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The era of direct or indirect (ground-based) observations of solar energetic particle (SEP) events
covers 50 and 70-80 years, respectively. While thousands of SEP events with soft energy spectra
have been recorded directly in space, only about 70 hard-spectrum events detectable at the ground-
level (called GLE — ground-level enhancements) have been identified so far, the greatest one
being GLE #5 on 23-Feb-1956. Yet, for many practical purposes it is important to know whether
the Sun can produce even stronger events, how much stronger, and what the expected rate of
their occurrence can be. In order to answer these questions, we need to study much longer time
scales, covering many millennia, which can be done only using data of cosmogenic radionuclides
systematically recorded in natural archives. An overview of the today’s knowledge of the extreme
SEP events is presented, and assessments of the worst case scenario for the SEP fluence in the
vicinity of Earth is made. It is shown that the presently available set of direct data provides
insufficient statistic to study extreme events and their occurrence probability distribution. On the
other hand, data on cosmogenic radionuclides in terrestrial and lunar samples makes it possible
to estimate the probability of extreme events occurrence. It is also shown that the SEP event
(or a consequences of events) of 775 AD, identified in cosmogenic data as being a factor 40-50
stronger than the greatest GLE # 5, may serve as a reliable worst-case scenario estimate, but the

occurrence rate of such events still remains poorly constratined.
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1. Introduction

While the radiation environment near Earth is mostly defined by galactic cosmic rays, it can
be greatly distorted by sporadic solar energetic particle (SEP) events with a greatly enhanced flux
of energetic particles [M]. Although their duration is short, hours—days, they pose serious hazards,
because of high fluxes, for the modern technological society, and the corresponding risks need to
be assessed when designing new satellites or planning space missions. Of particular importance is
the question of what is the worst-case scenario (what is the strongest event the Sun can produce?)
and how often maysuch events occur? [Q, B] Here we try to answer these questions.

2. Direct SEP measurements

SEPs are routinely measured by near-Earth satellite, including geostationary GOES-family
satellites and L1-tied instruments onboard SOHO mission or Sun-orbiting missions. The strength
of SEP events is typically quantified via the event-integrated flux of SEP particles with energy
above 30 MeV, the so-called F3y fluence [B]. This quantity includes the most dangerous, in the
sense of space weather hazards, protons with energy of several tens of MeV. It should be noted that
early data of the space-borne detectors might have been quite uncertain in evaluating the peak fluxes
of SEP because of the possible saturation (leads to an under-estimate of the flux) and contamination
through the walls (leads to an over-estimate) effects [B, B]. The average F3p flux is estimated, for
1954-2006, as about 35 cm~2sec™!, with the variability between about 10 (for solar cycle 21) and
70 cm~2sec™! (for cycle 19) [@]. Usually the average flux is defined by one or few major SEP
events rather than a big number of weak events [R]. The strongest SEP event (with the greatest
detected F3( fluence) had a very soft energy spectrum took place in August 1972 with the fluence
about 7 x 10° cm™ [@].

The statistic of the event occurrence (the integral occurrence rate) of the recorded events is
shown in Figure [ as open dots (the big black dot corresponds to the event of August 1972 with
the greatest recorded F3p fluence). One can see that the distribution is very flat, implying that the
probability of strong events and moderate events to occur is nearly uniform. There is a tendency
to break this relation a bit down for events with F3p > 10° cm™2 but statistic is too small. For
example, two extrapolations of the occurrence rate [[0] (applied to the differential distribution of
the Fjo fluence) with the power indices 1.85 and 4 are shown by the dashed and dotted red curves,
respectively.

3. Cosmogenic isotope proxy

We are not limited by direct observations and can extend our analysis of strong SEP events
even further to the past, using the method of cosmogenic isotopes [[3, [4]. Cosmogenic radionu-
clides, most useful being '#C and '“Be, are produced by cosmic rays in the Earth’s atmosphere,
stored in natural archives such as tree trunks or ice cores and reveal information on variability of
energetic particles in the vicinity of Earth. It was shown [[3] that such records can potentially
provide information about major SEP events in the Past. An example is shown in Figure O for
two overlapping '°Be series, NGRIP and Dye3. Each series exhibits two spikes during the 15th
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Figure 1: Cumulative occurrence probability density function of SEP events with the F3( fluence exceeding
the given F3¢ values. The open dots correspond to data available for the era of direct measurements [0,
B]. The black dot represents the greatest F3g event of August 1972. The red lines bounds the range of
extrapolations of the direct data [I0]. Open stars are estimated using the cosmogenic isotope data '*C and
10Be in terrestrial archives [[0]. The filled star represents the greatest historical SEP event of 775 AD. The
hatched grey area represents an estimate based on lunar samples [[2].

century, as indicated by the colored stars, but only one of them, ca. 1460 AD, is present in both
series, considering the possible dating errors of several years [[8]. Thus, this spike of ca. 1460 can
be considered as a candidate for a strong SEP event. All existed records of cosmogenic isotopes
were carefully checked [[]m, and 23 candidates for the events were selected. While the response
of polar ice-core '°Be to an SEP event is expected to be a single 1—2-year spike, the response of
14C is more specific because of the complicated carbon cycle which greatly attenuates and delays
the original signal. A typical signal in the measured A'*C has a sharp (1-2 years) peak followed
by an exponential decay of the length of several decades (see Figure B).

A detailed search of the A'*C data was performed by Miyake et al. [[9, 20, IT]. As a result,
two events were found, around 775 AD and 994 AD. which are now identified as clear SEP events
known over millennial time scales [[9, 22, I3, 4]. Both events had very hard energy spectra [3].
The event of 775 AD remains the strongest known one with the estimated F3¢ fluence being (4—
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Figure 2: Pseudo-annual records of 10Be from two Greenland ice cores: NGRIP [[[7] and Dye3 [I®]. Col-
ored stars depicts spikes in the data.

5)x10'% cm™2, viz. a factor of 5-7 greater than that for the greatest directly observed SEP event.
On the other hand, in the high-energy part of the spectrum, the event of 775 AD was stronger by a
factor of 4050 than the strongest hard-spectrum observed event of February 1956.

Statistic of the SEP-event candidates identified using data from cosmogenic isotopes is shown
in Figure [ as open stars. The solid star corresponds to the event of 775AD. One can see a clear
roll-off of the occurrence probability distribution function for F3g > 109 ¢cm—2.

Sometimes a record of nitrate in polar ice is used as a proxy for strong SEP events with
F30 > 10° cm~2 [D8, 7). However, as shown by several recent studies (e.g., [E8, Dd]), nitrate
record is not suitable for that. In addition, no nitrate signal was found for the event of 775 AD even
though date were of high quality [Z4].

4. Lunar samples

Another method to assess the SEP flux in the Past is related to cosmogenic isotopes measured
in lunar rock or fallen meteorites. There is no time resolution there since the archives are not strat-
ified and dateable, but the averaged flux of SEP over the life time of the isotope can be estimated
(e.g., [BO]). This was done elsewhere [[A], and the result is shown in Figure 0 as the hatched area.
One can see that the roll-off of the probability function, obtained totally independently from the
other methods, is fully consistent with the terrestrial data.

5. What can be the worst-case scenario?

So far, only two major SEP events are known over the last 1300 years, in 775 AD and in 994
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Figure 3: Temporal variability of the measured decadal A'*C [I3] around 775 AD. The red curve depicts
the modelled profile [Z2] for the SEP event of 775 AD.

AD. Can we expect the Sun to produce stronger events on longer time scales? While thorough
search is still ongoing [], some basic assessments can be made already now.

The event of 775 AD has the strongest peak (= 0.4%/yr) in the decadal '“C IntCal dataset,
while there are a dozen of smaller but yet comparable peaks (0.3-0.35%/yr) in the series. In
a recent effort, Miyake et al. [] have measured, with biannual resolution, several such peaks
in *C since 4800 BC and found no other events, implying that the one of 775 AD remains the
uniquely high for the last six millennia. There are still large portions of the Holocene unexplored
by high-resolution (annual or biannual) measurements, thus leaving room for some events being
hidden there. However, can they be stronger than the one of 775 AD? Figure B shows the IntCal
A'C record for the Holocene and several hypothetical spikes (with decadal resolution) caused by
a scaled event of 775 AD. One can see that an event an order of magnitude greater that that of 775
AD (“10x”) is excluded by a simple look at the data. Double strong even (“2x”) is hardly possible
and may be missing in the decadal data only in an unlikely case of an overlap with a negative dip
caused by noise. Events similar to that of 775 AD can be indeed missing in the data and require
a high-resolution measurements to be determined, leaving the occurrence rate estimate somewhat
uncertain.

6. Conclusions

Thus, we conclude that the probability of extreme SEP events to occur drops off quickly for the
events with F3g fluence exceeding 10'° cm~2, as confirmed by different independent datasets. The
event of 775 AD [[9, D2, D3, D4] with the estimated fluence F3y ~ 5 x 10'® cm~2 forms the worst-
case scenario of a possible SEP events on the time scale of ten millennia, but the exact occurrence
rate can not be precisely determined now and requires more detailed measurements of cosmogenic

isotopes.
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Figure 4: Temporal variability of the measured decadal A'*C for the Holocene [Z3]. The res spike is the
decadal signal for the SEP event of 775 AD (identical to that in Figure 3). Blue spikes are hypothetical
events scaled (the scaling factor is denoted next to each curve) from the one of 775 AD. The “0.67x” event
roughly corresponds to the event of 994 AD [[3]. Timing of the colored spikes is arbitrary.
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