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Abstract. We present solar energetic particle events observed at 1 AU from the Sun for 
which the proton energy spectra at energies between ~50 keV to ~1 MeV flatten 
during a period of at least ~12 hours prior to the passage of the associated 
interplanetary shock. The flattening of the proton energy spectra occurs when the 
source of the particles (presumably the traveling interplanetary shock) is still 
downwind from the spacecraft and particle intensities are still continuously increasing. 
The arrival of the shock at the spacecraft is then characterized by a steepening of the 
spectra, where low-energy proton intensities show a more pronounced enhancement 
than the high-energy proton intensities. We discuss the mechanisms that may result in 
this flattening of the spectra in terms of current models presented in the literature. 

1.  Introduction 
The time evolution of the solar energetic particle (SEP) intensities measured in interplanetary (IP) 
space depends on both the acceleration processes responsible for the energization of the particles and 
the transport processes undergone by the particles during their travel from their sources to the 
observing spacecraft. Both the acceleration and the transport processes depend on a large number of 
factors, among them the energy achieved by the particle, which controls its ability to escape from the 
acceleration region and regulates the effects that the ambient medium has on its transport before 
reaching a spacecraft. The evolution of the kinetic energy spectra of the particles measured at a given 
heliospheric location during a SEP event provides information of the acceleration mechanisms 
undergone by the particles once the processes of particle transport and particle release from their 
acceleration region have been properly deconvolved.  

Several functional forms have been adopted to describe the particle energy spectra integrated over 
the duration of a SEP event [e.g., 1, 2]. However, in order to determine the time history of the 
acceleration processes, an analysis of the precise temporal evolution of the energy spectra throughout 
the SEP event is required. This type of analysis shows how the energy spectra evolve from the onset of 
the event, when the most energetic particles arrive at the spacecraft, to later times when the energy 
spectra typically straighten into a power-law shape at low energies mostly in association with the 
arrival of IP shocks [e.g., 3, 4, 5]. Related to the processes of particle acceleration at IP shocks, the 
study of the energy spectra around the passage of shocks has revealed a broad range of energy spectra 
and diverse time evolutions that depend, among other factors, on the properties of the shocks [e.g., 6, 
7, 8, 9]. However, the shock parameters alone do not unequivocally determine the characteristics of 
the energetic particle enhancements observed in association with the passage of the shocks [10].  

http://creativecommons.org/licenses/by/3.0
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Figure 3. 5.5-minute averages of proton intensities measured by IMP-8/CPME in four selected events. 
The solid vertical lines indicate the passage of the interplanetary shocks and the purple arrows the 
occurrence of the parent solar eruption as described in Table 1. Note that for the event in panel (c) two 
solar eruptions may be responsible for the SEP event and the IP shock as described in [22].  

 
More recent data sets also show some SEP events with flat-spectra periods. Figure 4 shows two 

SEP events observed by the suite of energetic particle instruments of the In-situ Measurements of 
Particles And CME Transients (IMPACT) on board the spacecraft A of the Solar TErrestrial RElations 
Observatory (STEREO-A) [23]. IMPACT consists of a series of telescopes; in particular, the Solar 
Electron and Proton Telescope (SEPT) that measures ions from ~60 to 6500 keV in 32 energy bins 
without distinguishing protons from alpha particles or other heavy ions [24], the Low-Energy 
Telescope (LET) that measures protons from 1.8 to ~15 MeV [25] and the High-Energy Telescope 
(HET) that measures protons from 13 to ~100 MeV [26]. It is important to mention that, similarly to 
ACE/EPAM/LEMS120 and Wind/3DP/SST-O, STEREO/SEPT ion channels might have some 
contamination by electrons and high-energy particles penetrating into the ion telescope apertures, 
especially at the onset of intense SEP events (as indicated in Figure 4). Moreover, during periods of 
reduced counts rates at low energies (such as in a flat-spectra period) but with significant ion fluxes 
above 2.2 MeV, limitations in the SEPT electronics produce extra counts in specific low-energy bins. 
These bins have not been included in Figure 4. Such caveats in the STEREO/SEPT data are described 
in detail in [27]. 

Figure 4 shows that, after the periods with possible contamination in the low-energy channels early 
in the events, flat-spectra developed prior to the arrival of the shocks. For the event in Figure 4(a), the 
flat energy spectra extended up to ~2 MeV with intensities still increasing. For the event in Figure 
4(b), a first period with flat-spectra starting on day ~80.5 and extending up to ~2 MeV was observed, 
when the lower energy channels were still contaminated by penetrating high-energy particles. Just 
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particles the faster the growth of the amplified waves, and hence the stronger the effect on the lower 
energy particle transport. The result is a retardation of the outward SEP transport by the moving region 
of amplified waves, generating regions of flat intensity spatial profiles behind this region but steep 
profiles in and ahead of this region. The measurement of a flat-energy spectrum by a distant spacecraft 
depends on how this region of amplified waves propagates, how the particle acceleration at the shock 
evolves, and how the waves are continuously amplified by the higher energy protons. The model, 
however, predicts flat-spectra intervals of short duration (e.g., Figure 8 in [41]) that contrast with the 
long-lasting periods shown in Section 2.  

Le Roux and Webb [43] developed a time-dependent focused transport model to investigate 
particle acceleration at fast IP shocks via first-order Fermi mechanism with a prescribed Alfvén wave 
spectrum upstream and across the shock to scatter the particles. A minimum particle speed is required 
for the particles traveling along the magnetic field to stay ahead of the traveling shock, which depends 
on the shock speed Vsh, the angle between the upstream magnetic field and the shock normal ! Bn, and 
the particle speed along the magnetic field vµ (where µ is the particle pitch-angle and v is the particle 
speed). Whereas particles with vµ<(Vsh-Vsw)sec(! Bn) cannot escape from the shock vicinity and 
participate in the acceleration processes, particles with vµ>(Vsh-Vsw)sec(! Bn) are capable of moving 
forward along the magnetic field (where Vsw is the upstream solar wind speed). The result is that the 
energy spectra observed at some distance from the shock show (i) a deficit of particles at the energies 
corresponding to the shock speed, (ii) a flattening at higher energies corresponding to particle speeds 
and pitch-angles µ such that their escape from the shock vicinity is impeded, and (iii) a decrease at 
even higher intensities (e.g., Figure 3a in [43]). The arrival of the shock is then characterized by a 
steepening of the energy spectra coinciding with the arrival of the particles confined in the shock 
vicinity. Note that the temporal evolution of Vsh and ! Bn, as well as the varying conditions for particle 
scattering close to the shock during the transit of the shock from the Sun to 1 AU lead to different 
conditions for particle escape from the shock vicinity. Therefore, this mechanism needs to include this 
variability to be consistent with the long-lasting flat spectra observed in multiple events. 

According to these models, both the capability of the particles to escape from the shock vicinity 
and the interactions undergone by the particles during their transport to the spacecraft are at the root of 
the observation of these flat-spectra periods. The amplification of waves by high-energy particles 
seems to play an essential role in the transport of the lower energy particles [41]. Most of the SEP 
events exhibiting flat-energy spectra shown in Section 2 are intense and associated with solar 
eruptions capable of generating >100 MeV protons. However, for the SEP events shown in Figures 
1(c) and 4(a), the contribution of high-energy particles was minimal. In most cases, the flat-spectra 
periods were observed when the high-energy intensities had already declined suggesting that, if they 
were the cause of the amplification of the resonating Alfvén waves, those were generated earlier in the 
event and did not decay throughout the event. We note that the presence of these amplified waves did 
not limit the intensities measured at 1 AU, since in most of the cases particle intensities continued to 
increase even when flat energy spectra were observed. 

The elevated intensities and the presence of high-energy protons do not seem to be conditions 
necessary for the observation of flat-spectra at low energies. For example, Figure 5 shows an intense 
SEP event measured by ACE/EPAM/LEMS120 and GOES-13 with elevated intensities (even higher 
than those of the events shown in Section 2) and where even ~400 MeV protons were observed. The 
origin of the shock in this event may be related to two consecutive solar eruptions [44], and the 
elevated proton intensities might have resulted from the passage of a pre-existing IP shock early on 
day 67 [45]. It is possible that the pre-conditioning of the ambient medium may inhibit the 
amplification of Alfvén waves [46] and hence prevent the formation of SEP flat spectra. Therefore, the 
medium where the particles propagate plays also a role in the observation of flat-spectra intervals. 
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Figure 5. Five-minute averages of spin-
averaged ion intensities measured by ACE/ 
EPAM/LEMS120 and of proton intensities as 
measured by GOES-13-SEM during an 
intense SEP event in March 2012, together 
with the proton solar wind speed as measured 
by Wind/SWE and the magnetic field 
magnitude as measured by the magnetic field 
experiment on board ACE. The purple 
arrows indicate the occurrence of the solar 
eruptions that generated the event at the 
longitude indicated below. The vertical solid 
lines indicate the passage of interplanetary 
shocks, and the dashed vertical line the 
leading edge of an ICME.  

4.  Conclusions 
The goal of this paper is to highlight the peculiarity of long-lasting periods with flat energy spectra 
observed in intense SEP events associated with the passage of IP shocks, especially at low-energies, 
from about ~50 keV up to about ~1 MeV. The processes by which shock-accelerated particles 
propagate from the shock toward the observer are likely the dominant causes for the formation of these 
flat-spectra periods, where the amplification of Alfvén waves supposedly plays a substantial role. A 
straightforward question to ask concerns the extension of these spectra to energies below the lower 
thresholds of the energetic particle instruments, i.e. whether these spectra continue flat to energies 
below ~50 keV, or their intensities rise with decreasing energy up to the more abundant thermal 
particle intensities. Extended measurements of proton distributions from solar wind thermal through 
suprathermal energies for this type of events will be analyzed in future works. 
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