the 26 December 2001 event. We show the magnetic footpoints for ACE and Ulysses as well as the flare location on the solar surface in Figure 4. From this figure we can see that ACE was magnetically connected very close to the source region. In contrast, the footpoint of the nominal Parker spiral IMF line connecting Ulysses with the Sun was   94 ∘   west of the source site.



Despite being separated by a large longitude distance of   94 ∘   between Ulysses and the flare, both spacecraft detected a significant increase in particle intensity during this event. Figure 3 shows that the electron intensity of ACE (solid lines) begins to increase shortly after the solar flare. However, it took about an hour for the NR electrons of Ulysses (dashed lines) to start increasing, and the increase was gradual in comparison to ACE’s observations. Compared to ACE, the peak intensity of Ulysses was much smaller and observed several hours later. The particle intensity of ACE and Ulysses also decreased as the energy increased. Meanwhile, the ACE peak intensities were about an order of magnitude greater than that of the Ulysses in the DE2–DE4 energy channels, as shown in Table 2.




2.3. Summary of the SEP Events


Multiple spacecraft measurements show that SEPs are often observed over wide ranges of longitude, latitude, and radial distance. For the two selected events, we find some similar features as follows. Both ACE and Ulysses were able to observe the event even though the two spacecraft located in positions with large differences in latitude, longitude, and radial distance. Furthermore, the SEP fluxes observed by ACE were larger than by Ulysses by several orders of magnitude, and the start and peak times of flux observed by ACE were earlier than by Ulysses. As can be seen, the electron intensity observed by ACE shows a fast rise in comparison to the intensity by Ulysses which exhibits a gradual rise. This phenomenon can be attributed to the fact that the source site is nearer to the footpoint of ACE, while it is further away from the footpoint of Ulysses. One may suggest that the difference of electron time-intensity profile between ACE and Ulysses was probably due to the different magnetic connection of the individual spacecraft to the particle source on the Sun. When the observer is directly connected to the particle source, the SEP fluxes are larger and the start time and peak flux are earlier, compared to when the observer is far away from the source. In addition, this phenomenon suggests that the particles arriving at Ulysses underwent some transport effects, e.g., perpendicular diffusion, and source effects.



However, compared with the 26 December 2001 event, during the 10 June 2000 event, for Ulysses, the location of the footpoint is closer to the particle source centre, but the radial distance is larger. In addition, both the selected SEP events are associated with intense SXR flares, type II radio bursts and CMEs, but the flare of the 10 June 2000 event is weaker than the 26 December 2001 event.





3. Models


Our model is based on solving a three-dimensional focused transport equation following the previous research (e.g., [48,50,58,102,103]). The focused transport equation of SEPs can be written as [44,48,104,105]


       ∂ f   ∂ t   = ∇ ·   κ ⊥  · ∇ f  +  ∂  ∂ μ     D  μ μ     ∂ f   ∂ μ    −  v μ  b ∧  +   V  SW   · ∇ f       + p     1 −  μ 2   2    ∇ ·   V  SW  −   b ∧   b ∧   : ∇   V  SW    +  μ 2    b ∧   b ∧   : ∇   V  SW      ∂ f   ∂ p         −   1 −  μ 2   2    −  v L  + μ   ∇ ·   V  SW  − 3   b ∧   b ∧   : ∇   V  SW        ∂ f   ∂ μ    ,     



(1)




where   f ( x , μ , p , t )   is a gyrophase-averaged distribution function,  x  is the position in a non-rotating heliographic coordinate system,  μ , v and p are the particles’ pitch angle cosine, speed, and momentum, respectively, in the solar wind frame, t is the time,   κ ⊥   is the perpendicular diffusion coefficient,   D  μ μ    is pitch angle diffusion coefficient,   b ∧   is a unit vector along the local magnetic field,    V  SW   is the solar wind velocity in the radial direction, and   L =     b ∧  · ∇ ln  B 0     − 1     is the magnetic focusing length, with   B 0   being the magnitude of the background IMF set as the Parker field. In this equation, almost all important particle transport mechanisms are involved, such as particles streaming along the field line, convection, adiabatic cooling in the expanding solar wind, magnetic focusing in the diverging IMF, and the pitch angle diffusion and perpendicular diffusion.



We adopt the model of pitch angle diffusion coefficient from Beek and Wibberenz [106] (see also, [102])


      D  μ μ    ( μ )  =     δ  B slab    B 0    2    π ( s − 1 )   4 s    v  l slab       R L   l slab     s − 2       | μ |   s − 1   + h     1 −  μ 2     ,     



(2)




where   δ  B slab    is the slab component of the magnetic turbulence,   s = 5 / 3   is a typical Kolmogorov spectral index of the magnetic field turbulence in the inertial range,    l slab  = 0.031   AU is the correlation scale of slab turbulence,    R L  = p c /  ( | q |   B 0   )    is the maximum particle Larmor radius,   B 0   is set as 5 nt at 1 AU in the ecliptic, and the constant h is chosen as a small value   0.01   for the non-linear effect of th emagnetic turbulence on pitch angle diffusion at   μ = 0   [107,108]. It is noted that the effect of h on the pitch angle diffusion coefficient is small if h is small.



The parallel mean free path (MFP)   λ ‖   under the diffusion approximation for nearly isotropic pitch-angle distribution can be written as [62,109,110]


      λ ‖  =   3 v  8   ∫  − 1   + 1       ( 1 −  μ 2  )  2   D  μ μ    d μ   ,     



(3)




and the parallel diffusion coefficient   κ ‖   can be defined by


      κ ‖  =   v  λ ‖   3  .     



(4)







Matthaeus et al. [63] developed the non-linear guiding centre (NLGC) theory of the perpendicular diffusion, the analytic approximation of which was later given by Shalchi et al. [111], Shalchi et al. [112] as


      κ ⊥  =  1 3  v       δ  B  2 D     B 0    2   3  π   s − 1   2 s     Γ   s 2  + 1    Γ   s 2  +  1 2      l  2 D     2 / 3   ×  λ ‖  1 / 3     I −   b ∧   b ∧      ,     



(5)




where   δ  B  2 D     is the 2D component of magnetic turbulence and   l  2 D    is the correlation length,  Γ  is the gamma function, and  I  is a unit tensor. In addition, we set the correlation scale ratio of slab to 2D,    l slab  /  l  2 D   = 2.6  , so that    l  2 D   = 0.012   AU. The ratio of turbulence energy between the slab component and 2D component is set   δ  B  slab  2  : δ  B  2 D  2  = 1 : 4  . It is noted that   l slab   and   l  2 D    can be obtained from observations with theories (e.g., [39,40,85,113,114]). Here, we set them with simple forms for simplicity (e.g., [63]). In addition, the level of magnetic turbulence, defined as


       δ B   B 0   ≡    δ  B  slab  2  + δ  B  2 D  2     B 0    ,     



(6)




varies with radial and latitudinal position in IP space (e.g., [115,116]). However, since the observational data are limited, for simplicity we set a constant for the magnetic turbulence level in this work. Note that the diffusion coefficients in our model vary with solar radius and latitudes, although the turbulence level is set as constant. By changing the value of the magnetic turbulence,    δ B  /  B 0   , one can vary the values of the parallel and perpendicular diffusion coefficients.



Using a Reid–Axford time profile [117], we assume that electrons are injected at   z ≤   0.05 AU according to a source function (e.g., [44])


     Q  (  z ≤ 0.05  au  ,  E k  , θ , φ , t )  =  C t    E k  − γ    p 2   exp  −   τ c  t  −  t  τ L    ξ  ( θ , φ )   ,     



(7)




where   E k   is the particle’s kinetic energy,  γ  is the spectral index of the source particles and is set to   3.0  , and   τ c   and   τ L   are the rise and decay timescales of the source injection profile, respectively.   ξ ( θ , φ )   indicates the distribution of the SEP source strength


     ξ  ( θ , φ )  =      a ( θ , φ )        θ −  θ 0    ≤ Δ θ  and    ϕ −  ϕ 0    ≤ Δ φ  ,       0      otherwise  ,          



(8)




where   a ( θ , φ )   indicates that the SEP source strength is related to the longitude  φ  and co-latitude  θ ,   Δ φ   and   Δ θ   are half widths of the SEP source in longitude and co-latitude, respectively, and   (  θ 0  ,  φ 0  )   is the flare location. In our work, we set   a ( θ , φ ) = 1  , and   Δ φ = Δ θ  . In addition, the outer boundary is set to 50 AU. The inner boundary is set as   0.05   AU, or about 10 solar radii, which is relatively high for the SEP source. However, since the details of particle acceleration, release, and the subsequent transport near the Sun are very complicated, for simplification we set such a value of the inner boundary to avoid the difficulty (e.g., [56,102]).



Zhang [118] introduced the time-backwards Markov stochastic process method to solve the cosmic ray transport equation, adopted by Qin et al. [44] to solve SEP transport equations and compare with spacecraft observations. Here, we use the method to numerically solve the transport equation (Equation (1)). The initial boundary value problem of the SEP transport equation can be reformulated with a set of stochastic differential equations, so that it can be solved by a Monte Carlo simulation of a Markov stochastic process, and the SEP distribution function can be derived finally. In this method, only the SEPs that are traced back to the initial time in the source region contribute to the statistics. The details of this method can be found in Zhang [118] and Qin et al. [44].




4. The SEP Simulation Results and Comparison with Observations


In this paper, we simulate the SEP events that occurred on 10 June 2000 and 26 December 2001 simultaneously observed by the ACE and Ulysses spacecraft. The time-intensity profiles of the SEPs with different energies for positions of different spacecraft are obtained with numerical simulations. For numerical simulations, some input parameters, such as particle energy, flare position, satellite position, etc., are obtained from the observations, but some other input parameters, such as the magnetic turbulence level and particle source parameters, cannot be obtained from observations. We use different parameters of the magnetic turbulence levels and particle source parameters in the code to obtain different simulation results. We compare the simulation results with observations to obtain the best fitting parameters with simulation results that best agree with the observations. By comparing the numerical results and observations, we investigate the effects of the particle source and transport on the SEPs’ time profiles in IP space with different latitudes, longitudes, and heliocentric distances in SEP events.



We assume that the IMF is a Parker spiral field and the inner and outer boundaries are 0.05 AU and 50 AU, respectively. In the simulations to obtain the flux observed by ACE and Ulysses, we set the solar wind speed to the value observed by the respective spacecraft. The fitting parameters used in the simulations are as follows.   δ B /  B 0    is the turbulence level (cf., Equation (6)).   τ c   and   τ L   are the rise and decay timescales of the source injection profile, respectively.   Δ θ   indicates the half width of the particle source in the longitude and latitude.   J max   is the maximum value of the particle source intensity.   Δ  T 1    corresponds to the time interval from the onset time of the flare to the peak time of the particle source. We have used various combinations of the modelling parameters to obtain the simulation results for each SEP event, which are compared with ACE and Ulysses observations at different positions. Therefore, we obtain the best fit parameters listed in Table 3. With the best fit parameters   δ B /  B 0    using Equations (2) and (3) we can obtain the parallel MFP,   λ ‖  , at 1 AU. In addition, with Equations (4) and (5) we can obtain the parallel and perpendicular diffusion coefficients,   κ ‖   and   κ ⊥  , respectively, at 1 AU in the ecliptic. Therefore, the ratio,    κ ⊥  /  κ ‖   , at 1 AU in the ecliptic is obtained. We list the values of   λ ‖   and    κ ⊥  /  κ ‖    at 1 AU in the ecliptic for different energy channels in the two SEP events for the best parameters   δ B /  B 0    in Table 4.



4.1. Study of the 10 June 2000 SEP Event through Simulations and a Comparison with Observations


With the SEP event observed in 10 June 2000, we obtain the best fit parameters by fitting the simulations with the observations. We show the best fit parameters in Table 3. Using these best fit parameters and the particle source model described in Equation (7), we generated time-intensity profiles of the particle sources in the different energy channels DE2, DE3, and DE4 shown with dotted, dashed, and dash-dot lines, respectively, in Figure 5. In addition, purple line shows the SXR flare intensity observed by GOES in the 0.1–0.8 nm wavelength band during the SEP event, and vertical lines show the onset and max times of the flare, where the ∼8 minutes of light travel time has been corrected. The time interval between the two vertical lines, i.e., flare impulsiveness time (onset-to-rise time),   Δ  T d   , is 22 min. We may use this observation for the time analysis of the flare in this paper.



As seen in Figure 5, the start and peak times of the particle source in DE2–DE4 were all between the onset and max times of the flare. From Table 3 we can see that the time interval from the onset time of the flare to the peak time of the particle source,   Δ  T 1   , increases with the increase in energy, which indicates that it takes a long time for high-energy particles to be accelerated and released from the source. Actually, we do cannot confirm the specific mechanism of energy build-up, its conversion and/or release (thermal vs. non-thermal). This is an interesting topic that we may study in the future. The best fit maximum particle source intensities   J max   decrease with the increase in energy, indicating that it is more difficult to accelerate particles to higher energies.



Furthermore, the best fit half width of the particle source   Δ θ   is   60 ∘   in DE2 and   53 ∘   in DE3 and DE4, with the source boundaries indicated by dotted and dashed lines, respectively, in Figure 2. The footpoint of ACE and the flare were separated by   11 ∘   in longitude, so the footpoint of ACE was located in the particle source on the solar surface according to the best fit half width of the source. In contrast to the ACE spacecraft, the magnetic footpoint of Ulysses was significantly further away from the particle source region. The turbulence level   δ B /  B 0    is equal to 0.353 in the DE2–DE4 energy channels. It can be seen from Table 4 that as the energy increases, the parallel MFP   λ ‖   increases and the ratio    κ ⊥  /  κ ‖    decreases for electrons at 1 AU in the ecliptic.



Figure 6 shows the electron time-intensity profiles from observations and simulations for the energy channels of DE2–DE4, where solid and dashed lines are used to distinguish between the observation and simulation results, respectively. The black, red, and blue lines indicate the energy channels of DE2, DE3, and DE4, respectively. The left panel is the result of ACE, and the right panel is the result of Ulysses.



In this work, the simulated energies were set to the geometrical mean energies, which are 74, 134, and 235 keV in the energy channels DE2, DE3, and DE4, respectively. As depicted in Figure 6, the simulations were able to effectively reproduce most of the features observed in the DE2–DE4 energy channels. The best fit parameters used in the simulations are shown in Table 3. Our simulations do not fit well with the initial ACE peak observation for this event. This may be considered a sign of the nearly-free-streaming for electrons. However, if we modify the modelling parameters, for example, the Reid–Axford profile parameters, the simulation results fit well to the initial peak rather than the later phase. In this work, we pay more attention to the fitting of the later phase. It is noted that some assumptions are not realistic in our model, e.g., we assume a simple Reid–Axford profile of the electron source, and the the magnetic turbulence spectrum with a single index 5/3 without the dissipation range in the parallel diffusion coefficient, so the modelling results do not agree with the observations for this event and we fail to find a set of parameters for the numerical results to agree with the observations for both the early and late phases.



In order to show how the half width of the source affects the SEP profiles, we compare the simulation results with the different half widths with other parameters set as the best fit parameters, as shown in Table 3. In the top, middle, and bottom panels of Figure 7, NR electron intensities measured in three different energy channels, DE2, DE3, and DE4, respectively, are plotted. Solid and dashed lines, indicate the ACE and Ulysses spacecraft, respectively. The black lines indicate electron intensities as measured by the spacecraft, and red lines indicate the numerical simulation results with the best fit parameters. In addition, blue and orange lines are added to indicate simulations with the half width of sources   10 ∘   smaller or larger than the best fit parameter, i.e.,   Δ θ −  10 ∘    and   Δ θ +  10 ∘   , respectively. From the figure we can see that the simulations with the best fit source half width   Δ θ   fit observations of ACE and Ulysses well, but the intensity of the simulation results with the source half width   10 ∘   smaller or larger than the best fit are lower or higher than the best fit source half width, respectively.



Furthermore, we study the transport effects, i.e., perpendicular diffusion, on the simulations compared with the observations. In order to identify how the perpendicular diffusion affects the SEP profiles, we compare the simulation results with and without perpendicular diffusion with the best fit parameters, as shown in Table 3. Figure 8 is similar to Figure 7, except that blue lines are added to indicate simulations without perpendicular diffusion, where particles only propagate along magnetic field lines. When there is no perpendicular diffusion ACE intensities would decrease slowly with time in the decay phase and the peak intensities would be higher compared to the cases with perpendicular diffusion. The fact that ACE intensities are smaller with perpendicular diffusion than without is from the cross-field line motion of particles from the magnetic field line connected with ACE to other field lines. On the other hand, in a model without perpendicular diffusion, the SEPs would never reach Ulysses, since the magnetic footpoint of Ulysses is assumed to not be connected to the particle source.




4.2. Study of the 26 December 2001 SEP Event through Simulations and a Comparison with Observations


For the 26 December 2001 SEP event, to fit the simulations with the observations, we also obtained the best fit parameters, as shown in Table 3. Based on these best fit parameters and the particle source model Equation (7), we derived the time-intensity profiles of the particle sources in the different energy channels DE2 (solid), DE3 (dashed), and DE4 (dotted). Figure 9 has the same format as Figure 5 but for the SEP event observed on 26 December 2001. In this event, the flare impulsiveness time   Δ  T d    equals 68 min.



In addition, the start and peak times for particle sources occurred between the onset and max times of the flare in the energy channels of DE2–DE4. Moreover, the start and peak times of the high-energy particles are later than that for lower-energy particles in the particle source. One of the possible reasons for the high-energy particles to have a delayed injection may be that it takes longer to accelerate high-energy particles. Furthermore, it is obvious that the best fit   J max   decreases with increasing energy. Therefore, we suggest that it is more difficult to accelerate particles to higher energies. From Table 3 we can also see that, for this event, the best fit half width of the source is   55 ∘   in DE2,   40 ∘   in DE3, and   33 ∘   in DE4. Similar to Figure 2, in Figure 4 the dotted, dashed, and dash-dot lines indicate the source boundaries of the energy channels DE2, DE3, and DE4, respectively, for the 26 December 2001 SEP event. Figure 4 shows that the ACE footpoint was directly connected to the particle source by IMF lines, but the Ulysses footpoint was not.



Figure 10 is similar to Figure 6, showing the electron time-intensity profiles from the observations and simulations for the energy channels DE2–DE4. The only difference is that Figure 10 shows the 26 December 2001 SEP event. It can be seen from Figure 10 that, with the best fit parameters shown in Table 3, the simulations reproduce most features of the observations in the DE2–DE4 energy channels. The turbulence level   δ B /  B 0    equal 0.533 in the three different energy channels. It can also be seen from Table 4 that as the energy increases, the parallel MFP   λ ‖   increases and the ratio    κ ⊥  /  κ ‖    decreases at 1 AU in the ecliptic.



In order to study the effect of the half width of the SEP source, we perform simulations with different half widths with other parameters set as the best fit parameters, as shown in Table 3. Figure 11 is similar to Figure 7 except that it is for the 26 December 2001 SEP event. From Figure 11 we can see that with the best fit source half width   Δ θ  , the simulations fit the observations well.



In addition, we show the effect of perpendicular diffusion for the 26 December 2001 event in Figure 12 with the same format as Figure 8. It is shown that for the case of ACE, which is connected to the particle source by magnetic field lines, without perpendicular diffusion, SEP intensities from simulations have a higher peak and decrease slower than with perpendicular diffusion. On the other hand, for the case of Ulysses, the simulation results without perpendicular diffusion are always in the background level. Therefore, the perpendicular diffusion is very important, and the simulations with perpendicular diffusion agree better with the observations than those without for both ACE and Ulysses.





5. Best Fit Parameters for the Particle Source and Models


We analyse the best fit parameters of the particle source for the energy channels DE2–DE4, as shown in Table 3. We can see that, within the same event,   τ c   and   τ L   are the same. However,   Δ θ  ,   J max  , and   Δ  T 1    vary as energy varies. Furthermore, we establish a simple model of   J max  ,   Δ  T 1    and   Δ θ   of the particle source, which may be used in future space weather prediction.



In Figure 13, from top to bottom, the best fitting parameters   J max  ,   Δ  T 1    and   Δ θ   of the energy function are represented as solid circles. The events observed on the 10 June 2000 and 26 December 2001 are indicated by black and red circles, respectively.



In the top panel of Figure 13, we can see that   J max   displays a decrease over energy E for both of the events. Moreover, within the same energy channel, the 26 December 2001 event, which had a larger SXR peak intensity   I SXR   and a longer flare impulsiveness time   Δ  T d   , exhibits higher values of   J max   compared to the 10 June 2000 event. We consider the total energy released by a flare to be proportional to the product of the flare peak intensity and the rise time,    I SXR  Δ  T d   . On the other hand, assuming that the number of energetic electrons is proportional to    J max  E  , we can estimate the total energy of energetic electrons released as    J max   E 2   . This suggests that the total energy released by a flare may be proportional to the energy carried by the energetic electrons,


      J max   E 2  ∝  I SXR  Δ  T d  ,     



(9)




or


      J max  =   G  I SXR  Δ  T d    E 2   ,     



(10)




where G is a constant to be determined. In top panel of Figure 13 the dashed lines show the model results from Equation (10) with the best fit value   G = 2.07 ×  10  − 3     (s sr)    − 1   . The unit of flare peak intensity   I SXR   is Watts/m   2  , the unit of the flare impulsiveness time   Δ  T d    is minutes, the unit of energy E is keV, and the unit of the particle source intensity   J max   is (cm   2   sr s MeV)    − 1   . Therefore, the unit of the constant G is (s sr)    − 1   . We can see that the results of the modelling are in good agreement with the best fit parameters.



The middle panel of Figure 13 suggests that the best fit parameter   Δ  T 1    increases as the energy E increases for both events. Additionally, one can see that the 26 December 2001 event, which has a stronger flare, had a larger value of   Δ  T 1   . It is presumed that accelerating particles to higher momenta necessitates a longer time and that an event with a longer   Δ  T d    could potentially increase the time to accelerate particles, thereby increasing   Δ  T 1   , Therefore, we assume


     Δ  T 1  = H p Δ  T d  ,     



(11)




where H is a constant to be determined. In the middle panel of Figure 13 dashed lines show the modelling results from Equation (11) with the best fit value   H = 3.41 ×  10 11    (GeV/c)    − 1   . The unit of particles’ momentum p is GeV/c, the unit of   Δ  T d    is minutes, and the unit of the time interval   Δ  T 1    is minutes. Therefore, the unit of the constant H is (GeV/c)    − 1   . We can see that the modelling results generally agree with the best fit parameters.



The bottom panel of Figure 13 shows that for both events the best fit parameter   Δ θ   decreases as the energy E increases. Furthermore,   Δ θ   is smaller in the 26 December 2001 event than in the 10 June 2000 event. The reason might be that it is more difficult to accelerate electrons to higher energies. In addition, with a larger SXR peak intensity,   I SXR  , the maximum value of particle source intensity   J max   increases, so   Δ θ   decreases for fixed total seed particles. Therefore, we suggest


     Δ θ =  K   p  I SXR    1 / 2        



(12)




where K is a constant to be determined. In the bottom panel of Figure 13 the dashed lines show the model results from Equation (12) with the best fit value   K = 3.13 ×  10  − 16       deg · J ·  m  − 3 / 2    . The unit of particles’ momentum p is GeV/c, the unit of flare peak intensity   I SXR   is Watts/m   2  , and the unit of   Δ θ   is degree. Therefore, the unit of the constant K is   deg · J ·  m  − 3 / 2    . This shows that the modelling results do not agree with the best fit parameters. However, such a model can account for the best fit parameter trends.




6. Summary and Discussion


We assumed that the 10 June 2000 and 26 December 2001 SEP events accelerated during intense solar flares. We focussed on the latitudinal extent of the SEPs and analysed the data of the ecliptic ACE and high-latitude Ulysses in the energy channels DE2–DE4. In addition, these scenarios were simulated by solving the three-dimensional focused transport equation. This transport equation contains many important propagation mechanisms, such as particle streaming along the magnetic field line, adiabatic cooling, magnetic focusing, and the diffusion perpendicular and parallel to the background magnetic field.



From the observations of the two SEP events we can see that, although ACE and Ulysses had very different latitudes, longitudes, and radial distances, they all observed the events, with the start and peak times of ACE earlier than that of Ulysses and the intensity observed by ACE 1–2 orders of magnitude stronger than that of Ulysses. It is suggested that the main difference of the time-intensity profiles between ACE, connected to the particle source with the magnetic field, and Ulysses, disconnected from the particle source, can be attributed to the transport effects, particularly perpendicular diffusion. On the other hand, the two events are quite different, e.g., they have different flare strengths, distances between the Ulysses footpoint and the source, distances between Ulysses and the Sun, etc. The significant difference between the two events as a whole may cause the huge change in the difference between the electron intensity observed by Ulysses and ACE.



In the 10 June 2000 and 26 December 2001 SEP events, the start and peak times of the particle sources were between the onset and max times of the flare. Moreover, the peak intensity of the particle source   J max   decreased with the increase in energy E, and increased with the SXR peak intensity   I SXR  , and a longer flare impulsiveness time   Δ  T d   . Therefore, we have developed a model that describes the peak intensity of the particle source   J max   as being proportional to   I SXR  ,   Δ  T d   , and   E  − 2   , which agrees well with the best fit parameters of the particle source. Additionally, we found that the best fit time interval from the onset time of the flare to the peak time of the particle source   Δ  T 1    increased both with energy E and the flare impulsiveness time   Δ  T d   . It is hypothesized that longer times are needed to accelerate particles to a higher momentum, and that events with longer time intervals   T d   can make   Δ  T 1    larger. We have developed a model that describes   Δ  T 1    as proportional to momentum p and   Δ  T d   , which is generally consistent with the fitting results from the simulations. Moreover, it is found that the best fit half width of particle source   Δ θ   decreased with increasing energy, possibly due to the difficulty of accelerating electrons to higher energies. It was also found that   Δ θ   was smaller in the 26 December 2001 event than the 10 June 2000 event. We conclude that, for fixed total seed particles,   Δ θ   decreases with larger SXR peak intensities,   I SXR  , or larger the maximum value of the particle source intensity   J max  . We propose a model for   Δ θ   proportional to momentum   p  − 1 / 2    and an SXR peak flux   I SXR  − 1 / 2   .



Vainio et al. [119] statistically studied the release time of energetic electrons by using the velocity dispersion analysis (VDA) and time-shifting analysis (TSA), and found that higher energy electrons were released later. However, in our study of the two events, the higher energy electrons were not released later according to our model.



In the numerical simulations, the best fit half width of the particle source   Δ θ   was   60 ∘  , much larger than the flare half width. One explanation for this phenomenon might be that the injection of SEPs at the Sun may be much wider than those expected from a flare-like point source. It suggests that the time needed for particles to be accelerated by a shock is proportional to the momentum in some situations (e.g., [120]). It is known that the inner boundary of the particle source was set to 0.05 AU. Firstly, due to the complex magnetic field configuration close to the Sun, the reconnection of closed and open magnetic field lines may allow particles to travel far away from the original solar event. Secondly, the existence of some kind of “coronal diffusion" process can also extend the particle source at the inner boundary beyond the angular span of the corresponding flare. This complex scenario may involve a combination of more than one of the processes described above.



The models of the SEP source parameters, obtained by the best fit of the simulation results to the observations, are important for the SEP prediction in space weather. In the future, we may check the validity of these models with simulations of more observation events.
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Figure 1. SEP intensities in energy channels of DE2: 53–103 keV, DE3: 103–175 keV, and DE4: 175–315 keV, for the 10 June 2000 SEP event. The solid and dashed lines indicate the energetic electron intensities observed by ACE and Ulysses, respectively. The vertical line indicates the start time of the flare. 
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Figure 2. The map shows the footpoints of ACE and Ulysses, as well as the flare, on the solar surface. The black dotted line indicates the particle source boundary in the energy channel of DE2, and the dashed lines indicate the particle source boundaries in the energy channels of both DE3 and DE4, from the best fit parameters. 
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Figure 3. ACE (solid lines) and Ulysses (dashed lines) electron intensities in the DE2–DE4 energy channels for the 26 December 2001 SEP event (similar as Figure 1). 
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Figure 4. Illustration of the footpoints of ACE and Ulysses on the solar surface on 26 December 2001 relative to the flare (similar as in Figure 2). 
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Figure 5. Comparisons of X-ray observed by GOES and the particle source profiles for the 10 June 200 simulation. The purple curve indicates the X-ray intensity for the flare. The dotted, dashed, and dash-dot curves are the intensity profiles of the particle sources used to simulate the DE2–DE4 energy channels, respectively. Vertical lines indicate the moments of the flare onset and maximum. 
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Figure 6. Comparison of the observations of the DE2–DE4 energy channels electron intensities and the simulation results for the 10 June 2000 event. The left panel represents ACE and the right panel represents Ulysses. The solid and dashed lines indicate observations and simulations, respectively. Black, red, and blue lines indicate the energy channels of DE2, DE3, and DE4, respectively. 
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Figure 7. The SEP time-intensity profiles of 10 June 2000. The black lines indicate observations as measured by the spacecraft, and the red, blue, and orange lines indicate simulations with the best fit parameters, half width of a source   10 ∘   smaller or larger than the best fit parameters, i.e.,   Δ θ −  10 ∘    and   Δ θ +  10 ∘   , respectively. 
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Figure 8. Similar as Figure 7 except the simulation results without perpendicular diffusion with blue lines are added in addition. 
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Figure 9. The particle source profiles in DE2–DE4 and associated SXR flare for the 26 Decemeber 2001 SEP event (similar as Figure 5). 
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Figure 10. Electrons fluxes of the observations and simulations in DE2–DE4 during the 26 December 2001 SEP event. 
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Figure 11. The simulation results with different half width of particle source in 26 December 2001 SEP event. 
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Figure 12. Same as Figure 11, except that simulation results without perpendicular diffusion (blue lines) are added additionally. 
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Figure 13. From top to bottom: the maximum value of the particle source intensity   I max  , the time interval from the onset time of the flare to the peak time of the particle source,   Δ  T 1   , and the half width of the particle source   Δ θ  , with different energy for the two SEP events. Solid circles connected by solid lines indicate the best fit parameters, and the dashed lines indicate the modelling results. Black and red indicate the SEP events of 10 June 2000 and 26 December 2001, respectively. 
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Table 1. Observational parameters and their solar origin for the SEP events.
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Event Date

	
Flare

	
SXR

	
    I SXR    

	
SXR

	
SXR

	
CME

	
CME

	
    V  ACE  SW    

	
    V  Ulysses  SW    

	
Ulysses

	
Ulysses




	

	
Site

	
Class

	
(Watts m     − 2    )

	
Onset     a   

	
Max     a   

	
Speed     b   

	
Width     c   

	
(km s     − 1    )

	
(km s     − 1    )

	
R (AU)

	
Loc






	
10 June 2000

	
N22W38

	
M5.2

	
5.2  ×  10  − 5    

	
16:40

	
17:02

	
1108

	
Halo

	
505

	
475

	
3.37

	
S58E87




	
26 December 2001

	
N08W54

	
M7.1

	
7.1  ×  10  − 5    

	
04:32

	
05:40

	
1446

	
212

	
380

	
575

	
2.54

	
N67W39








a Time unit is UT; b CME speed unit is km s−1; c CME width unit is °.
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Table 2. Peak intensities of ACE and Ulysses observations and their ratios in different energy channels.
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Event Date

	
Channel

	
Peak    ACE   

	
Peak    Uly   

	
Ratio




	

	

	
(cm    2    sr s MeV)     − 1    

	
(cm    2    sr s MeV)     − 1    

	






	

	
DE2

	
1.21   ×   10 5   

	
3.37   ×   10 2   

	
3.59   ×   10 2   




	
10 June 2000

	
DE3

	
3.00   ×   10 4   

	
1.17   ×   10 2   

	
2.56   ×   10 2   




	

	
DE4

	
5.92   ×   10 3   

	
3.37   ×   10 1   

	
1.76   ×   10 2   




	

	
DE2

	
2.44   ×   10 5   

	
4.50   ×   10 3   

	
5.42   ×   10 1   




	
26 December 2001

	
DE3

	
9.88   ×   10 4   

	
1.50   ×   10 3   

	
6.63   ×   10 1   




	

	
DE4

	
2.71   ×   10 4   

	
4.00   ×   10 2   

	
7.60   ×   10 1   
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Table 3. Best fit parameters for the simulations.






Table 3. Best fit parameters for the simulations.





	
Event Date

	
     δ B   B 0     

	
Channel

	
    τ c    

	
    τ L    

	
    Δ θ    

	
    J max    

	
    Δ  T 1     




	

	

	

	
(day)

	
(day)

	
(    ∘   )

	
(cm    2    sr s MeV)     − 1    

	
(min)






	

	

	
DE2

	
0.002

	
0.05

	
60

	
3.92   ×   10 7   

	
6.32




	
10 June 2000

	
0.353

	
DE3

	
0.002

	
0.05

	
53

	
1.61   ×   10 7   

	
10.64




	

	

	
DE4

	
0.002

	
0.05

	
53

	
3.47   ×   10 6   

	
14.96




	

	

	
DE2

	
0.02

	
0.05

	
55

	
1.45   ×   10 8   

	
20.08




	
26 December 2001

	
0.533

	
DE3

	
0.02

	
0.05

	
40

	
6.22   ×   10 7   

	
33.04




	

	

	
DE4

	
0.02

	
0.05

	
33

	
1.81   ×   10 7   

	
40.24
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Table 4. Diffusion coefficients calculated from the models with the best fit parameter of the turbulence level    δ B   B 0   .
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	Event Date
	     δ B   B 0     
	Channel
	   λ ‖       ★    (au)
	     κ ⊥   κ ‖          ★    





	
	
	DE2
	0.220
	0.023



	10 June 2000
	0.353
	DE3
	0.245
	0.021



	
	
	DE4
	0.273
	0.020



	
	
	DE2
	0.097
	0.069



	26 December 2001
	0.533
	DE3
	0.108
	0.064



	
	
	DE4
	0.120
	0.060







★ For electrons in the ecliptic at 1 AU.
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