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Abstract Some studies propose the transfer of flare-accelerated protons in an
erupting flux rope until its reconnection with an open structure releases the
trapped protons. Coulomb collisions in the dense flux-rope body deplete the
low-energy part of the proton spectrum. On the other hand, shock-acceleration
progressively replenishes this spectral part. These processes form a double power-
law proton spectrum that is usually observed in the Earth orbit. We analyze the
correlations between the slopes of near-Earth proton spectra below and above
the break energy, on the one hand, and photon indices of the corresponding hard
X-ray (HXR) bursts and speeds of associated coronal mass ejections (CMEs),
on the other hand. We use catalogs of proton events in 1991-2006, HXR spectra
obtained by Yohkoh and the Reuven Ramaty High-Energy Solar Spectroscopic
Imager (RHESSI), and CME catalogs. Significant correlations have been found
between the proton spectral slopes i) above the break energy and HXR spectral
indices (0.86), and ii) below the break energy and CME speeds (—0.75). The
results indicate a statistical predominance of flare-acceleration at higher proton
energies and shock-acceleration at their lower energies. The highest-energy pro-
ton spectra reconstructed in ground-level events exhibit the second break with a
steepest slope above it. Neither this slope nor the second-break energy correlates
with any other parameter. This particularity needs understanding.
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1. Introduction

Solar energetic particles (SEPs) pose a threat to the equipment of spaceships,
astronauts, and even crew members and passengers of transcontinental flights.
The acceleration mechanisms of SEPs offer a long-standing challenge for basic
physics. Two main categories of SEP events have been identified several decades
ago (e.g. Croom, 1971; Cliver et al., 1989), i.e. electron-rich impulsive events ac-
companied by Type III radio bursts and proton-rich gradual events accompanied
by coronal mass ejections (CMEs) and Type IT bursts. Over the next decades,
several other differences have been found between impulsive and gradual events
(e.g. Reames, 2013).

The acceleration of electrons in flares has undoubtedly been revealed long
ago (e.g. Kane, 1974), although it is still difficult to consider specific acceler-
ation mechanisms established. The origin of accelerated protons and heavier
ions is even more obscure. One of their possible sources is related to flare
processes in an active region (e.g. Klein and Trottet, 2001; Kallenrode, 2003;
Grechnev et al., 2008, 2015; Aschwanden, 2012). Another probable accelerator
of protons is a CME-associated shock wave that is traditionally presumed to
be a bow shock driven by a super-Alfvénic CME (e.g. Kahler, 1982; Reames,
2009; Gopalswamy et al., 2012; Cliver, 2016; Kahler et al., 2017; Cliver et al.,
2019). Unlike accelerated electrons that are directly manifested in a wide range
of electromagnetic emission, accelerated protons can be detected only in situ or
from remote observations by addressing indirect manifestations. Considerations
often involve unverified assumptions such as the shock formation when a CME
becomes super-Alfvénic and the onset of a Type II burst at that time; both
are invoked in the interpretation of the proton release time (e.g. Reames, 2009;
Gopalswamy et al., 2013). Difficulties in identifying the sources of accelerated
protons are aggravated by the fact that considerable proton fluxes are usually
observed after major solar eruptive events associated with both strong flares and
fast CMEs, which complicates untangling their contributions.

Much effort has been made to identify the elusive source of accelerated solar
protons from various statistical indications, analyzing the correlations between
the fluxes of flare emissions and CME, on the one hand, and proton fluxes
observed near Earth, on the other hand. In particular, the association of pro-
ton events with strong high-frequency radio bursts has been known for several
decades (e.g. Croom, 1971; Castelli and Barron, 1977; Akinian et al., 1978;
Melnikov et al., 1991). Alternatively, Kahler (1982) argued that a general cor-
respondence between the energy release in a big eruptive flare and its various
manifestations should lead to a correlation between different parameters, regard-
less of any physical connection between them. He also emphasized the importance
of matching the spectral characteristics of near-Earth protons and in their source,
but found a poor correlation between the microwave peak frequency and peak
proton flux. Note that the relationship between the parameters of accelerated
electrons and the gyrosynchrotron emission that they produce is not straightfor-
ward even for a simplest source (Dulk and Marsh, 1982), having additionally a
strong dependence on magnetic field. It is still more complicated for a real flare
arcade, depending on the symmetry of the magnetic configuration (Grechnev
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et al., 2017b). Indications have been reported of a trend linking the spectral
parameters of microwave bursts and proton events (Chertok, 1990; Chertok,
Grechnev, and Meshalkina, 2009; Grechnev et al., 2013b), but they do not appear
to be decisive. For example, the trend between the ratio of flux densities at the
frequencies of 9 and 15 GHz and the proton spectral hardness is too loose to be
used alone in forecasting procedures (Chertok, Grechnev, and Meshalkina, 2009;
Ntnez et al., 2018).

The results of different case studies and statistical analysis are ambiguous;
some of them favor one option, while others another. For example, y-ray bursts
observed in the flare impulsive phase and high-energy neutrons, which are de-
tected starting at this time in rare events, indicate flare-acceleration of protons
(Kuznetsov et al., 2006, 2011, 2014; Chupp and Ryan, 2009; Vilmer, MacKinnon,
and Hurford, 2011; Yu et al., 2015). On the other hand, in situ measurements
of the SEP composition, such as the iron charge state, the He/*He, H/He,
and Fe/O ratios, and some other properties of ions produced in gradual events,
indicate their shock-acceleration (e.g. Tylka et al., 2005; Reames, 2013). Overall,
these circumstances leave the impression that both flares and shock waves are
involved in the acceleration of heavy particles, while different observables and
energy ranges indicate their different origins. The statistical studies by Dierck-
xsens et al. (2015), Trottet et al. (2015), and Papaioannou et al. (2016) do indeed
support the conclusion by Klein and Trottet (2001) that shock-acceleration dom-
inates at the lower proton energies, while flare-related acceleration dominates at
high energies.

To find a possible key to the problem, consider the scenario proposed by
Masson, Antiochos, and DeVore (2013). In this scenario, flare-accelerated elec-
trons and protons are injected from the acceleration region both down, into the
flare loops, and up, into the forming flux rope. There they get trapped until
the expanding flux rope reconnects with an open coronal structure, releasing
the trapped particles into the interplanetary space. This scenario was supported
by Kocharov et al. (2017) and elaborated by Grechnev et al. (2017a). Coulomb
collisions in the dense flux-rope body deplete the low-energy part of the pro-
ton spectrum. On the other hand, the CME-associated shock independently
accelerates a seed population of suprathermals existing in the corona and inter-
planetary space, progressively elevating their spectrum to higher energies and
replenishing the low-energy spectral part. As a result of the two processes, one
might expect a double power-law proton spectrum with a flatter slope below the
break energy and a steeper slope above it. Such spectra are indeed commonly
observed in the range from the lowest proton energies to several hundred MeV
(e.g. Mewaldt et al., 2012 and other studies referenced therein). The following
forms are involved in the analysis of the spectra.

Ellison and Ramaty (1985) deduced for shock-accelerated SEPs the differ-
ential spectrum in the form of a power-law with an exponential rollover (we
consider all spectral indices to be positive):

AJJdE = K(E/E,)™" exp(~E/ F) (1)

with [J] being intensity or fluence, [E] kinetic energy, K = A, exp(FE;/Ep), [A;]
normalization constant at a reference energy [E,], [y] the power-law index, and
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[Ep] the rollover energy. Tylka et al. (2005), Mewaldt et al. (2012), and other
studies they mentioned concluded that event-integrated fluence spectra in this
energy range fit best with a double power-law function that was initially proposed
by Band et al. (1993) for fitting y-ray burst spectra. This function combines the
Ellison—Ramaty pattern at lower energies with the second, steeper power-law at
higher energies:

dJ/dE = K(E/E,)" " exp(—E/Ey) for E < (y2 — 71)Eo; @)
dJ/dE = K(E/E;)™2[(v2 — 71)Eo/E:]27 ") exp(y1 — 72) for E > (v2 — 71)Eo,

where [y1] is the low-energy power-law slope and [s] is the high-energy power-
law slope. Mewaldt et al. (2012) found that the break energies range from units
to tens of MeV in large SEP events they considered.

There is a possibility to reveal correlations between the slopes of the spectra
of near-Earth proton enhancements above the break energy and below it, on
the one hand, and parameters of their solar sources, on the other hand. At
present, this is possible due to many years of observations of both CMEs by
the Large Angle Spectroscopic Coronagraph (LASCO: Brueckner et al., 1995)
on board the Solar and Heliospheric Observatory (SOHO: Domingo, Fleck, and
Poland, 1995) since 1996, and hard X-ray (HXR) flare emission. The latter was
observed particularly by the Hard X-ray Spectrometer (HXS: Yoshimori et al.,
1991) of the Yohkoh mission (Ogawara et al., 1991) in 1991-2001 and by the
Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI: Lin et al.,
2002) in 2002-2018. The advantage of this approach over the previous analysis of
microwave bursts lies in the direct relation of thick-target bremsstrahlung to the
parameters of accelerated electrons, although Hannah and Kontar (2011) warn
that sometimes the thick-target model does not match observations perfectly.

We are aware of two similar statistical studies by Tripathi et al. (2013) and by
Bhatt, Jain, and Awasthi (2013). Both studies used seven-channel data (from
0.8-4MeV to 165-500 MeV) produced by the proton detectors on board the
Geostationary Operation Environmental Satellites (GOES) that were fitted with
a single power-law. By combining input data into bins (binning) to reduce the
scatter, Tripathi et al. (2013) found a correlation coefficient [p] of —0.71 between
the proton index and the CME speed, and p ~ 0.8 between the proton index
and the HXR index, while without the binning the correlations were weak,
with |p| ~ 0.5. Instead the binning of data, Bhatt, Jain, and Awasthi (2013)
considered the hardest spectral indices over each flare and over an SEP event.
For 12 events, which produced sufficient responses in the seven GOES channels
to yield satisfactory spectra, they found the correlation coefficients between the
HXR and proton spectral indices of p =~ 0.9 (in our impression, it is closer to
0.69 that is also significant) and between the CME speed and the proton index
p ~ 0.96. However, the impressive results of the two studies are unlikely to help
in separating the flare-related and shock-related contributions, which is expected
when using the double power-law fit of the proton spectra.

Our initial intention was to analyze SEP events, whose spectra are available
in the catalog of solar proton events in Solar Cycle 23 (1996-2006) composed by
Logachev et al. (2016), and whose associated flares were observed by RHESSI.
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These events fall into the interval from 2002 through 2006. Then we found that
RHESSI missed a number of events, some flares were occulted, or other reasons
prevented their analysis. This circumstance considerably reduced the number of
analyzed events and prompted us to expand the analysis to the earlier events
observed by Yohkoh in 1991-2001. The spectra of proton events that occurred
in 1991-1995 are contained in the catalog composed by Sladkova et al. (1998),
where the data are less detailed than in the catalog by Logachev et al. (2016).

Our analysis is aimed at the following goals: i) to estimate the slopes of the
near-Earth proton spectra below the break energy [v,1] and above it [yp2], ii) to
evaluate the correlations between the slopes of the spectra of protons, the HXR
index [yuxgr] in associated flares, and CME speeds [Voumg], iii) to identify the
components of the proton spectra caused by the flare-acceleration and shock-
acceleration, and iv) to verify the scenario of the flux-rope-mediated transfer of
flare-accelerated protons. Ultimately, we endeavor to take a step towards clarify-
ing the origin of SEPs and to show the possibility of reconciling the conclusions
of different studies when they seem to contradict each other.

Section 2 describes input data, their selection, preparation and processing, and
presents the results. Section 3 addresses the statistical relationships between the
spectral parameters of near-Earth proton enhancements, HXR emission, and
CME speeds. Section 4 discusses the results and their implications. Section 5
summarizes the main outcome of the study. Section A in Appendix lists the
events excluded from the analysis.

2. Preparation of Input Data for Statistical Analysis
2.1. Proton Events and Spectra

For the analysis we selected 15 events observed by RHESSI that are listed in
Table 1 and 15 events observed by Yohkoh that are listed in Table 2. The events
were selected from the catalogs of proton events by Logachev et al. (2016) and
by Sladkova et al. (1998) that are accessible at www.wdcb.ru/stp/solar/solar_
proton_events.html. The catalogs present the time-of-maximum integral spectra
of solar proton events compiled from data of detectors on board several missions
and characterize their probable solar sources. At the first step, we tentatively
selected from these catalogs 94 candidate proton events, whose solar sources
were reliably identified.

A number of reasons forced us to exclude a considerable number of events from
the analysis. These were, for example, the night of spacecraft or its location in the
South-Atlantic Anomaly (SAA), where observations were interrupted because of
high background radiation; the flare position behind the limb or nearby, so that
it may be partly occulted; data issues, etc. Excluded events and reasons for their
exclusion are listed in Tables 3 and 4 in Appendix. The final selection reduced
the number of events by more than three times.

We adopt the conclusion of Mewaldt et al. (2012) and other studies that the
observed proton spectra fit best with a double power-law shape. This spectral
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Figure 1. The time-of-maximum integral spectrum of the near-Earth proton enhancement
on 26 November 2000 (symbols) presented in the catalog by Logachev et al. (2016) along with
fitting of its low-energy and high-energy branches (solid lines). The dotted lines represent the
uncertainties in the spectral slopes.

shape meets our expectations of two different spectral slopes to the left of the
break energy [yp1] and to the right of it [yp2] that are independent of each other.

The slopes of a spectrum taken from a catalog of solar proton events were es-
timated by manual linear fitting of each of its corresponding branch. An example
of a time-of-maximum integral spectrum of the near-Earth proton enhancement
on 26 November 2000 with a single break-energy point (Logachev et al., 2016) is
shown in Figure 1. Uncertainties of the proton power-law indices were estimated
visually by varying the fit. In case of discrepancies between the data, for example,
the IMP-8 points in the range of 30-60 MeV in Figure 1, preference was given
to other detectors with a larger number of points that were consistent with each
other (here GOES, POES, and SOHO points in the same range). The energy
breakpoints (determined by the intersection of the two power laws) in all thirty
analyzed spectra are in the range from about 3MeV to 63MeV. The break
energies do not correlate with either [yp1] or [vp2].

2.2. Hard X-ray Spectra

The RHESSI browser at sprg.ssl.berkeley.edu/~tohban/browser/?show=qli was
used to preview RHESSI data and to check if the observation was acceptable.
RHESSI data were retrieved and processed using standard software. The mea-
surements of the HXR spectral index with uncertainties from RHESST data (and
Konus-WIND data as well) were performed by means of the Object Spectral
Executive software (OSPEX: Tolbert and Schwartz, 2020; hesperia.gsfc.nasa.gov/
ssw/packages/spex/doc/ospex_explanation.htm) that is an object-oriented inter-
face for X-ray spectral analysis of solar data commonly used in recent studies
(e.g. Bhatt, Jain, and Awasthi, 2013; Share et al., 2018). In our measurements,
the timing of an HXR peak is critical. We selected the strongest and hardest
peak (detectable at the highest energies) and estimated its occurrence time by
referring to the 50-100keV and the higher-energy RHESSI channels.
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We are interested in particles of sufficiently high energies, whose presumable
injection into the forming flux rope should be accompanied by the precipita-
tion of electrons down, into dense layers of the solar atmosphere, producing
bremsstrahlung pulses of a relatively short duration. We computed the HXR
spectra from RHESSI data with an integration time of 30 seconds centered on
an HXR peak. This time is usually too short to accumulate a sufficient number
of counts to obtain satisfactory spectra at several hundred keV. Also, nuclear
emissions begin to appear at higher energies, flattening the total spectrum. We
assume that the electron bremsstrahlung spectral component has a single power-
law shape in the entire range from the low-energy cutoff up to the high-energy
rollover (same as Equation 1) that is widely used (e.g. Miller and Ramaty, 1989;
Ackermann et al., 2014; Ajello et al., 2021). In order to maintain uniformity in
the spectral analysis of all flares from our list of candidate events and to avoid
the issues of detector cross-calibration, we used data from detector 4, following
recommendations by Smith et al. (2002).

Before fitting the spectra, the observed counts were corrected for pulse pileup
and decimation. We estimated the photon index [ygxgr| and its errors, employ-
ing the standard spectral analysis techniques for RHESSI data. The spatially-
integrated count flux spectra were fitted between 3 and 250 keV using a combina-
tion of variable thermal (vth) and triple power-law (3pow) models for all events.
The initial spectral fit yielded a number of free parameters of the vth 4+ 3pow
model that were varied until a reasonably good fit was achieved. The systematic
uncertainty was set between 0 and 0.1 so that the model fitted the observed
spectra with x? < 3. We required that [ygxgr] obtained by forward fitting of an
HXR spectrum in the energy range between 50 and 200keV fall in the range
from 2.5 to 4.5. If the result did not meet this condition, then the situation was
investigated; the comparison with quick-look spectra available at the RHESSI
browser was also used herewith. The reason for the questionable value of [ynxr]
was identified and either the HXR peak time was refined, or significant reasons
were found to exclude the event from the analysis.

The HXR spectral indices estimated in this way from RHESSI data are listed
in Table 1. The only exception is event 2 (SOL2003-06-17), where a few HXR
peaks occurred; here we averaged the results of a detailed study of this event by
Kundu et al. (2009). Excluded events are listed in Table 3 in Appendix.

For the events that occurred in 1991-2001, we used the Yohkoh/HXS spectra
from the catalog by Sato et al. (2006). The accumulation intervals chosen by
the authors in most cases cover the strongest and hardest HXR peak. We fitted
the spectra with a single power law in the energy range of about 100-300 keV
manually and estimated the uncertainties visually. An example of a photon
spectrum recorded by Yohkoh/HXS on 25 November 2000 along with its fit
is shown in Figure 2. The HXR spectral indices estimated from Yohkoh data are
listed in Table 2 and excluded events are listed in Table 4 in Appendix.

The search for data of the Konus Gamma-Ray Burst Experiment (Konus-
Wind: Aptekar et al., 1995) on board the Wind mission did not reveal any ad-
ditional events other than those observed by RHESSI or Yohkoh. The estimates
of the HXR photon index from the Konus-Wind data are generally consistent
with RHESSI data, although with larger uncertainties. After previewing the
Konus-Wind data, we did not use them in the study.
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Figure 2. The photon spectrum recorded by Yohkoh/HXS on 25 November 2000 (Sato et al.,
2006) along with its fit (solid line). The dotted lines represent the uncertainties in the spectral
slope.

2.3. Data for Statistical Analysis

We mostly used the average (linear-fit) CME speeds from the online CME cat-
alog (Yashiro et al., 2004: cdaw.gsfc.nasa.gov/CME_list/) that is based on the
measurements from SOHO/LASCO observations. This catalog was also used
to check the association of a CME with an event in question. In addition, we
considered deprojected CME speeds (radial or “space speeds”) evaluated in the
online halo CME catalog cdaw.gsfc.nasa.gov/CME_list/HALO/. These catalogs
contain CMEs observed from January 1996 up to the present, with a break from
July to mid-October 1998. We have no data on CMEs before 1996 and during
the interruption of SOHO observations in 1998.

Tables 1 and 2 present the parameters of the proton events, associated flares,
and CME speeds that we use in our statistical analysis. The left part of Table 1
lists the number of event, the flare date in the format of the Solar Object Locator
(yyyy-mm-dd), the GOES peak time and class, the estimated HXR spectral
index [yaxg], and the flare position. The middle column lists the average plane-
of-the-sky (POS) and radial (rad) CME speed. The right part of Table 1 lists
the peak time of a near-Earth proton enhancement, the break energy Fjp, and
the proton spectral indices below it [yp1] and above it [yp2]. The structure of
Table 2 is mainly identical to that of Table 1, but the fifth column presents the
temporal intervals of the measured Yohkoh spectra instead of the times of HXR
peaks. Unknown or uncertain parameters are denoted “ND” in all tables.
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3. Statistical Analysis of the Relationships between the
Spectra of Proton Events and their Possible Sources

3.1. The Slope of the Proton Spectrum above the Break Energy

Attempts to correct the proton spectrum for the longitude of the solar source
region did not lead to a positive result, and therefore we did not take it into
account in our statistical analysis. Figure 3 presents the statistical relationship
between the HXR spectral index [ygxr] and the proton spectral slope above the
break energy [vp2]. The scatter plot shows a clear trend that looks close to linear.
Uncertainties are considerable for both proton spectral indices and HXR indices.
To take into account the uncertainties in both dimensions, we used two regression
algorithms. One is the linear orthogonal distance regression (ODR: docs.scipy.
org/doc/external /odrpack_guide.pdf). The second algorithm is the reduced major
axis regression (RMA: Harper, 2016) that is implemented in the pylr2 Python
package available at github.com/OceanOptics/pylr2. The correlation coefficients
that we obtained using the two algorithms are the same.

The correlation coefficient between the proton index above the break energy
and the HXR spectral index for both RHESSI and Yohkoh events is p = 0.86.
The linear regression equation, which was also obtained for the whole data
set using the ODR algorithm, is vp2 = (1.91 £ 0.17)yaxgr — (4.03 £ 0.56), and
Yp2 = (1.85 £ 0.19)yuxr — (3.81£0.67) using the RMA algorithm. Being slightly
different from each other, the quantities in the regression equations coincide to
within the uncertainties. The regression equation obtained from a single power-
law fit of the proton spectra by Bhatt, Jain, and Awasthi (2013) as a dependence
of [vuxr] on [yp] (also statistically significant) can be transformed to the form
vp = (1.64 £ 0.03)yuxr — (1.34%£0.05). The values of the coefficient between the
proton and photon indices in these equations are comparable, but they are not
obvious and need investigation. Among the possible reasons for the offset may
be the difference between our usage of the photon index related to the major
HXR peak and the hardest photon index during a flare that Bhatt, Jain, and
Awasthi (2013) used.

The correlation coefficient between [yp2] and the plane-of-the-sky CME speed
is as low as —0.24 (and —0.25 for the deprojected CME speed) that does not
support the statistically significant shock-related contribution to the near-Earth
proton spectrum above the break energy. In this respect, our results are different
from those obtained by Tripathi et al. (2013) and Bhatt, Jain, and Awasthi
(2013), who used a single power-law fit of the proton spectra.

In the absence of a noticeable shock-related contribution, a significant correla-
tion between the spectral index of the near-Earth protons above the break energy
and the power-law index of the bremsstrahlung produced by flare electrons
definitely indicates their common origin in the majority of events. The corre-
spondence is reinforced by the linearity of the relationship between both spectra
that is not complicated by a complex dependence on different parameters, as
in the case of the gyrosynchrotron emission (Dulk and Marsh, 1982). Note also
that the correlation coeflicient of p = 0.86 can be somewhat reduced because
of wave-particle interactions, which modify the simple relationship v = § — 1
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Figure 3. Scatter plot of the slope of the integral proton spectrum above the break energy
versus the HXR spectral index. Uncertainties are represented by bars centered on black dots,
corresponding to events whose dates are indicated alongside. The correlation coefficient spec-
ified in the upper-left corner was calculated for all 30 events. The blue line represents the
linear ODR fit of the distribution and the green line represents its RMA fit. The regression
coefficients obtained by the two methods are denoted by the corresponding colors. The two
blue-dashed lines denote a 68 % confidence level of the best ODR fit.

between the power-law spectral index of the electron spectrum [0] and that of
bremsstrahlung [vy], which they produce via thick-target emission (Hannah and
Kontar, 2011). On the other hand, the shock-related contribution to the proton
spectrum above the break energy in a small number of events is not excluded.

3.2. The Slope of the Proton Spectrum below the Break Energy

Figure 4 presents the statistical relationship between the plane-of-the-sky CME
speed and the proton spectral slope below the break energy [yp1] for 24 out
of 30 events, for which CME speeds are known. The uncertainties in the CME
velocities are unknown, but they are unlikely to make a significant contribution
to the statistical relationship in comparison with the large uncertainties of the
proton index [yp1]. The cause of the latter is a large scatter of data from different
detectors used in compiling the catalogs of proton events (see, e.g., Figure 1).
Figure 4 shows a trend of anticorrelation between [Vome] and [vp1]. Both ODR
and RMA linear algorithms gave p = —0.75 for this relationship and even higher
correlation coefficient p = —0.81 for the relationship between the deprojected
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Figure 4. Scatter plot of the slope of the integral proton spectrum below the break energy
[vp1] versus the plane-of-the-sky CME speed [Vomg)]. The correlation coefficient specified in the
upper-left corner was calculated for 24 events. All other notations are the same as in Figure 3.

CME speed and [yp1]. On the other hand, the correlation between [yuxr] and
[¥p1] with p =~ 0.16 is insignificant. The high anticorrelation between [Vomg] and
[¥p1] indicates the predominant contribution of the shock-related acceleration of
protons below the break energy; the higher the CME speed, the stronger the
CME-driven shock, and the harder the spectrum of protons it accelerates.

The linear ODR fit for this data set is y,1 = (—7.81 £1.53) X 10~°Vpos cME—i—I
(0.79 & 0.03) and the RMA fit is 7,1 = (—12.39 £ 1.89) x 107°Vpbos cme +
(0.89£0.04). The regression line that the RMA algorithm issues visually seems to
reflect the trends better than the ODR algorithm (Carr, 2012). Bhatt, Jain, and
Awasthi (2013) obtained a stronger dependence on the CME speed of V323, from
a single power-law fit of the proton spectrum, whose overall slope is considerably
steeper than its low-energy branch. Another difference of our results from those
obtained by Tripathi et al. (2013) and Bhatt, Jain, and Awasthi (2013) is the
lack of correlation between the CME speeds and the photon spectral indices,
which we estimated for the HXR peaks.

Acceleration of protons by shock waves in this energy range is widely accepted.
Moreover, many authors suggest that CME-driven shocks accelerate protons to
higher energies. In support of this view, Li and Lee (2015) and Zhao, Zhang,
and Rassoul (2016) demonstrated that the double power-law differential energy
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spectra resulted from interplanetary transport effects. In particular, Li and Lee
(2015) reproduced in their modeling the spectra and break energies of some
events considered by Mewaldt et al. (2012), although with a smaller difference
between the slopes below and above the breakpoints.

However, transport effects are unlikely to destroy the correlation between
the slopes [yp1] below the breakpoints and [vyp2] above them, and to organize a
high correlation between [yp2] and [yuxgr] in parent flares that was found in the
preceding section. On the other hand, transport effects may reduce the latter
correlation.

3.3. Proton Spectra at High Energies and in GLE Events

Ground-level enhancements in cosmic-ray intensity (GLEs) represent the highest-Jj
energy extremity of SEP events (e.g. Miroshnichenko, 2015; Moraal and Mc-
Cracken, 2012; Bruno et al., 2018), where collisions of GeV-energy protons with
Earth’s neutral atmosphere produce secondary neutrons that are detected by
ground-based neutron monitors (NM). Mewaldt et al. (2012) analyzed the dif-
ferential energy spectra of event-integrated proton fluences in the range from
~ 0.1 to 500-700 MeV in major SEP events associated with 16 GLEs in Solar
Cycle 23. They found that all of the proton spectra exhibited spectral breaks at
energies ranging from ~ 2MeV to about 46 MeV and that all of them were well
fitted by a double power-law shape. The break energy is uncorrelated with [y,2],
while there is a high correlation (p ~ 0.8) between the break energy and [yp1].
The correlation is probably a methodical effect, as Bruno et al. (2018) showed;
the best fit for a steeper power law (larger ) is reached when the greater falloff at
higher energies in the power law is compensated for by a higher rollover energy.

We analyze the time-of-maximum integral spectra of proton fluxes that are
not expected to be identical to the spectra of the event-integrated proton flu-
ences, which are not affected by the velocity dispersion and accumulate the
contributions from all implicated sources. In addition, the slope of an integral
spectrum is less by unity than the slope of the corresponding differential power-
law spectrum. Keeping in mind these differences, we compare our results with
those presented by Mewaldt et al. (2012).

In all of the proton spectra that we analyzed, the spectral break occurred at
energies ranging from =~ 3 MeV to about 63 MeV that is consistent with the result
of Mewaldt et al. (2012). We compared the spectral slopes that we estimated
below the break energy [vp1] and above it [yp2] with the corresponding slopes of
the differential spectra of the proton fluences evaluated by Mewaldt et al. (2012).
We found the correlation coefficient of 0.73 between the two slopes above the
break energy [vp2] and 0.66 between the two slopes below the break energy [vp1]
with a difference between the average values of the corresponding slopes around
unity, as expected. The [yp1] and [yp2] slopes do not correlate with each other in
the events considered by Mewaldt et al. (2012) and in our larger set of events as
well. There is no correlation between the break energy and any of the spectral
slopes we found.

We also compared parameters [yp1], [p2], and Ey observed in our sets of GLE
and non-GLE events. There is a small difference in the means of [vyp1] because of
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Figure 5. Distributions of the slopes of the proton spectra above the break energy ~vp2 (a)
and of the break energies Eg (b) for 16 GLE events (black line-filled) and 22 non-GLE events
(gray-shaded). ¢) Normalized time-of-maximum integral proton flux spectra for typical GLE
(black) and non-GLE (gray) events from our data sets. The dashed lines extrapolate to higher
energies the power-law slopes yp2 above the break energies without rollovers.

three statistically insignificant outliers (events 1, 2, and 3 in Table 2), where the
spectral breaks are poorly pronounced. These events are not present in Figure 4.
Without the outliers, the mean 757 = 0.63 £ 0.11 and the median value of the
low-energy slope is 0.60 for both GLE and non-GLE events.

In addition to the difference between [yp2] in GLE and large non-GLE events
found by Mewaldt et al. (2012), a difference between the break energies is man-
ifested in our set of events of a wider range. Figure 5a presents the distributions
of the higher-energy slopes 2 for the 22 non-GLE events from our set and 16
GLE events. Figure 5b shows the distributions of the break energies Ej for these
events.

The distributions of yp2 as well as Ey in GLE and non-GLE events overlap,
while the two parameters do not correlate with each other. Both populations
most likely represent subsets of a continuous distribution of proton events with
a large scatter in the parameters of their spectra. GLE events are at the highest-
energy end of this set.

Figure 5¢ presents schematic time-of-maximum integral proton flux spectra
calculated for a typical non-GLE event from out set and for a typical GLE event.
The differential spectra were represented by the Band function (Equation 2),
whose input values were supplied to obtain the median values of [yp1], [Yp2l,
and Ey. We set the low-energy slope [yp1] of 1.2 for non-GLE events and 1.3
for GLE events (vs. 1.25 found by Mewaldt et al., 2012) that gave vp1 ~ 0.4 in
the integral spectrum at lowest energies that is close to the observed value. The
spectra are normalized to unity at 0.1 MeV.

Figure 5c¢ shows that the break energy affects the proton flux at high energies
even stronger than the power-law index [yp2]. The proton flux at about 1 GeV is
two orders of magnitude higher in GLE events than in non-GLE events. Probable
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Figure 6. The time-of-maximum integral proton spectrum for the SOL2000-07-14 GLE59
event (symbols) presented in the catalog by Logachev et al. (2016) along with the solid lines
that fit its three branches. The black-filled squares represent the NM data. The dotted lines
represent the uncertainties in the spectral slopes.

high-energy rollovers are unlikely to reduce the difference. The figure also illus-
trates the difference in the hardness, §, = 10g;((J10 max/J100 max), between the
two sets of events. Here Jigmax and Jiggmax are the peak fluxes in the > 10 MeV
and >100MeV integral proton channels. For the two typical spectra, ¢, ~ 2.4
in non-GLE events and §, ~ 1.1 in GLE events. If Jiomax exceeds Jioomax by no
more than one order of magnitude in a large proton event and its solar source
region is not far from the well-connected position, then a GLE is possible.

The proton spectra presented in the catalog by Logachev et al. (2016) are
supplemented for GLE events by the highest-energy part reconstructed from the
data of the Neutron Monitor Network. The reconstruction method is described
in the catalog. In those events, where the highest-energy spectral part based
on the NM data has three or more points, its slope is steeper than [y,2], as
stated previously (e.g. Tylka and Dietrich, 2009). Thus, the second break in the
spectrum seems to exist in GLE events between 150 and 450 MeV. An example
of a full proton spectrum with two break points reconstructed for the SOL2000-
07-14 GLES9 event is shown in Figure 6. Neither the second-break energy nor
the spectral slope above it correlate with any of the parameters out of [yp1],
[Yp2)s [vuxr], and [Vomg]. A small number of GLEs in the catalogs we used
and insufficient quality of the spectra do not allow clarifying the situation. We
therefore invoke later studies of high-energy SEPs.

Bruno et al. (2018) presented detailed proton spectra measured from 80 MeV
to about 1GeV in the Payload for Antimatter—-Matter Exploration and Light-
nuclei Astrophysics (PAMELA) satellite experiment in SEP events that occurred
in 2006-2014. The authors established that the Ellison-Ramaty spectral shape
(Equation 1) matched the observed spectra and tabulated their parameters.
They found no qualitative distinction between the spectral shapes in GLE and
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Figure 7. a) Scatter plot of the proton spectral index vs. CME speed according to data of
Bruno et al. (2018). The vertical bars represent the uncertainties. The slanted lines represents
the linear regression calculated for the whole data set (dashed) and without the SOL2012-01-23
outlier (dotted). The corresponding correlation coefficients are specified. b) Correlation coef-
ficients between the slopes of the GLE spectra [yk] calculated from Koldobskiy et al. (2021)
data at different energies and [yp2] evaluated by Mewaldt et al. (2012) (blue-solid) and between
[vk] and CME speeds (red-dotted). The dash-dotted line denotes the zero level.

non-GLE events and confirmed that GLEs were the subset of a continuous
distribution of SEP events, more intense at high energies. The authors also
stated that while the observed spectral forms were consistent with diffusive shock
acceleration theory, the relative influences on the SEP spectra of acceleration and
transport processes was not clear.

The absence of a temporal overlap between the events we analyzed and the
PAMELA observations does not allow its direct comparison. Instead, we consider
a possible correlation between the spectral slopes evaluated by Bruno et al.
(2018) for 26 SEP events and the speeds of associated CMEs plotted in Figure 7a.
There is a weak correlation between the spectral slopes [y] and Voug of 0.50 for
the whole data set and 0.49 without the SOL2012-01-23 outlier, whose influence
is thus insignificant. The rollover energies are independent of Voug (p = 0.015).
It is important that the correlation with Voug is positive, whereas it would
have to be negative, if CME-driven shocks were responsible for the acceleration
of protons observed by PAMELA (cf. Figure 4). This circumstance supports
the Bruno et al. (2018) idea that the observed spectral shape is determined by
transport effects and not by the acceleration process.

While the break energies found by Mewaldt et al. (2012) and in our events
range from units to tens of MeV, the rollover energies found by Bruno et al.
(2018) are higher, with a mean of 171 MeV. The difference indicates that the
rollovers detected in the PAMELA data probably represent the second inflection
point in most proton spectra. The SOL2013-09-30 non-flare-associated event
denoted in Figure 7a is probably one of the few exceptions, whose overall spectral
shape matches the Ellison—-Ramaty pattern. Its rollover energy of 42 +24 MeV is
the lowest among the PAMELA events and falls into the range of the break
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energies that we found. This SEP event was most likely of a purely shock-
accelerated origin (Gopalswamy et al., 2015; Cliver et al., 2019; Grechnev and
Kuzmenko, 2020).

To get a conception of the overall proton spectrum, we involve the study
by Koldobskiy et al. (2021), who presented the results of a full revision of the
spectral fluences for most GLE events that occurred in 1956-2017. The authors
fitted the measured data versus rigidity with a modified Band function (Equa-
tion 2 supplemented with the second, highest-energy rollover), and tabulated
the results. The spectra presented by Koldobskiy et al. (2021) and Bruno et al.
(2018) for the only overlapping SOL2012-05-17 GLE71 event agree well with
each other. Generally, the 30 GLE spectra reconstructed by Koldobskiy et al.
(2021) in a range corresponding to energies from about 20 MeV to GeVs are
more complex than the Ellison-Ramaty pattern.

Using the Koldobskiy et al. (2021) parametrization and tabulated values,
we transformed the integral rigidity spectra into differential energy spectra and
estimated their slopes [y (F)] within five energy intervals bounded by 20, 50,
200, 400, 1000, and 2000 MeV for 14 GLEs, which overlap with the events that
Mewaldt et al. (2012) and we analyzed. Direct comparison of [yk (E)] with [yuxr]
was inconclusive, because only six out of eight GLE events listed in our Tables
1 and 2 are present in the Koldobskiy et al. (2021) catalog.

Instead, in Figure 7b we compare [yk (E)] with the slope [yp2] above the break
energy evaluated by Mewaldt et al. (2012), keeping in mind a high correlation
between [yp2] and [yuxr] established in Section 3.1. The correlation is highest
(p = 0.93) in the 50-200 MeV energy range in agreement with our result and
decreases with increasing energy, similar to what we observed for the GLE spec-
tra in the Logachev et al. (2016) catalog. The correlation between [y (E)] in
adjacent energy intervals is high; Cliver et al. (2020) also demonstrated a high
correlation between > 200 MeV and > 430 MeV proton fluence. The correlation
between [yk(E)] and CME speeds is insignificant in all energy intervals.

By combining the parametrization and input quantities tabulated by Koldob-
skiy et al. (2021) with those presented by Mewaldt et al. (2012), it is possible to
reconstruct proton fluence energy spectra in the whole energy range. Figure 8
shows an example calculated for the SOL2000-07-14 GLE59 event. The two
parts were concatenated at an energy of 37 MeV, where their shapes and slopes
matched best. The discrepancy of 2.08 was compensated for by multiplying one
part and dividing another part by a factor of 1.44. Note that i) the result of a
parametrization is an approximation of a real spectrum and may not reproduce
its details accurately, ii) the parametrization input values may differ slightly from
the resulting characteristics, and iii) the spectra in Figure 8 at energies > 37 MeV
are determined by Koldobskiy et al. (2021) parametrization and may differ from
Mewaldt et al. (2012) results. The parts of the energy spectra calculated from
the Koldobskiy et al. (2021) data get steeper with increasing energy without
pronounced breaks. The slopes of the differential fluence spectrum indicated in
Figure 8a (vp1 = 1.24, 7p2 = 3.24) do not exactly match the values that Mewaldt
et al. (2012) found (vp1 = 1.09£0.03, vp2 = 3.80£010), being not much different
from them. Comparison of the integral fluence spectrum in Figure 8b with the
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Figure 8. Synthetic differential (a) and integral (b) event-integrated proton fluence energy
spectra reconstructed for the SOL2000-07-14 GLE59 event (cf. Figure 6) using the parametriza-
tion of Mewaldt et al. (2012) and that of Koldobskiy et al. (2021). The slanted thin-dotted
lines represent the slopes indicated within the energy intervals bounded by the vertical dashed
lines.

time-of-maximum integral flux spectrum from the Logachev et al. (2016) catalog
in Figure 6 shows a similar relationship.

In summary, considerations of the Bruno et al. (2018) and Koldobskiy et al.
(2021) results confirm the outcome from the analysis of the Logachev et al.
(2016) catalog. The contribution of CME-driven shocks dominates at low proton
energies and does not appear statistically at higher energies. The flare-related
contribution dominates at proton energies from several tens of MeV up to about
400 MeV. The slope of the proton spectrum at higher energies does not show
a statistically significant correlation with either the HXR emission spectrum or
the CME speed, possibly due to transport effects.

4. Discussion

The results of our statistical analysis allow identifying the two components in the
proton spectra; the shock-related contribution dominates at the proton energies
roughly below 50 MeV, while the flare-related contribution dominates at higher
proton energies up to several hundred MeV. This outcome corresponds to the
conclusions by Klein and Trottet (2001), Dierckxsens et al. (2015), Trottet et al.
(2015), and Papaioannou et al. (2016).

We expected these statistical relationships, considering the flux-rope-mediatedjj
transport scenario of flare-accelerated particles until their release in reconnection
with an open structure (Masson, Antiochos, and DeVore, 2013; Kocharov et al.,
2017; Grechnev et al., 2017a). The presence in an expanding flux rope of trapped
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electrons as probable tracers of protons can be revealed by a drifting Type IV
burst and their release is marked by a decametric/hectometric (DH) Type III
burst (Grechnev et al., 2017a, 2019). Flare-accelerated electrons and protons
trapped in the flux-rope magnetic structure experience Coulomb collisions with
its dense plasma. From the analogy with the processes that affect electrons in a
static trap one might expect a progressive depletion of the low-energy parts of
the electron and proton spectra after an impulsive injection into the trap (see,
e.g., Figure 3 in Metcalf and Alexander, 1999). The processes in an erupting flux
rope are complicated by its rapid expansion, so that adequate investigation is
necessary to comprehend them. Nevertheless, some analogy with a static trap
seems to hold.

Rapid energy losses by numerous lower-energy electrons are supported by the
indications of the collisional heating of erupting flux ropes by injected flare-
accelerated electrons (Glesener et al., 2013; Grechnev et al., 2019). As shown by
Grechnev et al. (2017a), the flux-rope-mediated scenario sheds also light on the
large excess of the electron-to-proton ratios (e.g. 0.5 MeV electrons to >100 MeV
protons) observed in gradual events over their values in impulsive events that
Cliver (2016) and Cliver et al. (2019) emphasized. The lifetime of 100 MeV pro-
tons exceeds the lifetime of 0.5MeV electrons in plasma of the same density [n]
by two orders of magnitude. Thus, the electron-to-proton ratio for particles that
escape from a flux rope with an initial density » > 10'°cm ™ in a gradual event
may be much less than in an impulsive event, where particles escape directly from
the flare site. The escape of trapped particles in reconnection of the expanding
flux rope with an open structure is supported by the correspondence of the
proton release time estimated by Reames (2009) for several GLE events to the
onset of DH Type IIT bursts that was found by Grechnev et al. (2017a).

While the flux-rope-mediated scenario gets support from several observational
facts, this scenario along with other recent conclusions considerably changes
the expectations from traditional assumptions. For example, flare-accelerated
particles escape in this scenario relatively high in the corona, at a flank of a
CME where its flux rope reconnects with an open structure, and not directly from
the flare site. This circumstance calls for rethinking conclusions made without
considering such a possibility (e.g. Tan et al., 2013; Cliver et al., 2020).

On the other hand, shock waves most likely appear in all solar eruptive events
that produce SEPs, even if the event is non-flare-related (e.g. the SOL2013-09-
30 event mentioned in Section 3.3; Gopalswamy et al., 2015). As recent studies
found in all analyzed events, a shock wave develops as a piston-shock, which
is impulsively excited by an abruptly expanding structure such as an eruptive
filament. The piston-shock initially resembles a hypothetical flare-generated de-
celerating blast wave (e.g. Grechnev et al., 2011, 2018; Uralov, Grechnev, and
Ivanukin, 2019). If the CME is fast, then the piston-shock gradually changes to
the bow shock, whose speed corresponds to the CME speed. Otherwise, if the
CME is slow or absent, then the piston-shock decays into a weak disturbance
soon. This circumstance explains a low proton yield of the events accompanied
by metric but not by DH Type IIs (Cliver, Kahler, and Reames, 2004) or those
associated with slow CMEs.
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In the case of a fast CME, the persistently driven bow shock accelerates
protons for a long time, progressively elevating their spectrum to higher en-
ergies. The highest energy acquired by shock-accelerated protons is probably
determined by specific conditions in particular events; the response was observed
in the > 100 MeV GOES channel in some non-flare-related proton events (e.g.
Gopalswamy et al., 2015; Grechnev and Kuzmenko, 2020). The high efficiency
of the Fermi process operating herewith also ensures the acceleration of heavier
ions high in the corona that governs their properties observed in gradual events.

Thus, the results of our analysis as well as the conclusions drawn in differ-
ent recent studies indicate that near-Earth proton enhancements produced by
flare-related solar events are a combination of both shock-accelerated and flare-
accelerated contributions with a statistical predominance of the former at the
lower energies and the latter at the higher energies. Hence, the bulk of GeV-
energy protons responsible for GLE events is most likely accelerated by flare
processes in the majority of GLEs, although the shock-acceleration appears to
be entirely responsible for exceptional GLE events (Cliver, 2006).

Vashenyuk et al. (2008), McCracken, Moraal, and Stoker (2008), and Moraal
and McCracken (2012) revealed in some GLEs impulsive and gradual compo-
nents with different temporal profiles, anisotropy, and spectra. They proposed
that the high-energy impulsive component was due to flare processes, whereas
Cliver et al. (2020) advocated its shock-related origin. Some authors associated
the delayed gradual component with CME-driven shock waves, while Vashenyuk
et al. (2008) related its source to flare processes of a different kind than those
responsible for the impulsive component. Klein (2021) supported the latter view,
pointing to Type IV bursts as a manifestation of a post-impulsive time-extended
acceleration in the wake of a CME.

Our results are unlikely to bring final clarity to this controversy. A direct
comparison of the HXR spectral slopes with those of near-Earth proton spectra
and with CME speeds indicates the predominance of the flare-acceleration at
proton energies up to about 200 MeV. An indirect comparison with the data
of Bruno et al. (2018) and Koldobskiy et al. (2021) extends this conclusion to
400 MeV. The shock-acceleration does not show up statistically at energies of
tens to hundreds of MeV.

The highest-energy part of the proton spectra reconstructed in GLE events
from the NM data is steeper than the spectral slope [yp2] in the energy range of
50-200MeV. The highest-energy slope does not correlate with [yp2], the HXR
photon index, or the CME speed. It is highly unlikely that protons are accel-
erated to relativistic energies by anything other than flares and shock waves.
Implication of transport effects is possible, as Bruno et al. (2018) assumed. An
impression appears of some kind of “cooling” of relativistic protons trapped
in the expanding flux rope. However, the cooling effect close to the Sun in a
flux rope, whose ends are rooted to the solar surface, seems to be questionable.
Elucidation of the reason for the lack of correlation between the highest-energy
spectral slope in GLE events and the parameters of their possible solar sources
requires further analysis.
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5. Summary

Based on the scenario of the flux-mediated transport of flare-accelerated protons
in an erupting flux rope, we have studied possible relationships between the time-
of-maximum spectra of near-Earth proton enhancements observed in 1991-2006,
on the one hand, and photon indices of associated HXR bursts observed by
Yohkoh in 15 events and by RHESSI in 15 events and CME speeds, on the other
hand. The essence of our study was to analyze separately the low-energy and
higher-energy slopes of the proton spectra. The critical points in our analysis
were a strict selection of well-observed flares and the choice of the strongest and
hardest HXR peak for the estimation of the photon index.

The results appear to have made it possible to identify the flare-related
and shock-related contributions in the proton spectra. Most likely, both CME-
associated shock waves and flare processes contribute to particle acceleration in
gradual SEP events. The shock-acceleration statistically dominates at the lower
proton energies (roughly below 50 MeV) and the flare-acceleration statistically
dominates at the higher energies (roughly between 50 and 400 MeV), although
exceptions probably exist. Consistency of the results that were obtained using a
number of independent data sources and different processing methods supports
the reliability of the conclusions. However, the spectral indices of relativistic
protons in GLE events do not correlate with either the HXR, spectral indices or
the CME speeds for an unclear reason possibly related to transport effects that
requires further analysis.

The overall shape of an SEP spectrum is generally complex, being determined
by different acceleration mechanisms and probably influenced by transport ef-
fects. The lowest-energy part (roughly < 50 MeV) is close to the Ellison—Ramaty
spectral pattern of a power-law with an exponential rollover. The higher-energy
part (roughly 50-200MeV) is a steeper power-law. The highest-energy part
(roughly >200MeV), which is observed in GLE events, possesses the second
rollover that may be due to transport effects. Portions of these parts also resem-
ble the Ellison—Ramaty pattern.

The presence of two different accelerators determines mixed properties of
SEPs that complicates the identification of their sources and makes attempts to
find their only origin from the analysis of particular SEP properties unsuccessful.
On the other hand, the dual nature of gradual SEPs promises reconciling the ap-
parent contradictions between different observational conclusions and conflicting
views on the origin of SEPs.

A similar analysis for subsequent events seems to be promising. It is possi-
ble that a more detailed examination of the proton fluences can provide more
information. The statistical relationships between the CME speeds and the
shock-accelerated proton population can be refined by analyzing the extensive
CDAW CME catalog and the spectra of near-Earth proton enhancements in
the low-energy range, for example < 40MeV. The flux-rope-mediated proton
transport scenario also appears to deserve attention for in-depth studies. We
hope that our results would help to reconcile seemingly conflicting conclusions
of different studies of SEPs and to approach understanding their origins.
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Appendix
A. Excluded events

The catalogs of solar proton events composed by Logachev et al. (2016) and
by Sladkova et al. (1998) contain information about probable solar sources of
the near-Earth proton enhancements that is certain for the majority of events.
Nevertheless, identification of some events is ambiguous. We checked these events
using the online CDAW CME catalog (Yashiro et al., 2004: cdaw.gsfc.nasa.gov/
CME._list/), the online RHESSI browser at sprg.ssl.berkeley.edu/~tohban/browser/
?show=qli, the Yohkoh catalog composed by Sato et al. (2006) that is available
in the electronic form at dx.doi.org/10.1007/s11207-006-1831-5, the Yohkoh res-
ident database of the SolarSoft as well as other sources of information on solar
events. The events with a questionable flare association were filtered out.

A number of events were excluded, because their parent flares occurred during
the night of RHESSI or Yohkoh or when they passed in the South-Atlantic
Anomaly (SAA), where the observations were interrupted. An example that is
not obvious is the SOL2006-12-13 GLE70 event (No. 46 in Table 3); almost
the whole flare duration was observed by RHESSI, but the first HXR peak at
02:25, which was the strongest and hardest, was missed because of RHESSI night
(Grechnev et al., 2013a). On the contrary, the Konus-Wind data terminated just
before the main peak. An attempt to use the RHESSI spectrum for the second
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major peak at 02:29, which was recorded also incompletely, resulted in an outlier
in the scatter plot in Figure 3. We therefore were forced to exclude this event.
Another reason for the exclusion of an event was the flare location behind the
limb (e.g. the SOL2001-04-18 GLE61 event, No. 14 in Table 4).

As mentioned in Section 2, we applied the condition 2.5 < ygxr < 4.5.
This criterion was chosen rather arbitrarily and was confirmed in the course
of the analysis. We assumed that a still softer photon index indicated meager
acceleration processes, which were unlikely to provide a significant > 50 MeV
proton yield of our interest. On the other hand, a super-hard photon index does
not seem realistic. In all cases when vygxgr did not fit into this range, the cause
was identified. We refined the time of the HXR peak in some events. As Tables
3 and 4 show, additional reasons were revealed to exclude other events with
a questionable photon index, e.g. incomplete flare observations, probable data
issues, etc. The situation with ygxr > 4.5 along with a flare location very close
to the limb indicated that the flare site could be partly occulted, which is also
unacceptable.

Some events still were outliers on scatter plots. We examined each of them
and identified the cause. In some cases, the spectra were non-monotonic and
had a hump. Multiple changes of the operational mode occurred during some
observations, as in the SOL2006-12-14 event (No. 47 in Table 3). For some
questionable events, neither quick-look spectra nor quick-look images are present
at the RHESSI browser. We rated all of these cases as data issues.

Table 3 presents the complete list of 47 RHESSI events excluded from the
analysis. Table 4 presents a similar list of 17 excluded Yohkoh events.
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