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High energy cosmic-ray interactions with particles from the Sun
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Cosmic-ray protons with energies above 1016 eV passing near the Sun may interact with photons

emitted by the Sun and be excited to a !þ resonance. When the !þ decays, it produces pions which

further decay to muons and photons which may be detected with terrestrial detectors. A flux of muons,

photon pairs (from !0 decay), or individual high energy photons coming from near the Sun would be a

rather striking signature, and the flux of these particles is a fairly direct measure of the flux of cosmic-ray

nucleons, independent of the cosmic-ray composition. In a solid angle within 15" around the Sun, the

flux of photon pairs is about 1:3# 10$3 particles=ðkm2 & yrÞ, while the flux of muons is about

0:33# 10$3 particles=ðkm2 & yrÞ. This is beyond the reach of current detectors like the Telescope

Array, Auger, KASCADE-Grande, or IceCube. However, the muon flux might be detectable by next-

generation air-shower arrays or neutrino detectors such as ARIANNA or ARA. We discuss the

experimental prospects in some detail. Other cosmic-ray interactions occurring close to the Sun are

also briefly discussed.

DOI: 10.1103/PhysRevD.83.103519 PACS numbers: 95.30.Cq

I. INTRODUCTION

Despite decades of effort, the composition of cosmic
rays at high energies is still an unsettled question. Many
balloon- and satellite-based experiments have measured
the composition at moderate energies, up to the ‘‘knee’’
of the cosmic-ray spectrum between 1015 eV and 1016 eV
[1]. These experiments are not large enough to collect
significant data at higher energies. Surface-based experi-
ments extend to higher energies. Unfortunately, they can-
not measure the fluxes of individual elements, but instead
study the average composition. For energies around the
knee, the Tibet air-shower array [2], KASCADE-Grande
[3], and EAS-TOP [4] all found a similar increase in
average atomic number, hAi, as the cosmic-ray energy
increased. At higher energies, between 1018 eV and
1019:5 eV, the HiRes Collaboration reported that protons
dominate [5]. However, the Auger Collaboration reported a
change in composition, from mostly protons around
1018 eV to mostly iron around 1019:5 eV [6].

The cosmic-ray flux may have galactic and extragalactic
components [7]. Lower energy cosmic rays are likely
produced within our Galaxy; the energy dependence of
the composition is consistent with the leaky box model
[8], where the chance of escaping the Galaxy depends on
the charge of the cosmic ray. More highly charged ions are
contained longer in the Galaxy compared to particles with
a lower charge, since the gyromagnetic radius is inversely
proportional to the cosmic-ray charge. At higher energies,
there is an apparent extragalactic component which con-
ventional wisdom assumes is mostly protons.

In this article we explore a novel way of determining the
flux of cosmic-ray protons by measuring the interactions

between cosmic rays and photons from the Sun. Cosmic
rays that pass near the Sun may interact with photons
emitted by it. The effect of photodissociation of cosmic-
ray nuclei by photons has been investigated by Lafèbre
et al. [9]. Here, we consider a different reaction, the
photoexcitation of cosmic-ray protons to a !þ resonance.
This !þ decays, producing pions which themselves decay
to muons or photons which may be observed at the Earth.
When the cosmic-ray protons have a high enough Lorentz
boost, optical photons are energetic enough to cause this
excitation. A !þð1232Þ resonance may be produced when
a proton with an energy of about 1:6# 1017 eV collides
head-on with an optical (1 eV) photon. A measurement of
the ( 1016 eV photon or muon flux coming from the
vicinity of the Sun would provide a fairly direct measure-
ment of the flux of cosmic-ray nucleons at an energy
around 1017 eV. We consider the possibilities of observing
single muons and photons, as well as the possibility of
observing multicore showers produced in a !0 decay. For
heavier cosmic rays similar interactions can occur for the
individual nucleons bound in the nuclei.
Besides photoproduction of !þ resonances, we also

investigate inelastic interactions between cosmic rays and
protons in the atmosphere of the Sun. For cosmic rays with
energies below 1 TeV, where magnetic deflection by the
solar magnetic field is important, these interactions have
been investigated by Seckel et al. [10]. Here we calculate
the flux of photons from the decay of pions created when
high energy cosmic rays, where magnetic deflection is
negligible, interact with the solar atmosphere. Another
possible interaction is for solar photons to produce an
eþe$ pair in the field of a cosmic ray. This is possible
since the solar photons have MeV energies in the Lorentz
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ABSTRACT

Many models of ultra-high energy cosmic-ray production involve acceleration in linear accelerators located in
gamma-ray bursts, magnetars, or other sources. These transient sources have short lifetimes, which necessitate very
high accelerating gradients, up to 1013 keV cm−1. At gradients above 1.6 keV cm−1, muons produced by hadronic
interactions undergo significant acceleration before they decay. This muon acceleration hardens the neutrino energy
spectrum and greatly increases the high-energy neutrino flux. Using the IceCube high-energy diffuse neutrino flux
limits, we set two-dimensional limits on the source opacity and matter density, as a function of accelerating gradient.
These limits put strong constraints on different models of particle acceleration, particularly those based on plasma
wake-field acceleration, and limit models for sources like gamma-ray bursts and magnetars.
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1. INTRODUCTION

For more than 100 yr, scientists have investigated cosmic rays
(CRs) and their origin. Up to energies of ∼5 PeV, CR production
may be adequately described by current models of acceleration
in supernova remnants. At ultra-high energy (UHE), however,
the acceleration mechanism is still unknown.

Many sources have been proposed, such as active galactic
nuclei (AGNs), and transient sources like gamma-ray bursts
(GRBs) and magnetars, with lifetimes from seconds to a few
days. Typically, acceleration involves repeated diffusive shock
acceleration, at a site where a magnetic field confines the
particles (Fermi 1949; Bell 1978a, 1978b; Schlickeiser 1989a,
1989b; Meli et al. 2008).

The maximum CR energy and the requisite short time scales
require very large accelerating gradients. Several authors have
proposed single-pass linear accelerators (Tajima & Dawson
1979; Buckley 1977; Chen et al. 2002; Arons 2003; Chang
2009; Kotera 2011; Fang et al. 2012), often in a relativistic jet,
such as those emerging from GRBs or AGNs.

The required accelerating gradients may be provided by
a couple of mechanisms. Plasma wake-field acceleration
(PWA) in astrophysical settings may allow for gradients up
to ≈1016 eV cm−1 (Chen et al. 2002; Chang 2009). PWA might
be possible at a variety of accelerating sites, including GRBs
and AGNs. Magnetars, newborn neutron stars with enormous
(petagauss) magnetic fields, also allow acceleration with very
high gradients. In magnetars, the acceleration occurs in the first
few seconds of the magnetar’s life, as it dissipates its rotational
energy (Arons 2003).

One technique to locate UHE acceleration sites is to search
for neutrinos that point back to their production site. The
neutrinos come from the decay of pions and kaons which are
produced when CRs interact with nuclei or photons in the source.
Neutrinos are produced largely from π± or K± decay via the
chain reactions like π+ → µ+νµ, followed by µ+ → e+νeνµ.
Typically, neutrinos are produced in a ratio νµ:νe:ντ = 2:1:0 but

oscillate to ∼1:1:1 before they reach Earth (Becker 2008). Here,
we give the decay chains for π+ to differentiate between the νµ

from the pion decay and the νµ from the muon decay; the latter
is affected by muon acceleration, but the former is not. Further,
π− are produced in similar numbers, and their decay products
are equivalently affected.

The neutrino flux depends on the flux of the accelerated
CRs and on the number of times they interact during ac-
celeration (Gaisser 1990). Most calculations of neutrino pro-
duction in CR accelerators use the measured CR flux and
assumptions about the CR composition and nuclei/photon
target density in the source to predict the neutrino flux that
should be seen in terrestrial detectors. The production is pre-
sumed to largely occur near threshold, so that the neutrino
energy spectrum is similar to that of the original proton spec-
trum (Waxman & Bahcall 1998). Prompt neutrino production is
mainly a factor at very high energies, above 1 PeV for current
GRBs (Enberg et al. 2008). This neutrino flux is affected by
two factors.

First, muon energy loss, which is likely dominated by
synchrotron radiation; considered important at energies above
1017 eV (Waxman & Bahcall 1997; Kashti & Waxman 2005;
Hümmer et al. 2010). Photomeson production may also be
important (Murase & Nagataki 2006).

The second factor is muon acceleration. At large accelerating
gradients, muons gain energy before decaying, altering the
neutrino energy spectrum and flavor composition. This was
considered for choked GRBs in Koers & Wijers (2007). When
the energy gain is large enough, the neutrino flux is enhanced
significantly.

We study the effect of muon acceleration and energy loss
on neutrino production, and we determine the limiting energies
and the enhanced fluxes. We use existing neutrino flux limits
to set limits on the maximum source opacity, as a function of
accelerating gradients, under the assumption that these sources
are the sites of CR acceleration. We also present limits on
particle density in sources, under the same assumption.
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   role in the collaboration 
 
› We are awaiting reply on  
   a large funding request 
 
› We plan to have a new  
   PhD student work full time  
   on ARIANNA 
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› Hardware design and testing 

› Applied for funding to buy 2 complete stations 

› 580 MeV e- beam 
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REMEMBER: 
› We have lots of experience doing experiments 

› We are really interested in turning our efforts towards 
experiments relevant for astrophysics 

› We have a large funding request awaiting reply 

› We hope to create a platform to do interesting 
science and educate many young students 
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THANKS FOR YOUR ATTENTION 

› rune@phys.au.dk 
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