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ABSTRACT

Solar energetic particles (SEPs) are an important space radiation source. especially for the
space weather environment in the inner heliosphere. The energy spectrum of SEP events is
crucial both for evaluating their radiation effects and for understanding their acceleration pro-
cess at the source region and their propagation mechanism. In this work, we investigate the
properties of the SEP peak flux spectra and the fluence spectra and their potential formation
mechanisms using statistical methods. We aim to advance our understanding of both SEPs’
acceleration and propagation mechanisms. Employing the dataset of ESA’s Solar Energetic
Particle Environment Modelling (SEPEM) program, we have obtained and fitted the peak-
flux and fluence proton spectra of more than_a hundred SEP events from 1974 to 2018. We
analyzed the relationship among the solar activity, X-ray peak intensity of solar flares and the
SEP spectral parameters. Based on the assumption that the initial spectrum of accelerated
SEPs generally has a power-law distribution and also the diffusion coefficient has a power-
law dependence on particle energy, we can assess both the source and propagation properties
using the observed SEP event peak flux and fluence energy spectra. We confirm that SEPs’
spectral properties are influenced by the solar source and the interplanetary conditions and
their transportation process can be influenced by different phases of solar cycle. This study
provides an observational perspective on the double power-law spectral characteristics of the
SEP energy spectra, showing their correlation with the adiabatic cooling and diffusion pro-
cesses during the particle propagation from the Sun to the observer. This contributes to a
deeper understanding of the acceleration and propagation of SEP events, in particular the
possible origins of the double-power law.
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In order to carry out space exploration activities, we need to have a clear understanding of the
radiation environment in space. The energy spectrum of high-energy particles in space is a direct
input for evaluating radiation dose. As the ultimate source, the Sun not only releases high-energy
charged particles, but also significantly affects the propagation of particles. So the observed energy
spectrum varies due to the different properties of particle acceleration and propagation processes.
Various studies have attempted to use the observed data and existing knowledge to reconstruct these
two aspects of information (see, e.g., Klein & Dalla 2017, and references therein).

Typically, there are two mechanisms that contribute to the acceleration of charged particles (Reames
1999, 2013): magnetic reconnection acceleration associated with flares and shock wave acceleration
associated with Coronal Mass Ejections (CMEs). Ideally, we may be able to distinguish different
acceleration processes by comparing the composition and state of particles in the chromosphere and
corona, such as proton-to-electron ratios, *He compositions, and ion charge states (Mason 2007; Klein
& Dalla 2017). But due to the fact that a SEP event is often associated with the onsets of both a
solar flare and a CME; it is difficult to distinguish the role of the two types of acceleration processes.
Furthermore, tracking the source of SEP events becomes more challenging when considering the
propagation process of particles (see, e.g., Guo et al. 2024, and references therein).

Once SEPs are released into interplanetary space, their propagation can be theoretically described
by the Fokker-Planck equation below (Parker 1965):
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Here U(r, E,t) represents the probability distribution over kinetic energy E for location r and time
t; Vi is solar wind speed; r is diffusion coefficient; and mg is rest mass of the particle. n(FE)
represents the normalized conversion coefficient between particle momentum p and kinetic energy E.
For relativistic particles, n(E) ~ 1, and for non-relativistic particles, n(E) ~ 2. The terms on the
right-hand side of Eq. 1 originate from three particle transport mechanisms: convection, adiabatic
cooling, and diffusion. Each of these transport mechanisms may modify the original acceleration
characteristics of energetic particles.

In this study, we focus on the properties of SEP proton energy spectra and statistically investigate
the correlation between solar activity index and the properties of SEP events. We aim to extract
information about the acceleration and propagation processes of SEPs combining analytical descrip-
tions of particle propagation and parameters obtained from observations. Analytical details about
SEP energy spectra will be introduced in Sect. 2. The dataset, SEP event list, and fitting method
will be introduced in Sect. 3. Subsequently, we will examine the distributions of SEP proton energy
spectra parameters, the relationships between integral fluence spectra and peak flux spectra, and
how they change with the solar cycle in Sect. 4. The results and conclusions will be summarized in
Sect. 5.

2. ANALYTICAL DESCRIPTIONS OF SEP ENERGY SPECTRA

The SEP energy spectrum is the flux distribution of SEPs versus the particle energy, which is
determined by both the acceleration process and transport effects. The SEP spectrum can be directly
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measured by high-energy particle detectors in space, and some large SEP events can also be indirectly
recorded by ground neutron detectors or muon detectors when the secondary particles have energy
high enough to reach the surface of Earth, also known as Ground-Level enhancement (GLE) events
(see, e.g., Sect. 3 of Guo et al. 2024, and references therein). By adopting different integration
time windows, we can study the event energy spectrum and its time evolution. The most-frequently
referred one is the integrated fluence spectrum of the entire event. This spectrum accumulates the
flux of particles over different energies from the beginning to the end of the event, and it is crucial
for evaluating the total radiation effect of the event. Another important one is the time-of-maximum
(TOM) energy spectrum or peak flux spectrum formed by the maximum flux at each energy bin.
This method can minimize the impact of solar wind on energetic particle propagation processes, such
as diffusion, convection, and velocity dispersion effects, allowing for a more reasonable estimation of
the energy spectrum of the source region (Van Hollebeke 1975).

2.1. Integral fluence spectra

Previous researchers have proposed multiple functions to describe the integral fluence spectra of SEP
events. The most commonly used functions are the single power law with an exponential rollover
function (e.g., Tylka 2001) and the double power law function (e.g., Mewaldt et al. 2012; Osku
Raukunen et al. 2018). The latter is also called the Band function, which was originally proposed for
fitting y-ray burst spectra (Band et al. 1993). It is confirmed that the Band formulation generally
fits SEP integral fluence spectra better, especially for those large events (e.g., Mewaldt et al. 2005).
Therefore we choose this function to fit SEP integral fluence spectra in this study. The Band function
is given by:

OB exp (~E/Ey)
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Here C is an overall fluence normalization coefficient in the same units of d.JJ/dE; v, is the power-law
index at the low-energy range; 7, is the power-law index at the high-energy range; E is particle’s
kinetic energy as defined in Eq. 1; E and Ej are measured in energy/nucleon; (y; — 72) Ey is break-
point energy which separates the low-energy and high-energy ranges. Both the Band function and
its first derivative are continuous at this break point. But we have to note that there is no clear
physical meaning of the four free parameters of Band function, and this function is still a semi-
phenomenological model. Due to the mixing of propagation effects such as diffusion and adiabatic
cooling, it is difficult to directly obtain information on the source and propagation process of high-
energy particles through the parameters defined by the integrated energy spectra. More discussions
will be given in Sects. 4 and 5.

2.2. Peak flux spectra

When neglecting convection and adiabatic deceleration terms, the transportation of energetic par-
ticles can be treated as a process of simple time-dependent spherical diffusion from a point source.
Then the time profile of a well-connected SEP event flux can be described by a simple function (e.g.,
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Parker 1963):

Nl exp (i)
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where j(p,r,t) is particle’s flux at location r, time ¢ with momentum p, x(p) is energy-dependent
diffusion coefficient, Ny(p) is the number of particles per unit momentum released at the Sun. From
Eq. 4, one can derive the peak flux spectrum for ¢ = t,,., = r?/(6x(p)), and one can see that peak
flux spectrum has the same shape with the source spectrum (Forman et al. 1986):
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For the early stages of SEP events, the convective effect of particle propagation can be ignored com-
pared to the diffusion effect (e.g., McCracken et al. 1971). When considering adiabatic deceleration
and assuming a simple power-law diffusion coefficient

Kk = koBE?, (6)

Kurt et al. (1981) estimated the particle’s adiabatic energy loss AFE as:
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where E is particle’s kinetic energy directly being released at the Sun, E is particle’s kinetic energy

at location r, Vi, is solar wind speed, ko is normalization coefficient in the same unit of diffusion

coefficient k, o is power-law index.

Previous studies have shown that for the two acceleration processes of SEPs, it is relatively reason-

able to assume that the energy spectrum after acceleration follows a simple power-law (e.g., Jones &
Ellison 1991; Dierckxsens et al. 2015; Fu et al. 2006):

](Es) = jOEs_Wv (8)

where jj is normalization coefficient in the same units of particle’s flux j, v is the index of the power-
law energy spectrum after acceleration. Based on the conservation of particle number and combined
with Eq. 7, the particle energy spectrum at location r can be obtained as:

_
j(r E) = jo (Ea + gf;” 7‘) : (9)

Figure 1 illustrates the impact of adiabatic energy loss on the spectrum as described by the above
equation. We set an initial flux spectrum with parameters jo = 10%[#/cm?/s/sr/MeV], v = 4, and
a constant solar wind speed of V;,=450 [km/s]. Panel a shows the peak flux spectra at 1 AU for
different diffusion coefficient index a. Panel b shows the adiabatic energy loss of particles with a
given initial energy corresponding to Panel a. Panel ¢ shows the peak flux spectra at 1 AU with
different diffusion normalization coefficient ky. Panel d shows the adiabatic energy loss of particles
with a given initial energy corresponding to Panel c. Panel e shows the evolution of the peak flux
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Table 1. Fourteen logarithmic energy bins of the third version of the SEPEM reference proton dataset.

Effective energy Effective energy Effective energy

Channel Channel Channel
(Energy range) [MeV] (Energy range) [MeV] (Energy range) [MeV]
1 6.01(5.00-7.23) 6 38.03(31.62-45.73) 11 244.2(200.0-289.2)
2 8.70(7.23-10.46) 7 54.99(45.73-66.13) 12 347.8(289.2-418.3)
3 12.58(10.46-15.12) 8 79.53(66.13-95.64) 13 503.0(418.3-604.9)
4 18.18(15.12-21.87) 9 115.0(95.64-138.3) 14 727.4(604.9-874.7)
5 26.30(21.87-31.62) 10 166.3(138.3-200.0)

spectrum at different heliocentric distance. Panel f shows the adiabatic energy loss corresponding to
Panel e. From this graph, it can be seen that smaller diffusion coefficients, namely smaller ko and
a, will have a more pronounced adiabatic cooling effect on particles, especially for those with lower
energy (less than tens of MeV). Additionally, as the propagation distance increases, the peak energy
spectrum of SEP events will also become flatter.

3. SEPEM DATASET AND METHODS

The Solar Energetic Particle Environment Modelling (SEPEM) project is a WWW interface to SEP
data together with a range of modelling tools and functionalities intended to support space mission
design'. The system provides an implementation of several well-known modelling methodologies,
built upon cleansed datasets. A large number of datasets have been combined into an SQL database
for convenient access. SEPEM also affords the user increased flexibility in their analysis and enables
the generation of mission-integrated fluence statistics, peak flux statistics, and other functionalities.
Additionally, it integrates effect tools that calculate single-event upset rates and radiation doses for
a variety of scenarios; the statistical methods can further be applied to these effect parameters.

In this work, we exploit the continuous and high-quality dataset and the long-term reference SEP
event list to statistically study the properties of SEP spectra.

3.1. SEPEM dataset

The SEPEM reference proton dataset was originated from multiple spacecrafts and instruments?,
such as Space Environment Monitor (SEM) and Energetic Particles Sensor (EPS) of Geostationary
Operational Environmental Satellite (GOES), and Goddard Medium Energy (GME) of Interplanetary
Monitoring Platform 8 (IMP 8) satellite and further processed through correction, completion, cross-
calibration, and energy rebinning (Crosby et al. 2015).

We selected the most up-to-date version (3rd version) of the SEPEM reference proton dataset for
this study. This dataset includes proton flux data at 1AU with a time resolution of 5 minutes,
spanning from July 1, 1974 to December 31, 2017. It also consists of 14 logarithmic energy bins
ranging from 5 MeV to nearly 900 MeV, with Galaxy Cosmic Ray (GCR) background subtracted.

L http://sepem.eu/
2 http://sepem.eu/help/data_sources.html
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Figure 1. Impact of adiabatic energy loss on the particle energy spectrum as described by Eq. 9. We set an
initial flux spectrum with parameters jo = 10%[# /cm?/s/sr/MeV], v = 4, and a constant solar wind speed
of V=450 [km/s]. Panel a shows the peak flux spectrum at 1 AU for different diffusion coefficient index
«a. Panel b shows the adiabatic energy loss of particles with a given initial energy corresponding to Panel
a. Panel ¢ shows the peak flux spectrum at 1 AU for different diffusion normalization coefficient «g. Panel
d shows the adiabatic energy loss of particles with a given initial energy corresponding to Panel c. Panel e
shows the evolution of the peak flux spectrum at different heliocentric distance. Panel f shows the adiabatic

energy loss corresponding to Panel e.
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For each energy channel we use the geometric mean of upper and lower limit as the effective energy
(see Table 1).

We note that the uncertainty in the flux values is not provided in the SEPEM dataset and it is
nontrivial to derive it as the flux is rebinned into energy bins different from those used directly for
measurements. Since the resulting uncertainties on the fit parameters do not affect our subsequent
analysis and results, we assign an arbitrary uncertainty of 5% to all energy channels to complete the
fitting algorithm following previous studies (e.g., Dierckxsens et al. 2015).

3.2. SEPEM reference event list

At present, there is no world-wide consistent definition of the start and end time for SEP events.
The SEPEM project selected 7.23-10.46 MeV proton channel as the reference channel and generated a
reference SEP event list® based on the following standards (Jiggens et al. 2011): (1) Threshold for the
start and end of an event: 0.01 [#/cm?/s/sr/MeV]. (2) Minimum peak flux: 0.5 [#/cm?/s/sr/MeV].
(3) Minimum event duration and dwell time: 24 h.
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Figure 2. Occurrence of SEP events is related to the solar activity cycle. Panel a shows the entire SEPEM
dataset used in this study, namely the SEP proton flux-time profile from July 1, 1974 to December 31, 2017.
Each vertical colored strip represents an SEP event, with different colors indicating various energy bins.
Panel b shows the corresponding daily Sunspot Number (SSN) for the same time duration. The frequency
of SEP events is positively correlated with SSN indicating solar activities.

Fig. 2 shows the entire SEPEM dataset used in this study (panel a), along with the corresponding
daily Sunspot Number (SSN) for the same time period (panel b). The SSN data are accessed from
the World Data Center SILSO?, Royal Observatory of Belgium, Brussels (SILSO World Data Center
2006-2022). As expected, more SEP events occur during periods of high solar activity. There are
also quite a number of events occurring in the rising and decay phases of solar cycles. This is a

3 http:/ /sepem.eu/help/event _ref.html
4 Solar Influences Data Analysis Center https://www.side.be/SILSO /datafiles
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well-known feature of SEP events and poses great challenges to the prediction of the occurrence and
intensity of SEP events.

By the definition of single SEP event in the original SEPEM reference event list, there may be
more than one enhancements from several events (namely, the “single” event can be further divided
into several events with individual rising, peak and declining phases). This could lead to an incorrect
peak flux selection. So we modified the start and end times of the original SEPEM reference event
list to make both the peak energy spectrum and integrated energy spectrum related to the same SEP
event. More details can be found in Sect. 4, Table 3 and Table 4°.

3.3. Spectra Fitting Methods

Considering the forms of Eqgs. 3 and 9, we utilize the nonlinear least squares method to obtain the
optimal fitting parameters by minimizing the sum of squares error function S(0) with the following
definition (Vugrin et al. 2007):

S5(0) = [f (O:x:) — )" =D [r(O), (10)
i=1 i=1
where f(0;%;) is the nonlinear model, 0 is a vector of all parameters, and r;(0) is residual.

Figure 3 shows an example of spectrum fitting. Panel a shows the flux time profile of a SEP event
during November 1997. The black circles represent the peak flux of each energy bin. Panel b shows
the peak flux spectrum fitting. Panel ¢ shows the integrated fluence spectrum fitting throughout the
event.

We note that there are still tens of events whose spectra can be fitted by neither Eq. 3 nor Eq. 9.
There are multiple reasons for this, such as significant impact of the previous SEP event, influence
of magnetic field structures on the SEP flux evolution, or other obvious instrumental or systematic
errors. These events are excluded from the table and the following study.

4. RESULTS AND DISCUSSIONS

Fitting parameters for the peak flux spectra following Eq. 9 are listed in Table 3. As mentioned
in Sect. 3.1, the uncertainties are calculated assuming a 5% arbitrary dataset uncertainty. ko450
is calculated using a constant solar wind speed of 450 [km/s], while kg is calculated using the mean
solar wind speed in the 6 days after the events onset. The corresponding solar wind speed values
and standard deviations are listed in columns ”Vsw” and ”Vsw_err”. The solar wind speed data is
obtained from GSFC/SPDF OMNIWeb interface®. We also obtained corresponding X-ray flare class
for each SEP event from NOAA space environment services center’ for further analysis in Sect. 4.4.

Fitting parameters for the time-integrated fluence spectra, namely Eq. 3, are listed in Table 4
where Ejprear = Eo (71 — 72) is the transition energy of the Band function. The GLE event list is
obtained from the Neutron Monitor GLE database®.

The calculation of the chi-square value for energy spectrum fitting is as follows:

2 [jFit (Ek) - jMeas (Ek)]2

1 N
X = N 0_2 ) (11)
k=1 k

® Table 3 and Table 4 can be downloaded from https://doi.org/10.5281/zenodo.13270536
6 https://omniweb.gsfc.nasa.gov

7 https://umbra.nascom.nasa.gov/SEP/

8 https://gle.oulu.fi/#/
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Figure 3. Example of spectrum fitting. Panel a shows the flux time profile of a SEP event during November
1997. The black circles represent the peak flux of each energy bin. The vertical dashed lines indicated the
start and end time for the integrated fluence spectrum. Panel b and ¢ show the peak flux spectrum and the
integrated fluence spectrum fitting, respectively.
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Figure 4. Histograms of the fitting parameters shown in Table 3 and Table 4. The results of the Ander-
son—Darling test are shown in Table 2, indicating that logC, ~1, and logFy follow a normal distribution.

in which N is the number of energy bins, jpi; (Fx) and jyeas (Fx) are the fitted and measured particle
flux at the kinetic energy of Ej, respectively. o = 0.05jMeas (Ex) represents the aforementioned
uncertainty on the data in the k™ bin.

As we can see from Table 3 and Table 4, there are a significant number of events for which the
value of x? is relatively large. The reasons for large y? value may be divided into two categories: One
comes from the data processing algorithms. Data of SEP flux in the four highest energy channel of
Table 1 can be significantly influenced by the GCR background subtract algorithms, which makes the
fitting of this part difficult. The other reason is the influence of local acceleration and propagation
effects which are not considered in the model used here.

4.1. Distribution of spectral parameters

We analyze the peak flux spectra of 103 events and the integral fluence spectra of 164 events in
total. The other 160(99) events listed in the reference event table are not involved in the following
analysis as mentioned in Sect. 3.3.

The histograms in Fig. 4 show the distribution of fitting parameters listed in Table 3 and Table
4. Panel c illustrates the distribution of k(450 obtained through the utilization of a constant solar
wind speed of 450 [km/s|, and kg derived from real-time solar wind speed observations near Earth.
Our subsequent analysis relies on the ko derived from real-time solar wind speed. The histograms
show that the utilization of a constant solar wind speed does not appear to have a significant impact
on the distribution of this parameter, but it may differ significantly for individual events as shown
in Table 3.

To better quantify their distribution feature, we further investigated the distribution of fitting
parameters using the Anderson—Darling test (Anderson & Darling 1954) with the results shown in
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Table 2. Anderson—Darling test (significance level equals to 0.05) for fitting parameters.

Parameter statistic critical value Parameter statistic critical value

logjo 1.23 0.76 logC 0.49 0.77
a 1.71 0.76 Y1 0.41 0.77
logko 1.01 0.76 Y2 4.94 0.77
~ 1.83 0.76 logFEy 0.68 0.77

Table 2. It can be seen that the statistical values of parameters logC, v1, and logE, are less than
the critical value for a significance level of 0.05. This indicates that they mostly follow a normal
distribution. More discussions will be given in Sect. 5

4.2. Relationships between integral fluence spectra and peak flux spectra

We now try to find out whether the peak flux spectrum and integral fluence spectrum of the same
SEP event have a certain kind of correlation. Fig. 5 demonstrates the relationships among 8 fitting
parameters. For each SEP event indicated by a dot or circle, the four parameters of the peak flux
spectrum (Eq. 9) are plotted on the x-axes, while the four parameters of the integral fluence spectrum
(Eq. 3) are plotted on the y-axes. Solid dots are fitted parameters of GLE events, while parameters
of other SEP events are represented by hollow circles. The red line represents the linear regression
curve of two parameters for both GLE events and non-GLE events, and the corresponding linear
regression function is shown in the legend. The shaded area represents the confidence interval for
one standard deviation. From the graph, we can summarize some interesting relationships between
the two sets of parameters:

1. In panel a, the two normalization coefficients, C and jy, have a clear positive correlation. This is
reasonable: if more SEPs are released at the source region, it is expected that a greater number
of SEPs will be detected at Earth. Once SEPs are released from the acceleration source, they
will propagate in different directions. However, we only have data for the Earth’s orbit from
the SEPEM dataset, which could result in the dispersion of this positive correlation.

2. In panel d, the normalization coefficients C and SEPs’ source spectrum index ~ also have a
positive correlation indicating that events with larger fluence at lower energy range more likely
result from a softer SEP spectrum. There may be two reasons for this. One reason is that the
SEPEM reference event list has a strict definition of SEP events (see Sect. 3.2) with the original
intention to exclude particle enhancement events of non-solar origin from the list, such as those
accelerated by Stream Interaction Regions. This, however, has resulted in some weaker SEP
events also being excluded from the list. These events have a smaller normalization coefficients
C and a larger spectrum index |y| so that they do not have enough particles within the energy
range of 7.23-10.46 MeV to define an SEP event in the SEPEM list. This can explain why
there is no distribution of data points in the lower right part of this panel.

3. Panel d also shows that there lack events with both very large intensities and small v values.
An early study by Fichtel & McDonald (1967) estimated that the total energy of particles in a
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Figure 5. Relationships among 8 fitting parameters. For each event, the four parameters of the peak flux
spectrum (Eq. 9) are plotted on the x-axes, while the four parameters of the integral fluence spectrum
(Eq. 3) are plotted on the y-axes. Solid dots are parameters of GLE events, while parameters of other
SEP events are represented by hollow circles. In each panel where the R? is larger than 0.1, the red line
represents the linear regression curve between two parameters for all events, and the corresponding linear
regression function is shown in the legend. The shaded area represents the confidence interval for one
standard deviation. The red dashed line in panel 1 represents the function of |ys| = 7.

large SEP event was about 10*°[ergs|, roughly 1 percent of total energy of a flare. Emslie et al.
(2012) evaluated the energy budget of 38 large solar eruptive events between 2002 and 2006,
and found that the SEP energy was between ~ 0.1% and 3.5% of the total eruptive energy.
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For instance, they estimated that SEPs in GLE event Nr. 65 carried the highest energy of
4.3 x 103![ergs|, which was about 1.5% of the estimated free magnetic energy (~ 3 x 1033[ergs|)
of the X17 flare. The SEP spectrum is constrained by the total energy of accelerated particles:
[ EjdE = %(Efn;z — E%7). For a given energy limit, the larger the intensity scaling factor

Jo (flux at 1 MeV), the steeper the spectrum (with a larger |7]).

. In panel 1, we can observe a strong positive correlation between the spectral indices of the
high-energy portion of the integral spectra |y2| and the initial spectra v and we fit them as
|72 = 0.67 x v+ 1.8. The results of linear regression is not far from the function of |y,| = 7,
which is represented by the red dashed line. This reason that |y3| differs from ~ for single
events may be a result of the combined effects of adiabatic energy loss and multiple crossing
effects related to particle scattering (Chollet et al. 2010). The former tends to result in a softer
spectrum (|y2| > ) as higher-energy particles lose their energy to become lower-energy ones,
while the latter modifies a spectrum to become harder (|y2| < 7) as high-energy particles are
more likely to be observed multiple times at a given location.

. Alternatively, the correlation between v and ~; as shown in panel h is less obvious. This is
because lower energy particles experience more transport effects given their smaller mean free
path length (Lario et al. 2007). These effects include the aforementioned adiabatic energy loss
and multiple crossing as well as cross-field diffusion and pitch angle scattering.

. Combining panel 1 and panel i, it can be observed that when there is an enhancement of
particle acceleration in the SEP source region (namely, larger jy), the SEP source spectrum
tends to become softer (namely, larger v and |vys|). This suggests that there might be some
energy constraints in the process of SEP acceleration as mentioned in Item 3, or that enhanced
acceleration tends to prioritize the energization of low-energy particles as it takes longer time to
accelerate particles to higher energies according to the diffusive shock acceleration mechanism
(Decker & Vlahos 1986).

. Four panels at the bottom show the relationship between peak spectral parameters and the
transition energy of the Band function: Epy.ear = (71 —72) Eo. A larger diffusion coefficient
power-law index « or a larger SEP event source energy spectrum index 7 tends to result in
a smaller transition energy. This indicates that the transition energy may be a result of the
propagation process. Considering adiabatic cooling process which depends on x and «, we have
shown that the peak energy flux of the low-energy region is more significantly reduced with
smaller o, as unveiled in panel a of Fig. 1, which results in a larger transition energy in the
Band function.

. GLE events are registered when sufficient number of high-energy particles can overcome Earth’s
magnetic shielding and generate secondary particles in Earth’s atmosphere to trigger ground
neutron detectors. Thus, by definition, GLE spectra contain an enhanced high-energy compo-
nent. This is shown in our plots: As marked by solid dots in each panel, GLE events typically
have larger overall fluence normalization coefficients, C, harder SEP source spectra (smaller
7v), as well as harder integral fluence spectra of the high-energy part (smaller |y5|) and higher
transition energies of the Band function.
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Figure 6. Solar-cycle evolution of four parameters in the peak flux spectrum as shown by the left y-axes,

namely, jo, o, kg, 7 in Eq. 9 for a, b, ¢, d panels respectively. The uncertainty of each parameter results
from assuming a 5% uncertainty in the SEPEM dataset as mentioned in Sect. 3.1. Solid dots are parameters
of GLE events. The black lines in the background represent the daily sunspot number as scaled by the right
y-axes.

4.3. Spectral evolution over the solar cycle

It has been almost 200 years since the discovery of the ~11-year solar activity cycle(e.g., Hathaway
2015). As shown in Fig. 2, the occurrence of SEP events is closely related to the solar activity cycle.
Due to the extensive coverage of the SEP event list studied in this work, which spans almost four
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Figure 7. Solar-cycle evolution of four parameters in the integral fluence spectrum in Eq. 3 as shown by the
left y-axes. The uncertainty of each parameter results from assuming a 5% uncertainty in the SEPEM dataset
as mentioned in Sect. 3.1. Solid dots are parameters of GLE events. The black lines in the background
represent the daily sunspot number as scaled by the right y-axes.

solar cycles, it is possible to conduct statistical research on the energy spectra of SEP events during
various solar activity phases.

Figure 6 demonstrates the time distribution of four parameters in the peak flux spectrum (Eq. 9).
Figure 7 demonstrates the time distribution of four parameters in the integral fluence spectrum (Eq.

3). Solid dots are parameters of GLE events. The black lines in the background represent the daily

sunspot number.
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Figure 8. Distribution of the energy spectrum parameters versus the sunspot number. We use the monthly-
averaged SSN centered at each SEP event’s start time. The red dashed lines illustrate the distribution
boundaries of o and k¢ with respect to sunspot number.

In Fig. 8, we examine the relationship between the energy spectral parameters and the sunspot
number. Since the sunspot number is only a proxy for the solar activity and its daily values are
highly fluctuating, we use the monthly-averaged SSN centered at each SEP event’s start time, and
we do not label the GLE event separately. The red dashed lines illustrate the distribution boundaries
of a and kg with respect to sunspot number.

In Fig. 9, we further examine the diffusion coefficient evolution over the solar cycle. Panel a shows
the results of the diffusion coefficient kK = ko E® calculated for protons of 1, 10, 100, and 300 MeV.
We consider monthly-averaged SSN less than 70 as low solar activity periods and those greater than
200 as high solar activity periods. The distributions of x of protons with different energies for the
above two solar activities are compared in panels b, ¢, d and e.

We can see from Figures 6-9 that:

1. The diffusion effect of SEPs is solar-cycle dependent. In Fig. 6(b),(c) and Fig. 8(b),(c), we
can observe a weak solar cycle evolution of the fitted parameters kg and o which define the
diffusion coefficient . In Fig. 9, we can better see that during higher solar activity periods,
both a and ko show a wider distribution: « can reach a larger magnitude than during solar
maximum periods, while ko can reach smaller values compared to solar quiet periods. This
suggests that the difference in the diffusion behavior of SEPs with different energies is larger
during solar maximum periods.

2. Fig. 9 further illustrates the cycle-dependent diffusion coefficient of different energies (1, 10,
100 and 300 MeV protons in panels b,c,d,e, respectively). Both distribution and median value
of diffusion coefficient indicate that low-energy particles (1 MeV, panel b) experience enhanced
diffusion (smaller k) during higher solar activities; high-energy particles (100 and 300 MeV,
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Figure 9. Solar-cycle dependent diffusion coefficient of different energies. Panel a shows the solar cycle
evolution of the diffusion coefficient (left y-axis), which is defined by Eq. 6, for four different energies of
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panels d and e), however, experience reduced diffusion during higher solar activities. This result
agrees with the modeled results of the propagation of cosmic rays, see Fig. 10 of Fiandrini et al.
(2021) and Fig.4 of Song et al. (2021). The quasi-linear theory (QLT) predicts that the two
parameters « and kg are related to the power spectrum of the interplanetary magnetic field
(IMF) turbulence. The power spectral index of the IMF turbulent level varies with different
levels of solar activity, leading to changes in the scattering behavior of charged particles with
different energies (Fiandrini et al. 2021).

3. Other parameters, including jo, v, C, 71, 72 and the break energy, do not show significant
changes with varying sunspot numbers. This suggests that despite of the reduced occurring
frequency, the SEP events during solar minimum are not necessarily weaker than those during
solar maximum. So it is equally important to predict SEP events throughout different solar
activity cycles.

4.4. Relationship with X-ray flare class

At last, we examine the relationship between the energy spectrum parameters of the SEP event
and the peak X-ray flux” of the corresponding flare. As shown in Fig. 10, the following conclusions
can be drawn:

9 Obtained from https://www.swpc.noaa.gov/
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Figure 10. Relationship between the energy spectrum parameters of the SEP event and the peak X-ray flux
of the corresponding flare. Solid dots are parameters of GLE events, while parameters of other SEP events
are represented by hollow circles. The red line represents the linear regression curve, and the corresponding
linear regression equation is shown in the legend. The shaded area represents the confidence interval for one
standard deviation.

1. There is a positive correlation between the normalization coefficient of energy spectrum and
the peak X-ray flux (see Fig 10 (a) and (e)). This means that larger solar flares are usually
accompanied by a greater flux of SEPs. This resuls agrees with previous studies (Belov et al.
2007; Kahler et al. 2007).

The initial energy spectrum of SEPs, indicated by v, and the spectrum of high-energy SEPs,
indicated by 7., are generally harder (see Fig 10 (d) and (h)) for larger solar flares. This
suggests that stronger solar flares can produce more high-energy SEPs.

The black solid dots representing the GLE event are distributed on the right side of all panels.
This is an obvious result as these events usually correspond to solar flares of higher levels.

As the peak X-ray flux increases, the other four parameters, o, kg, 71, and Ey(vy; — 72) do not
show a significant trend of change (see Fig 10 (b), (c¢), (f), and (h)). This may be because
these four parameters are mainly related to the propagation effect of SEPs in space. Even
though a strong solar flare event and associated CME could sometimes alter the characteristics
of solar wind plasma in interplanetary space, these changes are typically the outcome of the
propagating SEPs and can be observed only later after the SEP event (Gopalswamy et al.
2004).

5. SUMMARY AND DISCUSSION

Considering the effects of diffusion-dependent adiabatic cooling on SEPs propagation, we propose
a modified power-law function (Eq. 9) for the peak flux spectrum of SEP events. For the event-
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integrated spectrum, we utilize the widely-accepted Band function (Eq. 3) to extract information
about particle distribution. Further employing the continuous and high-quality SEPEM dataset, we
are able to study SEP events covering a period of 43 years for about 4 solar cycles from 1974 to 2018.
We further study the peak spectrum and event-integrated spectrum for each event and fit them with
the aforementioned functions to derive the fitting parameters which indicate the physical properties
as well as the acceleration and transport mechanisms of SEPs.

We found that the propagation of SEPs in the inner solar system is slightly modulated by the level
of solar activity, which is similar to the previous numerical research results on the propagation of
cosmic rays (see Sect. 4.3). This helps us gain a better understanding of the propagation mechanism
of charged particles in the interplanetary magnetic field.

In order to further investigate the acceleration mechanism of SEPs, we examine the relationship be-
tween the energy spectrum parameters of the SEP event and the peak X-ray flux of the corresponding
flare. As shown in Sect. 4.4, we found that larger SEP events, such as GLE events characterized by
higher particle flux jo and harder energy spectra (smaller ), correspond to flares of a higher-level.
The power-law relationship in Fig. 10 panel a, is similar to that in other studies (e.g., Belov et al.
2007; Kahler et al. 2007) which, however, used either the peak proton flux of a specific energy range
or the integrated X-ray flux. This can be explained by Big Flare syndrome mechanism: The sta-
tistically expected magnitude of measured flare energy manifestation is proportional to the energy
released in a solar flare (Kahler 1982).

The reason for the double power-law characteristics of the SEP spectrum has not been clearly un-
derstood to this day. The understanding of transition energy or break energy is crucial for this topic.
Based on correlation between break energy and charge-to-mass ratio, several numerical simulation
studies suggest that the double power-law spectrum of SEP events can be directly generated by the
acceleration at the shock (e.g., Mason et al. 2012; Desai et al. 2016; Yu et al. 2022). Alternatively,
Mason et al. (2012) set the initial energy spectrum as a double power-law and found that as particles
propagate, the transition energy of the spectrum decreases. Other numerical studies even suggest
that the double power-law spectrum can be naturally built from an initial single power-law spectrum
through particle propagation processes(e.g., Li & Lee 2015; Zhao et al. 2016).

By linking the peak flux spectrum which is closely related to the accelerated particle spectrum with
the integral spectrum which contains more propagation effect, we can gain a better understanding
of the acceleration and propagation behavior of particles. Based on the statistical analysis of 103
fitted SEP peak spectra and 164 fluence spectra, our study investigates the correlation between the
transition energy of the double power-law spectrum and the particle diffusion coefficient (see Sect.
4.2). We note that the transition energy of the fitted Band function has a slight dependence on the
diffusion coefficient, indicating that SEP propagation process can contribute to the formation and/or
evolution of the double power law.

Moreover, as shown in Sect. 4.1, the three parameters in the Band function, logC, v, and logFy
approximately follow a normal distribution. We do not consider this to be a coincidence, but rather
an indication that the physical processes determining these three parameters are different from the
other parameters such as «, kg, and 7. Generally speaking, the time-integral energy spectrum can be
considered as the superposition of a series of instantaneous energy spectra. During a single SEP event,
the solar wind parameters in space can be approximated as constant, allowing the parameters of this
series of instantaneous energy spectra to be considered to follow the same distribution. According
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to the central limit theorem, the superposition of these parameters with the same distribution will
follow a normal distribution.

Overall, we outline the mechanism for establishing the double power-law spectrum of particle
propagation process as follows: During the descending phase of the SEP event, particles collected
by the detector may have traveled a much longer distance (including the multiple-crossing process)
than the particles which arrived during the early phase due to the spatial propagation effect (Wang
& Qin 2023). Thus, during the descending phase transport effects including adiabatic cooling could
significantly impact the spectra of SEPs as shown by simulations (Qin et al. 2006; Mason et al. 2012).
Since low-energy particles experience greater relative energy loss compared to high-energy particles,
there would be more flattening of the energy spectrum in the low-energy region, resulting in a double
power law.

Further analysis and attribution of SEP properties due to either flare- and CME-acceleration mech-
anisms would help us better understand the acceleration nature and constrain of SEPs. Utilizing
data collected at various solar distances rather than 1 AU would contribute to a better understand-
ing of the transport effects and the spatial evolution. In order to fully understand SEP events, we
require more comprehensive observation instruments that encompass a wider range of space, time,
and energy.

ACKNOWLEDGMENTS

The authors acknowledge the support by the Strategic Priority Program of the Chinese Academy of
Sciences (Grant No.XDB41000000 and ZDBS-SSW-TLC00103), the National Natural Science Foun-
dation of China (Grant Nos. 42188101, 42074222, 42130204). The authors also express their gratitude
to the groups developing SEPEM project for the continuous and high-quality dataset and thank Dr.
Piers Jiggens for his help in accessing the newest version of the SEPEM dataset.



21

A STATISTICAL STUDY ON SEP SPECTRA

abod jrou uo panuluod ¢ S[qe],

99T ¥¢0€ ¥I'¢Ov 870 T'9 6I+HLOT 6T+HTL'C 6T+HCLE €60 80T 60+HEEY 60+HOG'C GF:10 8T-F0-6861 SGT-1¢ 0T-F0-6861 S8 ST
8'0C G8'€8 €€¢ES L00 €¢'€ 0CTHILE 0¢+HTI'T 06+HTEI'T 8L°0 T'T €O+HVS S FO+HLE'T 0€:1C ¥6-€0-6861 SGT-:0C £6-€0-6861 ¥8 ¥C
€9'8L LT'CST 96°€FS ST°0 ¢F'9 ST+HFE'S 6T+HS0'T 6T+HS0'T 61°0 LG'T 0T+HTE¢ OT+HCE'E 06°6T F1-€0-686T 0€:€0 80-£0-686T €8 €T
1¢°L G¢ L8°9T% ¢0°0 GT'C 8T+H60'T LT+HIS'T LT+HIS'T €8¢ 8C'F TO+HSC'T CO+HLY T 07 1T OT-TT-886T G¥:GT SO-TI-886T 08 CC
LT'0 6T°L0T 890€S €€°0 ¥&'G 8T+HET'8 6T+H6S'T 6T+HGL'T G20 €T LOTHIIL LOTHGOT GT-€T 0T-TT-L86T G¥:CC LO-TT-L86T 9L 1T
GE'T 6L 1C 8LI9T¥V G¥'0 GL'€ 6T+HSR'T 6T+HSY'S 6T+HLEC €60 L0 GO+HIT'L GO+HLY'T ST-€T 90-90-9861 0¢-¢T ¥0-90-9861 GL 0T
88'G  66'GY CTE6LY €00 LEE LTHHO6'9 LT+HSST 6T+HSE'T €9°0 9¢°€ ¥YO+HLE' T S0+HI0'T 0F-L0 6T-20-9861 GS-0T ¥1-C0-9861 €L 6T
926  TL9 99'T.¥ G0°0 Tg'€ 8T+HTEE 8T+HO6'V 6T+HEO'8 LZ°0 6T ¥O+HSE'T YO+HEE'S 0€-€T ¢T-L0-G86T 0€-C0 60-20-G86T T. 8T
9¢°C¢y  98'TI 7€G €00 98°¢ 8T+HUSO0'T LT+HES6 6T+HET'S T9°0 L6'C SO+H00'G 90+HRBL'E 0661 S1-G0-F861 0€:60 SC-TVO-FS6T L9 LI
€6'T CI'¥F G6'9¢S 80°0 €L°C 6T+HVIE 6T+HLE'6 6T+HOT'E LT°0 620 €0+H8L6 YO+HLI'T 00:L0 €6-€0-¥86T 00-TO L0-€0-F86T 99 9T
TT°0  TL79 L8'€9E G0°0 8T'F 9T+H6E'S STTHIIC 6T+HIRT 9701 16'9 FO+HVS € G0+HETC 00:80 ¥T-CT-T86T 00:LT G0-CT-I186T TG GT
88°¢ TIFIL 9T'6EF ¢1'0 8€°€ 0C+HOT' € 0¢+HISC 0¢+HISE 19°0 T6°0 GO+HEES 90+HFT T 0€:¢C 9¢-0T-I86T 0£:€0 80-0T-IS6T 87 V1
ST'IT €TPCl 8T¥6Y ¢¢'0 ¢9°¢ 6T+HCH'E 6T+H8GL ST+HIL'S €0 8L°0 90+HLO'T SO+HOF L 00°L0 8C-LO-T86T 00:GT 0¢-L0-T86T €F €I
78'S8T 6899 86'LLF 80°0 S8T'¢ 8T+HUFV0'L 6T+HOZT 6I+H0C'T ¥¢'0 S¥'T FO+HIE L GO+HSLT 00:TT 92-F0-T86T 00:70 ¥¢-F0-1861 ¢¥ ¢I
LLG 9099 G8°00F SGT°0 80°€ 6I+HCE T 6T+HSGL'C 8T+HED'E 61°0 FO'T PO+HTC T FO+HSE T 00-:0¢ 80-70-0861 0€:6T 66-¢0-086T S¢ 1T
79  €6'1¢ €8°9¢y ¥0'0 €1°¢ ST+HIT'9 8T+HIE'S ST+HIE'S TG0 €¢°¢ €0+HOT'T €0+HER'S 0€:8T 60-¢0-086T 0€:8T G0-¢0-0861 ¥€ 0T
189  ¥99T ¢6'CcE 80°0 ¢S'E 6T+HLT'T 61+H9C'C 61+HIC'C €50 ¥&'T VO+H89'8 GO+HG66'T 070 £€0-0T-6L6T 00°¢T 80-60-6L6T 0€ 6
€CIT 9699 T9609 ¢0 L€ STHHLYL 6T+HEYC 6T+HS0'T ¥1°0 S6°0 90+HEE'T 90+HLO'T 00:80 £€¢-¢0-6L6T 0€:9T L1-¢0-6L61 ¥¢ 8
97'¢  €9°09T CETFYPS €00 T'¢ SI+HLE'T LT+HI6T LT+HI6Y C'T 89°€ ¥O+HO09'L GO+HEL9 0€:T0 9T-0T-8L6T 0€-1T €6-60-8L61 T 2
€€ T€60T 9EFIG ¥0'0 GOF STHHLC'T LT+HP8'9 LT+HVS'9 L8'0 9¢°€ GO+HI6'S 90+HE9'E 0€:¢0 G0-G0-8L6T 0¢:€0 LT-F0-8L6T 9T 9
1€°9T  6¢9L SP'167 S¥'0 €7 ST+HLT'6 61+HST'E 6T+HST'E ¥1°0 €40 8O+H6V'€ 80+HOT'T 00-€0 9T-70-8L6T 0070 80-70-8L6T GT G
9°0¢ T8'LL 89CI¥ V00 €0F 8T+HO08'G 8T+HOT'C OT+HVE'E L80 T8°C GO+HSE'S 90+HOV'E 0€:1¢ ¢6-¢0-8L6T 00-80 ET-C0-8L6T ¥I ¥
GT'9  9L°89 FO'TSE 9T°0 TE€'€ 8T+HUBE'E 8T+HVE'S 6T+HL8'C ST'0 TE'T 90+HIV'C 90+HTL'TC 0€-€T 8C-TT-LL6T 00-TT ¢&-TT-LL6T TIT €
I8¢  69°0v TL0V 9T'0 €7'€ 6T+HEET 6T+HITS 6T+HICS C0 €6°0 90+HLET 90+HTE'T 0€:40 €C-60-LL6T 0€:9T 81-60-LL6T 6 ¢C
9¥¢ TL'Tel 96°'TLG ST'0 G 6I+HCLT 6I+HIVC 6T+HIV'E €60 67’1 LOTHI6'C LO+HTOY 06°€T 0T-20-7L6T 00-T0 €0-L0-7L61 & T
X mﬁwism\/ m%m> ok A wtw\oz woz momw\oz 1970 D mto\om . of QuwIL], puy QuILT, 11018 ‘ON "ON

"STURAS €T 10 Poly sivjewrered [eijoads XNy yead '€ S[qeL



abnd jwou uo panuuod ¢ SIqel,

89°€C 1888 CTCTLY GO0 90'% LT+HES6 STHHLG'T ST+HLE'T €¢°0 T¢'¢ 90+HES'T 90+HV0'L 0270 ¥0-0T-8661 SG¢-¥T 0€-60-866T 6¥1 €S
¢I'e  T8VL L6°9¢V LLT L€ 6T+H6T'9 0¢+HCI'T 0G+HTI'T 69°0 €4°0 90+H9T ¢ SO+HEL'T OT:F0 T1-G0-8661 04:90 60-G0-8661 S¥T 1S
€L°'G 8T8V TIT'L6V €00 LO'€ 9T+HE6'T 9T+HUPS'T 9T+HPS'T L¥'0 L€ VO+HOT'T PO+HET'8 02:00 80-G0-8661 GZ:80 90-G0-8661 ¥¥T 0%
L€ IT°98 IPLPS €0°0 L¥P'C 8T+HCT'S 6T+HVE'T 6T+HPET €60 TG T €0+H0L'T €0+HFS6 0T:F70 €0-G0-866T GG:€T ¢0-G0-8661 V1 67
197¢  99¢S  €2907 800 6LF 9T+HIL'C 9T+HSST ST+HUGT'T 61°0 9.°C S8O+HS8I' T 80+HTS ¥ G0-GT 9¢-F70-8661 GS:¢T 06708661 I¥VT 8F
798¢ €8¢ TICTLE €80 6S°€ 6TTUPE'T 0C+H6T'T 0¢+HTO'T ¢T°0 €€°0 60+Hd¥0°6 80+HEL 6 OF:6T 0T-TT-L66T 06:90 ¥0-TT-L66T OFT L¥
§¢  L6°0F S¥0CS 700 €9°¢ 6T+HS6'8 6T+HOST 6T+H0ST 680 69T COTHASS'G €0+HS6'C G0'ST FP1-C0-€66T 0G:8T ¢I-€0-¢66T 9¢T 9%
¢L  6FLL T99TF $O'0 $9°C 6T+HSO'SG 6T+HGEST 6T+HSEC 680 L8'T COTHTET €0+HOZ T 0¢:¢C G0-€0-€66T 0C-€T ¥0-€0-¢66T ¥E€TI GF
60°0¢ ¢CI'8C ¢8¥0F €00 GL°¢ ST+H60'8 ST+HIV'9 GT+HIT'9 670 61F GO+H6YV L 90+H6C 'S 02 T¢ T0-TI-C66T GF:8T 0¢-0T-C66T €T TF
8T'0T TI¥'I¥F 999€S TO0 T9C LT+HSG'T LT+HOT'T ST+HIGL 6L°0 6L°¢ €0O+HSS'T PO+HI6'T G¢:€C T10-L0-C66T 0£:0C S¢-90-¢661 TE€T €F
GY'¥G E€T°0ST €1°68v L0°0 $0°9 STHHET'T ST+HUI6'T 8T+HI6'T 180 6¢'¢ 60+H60°C 60+HFS9 GT:0¢ €1-90-¢66T GT1:90 60-G0-C66T 0T CF

o 19°'0  G0'8G  GL'T9¥ 61°0 LG'G 8T+H09'E 8T+HEY'C 6T+HCE'C €L°0 €9'C L0+HOZ'T LO+HILT 0€:00 01-¢0-¢66T G¥:¢C 90-¢0-¢66T LTI 1¥
ﬂw LTC  9€°6L 9€°GEY T€0 TGS 6T+HIET 6T+HU8Y'C 61+HI8'G LT'0 92T 80+HSY'C 80+HII'T 0€:¢¢ 0€-80-T66T 0T-1¢ G¢-80-T66T 02T OF
3 8T'8T 6¢'¢L TTTPS €0°0 &¥'¢€ 8T+HCO'T 8T+HI6'T STHHTIE'T 61°0 T0'C SO+HVT'9 90+HLS € 0€:T0 1-90-T66T 0T:6T 60-90-T166T S8TIT 6¢
m GZ°0T 9T'E€T  TI8¥9€ 00 L6'C LTHHTIG9 LT+HLY'C 6T+HIT'L ¥&'T 6'€ €OTHTTT ¥O+HO0C G 09:0T ST-G0-T66T G0:GT 0T-G0-T66T 9TT 8€
< T6'T9  TOET  L9°8LY €0°0 CT'¥ LTHH6ET LT+HST'8 6T+HET'T 1¢°0 67'C LO+THCT ¥ 80+HL8'C 0€-FT T€-€0-T66T 0790 €2-€0-T66T €TT L€
W €0  T9LC  6°€9€ €70 6TF 6T+HLET 6T+HVEC 6T+HVEC ¢€'0 SGT'T G0+HO0S'G G0+HO0S'C 9¢-¢C €1-€0-T66T 04:8T CI-€0-T66T TIT 9€
ULV LT'87  6L°Cch S0°0 97'€ LT+HLOG LT+HS0'T ST+HSSE'S 68°0 ¢6°€ €0+HLS T €0+HLT'S 9% 10 L&-¢0-166T 0F-0T G¢-¢0-T66T OTT G€
8G'€ 8L€E LE9LE 90°0 CO'Q LI+HEEC LT+H6T'C 8T+HR9'8 870 S¥°¢ 90+H6L'C LO+HVI'T 0€°6T ¢0-¢0-T66T S¥-¥1 L&-T0-1661 80T V€
880 909 %7  1¢'T ST'L 8T+H69L 6T+HED'E 6T+HLY'C €0 €80 €T+HPS'T CT+HTST G0:CT 90-80-066T G¢:GT T€-L0-066T 90T €€
I1€F  L6'C9 TI8IF ¢0'0 LS'C 0¢+HITE 6T+HET L 6T+HCT'L G0°C €6'T €0+HIEC ¥O+H60C 00:6T ¥5-G0-066T 0€:1¢ L1-G0-066T cOT &€
L0009 99796 T'LVF €1°0 8¢9 ST+HSO'T 8T+HLI'C 8T+HLIC FT'0 8L'T 60+HTISS OT+HIE T 0710 ¢¢-€0-066T 0£:90 61-€0-066T 96 1€
67°06 L1998 GFGS G0°0 TG LTHHUVLC LTHHVIT LT+HHVIY ¥¢'0 LG 80+HLET 80+HCTS S 90-60 G0-CI-6861 9290 Lo-T1-686T G6 0€
GL'CT TV'0ST €609 €00 ST°¢€ ST+HPY'E ST+H6V'C 0+HSS'T 90 89°C 90+HCT'T LO+HST'T 0991 60-TT-686T OT-E€T 61-0T-686T €6 6C
60’8 L0°GC LT¥6E €00 6€°C 8T+HVL'S 6T+HTE'T 6T+HCE'T 9¢°0 9S'T ¥O+HO0E'E S0+HO0ET 02:G0 0T-0T-6861 GS-1T 66-60-6861 T6 8T
66'cv  80'C6 T1SG0€S €0°0 L8'EC LT+HI6'9 ST+HUSY'T ST+HHSY'T 9T°0 T'C 90+HLY¥ LO+HCTOE GF-ST ¥1-80-686T G¥:GT CI-80-686T 06 LG
LG 969 ©9'CEV Y00 L0C S8T+HLE6 6T+HIIT 6T+HIIT ¥2'0 LE'T CO+HIT'T CO+HO6'G GF-LT 9¢-L0-686T G0:60 GC-L0-686T 68 9C
X IITMSA MSA 1L L 11970 02 0Sy 0% 1 © 119700 UA ouwIL], PUuy ouwIl], 11e1S 'ON "ON
g g i 4 € ¢ ¢ T
A (ponunuod) ¢ olqe],



23

A STATISTICAL STUDY ON SEP SPECTRA

abnd jwou uo panuuod ¢ SIqel,

LGPT 8T'98  €9°66¢ L0°0 €€ ST+HIT'T 8THHI6'T 8T+HI6'T ¢¢'0 ¥6'T ¥O+HIGE FO+HS9 L GT1:0¢ ¢0-TT-¥00Z 0T:90 TO-TT-¥00Z €1C 6.
89, 86'TL T¥8F T0 80°¢ 8T+HEOT 8T+HLG'E 8T+HLG'E L¥V'0 9€°C 90+HTT'6 LO+HSZ'C ST:8T LT-60-¥00T G4:6T €1-60-700C T1¢ 8L
LUV GLTPT 607689 ¢T°0 8¥'9 LT+HHGS'L 8T+HIE'T 8T+HIE'T ¢&'0 ¢€'C 60+HEIS OT+HSI'T 0T8T 8¢-L0-F00C G0-GT €-L0-700C 60T LL
L0 9¥'68 99V 8T'0 6L°G STHHVEY ST+HIYL ST+HIYL ¥&'0 LT 80+HUST'T 80+HIV T S0:90 90-¢1-€00¢ 05°CT ¢0-¢T-€00¢ L0G 9L
88'Tc L670C 67'€99 €0°0 96°€ 8T+HGS'T 8T+H66'C 8T+HH66'C 910 6T LO+HES € 80+HY0'E 09:9T 66-01-€00C 0€:€0 8¢-0T-€00¢ S0C G
LET 6018 6T°LSY €10 S0°G STHHET'C ST+HLE '€ 6T+HLT'T 6¢°0 90°C LO+HFS' T LO+H6E '€ GT:1¢ TT1-11-¢00C OT:LT 60-T1-¢00C 00¢ V.
80T ¢OFF 9L IEY ¥C°0 98°€ ST+HE66'E 8T+HED9 8T+HEE'S TE€0 T9'T SO+HTIF T G0+HIZT SS:€T 60-20-¢00Z 00-FT L0-L0-¢00C €61 €L
GE'T 92°9E€T L6°GSC¢ G0°0 T'G ST+HUST'T LAT+HIS'E 8T+HET'C §'T 86°€ 90+HIS'G LO+HOT'E ST:00 §6-90-¢00T 05:L0 ¢6-90-¢00C T6T TL
80'6c ¥9'9¢ €97¢6F S0°0 CT'¥ LT+HLE'8 8T+HESC STHHIT'S ¢1°0 GL'T LO+HUSY'T LO+HES'S G¢-€T 8¢-70-¢00¢ 0&:1T LI-70-¢00c 161 T.
T'T  6€98 11987 800 9¢'% ST+HOT'C S8T+HTL'T 8T+HST'8 96°0 LG SO+HFF'T SO+HILT SG€-8T 81-10-¢00C 95-60 0T1-10-¢00C 68T 0L
¢6'L 9699 T16'9TF L0°0 €¢°€ ST+HIT'E 6T+HFO'T 8T+HS0Y 60°0 ST'T SO+HVS'6 90+H6E T 00:L0 60-10-¢00Z §5-G0 9¢-¢1-100C 88T 69
69°TL SETIPT 88°09% CI'0 L6°G 8T+HCSE'T 8T+HIV'E STHHIV'E €1°0 69T OT+HIT'9 TT+HIOT 00:€T 06-TT-T00C GG:6T LI-TT-T100¢ 98T 89
92’8 T1¢'86 99'¢8% G0°0 69F 8T+HIT'T 8T+HTIOF 8T+HIOY L0°0 €F'T 60+H0Z € OT+HTIT'T G0-0¢ ¢T-TT-100Z §GS-9T GO0-TT-T100C S8T L9
9T°'0¢ 99L G€809 €0°0 TF LT+HLES ST+HIIT ST+HHIIT €0 €T'C L0+HI6'T S8O+HET'T G0:€0 ¢1-0T-T00T 00:¢T ¥¢-60-100¢ €8T 99
6€'8 CC'LL €E6SY V00 L€ 9T+HVY'E 9T+HEDL LTHHSEE VI'0 ¥'¢ 90+HSY'C LO+HHTIZT 0770 9¢-80-100Z G5-00 9T-80-100C T8T G9
¢I'oT  ¥T'l8 S8T'LIV €0°0 €1°C LTHHIIL LT+HAPT'G AT+HAVT'G 19°0 ¥8°C TO+HIT'C CO+HIV'T GT-¥T 16-G0-T00C G780 02-G0-T00C 6LT ¥9
Oy 98°08 €ETLY VOO L9°€ 9T+HHTIT'6 9T+HI6'T 9T+HI6'T 6C°C 9¢'G €0+HSET FO+HEL'T OT:6T 60-90-T00Z 00-GT L0-G0-T00C 8LT €9
6761 €996 TIPS G0°0 TV 9T+HUSET 9T+HLGT 9T+HLGT €0 8¢'€ 90+HUST'E LO+HEK' T 05:80 L0-70-T00Z 01T ¢0-¥0-100c 9LT &9
€6°0T 86'IL 99°L6F €0°0 T0°€ 8T+HUFY'E 8T+HUVET 8T+HHUVE'T C'T 8I°€ €O+HUSRT FO+HEI T 0T-0¢ S&-T1-000Z 00:L0 ¥¢-11-000c TLT 19
€0°¢  LVIST T1P'G09 80°0 T¢'G LT+HPE6 STHHPT'E 8T+HEOF S0°0 Lg'T TT+HEY T TT+HFS'C 00:LT ST-TT-000Z S¥:€C 80-TT-000¢ 0LT 09
19°'0  LL'C¢ 8TLLE YOO CV'€ 8T+HUSY'C 9T+H6TC 9T+HG6T'C ¢L'8S €L'9 ¢0+HSS'6 €0+HLE L 0T:6T LE-0T-000¢ ST:GT G¢-01-000¢ 89T 69
€4°C VST LT'8LY €00 6TF 9T+HSY'G 9T+HES'T 8T+HCO'T SF'T €1°¢ SO+HS8E T 90+HLO'T §¢:10 81-60-000Z 0S-¥T ¢1-60-000¢ 99T 8G
IS TT 80°GET 91199 ¢0°0 ¢T'€ LI+HISE LT+H6C'9 LT+H6E'9 €0 €€ 90+HED'T LO+HLS'T 0¢:6T £¢-L0-000 0£:00 £€1-L0-000¢ €91 LS
86°TT €8'F8 9L°07S 9T°0 60°¢ 6T+HST'E 6T+HG99 61+HI99 22’0 98°0 FO+HII € FO+HRI'E 0T1:T1¢ ¢1-90-000¢ 00:70 01-90-000¢ 19T 99
L8°0C LE9ET €L°9EY LO'0 88'C 6I+HS6'C 6T+HV6'C 6T+HV6'C €70 SGF'T CO+HEL'S E0+HEE'T 9G-TT 61-¢0-000Z G¥:80 8T-¢0-000C 8ST GG
0 666 69'88¢ T19°0 L€ 6T+HIST 61+HC9C 61+H6CE 9€°0 TO'T GO+HOLC VO+HST'S 0F-FT 8¢-G0-666T ST-CT LE-G0-666T 99T ¥9
E€T°CT 6819 €LCEY 80°0 T¥'¢€ 8T+HEG'C 8T+HTI9 6T+HIL'T LT°0 TF'T GO+HVI'C GO+HRVT'S GG:GT LT-TT-866T 0€:90 ¥I-TT-866T CSGT €9

X mtw\\sm\/ m3m> ok A wiw\oz wor momw\oz 1970 D mﬁw\om . UA ouwIL], PUuy ouwIl], 11e1S H.oZ ‘ON

(ponunuod) ¢ olqe],



'[s/7wo)
jo syun ur pessaidxy [s/wy] (G Jo peads puIm Ie[os JUe)SUod B SUISH Paje[noed SI UPIYM G UOoIyenby] I0J JUSIDYJE0D UOISNJIP POZI[RULIOU oY Lg

Ao/ a8 /s juo [##] Jo syrun ur possoadxo ore AJUTRIGOUN S$)I PUR ( UOIYRND]] 10} JUSIDIO0D UOIRZI[RULIOU dY Ly

)8T[ JU2A0 20ULI9Jol INHJHS Ul H@O—EDZH

78L CI'¥6 9¢09% ¥0'¢ €0°G 6T+HSR'S 0¢+HCE' T 0¢+HCE T ¢1'0 ¥¢'0 9T+H60°E ST+HLO'T 0F°¢T ST-60-L10¢ 0€°¢¢ ¥0-60-L10¢ £9¢ €01
LT'C  80°L8 96°LEV 90°0 ¥8°€ STHHOT¥ ST+HSL'T 8T+HSL'T T'T ¥0°€ PO+HFC T ¥O+HIT'G 00:00 ST-L0-LT0C 0G:%0 ¥1-L0-LT0C ¢9¢ TOT
9%'0T ¥19 €5°68% GO0 GL'¢ 8T+HCY'T LT+HES T LI+HEST G8'T G8€ €0THES 9 PO+HTILE GSG°¢T €0-T0-9T0¢ G0:T0 ¢0-T0-910C T9¢ 10T
8G°0T L'68T  9LFP L00 66°G LTHHIEE LTHHCY € LITHIT'E ¢V 0 €€°¢ SOTHTIF T SO+HET'6 G0°LT ¢0-L0-GTO¢ G0:G0 81-90-GT0C 09¢ 00T
¢8°€E CTI0IT TTTLG €0°0 ¢T'¥ GTHHEST GTHHLT'E STHHLT'C TI0 CLF 90+HUST T 90+HTF'8 GE:€C GC-G0-€10¢ G¥:E€T ¢¢-G0-€10C ¢ST 66
CT'¢  88FC ¢8'88¢ 900 €¢F STTHOS'T 8T+HLO'T 8T+HLO'T 80 CI'¢ PO+HET L GO+HKY6'C 0C:GT T¢-G0-€T10C 02,0 ¥1-G0-€T0C T1SC 86
LS8CT 786G 99°90% ¥0°0 €1°¢ LT+UPY L LT+HCE8 LTHHTE'S 9€°0 95°C €0+H0S L FO+HET T 00:LT #1-F0-€T0C G¢-60 T1-F0-€10¢ 0SC L6
6'C €0¢ CEVCE €10 86'¢C LT+HETE LTHHER' S LT+HSGT'C G€°0 9'C SGO+HTO'T GO+HO6'T S¢:€0 T0-0T-¢T0T 0¢:T0 8T-60-C¢10¢ L¥C 96

o 8G°CT GE¥R  68°EFF L0'0 S¥'¥ 9T+HEST 9T+HOT'T 9T+HOT'T 89°0 TE'¥ GO+HEL'E 90+HOY'T 00:€T €1-L0-¢T0C G0:8T GI-L0-¢10¢ ¥¥C G6
ﬂw 78'GT  €9¥8 S8T'LI¥ 9T°0 8¢ 6T+HIG9 0C+HLI'T 0+HLI'T 8T°0 94°0 GO+HLI'C GO+HFI'T GT:GT 08-G0-¢T0G G0:¢0 L1-G0-¢T0C 0VC ¥6
3 €1'c Crell 68’167 ¢0°0 87'€ 6T+HEV'T 6T+HOL'T 6T+HOLT ¥€0 8T GO+HLGS 90+HEL'9 G2:C0 LT-€0-CT0Z 0€-00 G0-€0-CT0C 6EC €6
m 90°€T ¥P'€6 6CLEV CO'0 T'€ 9T+HIVT GT+HLY L GT+HHLYL GL°0 LGT PO+HG0C G0+HOEC 94:€0 €0-¢0-¢T0T G- 1T 92-T0-¢T0C LEC C6
< 8T'L ¥8'6& 88GI¥ T'0 L'V 8T+HSY'T 8THHST¥ 8T+HST'Y G0 €€C G0+H95°6 90+HTZY'C 02:00 0E-TT-TT0Z 00-:60 9¢-TT-110C 9€C 16
W ¢G0T 8T'90T 8C'T6¥ G0°0 T¢'C 8T+HIEE 8T+HSG'€ 8T+HEG'E 9€°0 T0°C COTHTET O+HFI'G GE-€T 80-60-TT0C G¥°€C 90-60-TT0C ¢E€C 06
GT'€T  T€LL LEG6VP 610 € O6T+HCY'T 6T+HIL'E 61+HIL'E LT'0 98°0 PO+HLE S PO+HGY'T 06:9T 01-80-1T0¢ 00:80 60-80-T10C T€C 68
v¢'6  67°6¢ 8€Y  ¥I'0 96°C 6T+HSET 6T+HOT'S 6T+HOY'S T¢'0 68°0 PO+HSTT FO+HCI ¥ 0€:60 ¢1-90-110Z S0:0¢ G0-90-110C 6TC S8
667 S6°00T ¢8EY IT'T ¥9°G 6I+HIST 6T+HF6'E 6T+HV6'S L&'0 T80 60+HLI9 60+H00'T 0¢:L0 ¢T1-€0-TT0C ST-€C L0-€0-T10C LTC LS
9%'¢l  L9°06 €0°G8S €0°0 S¥'¢ ST+HET'E ST+HEET STHHEE T 1€0 €1'C SO+HET'E 90+HR80C 00:80 T1-¢1-900¢ G€:LT G0-¢1-900¢ ¥ 98
76'Cc  €C8L 997687 84T 6€F 0G+HIIT 0G+HLI'E 0+HLI'E €8°0 670 LO+HSY'€ 90+H60°€ 0F:1¢ ¥0-80-00¢ 0Z-€C 9¢-L0-G00C 1¢C S8
96'T 6C'€S €9°¢Py 9¢'T T0°L 8T+HEY'C 6T+HSGO'T 6T+HEO'T 61°0 ¢O'T €T+HST'T ¢T+HEY'T G5:10 06-20-600Z OT-8T €1-L0-00¢ 03C ¥8
€6 L2'T6 FO0EY 90°0 89°C 8T+HGE'E 8T+HES'S ST+HHES'SG €20 19T €0+HE9¢ €0+H8L L G450 81-90-900¢ 0G:0C 91-90-900¢ 61 €8
8V LT TLLET 92699 TT°0 9T°L LT+HIICT LT+HE9E LT+HE9E €0 ¥0O'C OT+HVI € OT+HRS'8 06T L1-G0-G00¢ 00:1¢ €1-G0-900¢ 8T €8
IT°6  29CST 69769 60°0 ¥L'T 6T+HELY 6T+HCI'8 6T+HCT'8 ¥¢'0 LL'0 PO+HLE'T ¥O+HOY'C 00:00 1¢-10-900% 00:10 03-10-500¢ 91 18
19°6¢  L€90T 99°L6G €0°0 LEF LI+HHSCT LT+HEOT LT+HEOT 970 ¥E'€ GO+H86°L 90+HSE G G¥-¢0 60-T1-700¢ 050 LO-TT-700C ¥1c 08
X IITMSA MSA 1L L 11970 02 0Sy 0% 1 © 119700 UA ouwIL], PUuy ouwIl], 11e1S 'ON "ON
g g i 4 € ¢ ¢ T
P (ponunuod) ¢ olqe],



25

A STATISTICAL STUDY ON SEP SPECTRA

‘[s/wzy] 30 syrun ut possordxo ore AJUTRISOUN ST pUR G WOIYenby 10] poods pUIM IRJOS OUII)-[RI O] Lc

'[8/7wo)
Jo syun ur passordxy] ‘o[qe) STYY UI 9SI] pPoads pulm Ie[OS SWII}-[Bal € SUISI Paje[noed SI YOIYM ¢ UOIyenbr 10J JUSIDIJO0D UOISIPIP POZI[BULIOU 91 Ly



abod rou uo panuBuUod F I[qel,

1076 69X S9A 916 €0¢c  ¥0'0 8T'0 LO+HEV'E  0F PTE€T T19°€- €€T1- 80O+H6T'T 00°TT 9¢-70-T86T 00:%70 ¥C-F0-I1861 ¥ GC
06'¢ G €N Geare €¢8 L0000 L00 LO+HG0'C G€'88 99°C0C ¢0'¢- 697G SO+HEV'T 0£:0C LO-FO-T86T 0¢:€0 9¢-€0-186T IV ¥¢
L8901 ¢LIN L9°¢¢ ¥L°0 GT'C CI'0 LOTH96'T 89°T0T 8E'TIT 6¢'TT1- 9¢°¢- LOTHIE6 0€:80 G0-¢T1-086T 00:¢0 60-TT-0861 0OF €T
8G'0T TCIN 1.9 160 9T°'0 S8T'0 L0+HLTC GF0¢ 698 ¥FS- 681~ L0+HILL 0€:9T ¥¢-0T-0861 0€-0T GT-0T-0861 6¢ TC
66'6c T7'EN GG’ 80 9T'0 180 60+HUTI6'T ¢CL9C T'L ¢L9 96'C 60+HT6'S 0€-8T 9¢-L0-0861 0€-GT L1-L0-0861 9¢ 1C
9¢v 9O €681 8¢y  ¥00 TO0 GO+HS6'S TE8Y C6'0¢ ST'¢- 69 T1- 90+HTO0€ 00:0¢ 80-70-086T 0¢:6T 6¢-€0-086T G€ 0C
G9ce €N 19°8 991 70°0 910 90+HUS8'T ¢F'¢E 1I8CI 61F 99°T- 90+H6L'9 0€:8T 60-¢0-086T 0€:8T G0-C0-0861 ¥E€ 61
¢€9¢  TIN Ggce 87'¢ €00 670 80+HOT'9 96'GT 8LOT ¥¥¥- 96'C- 80+HLE'6 00:CT €C-TT-6L6T 00:00 9T-TT-6L6T T€ 8I
vy ¢X 94°6 ¥0'¢  ¥0'0 TT°0 LO+H69€ 8LCF TO'6T 9L°€- TS'T- 8O+HES'T 0¢:70 €0-0T-6L6T 00:CT 80-60-6L6T 0€ LT
99°¢ 99X S9A G8°G¢ 8L €0°0 LT'0 80+HO0Z9 6T0¢ 9692 8¢~ 9£¢- 60+H0EC 00-80 T0-60-6L6T 0€:TT T0-80-6L6T 6C 91
71'lc  ¢X Ge'6 01T PT°0 120 OT+HAPET G192 C0'8 €89~ LG'¢- OT+HPS'E 00:0T #T-90-6L6T 0€:CT 90-90-6L6T L& 4T
L&Yy X L0'8T €7 €00 PI'0 90+HLEE G98°9€  L'€C 8¢'€- LLT- L0THOV'T 00:80 £6-¢0-6L6T 0€:9T L1-¢0-6L61 ¥¢ FI
m 191  1X T€TT L& €00 61°0 60+H6CT €99¢ CTET LLE€ 9LT- 60+THCET 0610 9T-0T-8L6T 0&°TT £€¢60-8L6T T1¢ €I
© 2991  GX  SeA 90°'8¢ 69¢ €00 €€0 60+HICS €F6T STFL ¥L'E LET- OI+HPT'T 0¢°¢0 G0-G0-8L6T 0¢:€0 LI-F0-8L6T 9T ¢CI
OM €re ¢oX 60°8T 80F% ¥00 T0 LO+HETT ¢C98F 986 8¥'E€- G8'T1- LO+HG6F9 00°€0 9T-F0-8L6T 00:70 SO-70-8L6T ST TII
ANn ov'er LN €881 €¢¢  ¥00 ¥¢0 60+HLT'9 8LE€C 9TECT 9% ¥~ L9°C- OT+HIL'T 0€:1¢ ¢&-C0-8L6T 00:80 €1-¢0-8L6T ¥I 0T
W Gv'ce LD G191 66¢  F00 FI'0 90+HO6'T G6°0F 9T'cc VL€ 68T 90+HK8S'L 00:9T 90-T0-8L6T 0¢:L0 ¢O-T0-8L6T ¢TI 6
€8T IX S°A 91T € 70'0 600 L0+HSO'T €7CS 8'L% CI'€ €C'T- LO+HET'9 0€-€T 8C-TT1-LL6T 00-1T ¢g-11-LL6T TIT 8
¢9'T  CX  SPA 80°€¢ Ve 700 T0 LO+HUE06 GP'GF  6LCE <CL€E €6°T- 80+HSLT 0€:L0 €C-60-LL6T 0¢:9T 8T-60-LL61 6 L
€081 €N TLET I 800 €T'0 90+HEO'T 6L8¢ 9€'6T 68°€- 68T- 90+HOST 00:€C ¥G-80-9L6T 0€:9T G-80-9L61 L 9
6¢°C X SPA ¢C'L9 891 60°0 G600 90+HT99 CTI'9TT GZ'ITT G6'¢- S6'T- LO+HBL'G 0€:€0 S0-G0-9L6T 00:2Z 0£-70-9L.61 9 G
60°¢ SRS €39  L000 900 SO+HTY'T €068 €9LS T9'¢- 90°C- 90+HVEE 00°90 ¥&-80-GL6T 00:LT 1¢80-GL6T & ¥
€0'T 8499 €8°9T €00 Cro 90+dHvr'y 9L6¢ ¥0CS 86'C 18 LOTHHET'E 00:6T 80-TT-FL6T 00-:L0 GO-TT-¥L6T ¥ €
0¢°€c €y°ee 8T°L ¢0°'0 €80 60+dE6'T TET 76'8  9€ ¥0'C- 60+d86'T 00-8T €0-0T-VL6T 00:00 TT-60-VL6T € G
veie 16°L S0°T 800 8T'0 60+tHUEET G80E FP'6 LSS €C 60+HTIT 0CL€T 0T-L0-FL6T 00:10 €0-L0-VL6T © 1
X eIy HTO . L1197 AP245y . 1107077 11972 1107 TL NEQ\U . AP24q7y . 057 (99 L . 0 QuWILT, Puy QwIlL], 11e1§ H.oZ ‘ON

26

"SYUOAD FQT I0] Poliy siojowrered [eijoads sousny [RISoIU] § S[qeL



27

obvd jrou uo panuruod F olqel,

16¢ €SN 1€°9 GL0  9T0 TT0 LO+HST'T F¥¥LV €LTT 689G 98T~ LO+HET'9 0€:T0 9T-60-686T 0¢:€T C1-60-686T 16 TS
90°€¢  9CX SPA G8'C Ge0 ¢0°'0 TI0 L0+HCTY ITIV 796 CS9F- GC'0- 80O+HI6'T GF:GT GT-80-686T S¥-GT CI-80-686T 06 19
L96  9CX S9A V€62 Gc'6 ¢00 TIT'0 G0+HO09E CCTL €19 99¢ LT'T- 90+HOGT G¥:LT 92-20-6861 G0:60 G¢-L0-686T 68 08
98VL LGIN €79 ¢80  L£0 9T°0 LO+HSOT €0V 689 LEL- TY'T- LO+HO0F 00:0T 65-G0-6861 00:S0 ¥¢-G0-6861 L8 67
0¢6 G€X 87 860 ¢I'0 71’0 80+HTEV'e €¢9¢ 68 669 16T 60+HIOT GF-10 8T-70-6861 S1-1¢ 0T-70-686T S8 8F
¢6'9T G'TIX 86°6 LT 70°'0 600 90+tUL8F 8GTFS ¥'Ic 69F- VI'C- LOTHIRC 0€1¢ ¥C-€0-6861 ST:0C €C-€0-6861 78 L¥
8467 SIX 8L°€ET 8T'c  ¥00 9T°0 60+H68C ¢Tc& 9LFL C6F- €LC- 0T+H60 T 09°6T FI-€0-686T 0¢:€0 80-€0-686T €8 9¥

< I89T €N €0°0¢ ¥¢¢  ¥0°0 TIT°0 GO+HU9¢'S ST¥F 90°1€ ¢ 89'T- 90+HPL'C OF:IT OT-TT-886T G¥:GT 80-TT-8861 08 GF
m 0y'0 ¥IX GETT ¢q'T LT0 T0 80+HOZT 990§ E8LT LTS €7'C- 80+HCS9 09-€T 90-10-886T 00:€¢ ¢O-T0-886T 8L F¥
M v0'0  LTOD 16°9¢ €¢ 600 890 L0+HI9EEC 6CST 676 €8¢ TE'C LOTH69T S0-:C0 T0-T0-8861 ST1:¢0 0€-CI-LS6T LL €F
20 T TN 61°9 L0 9T'0 €10 L0+HLE'S €668 996 €€9- 91'C- 80+HLE'C ST-€T OT-TT1-L86T G¥:CC L0-T1-L86T 9L CF
m €80T ¢'IIN 989 9T'1T 80°0 800 SO+HUCLT 6£09 ¢TI'8T 99¥F- €¢'T- 90+HP0'T ST:€T G0-G0-986T 0Z:CT ¥0-G0-9861 GL 1¥
QNU VLY 7ON 67" L 69T ¢0°0 ¥Z0 L0+HCOV ¥CET  GE6  6L°€ T€T- 80OTHOET 0F:L0 61-C0-986T GS:0T ¥1-¢0-986T €L OF
O LL'6 67TIN LL6 ¢r'e €00 TT0 90+HEYT 8F'Cr G061 CL'E€- 67 T- 90+HSG6'L 0€:€T TI-L0-G86T 0¢:¢0 60-L0-G86T TL 6€
m 66 LVX ¢9¢ 9%'9  FI'0 900 90+HET'E 606 6099 86'¢- LET- LO+THES'T 00:8T GC-T0-G86T 0¢:¢0 T&-10-G86T 69 8¢
Wam.ﬂwmm €IX 60°0¢ 91 L0C €00 SOTHPI'T ¢VlS 99¢C 9T~ L0G 60+HU8ST 0£:6T G1-G0-F86T 0€:60 ST-¥0-¥86T L9 LE
M 61°6c ¢ 6°7S 269 9T°0 200 90+tHdTyr9 €0'T19¢ LTET TT'G- €F'¢- LOTHIGE 00:L0 €C-€0-F¥86T 00:T0 LO-€0-¥86T 99 9¢
m €6 9¢D Ge'TI 9v'c  ¥0'0 600 GO+HSE6 6019 TI'Le CL'E LV'T1- 90+HTF'G 00:GT 6¢-90-€861 00:8T F1-90-€86T €9 4G€
BooeL 19X 6897 99 600 ¢0 60+HPT9 6FLlc 991¢ 92¢°¢- 66°¢- OT+HLG'T 0070 0T-¢0-¢86T 0€:80 £0-¢0-€861 19 ¥¢€
m 67'¢G ¢CcX ¢GaT ¥6°¢ 700 ¥C0 60+HECT 6'¢c  LLTIT TLP- 89°C- 60+HTS'E 0€:00 0T-T0-€86T 00:0C GT-¢I-¢86T 09 €€
£2069  6X €¥°'¢¢ L&¢  ¥0°0 ¢¢0 OI+HdELT ¥c0c 9T TIT ¥0'G- €¢'€ OT+HIC9 00°90 LE-L0-¢86T 0€:¢0 60-L0-¢86T LS ¢
< IT€e  TIX 88°LT I8¢ 700 8T'0 L0+H08C 61°0¢ 9I'8T G9°¢- 86T~ LO+HTS'6 00:90 ¢0-L0-¢S6T 00-:00 £0-90-C86T 95 1€
¢lel 19°7¢ L0eT €00 V€0 LO+HT6'T E€T'6T  €0C LE€ €7 LOTHVOT 0€:80 0T-€0-G86T 0€:90 L0-€0-¢86T ¥4 0F
6V'6¢ T'TIX €r's 16T 70°0 8T'0 80+HFPI'S TI¥F6C 9¢IT €F- 69T~ 60+HIS'T 00-10 ¢T-¢0-¢86T 00-6T 6G-10-C86T €S 68
ve'e TSN 6£°CC 8¢'¢ FI'0 610 80+HEE'S 96¢ G6'ST ¥0'G- 8T'€- 60+HO8'T 00:80 FI-CI-T86T 00-LT GO-CI-I86T IS 8T
1Ly 9€X S9A 74€c LeG  ¥00 TT°0 S0+HSL9 ¥C¥F 8T'IE 9¥'€- ¥0'C- 60+HSE'E 0€:CC 92-0T-T86T 0€:€0 80-0T-I86T 8% LT
169 7SN 96°8¢ LT'8  ¥0°0 €10 LO+HES'8 €69 €L°€E T9€- T9'C- 80+HG6L'E 00:L0 8Z-L0-T86T 00:GT 0Z-L0-I86T €¥ 92

X eIy HTH ) L1107 47245y . 1197077 1107%L 1107 TL NEo\O , AP24q7y . O o o . o) owIL, Puy ouwIl], 11e3S H.oZ "ON

(ponunuod) ¥ olqe],



obvd jrou uo panuruod F olqel,

609 LN 179 66'0 €00 €€0 60+HdICe TI86T 86'G GI'G- ¥8'T- 60+HEDS GT:0C £€1-G0-C66T ST1:90 60-G0-¢66T OET 6L
19°0  9¢D v$79 SV'IT 900 6¢'T 80+HTLT T'TT L9'8  GT'¥- 98'C- 80+HTE'T G0-GT 8¢-C0-C66T OV-TT LT-C0-C66T 8CT 8L
G0 VIN 9L 60°T L0°0 €80 60+HVO'T €TET  9¥'E€ €V'S- TI97T- 60+H90'T 0£:00 0T-¢0-C66T G¥:2¢ 90-60-¢661 LTl LL
€8°C 69°C1 L& 600 GL0 LOTHUEST G6'€T  I¥G €06 SFC LOTHLEG 06°80 06-CI-T66T 07:S0 6C¢I-166T 92T 9L
GLYT G¢X Veve €0 ¢0'0  L00 90+HPO'T 8TLS GF'SY €LC ¥ST- 90+HEE L G0:0C T€-0T-166T 0€:L0 0£-0T-1661 ¥CI GL
VLY €LIN 66°L€ 79 €00 ¢TI0 SO+HU6T'T ¥6'0F €T'¢E ¥P¥- T¢€ S80+HLIG 09T €0-0T-T66T 07:60 06-60-166T ¢TI ¥L
1879 T¢X V6L 76'0 €T°0 €T'0 80+H0c'8 9¢0F TS TIT G¢'9- 9L°¢- 60+HOL'E 08:¢c 06-80-T66T 0T:T¢ S¢-80-166T 0TI €L
€065 61X 919 76'0 €00 €S20 60+H98°€ 6T'€c 60L ¥¢G L6T- OT+HSO'T 07°90 €1-L0-T66T G 1¢ 6¢-90-166T 61T TL
VI'G  CIX SPA G6°ST 0% 200 900 S0+H9EC T008 L8'GY TL'€ L6T- 60+HELT 0€:T0 GT-90-T66T OT:6T 60-90-1661 SIT T
8V ¥ ¢S €9°LT 9¢°¢ ¢0°0 80°0 L0+HGLS 6CFS €CE T16°€ €C°C S0THSG9E 0G:0T GT-G0-T66T SO-GT O0T-G0-T66T 91T 0L
68°'TTT 89°TT L1 €60 FI'0 90+HPS'E 809¢ €E€TT 899~ €0°C- L0+HTI'T 00-GT ¥¢-¥0-1661 00-¢T ¢¢-¥0-1661 SIT 69
O 8¢'8 9N 7801 87’1 €T°0 €10 80+WTI9C 8¢OF 6€£¥T ¢V'e- €9¢ 60+HLT'T GT:10 0T-70-1661 S¢7:90 ¢0-70-166T ¥IT 89
ﬂUu 1.9 76X Gc'e 69’0 €00 S8T'0 80+WUcLT 6¢0¢ 89°L 6CF 6¢0- 80+HLE'SG 0SFT 1€-€0-1661 07:90 €¢-€0-T661 €IT L9
&3 VI°GT €y 8¢°0  FT'0 €T'0 SO+HLLE T'6E LL'8  9€'G- T6°0- 90+HI9'T G&:ce €1-€0-T66T 0G:8T CI-€0-T66T TIT 99
M%Aa ¢'TX 9 G8°0 ¢r'0 810 90+HSC'C ©8'I€ GC'8 6£9- €4'1- 90+HS80'8 G410 L&-C0-T66T 0F-0T G¢-¢0-166T OIT <9
< L0°CY 19°G 960 120 PI°0 90+H86'9 98'8¢ €6, 889~ 86'1- LO+H66'C S0:LT 60-20-T66T 9960 80-¢0-166T 60T ¥9
W Sy 0T €IX 09 ¢80 900 TE0 80+HO8¥ T199c 6C°L TI8G- €T 60+HTS'T 0€:6T €0-C0-1661 SV¥1 Lg-T0-T66T 80T €9
900 VYN 699 96°0 T0 €10 80+H9E'T 6°8¢  L9'TT G€'G- T0°C- SO+HST'9 G0°¢T 90-80-066T ST-ST 1€-L0-066T 90T €9
89'1¢ € ¢cIN 9°¢0T 6761 ¥00 ¢TI0 80+HcOc S8O'TF 996G 68°¢- ST'¢- 80+HUSY'6 GET0 0£-20-0661 0¢F¥0 9¢-L0-0661 SOT 19
86'¢ G'GX SOA 86°99 78T  ¢0'0 L0°0 LO+HUS9'T ©GLTIL 8706 8LC- 86T~ 8O+HCE' T 00°6T ¥¢-G0-066T 0€:1¢ L1-G0-066T cOT 09
YO'T  ¢'TD Ge'g ¥.°0 ¢r'0 Cr'o 90+dPL6 FOEF €901 8¢G €T~ L0+HIIT 07:9T 6¢-70-0661 0€:G0 8¢-¥0-0661 00T 6S
€06 91X 1€°0T a1 GT°0 ¢I'0 L0+dc0¥ ¥I€r ¥6FT GT'G- 9C°C- SOTHGS'T GT:L0 €¢70-066T G090 9T-¥0-066T 66 8%
1¢16e  1X 901 90  ¥6°0 TIT°0 LO+HUS0'6 ¢<¢I'8F €8 T'A- 9¢'T- 80+HET9 0710 ¢&-€0-066T 0€:90 61-€0-066T 96 LS
¢908 97¢X 9L¢ 97°0 ¢0°0 8T0 80+HPET L8TIC  8GF L0°G- €0~ SOTHISG G0:60 G0-CI-686T G¢:90 LT-TI686T G6 99
1¢°0T ¢€X SPA ¥0°€0¢ 7661 €70 C00 S0+HTC8E GE€'809 GT'8TE 8L°€~ T6'T- 90+HSGT'9 SP-1T 9T-T1-6861 G¢-L0 GT-TI-6861 ¥6 GG
T¢’L  €IX SPA (2! 9¢v ¢00 €0 60+H06'E 9€0C CET 68C S€T- 60+HAVI'6 09:9T 60-T1-686T OT-€T 61-0T-686T €6 ¥9
6L°¢ 86X SOA v0°0T €6°C ¢0°0  T0 L0+HCE9 G6TFF  €9VC €8°C- 66°0- SOTHTCY'E 02:C0 0T-0T-686T SG-TT 65-60-686T ¢6 €9
X eIy HTH ) L1107 47245y . 1197077 1107%L 1107 TL NEo\O , AP24q7y . O o o . o) owIL, Puy ouwIl], 11e3S H.oZ "ON

X (ponunuod) ¥ olqe],



29

obvd jrou uo panuruod F olqel,

18°9¢ ¢ G6'8 IT'T 8T'0 €T'0 LO+HU6T'C ¥PI¥P 8ETI €L°G- 8E'C- LO+HI®6 OT:6T LZ-0T-0008 GT:GT G¢-01-0002 89T 90T
8¢'Te  IIN €r'8 i} 80°0 8Z'0 80+HLISC TO'LI gL 9€V- & 60tTHOLT G'TO 81-60-000¢ 0G:¥T &1-60-000¢ 99T SOT
000 v6°¢l LT €80 160 60+HUIT'T 6¢9T  €9¢ ¢Fl- 60°€¢ 60+HSO'T 0€:€0 §1-80-000¢ G7:00 £1-80-0002 99T V0T
LE88  G'IIN 1679 ¢c’0 660 LTO SO+HETC 197 9¢'¥ 19°0T- 200 SO+HTILL S0:60 0€-L0-000¢ $G:¢0 8¢-L0-000C¢ F¥9T €O0T
06’8 L'GX SOA g€ 780 ¢0'0 IT'0 LOFTHST9 86'TF G0CI €9°€ ST°0- 80+HL6'C 0T:6T €¢-L0-000¢ 0€:00 €1-20-0002 €91 ¢OT
06'6T ¢ SIN T0°LT 6¢°€ G0'0 800 90+HS6F CT'T9 €LIE €6'€ & LOFTHIOE OT:1¢ ¢1-90-000Z 00:%0 01-90-000¢ 19T 10T
6¢'¢9 €TIIN 179 29T 1€°0 200 GO+HU6C'T ©LL9 VST G ¢€T1- 90+HIZ'T GG 1T 61-¢0-000¢ S¥:80 81-¢0-000¢ SST 00T

< 960V 6°€EIN €01 16°T 700 110 L0+HFP0'C 8CF  P6'LT CEF- ¥6'T- 80+HOSG'T GO-GT L0-90-6661 0T1:¢¢ 10-90-6661 LST 66
m ovel L8 i 9T'0 ¢I'0 S0+H9LT LV¥y PIGT 9€¥F- V' 1- 90+HIET OF-F1 8¢-90-6661 ST:CT Lg-S0-6661 95T 86
H G981 C¢'SIN L8°8€ €99 LT0 TIT0 LO+HVE'Y GE€9F 6E€FE T1TF- 98°C- SO+HIV'C 070 9¢-10-666T 0¢:00 I1¢-10-666T €91 L6
C96° 1T LTID 4 a9l 70'0 800 90+HST'E 99'6¢ 8I'T¢ €L'¢ T'T- L0+HEG'T G9:GT LT-TT1-8661 0€:90 FI-T1-8661 CST 96
m ¥8'6¢ 8 CIN €6°G 48! €00 S8T'0 L0+WUC98 ¢Cc'6c LL6 F¥C¥- S¢'T1- 80+HV6'C 0C:F0 ¥0-0T-8661 SZ:FT 0£-60-8661 6¥VT 96
QNU €ree  IX  S9A 9T°€c ¥9% 200 ¢TI0 80+tHc6'S T16°9¢ TT'9¢ 98¢~ ¥¥'¢- 60+HELT 00:0T 1€-80-866T GC:LT GG-80-8661 L¥VI 76
C 610 88°G¢ a9 900 ¢ 90+tHUe8'C 90T 209 L0€ €0°T- 90+HLET GG:€T 8T-90-866T 00:9T LT-90-866T 91 €6
m L6°¢ 64°8 71 9T'0 TIT'0 SO+H00L ¥LGYy 9991 ¢E€¥- 8ET- 90+HCY'E OT:¥0 T1-G0-8661 0G:90 60-G0-8661 S¥T ¢T6
W L9 X SPA G491 9T¥ €00 TT0 90+HO0E ¥0'GF ¥0'8C GT'¢- ¥4'T- LO+HES'T 02:00 80-G0-866T G280 90-G0-866T ¥¥T 16
M 6L0T T'IX S°A VLT €y €00 G00 90+HASV'T L0'80T 6L°LG V€€~ LV'T- LOHHEE'T G0:€C ¥0-G0-866T GG-€T €0-G0-866T €¥I 06
m 68°¢y T'IN 1L°¢ 60 €L0 600 90+HITT 6999 99°CI &F'G- 61°0- L0+HUP8C G0°GT 9¢70-8661 G4°¢T 06-F70-866T TVI 68
B 11T 76X A LL°0¢ 67'e €00 GO0 LO+HOCT G616 TI¥'8% T0'€- LP'1- 80+HL0T OV:61 OT-TT-L66T 00:90 90-TT-L66T OVI 88
m 88°C G EIN 69°€T ¥8C €00 6C LOHHPFT 1.6 €L°C  €L'¢ 8T'0- L0+HIS'T G0°CT T¢-0T-7661 G€:CC 61-01-F661 S8ET LS
5608 TN 661 ¢0 €00 G€0 80+HPO'T G6'8T  G8'C L9~ €L0 80+HFI'C 0¢1C ¢¢-¢0-¥661 0¢:¢0 06-¢O-F661 LET 98
<2001 LN 61°0€ L0°L €00 CI'0 90+HCT'8 6£6E €166 8¢€ 60C- LOTHPR'E GO'ST FI-€0-€66T 0G:8T CI-€0-€66T 9T ¢S
0s'8  6'TD 99°.9 86°IT 8T'0 T'0 L0+HCOE 97'cS 96'¢S SOF- 90°¢- 80+HFI'T 0T:0C 60-€0-€661 S0-€C 90-€0-€661 GET ¥8
0T'¢c 18D 86°CI 8'C 70°0 TIT°0 90+H60'T S8€¥F 89Cc 89°€¢~ TL'T- 90+HFS'S 0€:CC G0-€0-€661 0C-€T ¥0-€0-€661 VET €8
€9Ty  LTIX S9A Gq'c 70 ¢0°'0 600 L0+HAPOT 8T8 10T G- CE0- LOTHSL6 0T'1C TO-T1-¢66T SF-8T 0€-0T-C66T EE€T C8
08°L6 S8TIN 8T'8 9¢°0 60 670 LOTHIT'T <Cc¥y ST'G L00T- 67T~ LO+HSS'E SG0°60 80-80-C66T GE€:0C S0-80-C661 ¢ET 18
T07¢ 6°€X SPA L9 €LT ¢0°0 €0 L0+HCO0T €V0T  9€'8  6T°¢ TLO- LOTHIOT GT:E¢T T0-L0-¢66T 0£:0¢ GC-90-¢66T TET 08
X eIy HTH ) L1107 47245y . 1197077 1107%L 1107 TL NEo\O , AP24q7y . O o o . o) owIL, Puy ouwIl], 11e3S H.oZ "ON

(ponunuod) ¥ olqe],



obvd jrou uo panuruod F olqel,

LT TLX S°A 881 GLv  ¢00 900 90+HT99 PIFL €GLY LSC TOT- L0+HL0°G 00:00 1Z-T0-G00Z 00:10 0¢-10-G00¢ 9T¢ €€T
€979 X L€l vl €T°0 900 S0+HILL F¥E96 GLI9C L9~ 60°¢- 60+HE99 SF:¢0 60-T1-700¢ 09:C0 LO-TT-¥00C V1T TET
8¢cc T'IIN 61°¢G LT'T 70°0  TIT°0 SO+HSET I8FF TIFI 69°€¢- €9°0- 90+HTIC T GT1:0¢ €O-TT-700¢ 01:90 TO-T1-¥00Z €T¢ TE€T
ST'IT 8FIN GL'G ¢L0 800 ¢TO0 60+HSET GI'ST 'L 6T9- 8€C 60+H6VT ST:8T LI-60-700¢ SG:6T £1-60-700C TI¢ O0€T
6166 LT9 8¢'0 9.0 8T'0 GO+HLLE G9S9€F 997 L96- €€0- 90+HLT T SF¥I ¢0-80-700C §4:0C 1€-20-700¢ 01¢ 6CT
L0 ¢TI 96°L VI'T 60°0 GT'0 80+HdcO¥ 8LFE LTTT LEG 6¢°¢ 60+HEIT OT:8T 8¢-L0-¥00C S0:CT €¢-L0-F700C 60¢ SCT
07'¢t 96D 98°€€ 867 ¢I'0 €TI0 80+H809 80°LE 16Fc G- T19°€- 60+H0LT SO°€C CI-¥0-F00C €790 T1-¥0-F00¢ 80¢ LTI
€964 LD ar'e 61°0 1€°0 CT°0 LO+HEET €L0F  TIP¥  L86- €9°0- LOTHCI'S G0:90 90-¢1-€00¢ 0S:¢T ¢0-¢1-€00¢ L0T 9¢T
TL9T  LTX S°A €V 880 ¢0°0 600 S80+HTIT 8¢S TEGT 8TF- €L°0- 8O+HSGE6 06:9T 6¢-0T-€00C 0£:€0 8¢-0T-€00¢ G0T GTT
970 9VIN 18¥ 80 900 ¢0 LO+HUSTY €L9¢ G9°L I8F- T€T- 80+HG6ET GT:1¢ TI-T1-¢00C OT:LT 60-11-¢00¢ 00¢ ¥CT
909 T'€X SeA 68°L¥ PP'IT 200 900 L0+HC9L 9€0L FLOL 1T€ TT¢ 80+HGL'S 0T:€C LE-80-¢00T 0T-€0 ¢G-80-¢00C L6T €CT
O G¢T €X €6°L¢ LT'9 GT°0 110 60+dcO'T 67'SF 9%'¢cE 9¥'F- G0'€- 60+HE0'G 0€:9T 0€-L0-¢00Z 0T-€T 91-L0-¢00¢ ¥61 &Il
ﬂUu 990 TN 9°¢ 86°0 ¢r'o ¢ro So+av9e v L6°TT 9TF- €8°0- 90+HLI'T GG:€T 60-20-¢00Z 00-¥T L0-20-C00C €61 TCT
& ¥e0 SO V79 LT0T  9T°0 T0 60+UVI'T ©88F LE&¥YP GS9¥F- GP'€- 60+HLT9 GT:00 S2-90-200C¢ 0G:L0 ¢¢-G0-¢00Z ¢61 0TI
MNO.S ¢'TX Ve 19°0 G0°0 P00 LOTHO6'E GE9ET GT'€C €0°L- PI'T- SO+HIS'E GE:€T 8¢-¥0-¢00C 0€:TT L1-70-200C T6T 61T
< @9c 6D GETI LT ¢TI0 ¢I'0 80+HLLT 890V ¥8ST 967~ ¥'C- S80+HSGS'S GE€:8T ST-10-¢00¢ G560 0T-10-200C 68T 8II
W 657 TLIN SOA G6°¢c¢ 9L ¢0'0 90°0 80+HO9'T T¥ 0L 8¢  GV'¢- €8¢ 60+HOC'T 00-:L0 60-T10-C00C SG-G0 9¢-¢T-TO0C 88T LTI
¢8°6% 66NN 76°¢C 67’0 €00 ¥I'0 SO+HIST ¥8G9c  LLL 80°G- 9¥°0- 80+HR8G'L 00-€T 0€-TI-T00Z SG°6T LTI-TT-T100c 98T 9TT
¥6'8T  IX S9A 9L°¢ L9°0 ¢0'0 L00 S80+HOZT 6FF9 98°GT 8%~ €L°0- 80+HLI'8 G0:0C ¢I-TT-T00¢ GG:9T GO-TT-T100C GST GTT
6¢'4T  IX 8V 1€¢ 8796 G600 800 L0+HECST 8G€L GSSYT T10°¢- ¢4 80+HET'T 0T:9T 8¢-0T-100¢ SS-¥0 61-01-100C ¥8T ¥IIT
96'8¢ 9CX 6€°G 180 €00 900 80+HSE'E %928 ©€9'T¢ ¢89S~ GP'1- 60+HI6'C S0-€0 ¢T-0T-100¢ 00-¢T ¥¢-60-100C €8T €11
LCVE G6°L 9¢'1 70°0 700 90+HSY'C 8L€ST €8¢ FI'G- €11~ L0+H69'C 0FF0 9¢-80-100¢ SS:00 9T-80-100C ¢8T CIT
69°ST ¥IN Ve8¢ 7¢0T €10 190 G0+HE’8C 667 ¥8¢c 66¢ 80- GOTH6GV'T ST¥T T¢-G0-T00C S¥:80 0¢-S0-100¢ 6LT TTT
0071 VI8 IT'T €T°0 €10 L0+HU9¢'¢ T8¢ PICl GF'G- T1€¢ 80+HEST OT:6T 60-G0-T100C 00:GT L0-G0-T00C 8LT OTT
76T 02X SPA 1.9 Ge'T 70°0 TIT°0 20+H0S'E€ 96'¢y €T°9T GO'F- 18T~ 80+HOLT 0¢-80 L0-¥0-T00C 0¢-1T ¢0-70-100C 9.1 60T
¥6'0c ¢X v8.LE 78 700 T0 LOTHIET 8§97 GO'T¥F €F'€- €¢- SO0+HVP0'T 0T:0¢ S¢-11-000¢ 00:L0 ¥¢-T1-000¢ TLT 80T
SVl 7LIN 87 80 €0°0 GO0 LO+WU6VL LLCTOT 9TFC T'G- L80- 80+HPL'9 00:LT STI-TT-000¢ G¥:¢C 80-T1-000¢ OLT LOT
X eIy HTH ) 11074724y 1107057 1107l 1107 TA NEo\O , AP24q7y . O o o . o) owIL, Puy ouwIl], 11e3S H.oZ "ON

K (ponunuod) ¥ olqe],



31

obvd jrou uo panuruod F olqel,

69ce €LIN 8¢'T¢ ¢'6 €00 ¥C'0 60+HU6T'T ¢S'€c 19¢Cc STV IT°€ 60+HPEE G9:80 12-F0-F10C 0€:¥1 81-F0-F10Z 99¢ 09T
99°0¢ 67X ¢0'8 8T ¢0°'0 90 80+HOET FITVI  9V'G P9E- 98°0- 8O+HPLT 00:6T G0-€0-FI0Z ST-0T G2-¢O-¥10C GST 6GI
€0y SN G6°¢C 690 €00 920 LO+HESE €9CC T¥S TV ¢0°0- LOtHL06 G€'€T GC-G0-€T0C ST-€T ¢&-G0-€T0C TST 84T
¢l'el CIX e8¢ 80 IT°0 LT°0 LO+HUT6'6 89'CE  8F'8 T19G- LLT- SOTHLIE 02'ST 1¢-G0-€T0¢ 0¢'L0 ¥1-G0-€T0C 19T LST
oLl S9N v 01 ¢§c €00 TI'0 90+H6S9 99qe 8T  €€°¢- GE€'T- LO+HUP8C 00:LT PI-F0-€T0C 9¢:60 T1-70-€10c 09¢ 99T
7a'68 T'TIN 10°L 8¢°0 90 ST'0 LOTHLZ9 CTch I¥FS €96 ¥8'T- 80+HLIC GS:CT ST-€0-€T0¢ S¥:61 GT-€0-€10C 6¥C GST
L6'c  L€D ¥a'8 v €10 ¢r'o 90+H9Tc 6CIF 9FI €€F G'T- 90+H68'6 S€€0 T0-01-¢10¢ 0¢:10 8¢-60-C10C L¥C ¥SIT

< 88°LYV ST 786 6€°T 600 900 L0+H90F 98C8 P¥¢'Gc ¥E'G- 961~ 80+HOT'E 00-8T 9¢-L0-C10C 09:GT L1-L0-C10C S¥¢ €91
m €eer ¥IX €€°¢C 7€0 200 220 90+HEST 99°9c  L9F  ¥9'G- ¥0°0- 90+HEIT 00:€T €1-L0-¢T10¢ S0:8T G1-L0-¢10C ¥¥C GSl
H ¢E'c 6'TIN €9°¢S 66’8  L00 ¥6'0 80+H6VT 6E£CI  ¢c'6 FVET- 66C SO+HST'T 0281 L1-90-¢10¢ €760 91-90-¢10¢ ¢¥e 1ST
2 6L TID L. 87’1 80°0 €L0 L0+HOV'T 68€¢T  S€F TIT'F- 16°0- LO+H6ST 9S-¥0 66-C0-C10C 99-€¢ 9¢-G0-C¢10C 1¥¢ 09T
m 66'¢ LGN SPA 1788 €¢ €0°0 900 LO+WUR8S'C €¢'TI8 C90TT T6'¢- LT'G- 80+HL6'T GT:GT 02-G0-¢10C G0:20 L1-G0-¢T10C 0¥¢ 6V1
QNU 68°9T 76X Iay! 69 €00 900 80+H6LT 666 VLTV CTV- 88'1- 60+HCCT ST:¢0 L1-€0-¢T0C 0€:00 0-€0-¢T0C 6€T SV
gl LIX 6°¢ 18°0 ¢0'0 TIT°0 L0+HO9T 860V T6'TT T¥F- 99°0- LO+HSE'L GG:€0 £€0-C0-C¢T0Z GT-TT 92-T0-C10C LET L¥I
m ¢00T 1D 09 680 L2000 g0 80+HTIZ'C T¥P'Sc LVl 9€G 96T 80+H699 0Z:00 0¢-TT-TT0C 00:60 9Z-TT-TT0C 9€T 9V
W 006 71D €0'8 oLl G600 800 SO+HIT'T GT'T9 ¥9Cc ¥L'E€ €0'T1- G0O+H689 GE:ET 80-60-TT0Z SV-€C 90-60-110¢ TET GVI
M GC'TT 69X 4RS! 8¢'¢ ¥00 600 SO+H9T'G ¥9€S GT'6C TT'€- LET- 90+HV0€ 0Z:9T 0T-80-TT0C 00:80 60-80-TT0C T€T ¥¥I
m 1¢°9¢  €6IN VLEeT 9L¢ €00 ST'0 LO+HISL @lee TIT'LT 16°€- & 80+HI0€ 0LTT L0-80-TT0Z S€70 ¥0-80-110C 0€T €V
£1889 9T 9 V1 69°¢ 700 800 90+HEO'E GLLE GTCE  ©€- TPI- L0+HS8'T 0€:90 ¢1-90-T10% G0:0¢ S0-90-110¢ 6¢¢ VI
m ¥6'€ LEIN 659 10°T T0 9T°0 20+H9€¥ 69¢¢ <CI'0T ¥0'S- TLT- 80+HTILT 0¢:L0 ¢T-€0-T10C ST:€¢ L0-€0-110C Lot T¥I
& 2oL GC6T €07 L2000 ¢O0T 90+H¥0'G 90°CT  88°G €9°¢- 84T~ 90+HUSET GS°TT 61-80-0T0¢ 0S80 81-80-0T0¢ 9¢¢ OFI
<CPege  6X  SX 9¥°cl €I'c  ¥0'0 900 80+H6ELE 92C0T ¢98¢ TLT- L0'C- 60+HFF € 00:80 TT-CI-900¢ S¢-LT G0-C1-900¢ ¥¢c 6E1
86'ce  LIX 60°€L 698 9T'0 €00 60+HTOC S88TLE TF'GST LE'G- L6°C- 0T+HI0°€ 99°CC 91-60-G00C ST-€¢ L0-60-900C €TC SEI
OT'T L€ L 0T 941 T0 P10 S80+HILT LL9E 6671 ¥9F- 61°C- 80+HLEL OF-1¢ ¥0-80-G00C 0¢-€C 9¢-L0-G00C T1¢C LET
€90 GIN 909 86°0 I'0  €T°0 L0+Hd90°¢ G168 6LTT ¥L¥- TV 1- 80O+HOV'T GG:T0 0¢-L0-G00Z OT:8T €1-L0-G00¢ 0TC 9€T
619 VIN 67" L 6T 70'0 800 SO+HUS8'C 89'GS €E€€T TT¢ €80 90+HB8LT G9:G0 81-90-G00Z 0G:0C 91-90-G00¢ 61¢ GE€T
99°¢T  SIN are PP°0 900 8€'0 SOtH69T €981  G9¢ 8L'G- 69°0- 80+HS0°6 0£:CT L1-G0-G00Z 00:1¢ £1-G0-G00¢ 8T¢ VET
X eIy HTH ) L1107 47245y . 1197077 1107%L 1107 TL NEo\O , AP24q7y . O o o . o) owIL, Puy ouwIl], 11e3S H.oZ "ON

(ponunuod) ¥ olqe],



Wwanag & Guo

“[A2J4] Jo sytun ut passeidxe are Ajurelreoun s3I pue ¢ uoryenbs o] A31eue jutod-yeaiq o Ly
‘[A2Jy] Jo syun ur pesseldxe oIe AjurelIeoun s pue ¢ uolyenbsy 1oy 047 oy Le¢
‘(A2 /48 [ ;o /#] 30 sytun ur possoadxo ole AJUre)I0un s pue ¢ UoHeNb 10§ JUSIOLFO0d UOIJRZI[RULIOU oY Ly

"3SI[ JUSAD OUIINII N JHS U TOGUINN ¢

€8°9  8X SPA 89°6 gc'e ¢0'0  L0°0 80+HT6'S €T'L9 99°6C 99°€- 8C'T- 80+HIOF 0F:CT G1-60-LT0¢ 0€:G0 0T-60-L10C €9 ¥91

¢899 ¥'eIN 8L I80 ¥¢'0 ¥I'0 LOFTHET'8 ¥86E ¥46 €99~ ¥E¢¢ 80+HIEE GG:€T 91-L0-L102 05:F0 ¥1-20-L102 T9C €91

¥6°0¢ 7N 78°0¢ v0°€ GT°0 €10 L0+H8’'S 668 €861 G T0'E- 80+HK89'C GG:CT £0-10-9T0Z SO0-T0 ¢0-T0-910¢ 19¢ ¢TI1

LT'¢6 ¢IN 997 L9°0 600 T0 60+dSS'T 86°LC TE€9 €79~ T 601tHCOS G0:LT ¢0-L0-9TOC G0:G0 81-90-GT0C 092 1971

KX erey gTH 1ot amotlg 1ol amotL 1) AP24q7y O o o o) owIL, Puy ouwIl], 11e3S 'ON 'ON
¥ € 4 4 € 4 T

(ponunuod) ¥ olqe],

32



REFERENCES

Anderson, T. W. & Darling, D. A. 1954, Journal
of the American statistical association, 49, 765

Band, D., Matteson, J., Ford, L., et al. 1993, The
Astrophysical Journal, 413, 281

Belov, A., Kurt, V., Mavromichalaki, H., &
Gerontidou, M. 2007, Solar Physics, 246, 457

Chollet, E., Giacalone, J., & Mewaldt, R. 2010,
Journal of Geophysical Research: Space Physics,
115

Crosby, N., Heynderickx, D., Jiggens, P., et al.
2015, Space Weather, 13, 406

Decker, R. B. & Vlahos, L. 1986, Astrophysical
Journal, Part 1 (ISSN 0004-637X), vol. 306,
July 15, 1986, p. 710-729., 306, 710

Desai, M. I., Mason, G. M., Dayeh, M. A., et al.
2016, The Astrophysical Journal, 816, 68

Dierckxsens, M., Tziotziou, K., Dalla, S., et al.
2015, Solar Physics, 290, 841

Emslie, A., Dennis, B., Shih, A., et al. 2012, The
Astrophysical Journal, 759, 71

Fiandrini, E., Tomassetti, N., Bertucci, B., et al.
2021, Physical Review D, 104, 023012

Fichtel, C. & McDonald, F. 1967, Annual Review
of Astronomy and Astrophysics, 5, 351

Forman, M., Ramaty, R., & Zweibel, E. 1986,
Physics of the Sun: Volume II: The Solar
Atmosphere, 249

Fu, X., Lu, Q., & Wang, S. 2006, Physics of
Plasmas, 13

Gopalswamy, N., Yashiro, S., Krucker, S.,
Stenborg, G., & Howard, R. A. 2004, Journal of
Geophysical Research: Space Physics, 109

Guo, J., Wang, B., Whitman, K., et al. 2024,
Advances in Space Research

Hathaway, D. H. 2015, Living reviews in solar
physics, 12, 1

Jiggens, P. T., Gabriel, S. B., Heynderickx, D.,
et al. 2011, in 2011 12th European Conference
on Radiation and Its Effects on Components
and Systems, 549-564

Jones, F. C. & Ellison, D. C. 1991, Space Science
Reviews, 58, 259

Kahler, S. 1982, Journal of Geophysical Research:
Space Physics, 87, 3439

Kahler, S., Cliver, E., & Ling, A. 2007, Journal of
Atmospheric and Solar-Terrestrial Physics, 69,
43

Klein, K.-L. & Dalla, S. 2017, Space Science
Reviews, 212, 1107

Kurt, V., Logachev, I. 1., Stolpovskii, V., &
Daibog, E. 1981, in International Cosmic Ray
Conference, Vol. 3, 69-72

Lario, D., Aran, A., Agueda, N., & Sanahuja, B.
2007, Advances in Space Research, 40, 289

Li, G. & Lee, M. A. 2015, The Astrophysical
Journal, 810, 82

Mason, G., Li, G., Cohen, C., et al. 2012, The
Astrophysical Journal, 761, 104

Mason, G. M. 2007, Space Science Reviews, 130,
231

McCracken, K., Rao, U., Bukata, R., & Keath, E.
1971, Solar Physics, 18, 100

Mewaldt, R., Looper, M., Cohen, C., et al. 2012,
Space Science Reviews, 171

Mewaldt, R. A., Cohen, C. M. S., Labrador,
A. W., et al. 2005, Journal of Geophysical
Research: Space Physics, 110

Osku Raukunen, Rami Vainio, Allan J. Tylka,,
et al. 2018, J. Space Weather Space Clim., 8,
A04

Parker, E. N. 1963, New York

Parker, E. N. 1965, Planetary and Space Science,
13,9

Qin, G., Zhang, M., & Dwyer, J. 2006, Journal of
Geophysical Research: Space Physics, 111

Reames, D. V. 1999, Space Science Reviews, 90,
413

Reames, D. V. 2013, Space Science Reviews, 175,
53

SILSO World Data Center. 2006—2022,
International Sunspot Number Monthly
Bulletin and online catalogue

Song, X., Luo, X., Potgieter, M. S., Liu, X., &
Geng, 7. 2021, The Astrophysical Journal
Supplement Series, 257, 48

Tylka, A. J. 2001, Journal of Geophysical
Research: Space Physics, 106, 25333

Van Hollebeke, Ma Sung, M. 1975, Solar Physics,
41, 189

Vugrin, K. W., Swiler, L. P., Roberts, R. M.,
Stucky-Mack, N. J., & Sullivan, S. P. 2007,
Water Resources Research, 43

Wang, Y. & Qin, G. 2023, The Astrophysical
Journal, 954, 81



34 Wwanag & Guo

Yu, F., Kong, X., Guo, F., et al. 2022, The Zhao, L., Zhang, M., & Rassoul, H. K. 2016, The
Astrophysical Journal Letters, 925, .13 Astrophysical Journal, 821, 62



	Introduction
	Analytical descriptions of SEP energy spectra
	Integral fluence spectra
	Peak flux spectra

	SEPEM dataset and methods
	SEPEM dataset
	SEPEM reference event list
	Spectra Fitting Methods

	Results and discussions
	Distribution of spectral parameters
	Relationships between integral fluence spectra and peak flux spectra
	Spectral evolution over the solar cycle
	Relationship with X-ray flare class

	Summary and discussion

