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Abstract
A current serious limitation on the studies of solar energetic particle (SEP) events is that their properties in the inner heliosphere are
studied only through in situ spacecraft observations. Our understanding of spatial distributions and temporal variations of SEP events
has come through statistical studies of many such events over several solar cycles. In contrast, flare SEPs in the solar corona can be
imaged through their radiative and collisional interactions with solar fields and particles. We suggest that the heliospheric SEPs may also
interact with heliospheric particles and fields to produce signatures which can be remotely observed and imaged. A challenge with any
such candidate signature is to separate it from that of flare SEPs. The optimum case for imaging high-energy (E > 100 McV) heliospheric
protons may be the emission of 7i°-decay y-rays following proton collisions with solar wind (SW) ions. In the case of E> 1 MeV electrons, gyrosynchrotron radio emission may be the most readily detectible remote signal. In both cases we may already have observed one
or two such events. Another radiative signature from nonthermal particles may be resonant transition radiation, which has likely already
been observed from solar flare electrons. We discuss energetic neutrons as another possible remote signature, but we rule out y-ray line
and 0.511 MeV positron annihilation emission as observable signatures of heliospheric energetic ions. We are already acquiring global
signatures of large inner-heliospheric SW density features and of heliosheath interactions between the SW and interstellar neutral ions.
By finding an appropriate observable signature of remote heliospheric SEPs, we could supplement the in situ observations with global
maps of energetic SEP events to provide a comprehensive view of SEP events.
Published by Elsevier Ltd. on behalf of COSPAR.
Keywords: Solar energetic particles; Interplanetary magnetic fields; Coronal mass ejections

1. Introduction
Forecasting the occurrence of SEP events has become
increasingly important as we consider their impact on the
human exploration of space (Turner, 2006). At the current
time we must rely on solar flare and coronal mass ejection
(CME) signatures to predict the temporal, spatial, and energetic variations of heliospheric SEP events, but the presumed
SEP production in CME-driven shocks can be only loosely
connected to those solar signatures (Kahler, 2001). Furthermore, we rely on statistical studies of in situ observations to
Corresponding author.
E-mail address: Stephen.kahler(a)hanscom.af.mil (S.W. Kahler).
NRC Senior Research Associate.
0273-1177/S36.O0 Published by Elsevier Ltd. on behalf of COSPAR.
doi:10.10l6/j.asr.2009.01.013

determine the characteristics of the heliospheric SEP events.
Although the 1 AU in situ observations give us detailed
information on heliospheric SEP spectra and composition,
the lack of a complementary global context for SEP production and the loss of SEP source information imposed by particle scattering on magnetic fluctuations during SEP
transport in the inner heliosphere are clearly severe impediments for our characterization and understanding of those
SEP events. The low ambient densities and weak magnetic
fields of the heliosphere restrict any radiative SEP signatures
to low levels not yet observed. In contrast to these limitations, the SEPs accelerated in solar coronal flare structures
are remotely observed and diagnosed with microwave, optical, X-ray, and y-ray emission and neutron detections. The
RHESSI spacecraft is a solar observatory that provides
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dedicated solar flare observations in the X-ray and y-ray
range up to 20 MeV with good spatial, temporal and spectral
resolution (Lin et al., 2002).
Here we consider some possible remote signatures of
heliospheric SEPs that might serve as future observable
diagnostics. Our recent calculations of y-ray line and continuum emissions from SEP interactions with solar wind
(SW) ions (Kahler and Ragot, 2008) are briefly reviewed.
We also examine several other SEP interactions that might
serve to produce observable heliospheric SEP signatures. It
is important that we consider all possible forms of remote
SEP information - radiative, magnetic, electric, particle, or
other. We point out that at the relatively low energies of
SW particles, remote observations, perhaps not thought
possible several decades ago, are now becoming a reality
and will complement various in situ observations in the
heliosphere and at the termination shock and heliosheath.
2. Candidate SEP signatures
2.1. y-Ray continuum emission
We have recently considered (Kahler and Ragot, 2008)
the possibility of remote detection of y-rays produced in
the near-Sun heliosphere by the interaction of very intense
SEPs with SW particles, as shown in Fig. 1. This work was
motivated by three factors. First, in the galaxy y-ray line
(TatischefT and Kiener, 2004) and high-energy (E>
70 MeV) continuum emission (Strong and Mattox, 1996)
resulting from cosmic ray collisions with interstellar gas
and dust has been observed. Second, SEP spectra and temporal variations for relatively large gradual events have been
well characterized during the past solar cycle (Mewaldt
et al., 2005), providing a SEP data base for selecting events
to model in the near-Sun heliosphere. Finally, the GLAST

spacecraft (Bhattacharjee, 2008), launched on 2008 June
11, will provide a new capability for sensitive measurements
of y-rays from heliospheric SEPs.
Two y-ray regimes were explored (Kahler and Ragot,
2008). First, we considered y-ray line emission resulting
from excitation by 3-30 MeV nuc' ions on SW gas and
dust in the ~5-15.R0 region using the estimated peak
3-30 MeV proton spectrum of the large gradual SEP event
of 2003 October 28 and the excitation cross sections of
Kozlovsky et al. (2002). The calculated intensities for the
strongest lines (1.37, 4.44, and 6.13 MeV of 24Mg, 12C,
and 160, respectively) were slightly lower than the combined
observed diffuse extragalactic component background
(Strong et al., 1996) and the weaker calculated background
from the inverse Compton scattering of cosmic ray electrons on the solar photon halo (Moskalenko et al., 2006).
Intensities consistent with the inverse Compton scattered
component have recently been detected in the two higher
energy ranges of 100-300 MeV and >300 MeV by Orlando
and Strong (2008). However, over the short (~1-10 h) timescale of the peak of a gradual SEP event less than a single
count would be recorded in the GLAST Burst Monitor,
rendering this approach hopeless.
The prospects for an event detection were more favorable, however, for n°-decay y-rays resulting from collisions
of high energy (E > 300 MeV) SEP protons on SW ions.
We used an ET2 differential energy spectrum to represent
the 2005 January 20 SEP event peak (Fig. 2) and calculated
not only that the rt°-decay y-ray intensity was three orders
of magnitude above background but that over the event
peak hour the Large Area Telescope (LAT) on GLAST
would have detected > 104 counts (using the correct
0.6 cm"2 s_1 sr_1 value for the y-ray intensity of /no, which
we erroneously took as 0.3 cm"2 s"1 sr"1). The SEP differential fluence spectrum for the January 20 event has also
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Fig. 1. y-Ray imaging of both flare (dashed-dot line and wiggly arrow)
and interplanetary (thin dashed lines and wiggly arrows) SEP populations.
The CME drives a shock (thick dashed line) from which SEPs propagate
outward (straight arrows) to interact with solar wind and dust ions (gray
area) and produce y-rays. From Kahler and Ragot (2008).
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Fig. 2. Time profiles of the E> 100 MeV intensities of the largest SEP
events of the last 30 years. The 2005 January 20 event used in our y-ray
calculation had the fastest rise of any of the events. From Mewaldt et al.
(2005).
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been calculated from neutron monitor data and is steeper
and less intense than the intensity spectrum we used. When
the calculated neutron-monitor integral fluence above
300 MeV matches that of our normalized intensity spectrum, the y-ray flux and total LAT counts are reduced by
a factor of 3 (R. Murphy and A. Tylka, private communication), but still produce a very detectible LAT signal.
Details of the line and rc°-decay emission calculations are
given in Kahler and Ragot (2008).
A major problem in detecting any near-Sun heliospheric
SEP event signature is to distinguish that signal from a similar signature of solar flare SEPs. The low signal intensities
and the very high (^ 1° ss 4 R.) detector angular resolution
required to make that distinction combine to make a formidable observing challenge. We (Kahler and Ragot, 2008)
suggested that the flare and heliospheric SEP signals could
be distinguished from each other either temporally, when a
later heliospheric signal follows or dominates an earlier
flare signal, or spatially, when the flare region lies over
the solar limb and only the heliospheric component is
observed. Ryan (2000) considered in detail how protons
accelerated in antisunward propagating shocks might precipitate back to the lower corona or chromosphere as an
explanation for observed long-duration solar y-ray flares.
His concept is similar to our suggestion of a temporal separation between flare and heliospheric SEP sources, except
that he would have the later collisions and y-ray production from the heliospheric SEPs occurring in much lower
and denser coronal regions rather than in the SW.
2.2. Positron-decay 0.511 MeV line emission
We expect that a corresponding heliospheric SEP signature resulting from collisions of SEP ions with SW ions
should match each observed signature of flare SEP ions
with solar ambient atmospheric ions. Collisions of high
energy (E > 300 MeV) SEP protons on SW ions will produce not only the 7i°-decay y-rays considered in our earlier
work (Kahler and Ragot, 2008) but also n+ and n~ mesons,
which decay into u+ and u~ mesons and then into positrons
and electrons. Positrons are also produced as products of
collisions of lower energy (E > 10 MeV) SEPs with ambient ions to produce radioactive P+-emitting nuclei (Ramaty
et al., 1975). Production of those nuclei can be greatly
enhanced if the SEP composition has a high He abundance in the 1-10 MeV nuc~ energy range (Kozlovsky
et al., 2004). The positrons decay into a pair of
0.511 MeV y-rays when they annihilate directly with ambient electrons or after forming positronium. From positronium only 25% decay into the 0.511 MeV y-rays, while
the remaining 75% undergo a three-y-ray decay.
Could the 0.511 MeV line also be observed from the
heliospheric SEP-generated positrons as it is in some solar
flares? The 7t+-decay positrons are formed with energies of
~30 MeV and for annihilation they require thermalization
times of ~10l3/«i s, where n\ is the ambient density in cm"'
(Ramaty and Murphy, 1987). In heliospheric regions of

density n < 108 cm-3 those relativistic positrons will leave
the inner heliosphere with essentially no 0.511 MeV line
emission. The P+-emission positrons have lower characteristic energies of ~1 MeV and shorter thermalization times
of ~4 x 1012/«i s, but they too should rapidly propagate
away from the inner heliosphere before decay into the
0.511 MeV line is possible. Thus, the long positron thermalization times preclude the possibility of observing heliospheric 0.511 MeV line emission. Direct detection of the
positrons themselves at 1 AU is not precluded here, but
as charged particles scattered by magnetic field fluctations.
they lose the spatial information of their sources that we
are seeking.
2.3. Neutrons and neutron-capture 2.23 MeV y-ray emission
Since energetic neutrons travel directly from their source
regions to an observer, directional information on neutrons
produced by heliospheric SEP collisions with SW ions
could produce information on the SEP temporal-spatial
distribution. Neutrons are produced primarily by p-a
interactions above ~30 MeV nuc ', where the production
cross sections are only slightly energy dependent (Ramaty
et al., 1975). In the case of heliospheric SEPs the thin-target
model of interactions is appropriate for neutron production calculations, rather than the more efficient thick-target
model usually assumed (i.e., Murphy et al., 1987) for flare
SEPs, which are stopped in the dense flare target region.
The P decay of the neutrons en route to the observer will
modify the observed neutron energy spectrum, but this
could provide model-dependent information on the SEPsource distance from the observer that would not be available from the heliospheric 7r°-decay y-rays. Neutron emission in the 36-100 MeV range associated with a solar
flare located 6°-9° behind the solar east limb was observed
on 1991 June 1 (Murphy et al., 1999). Comparison of that
event with a second neutron and y-ray flare event on 1991
June 4 indicated that a thin-target neutron source was possible only if the SEP spectrum was extremely hard.
Although the June 1 flare was an extremely energetic event
(Kane et al., 1995), it suggests that energetic neutron emission could, with a sufficiently sensitive detector, serve as a
remote signature of heliospheric SEP events.
The energetic neutrons produced by p-ot collisions
between energetic heliospheric SEPs and the SW ions will
produce 2.23 MeV y-ray line emission from capture by
SW protons. However, two neutron timescales limit this
capture process: the 15-min lifetime against P decay and
the required thermalization by elastic scattering before
SW proton capture. In solar flares the 2.23 MeV emission
is generated in the n> 1016cm 3 density region of the
photosphere after a thermalization time of ~100s for
~1-100 MeV neutrons (Wang and Ramaty, 1974; Ramaty
et al., 1975). However, the SW densities, lower by orders of
magnitude, preclude any neutron thermalization, and
detectible 2.23 MeV line emission from heliospheric SEPs
is therefore not expected. We note, however, that
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2.23 MeV emission was observed on 1989 September 29 in
association with a GLE, a fast CME, and a solar flare
located 5°-15° behind the solar west limb. Vestrand and
Forrest (1993) and Cliver et al. (1993) suggested that a fraction of the E > 30 MeV protons at the coronal shock may
have precipitated back to the solar atmosphere and then
produced the observed emission via neutron generation.
Our consideration here of neutron production by heliospheric SEPs suggests the alternative possibility of direct
atmospheric precipitation of the energetic neutrons from
the SEP-SW interactions, which, although unlikely, avoids
the problem of achieving charged particle precipitation
through converging coronal magnetic fields.

lO"4

..*

SOHO/LASCO
GOES 12
10"*

C/)
X
•x

3

c
X

io-« =6

3
10'7

N

2.4. Electron synchrotron emission
Bursts of gyrosynchrotron radiation from E > 100 keV
electrons in solar flare loops are commonly observed in the
microwave range (Bastian et al., 1998). Can synchrotron
emission also be observed from transient energetic electron
populations that escape the Sun? Bastian et al. (2001)
described a fast CME on 1998 April 20 in which the
expanding CME loops were imaged directly in radio wavelengths with the Nancay radioheliograph out to ~3.5 R&.
Their interpretation was that the emission was synchrotron
emission from nonthermal electrons with energies from
~0.5 to 5 MeV in fields of ~0.1 to several G. The longduration phase of an X-class flare event on 2003 November
3 was also interpreted in terms of electron gyrosynchrotron
emission from a large coronal structure with B~2G
(Dauphin et al., 2005). Matching modulations were
observed in hard X-rays by RHESSI and in the decimetric/metric continuum at the Nancay Radioheliograph during a fast CME. Another event, in which radio loops were
observed in a CME out to >2.1 RQ on 2001 April 15 (Maia
et al., 2007), provides a third example. The inferred electron high-energy cutoff ranged from 1 to 10 MeV and the
estimated field B was ~1 G These events were imaged at
the four Nancay observing frequencies from 432 to
164 MHz, and their cospatial emission at different frequencies indicated synchrotron, not plasma emission, as the
source. The 1998 and 2001 events originated from the
southwest solar limb and were accompanied at 1 AU by
large E > 100 keV electron and £>10McV proton
events, suggesting that the escaping nonthermal electrons
may have been imaged near the Sun.
Can we see synchrotron emission from electrons propagating even farther from the Sun? An interplanetary
type-II-like burst was observed with the Wind/WAVES
instrument on 2003 June 17-18, which Bastian (2007) interpreted as synchrotron emission. The burst followed a strong
type III burst and preceded a type II burst and was observed
when the CME height was > 10 R® (Fig. 3). He argued that
the frequency band width, drift rates and the single
smoothly varying emission lane of the burst were inconsistent with plasma emission from a propagating shock.
Acceptance of a new class of low-frequency (<5 MHz) syn-

22:00
00:00
02:00
04:00
06:00
Start Time (17-Jun-03 21:40:00)
Fig. 3. Bottom panel: example of IP type II-s and type II-p radio bursts
on 2003 June 17 observed with the Wind/WAVES RAD1 and RAD2
receivers. The type II-s burst follows the type III fast-drift bursts (not
marked) and has a single smooth, diffuse, broad-band profile compared
with the subsequent type II-p burst. Top panel: The GOES-10 class M6.8
soft X-ray flare profile and the height of the leading edge of the CME
observed on the southeast quadrant of the sun with the SOHO/LASCO.
From Bastian (2007).

chrotron emission must await the discovery of further such
examples, but, if found, these bursts could be the basis for
tracking distributions of E > 100 keV electrons in space.
Deriving detailed spatial information about electron and
shock sources would require direction finding and triangulation analyses from space observations such as the STEREO/SWA VES instruments (Bougeret et al., 2008). A
more ambitious proposal is the Solar Imaging Radio Array,
a mission to perform aperture synthesis imaging of low frequency (<15 MHz) bursts (MacDowall et al., 2005). A large
number of baselines would be provided by a 12-16 microsatellite constellation in Earth orbit about 0.5 x 106 km
from the Earth. High-resolution images of the entire sky
over a range of frequencies should go far to determine emission mechanisms of solar bursts and the roles of SEPs in
producing those bursts (see Fig. 4).
2.5. Resonant transition radiation

Resonant transition radiation (RTR) is an incoherent
continuum emission mechanism in astrophysical plasmas,
Transition radiation arises when nonthermal charged partides pass through small-scale inhomogeneities, but it
was considered to be weak until Platonov and Fleishman
(2002) showed that its intensity was greatly enhanced by
plasma resonance (hence RTR) at frequencies just above
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Wind Waves RAD2 receiver. 1997/12/12

5
10
IS
intensity (dB) relative to background
Fig. 4. Multiple fibers and striae observed in the 1 -10 MHz region by the Wind/WAVES instrument on 1997 December 12. In this unusual case the zebra
pattern is observed both in the continuum and in fast-drift type III bursts. This is Fig. 1 of Chernov et al. (2007) with kind permission of Springer Science
and Business Media.

the local plasma frequency o)p (Nita et al., 2005). The emission intensity scales as ((Aw)) )hr (where ((Aw)2) is the mean
square of the inhomogeneities, so the emission is enhanced
in more turbulent regions (Fleishman et al., 2005). Evidence for RTR has been found in solar flare bursts characterized by cospatial and simultaneous emission in the
decimetric range from RTR and in the centimetric range
from gyrosynchrotron emission (Fleishman et al., 2005;
Nita et al., 2005). The interpretation is that the lower
energy (^100 keV) electrons produce the RTR, and the
higher energy ( > 300 keV) electrons the gyrosynchrotron
emission. RTR is suppressed at w < w\/o}B, where u>B is
the electron gyrofrequency, so dense, high-(3 plasmas are
favorable for enhanced RTR. The calculated turbulence
levels in several flare studies (Nita et al., 2005; Fleishman
et al., 2005; Yasnov et al., 2008) are ((Aw)2)/w2 ~ 10~710 \
Can RTR also be observed outside the flaring active
regions? Chernov et al. (2007) have discussed fine structure
observed in the 14-5 MHz observing range of the Wind/
WAVES radio receiver. In 14 selected events the fine structure was in the form of fibers, similar to the zebra patterns
observed in the metric range. In most of the events shock
fronts were observed in white light coronagraph images
to cross narrow streamers in the wakes of CMEs. Their
suggestion was that fast electrons at the shock front traversed the density inhomogeneities of the streamers to produce RTR. They point out that while An/n may be only a
few percent in the corona, it can exceed unity in the CME
streamers. The interplanetary scintillation (IPS) observations of a CME at about 10 R. (Lynch et al., 2002) indicated that An/n was somewhat lower than in the
preceding slow solar wind, but still on the order of unity.

An ~10 min enhancement in the IPS signal implied a small
structure 30 times denser than the background. These
observations support the point of Chernov et al. (2007)
that the large density fluctuations of the near-Sun region
may provide a favorable situation for observing RTR.
2.6. EUV speclroscopy
While the above techniques detect direct products of
heliospheric SEPs, EUV spectroscopy can provide diagnostics of shock regions in which SEPs may be produced.
Remote observations of various ionic line profiles from
shock regions can yield their suprathermal velocity distributions as well as abundance and ionic charge-state information as functions of space and time (Pagano et al., 2008).
Suprathermal protons might be detected from Lyot emission following charge exchange with SW hydrogen atoms
(Kahler et al., 1999). Line broadening attributed to shock
heating has already been detected at the fronts of a number
of CMEs (Ciaravella et al., 2006) with SOHO/UVCS
observations, but a detector with much higher sensitivity
and wider spectral range would be needed to get line profiles of many ions with various charge-to-mass ratios.
3. Imaging solar wind structures

In the preceding sections we have suggested potential
techniques for imaging various kinds of radiations produced by the energetic electrons or ions escaping the corona to become heliospheric SEP events. One or more of
these techniques could prove to be a valuable complement
to in situ SEP observations for defining the heliospheric
spatial and temporal variations of SEP events. In general.
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the proposed observations would require high detector sensitivities and angular resolutions to separate the transient
SEP radiant signals from high backgrounds.
Here we point out that imaging structures in the very tenuous solar wind (SW) has also been a challenge for heliospheric studies. Charge exchange between SW a particles
and interstellar H atoms in the heliosphere produces emission in the 30.4-nm line. Because the charge-exchange process is velocity dependent, 30.4-nm spectral observations
could determine spatial variations of SW speeds and densities, but the expected weak radiance (Gruntman et al., 2006)
would limit realistic observations to several all-sky images
per year. A recent proposal by Morgan et al. (2008) is to
measure the 103.196 and 103.76 nm line profiles of the collisional component of O VI in the SW along lines of sight
directed away from the Sun. On an inner-heliospheric
spacecraft the 0+5 bulk flows and effective ionic temperatures deduced from those EUV lines could complement
the in situ SW particle measurements to determine extended
SW structures. Thomson-scattering of solar white-light
photons was also at one time considered a difficult challenge. However, because of a very steady zodiacal whitelight background the Solar Mass Ejection Imager has
imaged CMEs (Webb et al., 2006) two orders of magnitude
fainter than that background (Jackson et al., 2004).
Recently, images of SW density streams have been obtained
by heliospheric imagers on the STEREO spacecraft (Sheeley et al., 2008; Rouillard et al., 2008).
The energetic neutral atoms (ENAs) produced by interactions of SW ions with interstellar neutrals are another
important kind of remote SW observations. Model simulations have shown that 25-100 keV ENA fluxes produced
from charge exchange of ions accelerated at corotating
interaction regions could explain ENA fluxes observed on
the SOHO spacecraft (Kota et al., 2001). The recent Voyager 2 in situ plasma and nonthermal ion measurements
(Decker et al., 2008) and STEREO directional measurements of ~4-20 keV ENAs from the heliosheath (Wang
et al., 2008) have shown the importance of nonthermal
pick-up ions to the dynamical processes of the termination
shock. The Interstellar Boundary Explorer (IBEX) mission
(McComas et al., 2006), successfully launched on 2008
October 19, will map the full sky in ENAs in the energy
range from ~10 eV to 6 keV. McComas et al. (2004) have
stressed the important complementarity of the IBEX global
maps to the Voyager 1 and 2 in situ measurements at the
termination shock and heliosheath to provide a full picture
of the SW interaction with the interstellar medium.
The large-scale structure of the inner heliospheric magnetic field is also beginning to be explored. Magnetic field
characteristics of large flux-rope CMEs have been determined from Faraday rotation measurements of single-frequency signals from spacecraft (Jensen and Russell, 2008).
A much more detailed determination of both transient
and slowly evolving SW magnetic fields is anticipated from
Faraday-rotation observations with the Mileura Widefield
Array (Salah et al., 2005) operating at 80-300 MHz.
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The mapping of heliosheath ENAs and SW magnetic
fields and the imaging of white-light SW streams and
ICMEs are cases in which remote signatures of dynamic
SW processes have been identified and used as the basis
of global measurements to complement the in situ measurements. As with the SW and heliosheath, the first studies of
SEPs have been limited to in situ observations. The successes in probing large-scale SW and heliosheath features
with remote observations should encourage us to seek similar remote signatures of SEPs to complement the extensive
current in situ SEP measurements.
4. Summary
Our goal here has been to encourage the development of
concepts for the remote observation of heliospheric SEPs.
We have shown that remote observations are becoming a
reality for SW and heliosheath structures. These remote
observations add the necessary context to interpret properly and understand the physics deduced from the in situ
observations. We have suggested a number of candidate
remote signatures produced by various kinds of heliospheric SEPs interacting with SW fields or particles, which we
summarize as:
1. Pion-decay y-rays as signatures of E > 300 MeV nuc~
ions,
2. Energetic neutrons as signatures of E > 30 MeV nuc~
ions,
3. Electron synchrotron emission as a signature of
E > 0.3 MeV electrons, and
4. Resonant transition radiation (RTR) as a signature of
E < 100 keV electrons and of energetic ions.
We have also considered but found that 4-7 MeV ion
deexcitation, the 2.23 MeV neutron-capture, and
0.511 MeV positron annihilation y-ray lines from heliospheric SEPs would be too weak for observation. There
may well be other possibilities that remain to be discovered.
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