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Preface

Dear Readers,

We present you with a set of essays on cosmic rays with a particular focus on galactic and
extragalactic phenomena. The book is divided into two sections related to:

A. Extragalactic Cosmic Rays:

1. Introductory Chapter: Ultrahigh-Energy Cosmic Ray
2. Gamma Ray Bursts: Progenitors, Accretion in the Central Engine, Jet Acceleration

Mechanisms

B. Galactic Cosmic Rays:

1. Cosmic Ray Muons as Penetrating Probes to Explore the World Around Us
2. Galactic Cosmic Rays from 1 MeV to 1 GeV as Measured by Voyager beyond the

Heliopause
3. Galactic Cosmic Rays and Low Clouds: Possible Reasons for Correlation Reversal
4. Cosmic Ray Cradles in the Galaxy
5. Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra

This book contains works on both theoretical principles as well as results from experimental
researches crucial for understanding the origin of cosmic rays.

The editors believe that this book will be interesting to both theorists and scientists working
in modern experiments.

Interdisciplinarity is a strong theme of this book. We believe that cosmic rays are not sepa‐
rated from other scientific fields but form one of the crucial bases of modern astrophysics
especially because the theoretical researches on the origin of cosmic rays are leading to a
number of puzzling observations that indicate a much more complex astrophysical scenario,
which we are far from understanding.

Zbigniew Szadkowski
Faculty of Physics and Applied Informatics

Department of High-Energy Astrophysics
University of Łódź, Poland
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1. Introduction

In 1938, Pierre Auger recorded coincidences by particle detectors separated by large distances at 
ground level. The source was ultrahigh energy cosmic rays (UHECRs) generating in the atmo-
sphere extensive air showers (EAS). The energy of UHECRs reached up to 1015 eV [1, 2]. In this time 
energy of particles produced in laboratories was at the level of 107 eV. In 1962, Linsley at Volcano 
Ranch recorded an air shower from a cosmic ray with giant energy higher than 1020 eV [3]. In 1965, 
Penzias and Wilson discovered the cosmic microwave background (CMB) radiation. This discov-
ery overshadowed Linsley’s experiment, the fantastically huge cosmic ray energy did not receive 
any attention that it deserved. Just after CMB discovery, Greisen, Zatsepin, and Kuzmin (GZK) [4, 
5] predicted that photo-pion production by the CMB photons reduces the path length for protons 
of UHECRs. In the rest frame of proton, the CMB is a beam of very energetic photons. The GZK 
threshold is the cosmic ray energy at which a Lorentz-boosted CMB photon has energy equal 
to the pion rest energy. The Planck distribution of CMB photons causes pion photo-production 
energy loss for protons with energies above approximately 7 × 1019 eV. The effect predicts that the 
spectrum from distributed homogeneous sources in the universe is suppressed above the GZK 
threshold at least one order of magnitude compared to the flux without the GZK effect.

If one assumes that the sources accelerate nuclei to a maximum energy above the energy 
threshold for photo-disintegration on CMB photons, the light elements could then be frag-
ments of heavier nuclei that disintegrated during propagation. Candidate air shower pri-
mary particles all suffer severe propagation losses that should produce an effective cut-off 
at ≤1020 eV in experiments so far, assuming only that high-energy cosmic rays are normal 
particles that are produced in sources throughout the universe.

At the moment, the UHECRs remain a puzzle. Reliable conclusions from measurements of the 
energy spectrum, composition, and anisotropy and the proposed models cannot be obtained 
without a significant improvement in the observations.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The statistics of registered events with energy about 1020 eV is definitely insufficient due to 
extremely low flux estimated less than 0.5 event per km2 per century per steradian. So that 
only detectors of a huge size will be able to observe a sufficient number of events, which may 
be a fundament of a new physics.

Cosmic rays are high-speed particles traveling throughout our Galaxy, including the Solar 
System. Some of these particles originate from the Sun, but most come from sources outside 
the Solar System and are known as galactic cosmic rays (GCRs). The origin of the highest 
energy cosmic rays is expected to be extragalactic. Simple considerations about the confine-
ment of particles in the Galaxy and Galactic halo strongly suggest that most of the highest-
energy CR must have an extragalactic origin (unless their charge is unexpectedly large, which 
is also not favored by the observations). CR particles arriving at the top of the Earth’s atmo-
sphere are called primaries; their collisions with atmospheric nuclei give rise to secondaries.

Several experiments have been investigating ultrahigh-energy cosmic rays with energies 
reported beyond 1020, but their origin is still unknown. For the current physics, astronomy 
and cosmology, it is a great challenge. In the 1990s, the largest experiments, AGASA and 
HiRes (both located in the Northern hemisphere), reported a discrepancy in the energy spec-
trum and clustering of cosmic ray arrival directions near the GZK energy threshold. This fact 
showed clearly that we require much more accurate and large-scale experiments to investi-
gate this question without any doubts.

At 1015 eV, GCRs consist mostly of protons (nuclei of hydrogen atoms) and alpha particles 
(helium nuclei). The remainders are electrons and nuclei of heavier atoms. The composition 
changes with energy. At present, we believe that UHECRs consist mostly of charged nuclei. 
Gamma rays have been observed with energies as high as ~1012 eV. EAS generated by photons 
would be almost purely electromagnetic.

Because most cosmic ray primaries are strongly influenced by the solar magnetic field, most 
of those detected near the Earth have kinetic energies in excess of about 0.1 GeV. The number 
of particles decreases dramatically with increasing energy, but individual particles with the 
estimated energies above 1020 eV have also been recorded.

Due to magnetic fields, primary GCRs that are deflected in the space and arrive at the top of 
the Earth’s atmosphere are nearly uniform from all directions. Thus, identification of UHECR 
sources based on arrival directions must be excluded. We have to deduce by other ways like, 
that is, the charge spectrum compared to spectroscopy data of stars and interstellar regions. 
The abundances of different elements have been well studied for particles with energies from 
roughly 100 MeV to several hundreds of GeV.

UHECRs are observed in an energy range from 109 eV to above 1020 eV. Over this range, the 
flux of cosmic rays appears to follow an approximate single power law ~E–2.7, with sharper 
steepness ~E–3.0 between so-called knee and ankle (see Figure 1) corresponding to 1015 eV and 
1018 eV, respectively.

Cosmic rays with energies above ~1019 eV, known as ultra-high energy cosmic rays (UHECRs) 
are microscopic particles with a macroscopic amount of energy about a joule or more. The 
existence of such energetic particles, the mechanism of the acceleration to such extreme ener-
gies, the regions of their creation and the composition remains still a mystery.

Cosmic Rays4

The acceleration mechanism is still not clear and the study requires very careful measure-
ments of the energy spectrum of UHECR to compare to the predictions from different acceler-
ation models. Arrival directions of UHECRs are the second topic requiring a careful attention, 
and the third is both small- and large-scale anisotropies in their distribution. The fourth: the 
composition is one of the most difficult measurements because UHECRs cannot be detected 
directly using conventional particle detectors. Consequently, the composition as well as 
energy spectrum and arrival directions must be inferred from auxiliary measurements.

2. Extensive air showers

The cosmic rays with energies greater than 1014 eV have been investigated by using the Earth’s 
atmosphere itself as part of the detection equipment. The interaction between high-energy 
cosmic rays and the air produces avalanches of secondary particles.

The process begins with the collision of the primary cosmic ray with a nucleus near the top 
of the atmosphere. This first collision produces typically several tens of secondary particles 
(depending on initial energy), mainly pions. The charged pions, as relatively long-lived, 

Figure 1. Observed energy spectrum of primary cosmic rays. The spectrum is expressed by a power law from 1011 to 
1020 eV with a slight change of slopes around 1015.5 eV (knee), 1017.8 eV (second knee), and 1019 eV (ankle) [6].
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collide with another nucleus. The subsequent collisions are similar in nature to the primary 
collision. This process then leads to a cascade of particles, known as hadronic shower.

About 33% of pions, created in collisions, are neutral. They are very short-lived and decay 
very fast into a pair of photons before a next interaction with nuclei in the atmosphere. Next, 
photons interacting with the nuclei in the air create electron-positron pairs, which thus pro-
duce bremsstrahlung photons. This cascading process forms an electromagnetic avalanche. 
The hadronic shower itself permanently produces neutral pions and thus is developing sec-
ondary electromagnetic cascades along its path.

With an EAS development into the atmosphere, the number of generated particles succes-
sively increases (Figure 2). However, the process of multiplication is continued until the aver-
age energy of the shower particles is insufficient to produce more particles in subsequent 
collisions. Some part of energy is also leaking to the atmosphere due to ionization processes. 
Finally, the number of the particles traveling in the shower starts to decrease. This point of the 
EAS development is known as shower maximum. Beyond the maximum, the shower particles 
are gradually absorbed with an attenuation length of ~200 g/cm2. The depth of shower maxi-
mum (Xmax) is a function of energy. With a value of about 500 g/cm2 at 1015 eV, the average Xmax 
for showers increases by 60–70 g/cm2 for every decade of energy [7]. The measured value of 
Xmax can also be used to estimate the composition of the primary cosmic ray. Hadronic interac-
tion length in air for protons is about 70 g/cm2, and shorter for heavier nuclei. This means EAS 
are generated by heavier elements higher in the atmosphere.

More muons and fewer electromagnetic particles are produced by heavy primary particles 
rather than do lighter primaries, of the same primary energy. Iron and proton showers can be 
distinguished using surface detector data alone through the ratio of muons to electromagnetic 
particles, as well as through the arrival time distribution of particles in the shower front.

Figure 2. The schematic of the hadronic and electromagnetic components generation in the EAS development.

Cosmic Rays6

Particles scatter from the region of the shower axis throughout their development. The shower 
core effectively acts as a moving point source of both fluorescence photons and particles, 
which make their way to detectors far from the core. The shower front itself is slightly curved, 
resembling a cone. Particles far from the core will arrive behind the shower plane due to 
simple geometry. Electromagnetic component diffuses away from the shower axis through-
out the shower development. It is wider in comparison to the hadronic one. Thus, far from the 
core particles are spread in time, with the time spread roughly proportional to the distance 
from the axis. This time spread helps to distinguish distant large showers from nearby small 
showers, and is thus useful in triggering the surface array. The time spread becomes greater 
as the depth of shower maximum increases.

Fluctuations in shower development distinguish detected signals. One of the most important 
sources of fluctuations is the depth and characteristics of the first few interactions. Fluctuations 
in later interactions are averaged over a large number of particles and are not important.

3. The GZK cut-off

We do not know the composition of the UHECRs. However, the set of stable particles as 
candidates for the UHECRs, which can trespass cosmological distances saving their energy, 
is quite limited: heavy or light atomic nuclei, photons and neutrinos. No any standard, elec-
tromagnetic mechanism can be responsible for photons and neutrinos (as neutral) accelera-
tion. They can only be a product of the interaction of a still higher energy-charged particle. 
Therefore, in the framework of conventional astrophysics, we believe that light and heavy 
nuclei are probably the best candidates for the UHECR.

There is experimental evidence that the Universe was created some ~14 billion years ago from 
some singularity in a giant explosion known as the “Big Bang.” Perhaps the most conclusive 
evidence for the Big Bang is the existence of the isotropic, with Planck distribution T = 2.73 K 
radiation permeating the entire Universe known as the cosmic microwave background 
(CMB). Shortly after the CMB discovery, Greisen and independently Zatsepin and Kuzmin 
predicted that at very high energies, the universe should become opaque to light or heavy 
nuclei due to the following reactions:

    
p +  γ  CMB   → N + π

  
 E  p   ≥ 1.1 ×  10   20  eV

     
p +  γ  CMB   → Δ → N + π

  
  E  N   ≥ 2.5 ×  10   20  eV,

   (1)

where EN is the energy of nucleon being disintegrated.

The energy budget in the center-mass-frame, for an average CMB energy 6.34 × 10−4 eV and 
protons with energy above 110 EeV, is sufficient for pion-production, during inelastic colli-
sions with CMB photons.

Since in each such inelastic collision, protons leave a large part of their energy (of the order 
of 13% on average), their energy goes below 10 EeV (EeV = 1018 eV) after a few tens of Mpc. 
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very fast into a pair of photons before a next interaction with nuclei in the atmosphere. Next, 
photons interacting with the nuclei in the air create electron-positron pairs, which thus pro-
duce bremsstrahlung photons. This cascading process forms an electromagnetic avalanche. 
The hadronic shower itself permanently produces neutral pions and thus is developing sec-
ondary electromagnetic cascades along its path.

With an EAS development into the atmosphere, the number of generated particles succes-
sively increases (Figure 2). However, the process of multiplication is continued until the aver-
age energy of the shower particles is insufficient to produce more particles in subsequent 
collisions. Some part of energy is also leaking to the atmosphere due to ionization processes. 
Finally, the number of the particles traveling in the shower starts to decrease. This point of the 
EAS development is known as shower maximum. Beyond the maximum, the shower particles 
are gradually absorbed with an attenuation length of ~200 g/cm2. The depth of shower maxi-
mum (Xmax) is a function of energy. With a value of about 500 g/cm2 at 1015 eV, the average Xmax 
for showers increases by 60–70 g/cm2 for every decade of energy [7]. The measured value of 
Xmax can also be used to estimate the composition of the primary cosmic ray. Hadronic interac-
tion length in air for protons is about 70 g/cm2, and shorter for heavier nuclei. This means EAS 
are generated by heavier elements higher in the atmosphere.

More muons and fewer electromagnetic particles are produced by heavy primary particles 
rather than do lighter primaries, of the same primary energy. Iron and proton showers can be 
distinguished using surface detector data alone through the ratio of muons to electromagnetic 
particles, as well as through the arrival time distribution of particles in the shower front.

Figure 2. The schematic of the hadronic and electromagnetic components generation in the EAS development.
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Particles scatter from the region of the shower axis throughout their development. The shower 
core effectively acts as a moving point source of both fluorescence photons and particles, 
which make their way to detectors far from the core. The shower front itself is slightly curved, 
resembling a cone. Particles far from the core will arrive behind the shower plane due to 
simple geometry. Electromagnetic component diffuses away from the shower axis through-
out the shower development. It is wider in comparison to the hadronic one. Thus, far from the 
core particles are spread in time, with the time spread roughly proportional to the distance 
from the axis. This time spread helps to distinguish distant large showers from nearby small 
showers, and is thus useful in triggering the surface array. The time spread becomes greater 
as the depth of shower maximum increases.

Fluctuations in shower development distinguish detected signals. One of the most important 
sources of fluctuations is the depth and characteristics of the first few interactions. Fluctuations 
in later interactions are averaged over a large number of particles and are not important.

3. The GZK cut-off

We do not know the composition of the UHECRs. However, the set of stable particles as 
candidates for the UHECRs, which can trespass cosmological distances saving their energy, 
is quite limited: heavy or light atomic nuclei, photons and neutrinos. No any standard, elec-
tromagnetic mechanism can be responsible for photons and neutrinos (as neutral) accelera-
tion. They can only be a product of the interaction of a still higher energy-charged particle. 
Therefore, in the framework of conventional astrophysics, we believe that light and heavy 
nuclei are probably the best candidates for the UHECR.

There is experimental evidence that the Universe was created some ~14 billion years ago from 
some singularity in a giant explosion known as the “Big Bang.” Perhaps the most conclusive 
evidence for the Big Bang is the existence of the isotropic, with Planck distribution T = 2.73 K 
radiation permeating the entire Universe known as the cosmic microwave background 
(CMB). Shortly after the CMB discovery, Greisen and independently Zatsepin and Kuzmin 
predicted that at very high energies, the universe should become opaque to light or heavy 
nuclei due to the following reactions:

    
p +  γ  CMB   → N + π

  
 E  p   ≥ 1.1 ×  10   20  eV

     
p +  γ  CMB   → Δ → N + π

  
  E  N   ≥ 2.5 ×  10   20  eV,

   (1)

where EN is the energy of nucleon being disintegrated.

The energy budget in the center-mass-frame, for an average CMB energy 6.34 × 10−4 eV and 
protons with energy above 110 EeV, is sufficient for pion-production, during inelastic colli-
sions with CMB photons.

Since in each such inelastic collision, protons leave a large part of their energy (of the order 
of 13% on average), their energy goes below 10 EeV (EeV = 1018 eV) after a few tens of Mpc. 
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As an example, if the largest energy cosmic ray ever detected 320 EeV (it is more than 50 J) 
were a proton produced with an initial energy of 10 ZeV (ZeV = 1021 eV), the distance of its 
source should be less than 50 Mpc (Figure 3). The same effect is expected for heavy nuclei. 
Nucleons will be stripped off from the nucleus due to inelastic collisions with most of all 
infrared background and also with CMB. Thus, the highest energy cosmic rays cannot origi-
nate at distances larger than a few tens of Mpc.

3.1. “Bottom-up” production

In order to accelerate charge particles to energies above 1020 eV, extremely powerful electro-
magnetic fields should exist. However, we did not register any stable region with so large 
potential, which could assure such an extremely energy in a single shot process. One of the 
earliest theories on the acceleration of cosmic rays proposed was the second order Fermi 
mechanism [9], where plasma clouds can be treated as a magnetic mirror. A particle trespass-
ing a cloud from the front can be kicked back, like a tennis ball hit by a racket, with energy 
larger than its initial value. In this way, particles gain energy over many collisions. However, 
this mechanism is also too slow and too inefficient to account for the observed UHECR.

A more efficient and faster process is acceleration by crossing shock fronts generated in explo-
sive phenomena (first-order Fermi mechanism - ΔE > 0) [10, 11]. However that approach meets 
difficulties. Let us consider some hypothetical cosmic accelerator. The energy of accelerating 

Figure 3. Energy degradation for nucleons as a function of distance to the observer for three different injection energies [8].
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particles depends on the value and the size of the magnetic field and is limited by the Larmor 
radius related to their confinement. If the Larmor radius of the particle exceeds the size of 
the “accelerator,” then the particles escape from it. Candidates of astrophysical object, which 
possesses such a large BR factor, are given on the Hillas plot [12].

   E  max   = qBRc  (2)

where Emax is the maximal energy of particles confined in the magnetic field (J), q is the electric 
charge (C), B is the induction of the magnetic field (T), R is the radius of the confined trajectory 
(m), and c is the speed of light (m/s).

Many theories and models propose either sophisticated explanations or require some new 
physics. One of the models explores ultra-relativistic shock acceleration such as in hot spots of 
powerful radio galaxies and gamma-ray bursts (GRB) [13]. In the first case, relativistic jets are 
produced perpendicular to the accretion disk around a supermassive black hole in the central 
part of an active galactic nucleus. The shock on a jet, several hundred kpc from the central 
engine, due to collision with the intergalactic medium is considered as being able to acceler-
ate particles up to the highest energies. This hypothesis, however, requires some additional 
assumptions. Such powerful galaxies are rather rare objects and should be clearly visible in 
the 50 Mpc distance.

The second model corresponds to the UHECR another astrophysical puzzle: the gamma-ray 
bursts. The emission of huge amounts of energies (typically a nonnegligible fraction of the 
mass energy of the Sun) is observed over a very short time (minutes), as gamma rays but 
with, in some cases, X-ray and optical contributions. Their distribution is cosmological and 
uniform. GRB happen relatively frequently: 2–3 per day. However, their distribution within 
the “GZK sphere” rather does not agree with the UHECRs observations. Other objects are also 
proposed as potential sources of UHECRs, such as rapidly rotating compact objects (young 
black holes, neutron stars or “magnetars”), which possibly are the sources of the most intense 
magnetic fields in the universe. The 1021 eV energies in such systems are rather difficult to 
reach.

3.2. “Top-down” production

If we have difficulties to imagine reliable mechanism accelerating particles from low to high 
energies, let us inverse the situation. Many theories propose top-down mechanism, decay 
of super-heavy, super-symmetric or Grand Unified Theories (GUT) particles [14]. The only 
problem is a justification of their existence or their surviving after the Big Bang. They could 
have survived up to now by some yet unknown mechanism (a very weakly violated quantum 
number, particles trapped inside huge potential walls called topological defects and released 
via spontaneous symmetry breaking mechanism). Their decay into a huge number of second-
ary particles (mainly pions) by hadronization of quark-antiquark pairs could produce the 
ZeV energies we expect, however they would decay mainly into photons (decays of neutral 
pions) and neutrinos (decays of charged pions). The current flux limits rule out or strongly 
disfavor that top-down models can account for a significant part of the observed UHECR 
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flux. The bounds are reliable as the photon flux limits depend only on the simulation of elec-
tromagnetic showers and, hence, are very robust against assumptions on hadronic interac-
tions at very high energy [15]. The photon flux limits have further far-reaching consequences 
by providing important constraints on theories of quantum gravity involving violation of 
Lorentz invariance (LIV) [16–19]. And, observing a single photon shower at ultra-high energy 
would imply very strong limits on another set of parameters of LIV theories [20, 21].
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Abstract

The collapsar model was proposed to explain the long-duration gamma ray bursts
(GRBs), while the short GRBs are associated with the mergers of compact objects. In the
first case, mainly the energetics of the events is consistent with the proposed progenitor
models, while the duration, time variability, as well as the afterglow emission may shed
some light on the detailed properties of the collapsing massive stars. In the latter case, the
recent discovery of the binary neutron star (NS-NS) merger in the gravitational wave
observation made by LIGO (GW170817) and the detection of associated electromagnetic
counterparts, for the first time, gave a direct proof of the NS-NS merger being a progenitor
of a short GRB. In general, all GRBs are believed to be powered by accretion through a
rotationally supported torus, or by fast rotation of a compact object. For long ones, the
rotation of the progenitor star is a key property in order to support accretion over rela-
tively long activity periods and also to sustain the rotation of the black hole itself. The
latter is responsible for ejection of the relativistic jets, which are powered due to the
extraction of the BH rotational energy, mitigated by the accretion torus, and magnetic
fields. The jets must break through the stellar envelope though, which poses a question on
the efficiency of this process. Similar mechanisms of powering the jet ejection may act in
short GRBs, which in this case may freely propagate through the interstellar medium. The
power of the jets launched from the rotating black hole is at first associated mostly with
the magnetic Poynting flux, and then, at large distances it is transferred to the kinetic and
finally radiative energy of the expanding shells. Beyond the radiative processes expected
to take place in the jet propagation phase after the stellar envelope crossing, the significant
fraction of the jet acceleration is expected to take place inside the stellar envelope and just
right after it in the case of a significant decrease of the exterior pressure support. The
implications of the hot cocoon formed during the penetration of the stellar body and the
interaction of the outflow with the surrounding material are crucial not only for the
outflow collimation but also provide specific observational imprints with most notorious
observed panchromatic break in the afterglow lightcurves. Thus a significant number of
models have been developed for both matter and Poynting dominated otuflows. In this
chapter, we discuss these processes from the theoretical point of view and we highlight
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the mechanisms responsible for the ultimate production of electromagnetic transients
called GRBs. We also speculate on the possible GRB-GW associacion scenarios. Finally, in
the context of the recently discovered short GRB and its extended multiwalength emis-
sion, we present a model that connects the neutron-rich ejecta launched from the accreting
torus in the GRB engine with the production of the unstable heavy isotopes produced in
the so-called r-process. The radioactive decay of these isotopes is the source of additional
emission observed in optical/infrared wavelengths and was confirmed to be found in a
number of sources.

Keywords: gamma ray burst: general, black hole physics, accretion, accretion disks,
gravitational waves, neutrinos, nuclear reactions, nucleosynthesis, abundances

1. Introduction

Gamma ray bursts are single, transient, short-lasting events (from a fraction of a second up to
around a thousand seconds), and detected on the gamma ray sky. They are typically in the range
between 10 keV and 20 MeV and are isotropically distributed on the celestial sphere, while they
can occur at random directions, even a few times per day [1]. They are also often accompanied
by an optical counterpart, late time X-ray signal, and the afterglow, which lasts for many days
after the prompt phase and are detected in lower energies, down to the radio band.

The observed properties and energetics of gamma ray bursts has proven that at their hearts
there is a cosmic explosion of an enormous power, which is definitely connected with the birth
of compact stars. The newly born black hole is swallowing an extremely large amount of
matter in a very short time. The accompanying process of ejection of rarefied and fast streams
of plasma, which expand in the interstellar medium with a velocity close to the speed of light,
is responsible for the gamma ray emission.

1.1. History of GRBs observations

Gamma ray bursts have been first detected in the 1960s. The original measurement was by
chance made by the US military service that operated the satellite Vela. The discovery was
published in the Astrophysical Journal much later [2]. The authors of this work refer to the old
hypothesis [3] that the supernova explosions should be accompanied by the gamma and X-ray
emission. Nevertheless, for the confirmation of the supernova-GRB connection, astronomers
had to wait more than 30 years more. Since 1970s, it was already known that GRBs are cosmic
events, so that they have been studied by research satellites. The main break through was
made in 1990s, when the BATSE satellite confirmed the isotropic distribution of GRBs on the
sky. This was a strong argument for their extragalactic origin, and thus GRBs being one of the
brightest sources of radiation in the universe. Another achievement of the BATSE mission was
to establish two classes of bursts, which statistically cluster around the long (t > 2 s) and short
(t < 2 s) events [4]. Here, the time t ¼ T90 measures the 90% of counts detected by the counter.

Until 1997, there were no GRB counterparts found in the lower energy bands. For the first time,
the Italian-Dutch satellite BeppoSAX detected the position of a GRB precisely enough, so that
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the localisation of an optical afterglow was possible for GRB970228 [5]. Here, the name of the
GRB identifies the date of its observation, in the format rrmmdd. In May 1997, the first redshift
of a GRB was estimated. The GRB970508, with 0:83 < z < 2:3 [6], confirmed that the events are
observed from cosmological distances. Typically, the optical afterglow of a GRB is of 19th

magnitude and can be observed from a couple weeks up to months after the burst. Its lumi-
nosity decrease with time has a power-law dependence. In addition, the X-ray afterglows can
be observed, a few hours after the prompt phase. In some GRBs (like GRB991216), the emission
lines have been reported in the Chandra, XMM-Newton, ASCA, and BeppoSAX data. More-
over, about half of the localized GRBs exhibits also the radio afterglows, seen about 1 day after
the burst.

The host galaxies of GRBs have been identified based on their precise localisations, thanks to
Hubble Space Telescope (GRB970228, Sahu et al. [7]). For a long time, this was possible only in the
case of long GRBs. It was found that their hosts are statistically bluer and more actively
starforming and are also only moderately metal-rich, or even metal-poor [8, 9]. The redshifts
measured for a sample of GRBs were clustered around z ¼ 1, and the redshift distribution was
fitted well by the star formation rate dependence proposed by Porciani and Madau [10]. The
local density of the GRBs derived from the luminosity function was about 0.44 Gpc3yr�1. In the
case of short GRBs, their space distribution was found to be more ‘local’ than for the long ones,
with V=Vmax ¼ 0:39, and 0.28, respectively, while the local density was found about 1.7 bursts
per Gpc3 per year [11]. These were just rough estimates, taking into account the fact that the
short GRBs were missing the redshift data at that time. The number density of bursts should
also be corrected by a beaming factor.

The important discovery which confirmed the origin of GRBs was the detection of emission
lines, characteristic for supernova explosion, in the optical afterglows spectra (e.g.,
GRB030329). Hence, a very strong support was found for the idea of massive star’s explo-
sions being the progenitors of these events [12, 13]. The supernova connection was pro-
posed earlier, since in some of the optical afterglow lightcurves the characteristic red bumps
were detected, a few weeks after the GRB [14]. A new era in the GRB studies was opened
with the launch of the Swift satellite in 2004. It found, for the first time, the afterglows of
short GRBs. It occured, that contrary to long bursts, the short GRBs do not originate from
the starburst galaxies neither the supernova explosions. A good candidate for their progen-
itor is a merger event, during which two compact objects collide, such as a binary neutron
star meger. The Swift satellite detected GRBs at higher redshifts, e.g., GRB090423 at z ¼ 8:1
[15]. It occurred that a simple star formation law does not fit to the GRB distribution [16,
17]. It was found possible that the bursts are concentrating in the regions of specific value of
metallicity.

In 2008, another high-energy mission was launched, Fermi. The detector GBM (gamma ray
burst monitor) was placed onboard to detect gamma rays from cosmic transients. The burst
GRB130427 was the most energetic event found to date and the energy of photons exceeded
90 GeV. The most recent achievements of the Fermi mission were connected with searching for
high-energy electromagnetic counterparts to the gravitational wave events, discovered by
LIGO interferometer.
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the mechanisms responsible for the ultimate production of electromagnetic transients
called GRBs. We also speculate on the possible GRB-GW associacion scenarios. Finally, in
the context of the recently discovered short GRB and its extended multiwalength emis-
sion, we present a model that connects the neutron-rich ejecta launched from the accreting
torus in the GRB engine with the production of the unstable heavy isotopes produced in
the so-called r-process. The radioactive decay of these isotopes is the source of additional
emission observed in optical/infrared wavelengths and was confirmed to be found in a
number of sources.

Keywords: gamma ray burst: general, black hole physics, accretion, accretion disks,
gravitational waves, neutrinos, nuclear reactions, nucleosynthesis, abundances
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of plasma, which expand in the interstellar medium with a velocity close to the speed of light,
is responsible for the gamma ray emission.
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had to wait more than 30 years more. Since 1970s, it was already known that GRBs are cosmic
events, so that they have been studied by research satellites. The main break through was
made in 1990s, when the BATSE satellite confirmed the isotropic distribution of GRBs on the
sky. This was a strong argument for their extragalactic origin, and thus GRBs being one of the
brightest sources of radiation in the universe. Another achievement of the BATSE mission was
to establish two classes of bursts, which statistically cluster around the long (t > 2 s) and short
(t < 2 s) events [4]. Here, the time t ¼ T90 measures the 90% of counts detected by the counter.

Until 1997, there were no GRB counterparts found in the lower energy bands. For the first time,
the Italian-Dutch satellite BeppoSAX detected the position of a GRB precisely enough, so that
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per Gpc3 per year [11]. These were just rough estimates, taking into account the fact that the
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lines, characteristic for supernova explosion, in the optical afterglows spectra (e.g.,
GRB030329). Hence, a very strong support was found for the idea of massive star’s explo-
sions being the progenitors of these events [12, 13]. The supernova connection was pro-
posed earlier, since in some of the optical afterglow lightcurves the characteristic red bumps
were detected, a few weeks after the GRB [14]. A new era in the GRB studies was opened
with the launch of the Swift satellite in 2004. It found, for the first time, the afterglows of
short GRBs. It occured, that contrary to long bursts, the short GRBs do not originate from
the starburst galaxies neither the supernova explosions. A good candidate for their progen-
itor is a merger event, during which two compact objects collide, such as a binary neutron
star meger. The Swift satellite detected GRBs at higher redshifts, e.g., GRB090423 at z ¼ 8:1
[15]. It occurred that a simple star formation law does not fit to the GRB distribution [16,
17]. It was found possible that the bursts are concentrating in the regions of specific value of
metallicity.

In 2008, another high-energy mission was launched, Fermi. The detector GBM (gamma ray
burst monitor) was placed onboard to detect gamma rays from cosmic transients. The burst
GRB130427 was the most energetic event found to date and the energy of photons exceeded
90 GeV. The most recent achievements of the Fermi mission were connected with searching for
high-energy electromagnetic counterparts to the gravitational wave events, discovered by
LIGO interferometer.
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1.2. Models of GRBs origin

The gamma ray emission originates at rather large distances from the base of the jet. Therefore,
the central engine driving the jets and forming its base are hidden from the observer and any
studies of its structure must be grounded on the indirect analysis. The signal which would be
emitted from the engine could be produced either in gravitational waves or in the neutrinos of
MeV energies. Such neutrinos are rather impossible to be detected from cosmological dis-
tances. Much more promissing are neutrinos produced in the GRB jets which have energies in
the order of GeV [18–20].

The constraints which are based on the observed isotropic equivalent energy of the bursts
suggested that the total energy released during the explosion is in the order of the binding
energy of a compact object with a stellar mass:

E ¼ GM2

R
≈ 3� 1054 erg (1)

The burst durations are, however, much longer than the dynamical time, over which the matter
can free fall onto such a star. The extended duration of the event must therefore be driven by a
viscous process. The most plausible is the disk accretion process, which in addition provides a
required collimation of the burst stream along the disk rotation axis. The appearance of a large
amount of matter in the vicinity of a black hole, to be accreted with a few tens-hundreds of a
second, implies an extremely violent process, most probably a birth of a new black hole.

The scenario of a compact object merger [21] was able to explain the energies required for a
detection of the event from a cosmological distance [22]. It was thought first that this scenario
could be universal for all the types of GRBs; however, the observations of the GRB host
galaxies, their active star formation rates in some cases, and the discoveries of GRB-supernova
connection led to a different scenario for the long bursts. The currently accepted scenario for
the long GRB progenitor is the collapsar, or hypernovamodel [23, 24]. In this model, the massive
iron core of a rapidly rotating, evolved massive star (typically, the Wolf-Rayet type of star)
quickly collapses to form a black hole. Most of the stellar envelope is expelled, but the
remaining part is slowed down by the backward shocks and fall back. The material which
posseses large angular momentum is concentrating in the equatorial plane of the star and
forms an accretion disk. The non-rotating matter is falling radially along the axis of rotation
into the black hole and the empty funnel forms there, to help collimate the subsequenltly
launched jets [25]. They have to break out the stellar envelope, and accelerate up to ultrarela-
tivistic velocities, with Lorentz factors in the order of Γ � 100.

The hypernovae connected with long GRBs are a subgroup of the supernovae type I b/c (which
do not exhibit neither hydrogen nor helium lines in their spectra) and constitute about 10% of
this class [26]. Statistically, this should agree with the estimated rate of GRBs. Their occurrence
rate is about 10�3 of the supernova rate per galaxy per year [27]. The reason why not all the
supernovae type I b/c (the core collapse supernovae) produce GRBs is most probably
connected with the extremely low metallicities and rotation of the pre-SN star [28].
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Among the models proposed to explain the short GRB population, the compact object merger
model is most favored. Here, the duration of the event is limited by a much smaller size of the
accretion disk, which forms after the remnant matter is left from the disrupted neutron star.
The short bursts occur mostly in old, elliptical galaxies and within the regions of low star
formation rate [29]. The most probable progenitor configuration is the NS-NS binary; the BH-
NS was also studied, see. e.g., Narayan et al. [30]. Alternatively, also the magnetars, being
extremely magnetized neutron stars when rotational energy is dissipated on the scale of
seconds, may be able to produce Poynting dominated jets and power the GRBs [31].

2. Accretion onto a black hole as a driving engine of a GRB

The accretion tori surrounding black holes are ubiquitous in the universe. They occupy centers
of galaxies, or reside in binary systems composed of stellar mass black holes and main
sequence stars, being a source of power for their ultraviolet or X-ray emission. In these kinds
of objects, frequently the black hole accretion is accompanied with the ejection of jets, launched
along the accretion disk axis. Such sources are then observed as the radio-loud quasars, driven
by the action of supermassive black holes, or the ‘microquasars’, which are driven by the
stellar mass black holes. The jets of plasma are accelerated up to the relativistic speeds, and
emit the high-energy radiation, measured over the entire energy spectrum.

Similarly, in the case of ultrarelativistic jets that are sources of gamma rays in GRBs, the
driving engine is supposedly the stellar mass black hole surrounded by an accretion disk.
However, since the GRB events are transients that last only up to several hundred seconds,
and not for thousands, or millions of years, the accretion process should not be persistent and
last not too long. The limiting time of the GRB engine activity is governed by the amount of
matter available for accretion, and by the rate of this process (Figure 1).

From the computational point of view, the numerical model of any black hole accretion disk is
based on standard equations of hydrodynamics (or MHD, if the magnetic fields are taken into
account). The global parameters that enter the equations and act as scaling factors are the black
hole mass, MBH , its angular momentum (called spin, a), and accretion rate, _M.

2.1. Chemical composition of the accretion disk in GRB engine and the equation of state

The temperature and density in the accretion disk feeding the gamma ray busts are governed
by a huge accretion rate. The physical conditions make the disk undergo onset of nuclear
reactions, since r � 1010 � 1012g cm�3 and T � 109 � 1011K. The disk is composed from the
free protons, electrons and neutrons, and its electron fraction, defined as the ratio of protons to
baryons, which is typically less than Ye ¼ 0:5. This is because of the neutronisation reactions,
which are established by the condition of β-equilibrium, and greatly reduce the number
density of free protons (balanced by electrons to satisfy the charge neutrality), in the cost of
increasing the neutron number density.
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The burst durations are, however, much longer than the dynamical time, over which the matter
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viscous process. The most plausible is the disk accretion process, which in addition provides a
required collimation of the burst stream along the disk rotation axis. The appearance of a large
amount of matter in the vicinity of a black hole, to be accreted with a few tens-hundreds of a
second, implies an extremely violent process, most probably a birth of a new black hole.

The scenario of a compact object merger [21] was able to explain the energies required for a
detection of the event from a cosmological distance [22]. It was thought first that this scenario
could be universal for all the types of GRBs; however, the observations of the GRB host
galaxies, their active star formation rates in some cases, and the discoveries of GRB-supernova
connection led to a different scenario for the long bursts. The currently accepted scenario for
the long GRB progenitor is the collapsar, or hypernovamodel [23, 24]. In this model, the massive
iron core of a rapidly rotating, evolved massive star (typically, the Wolf-Rayet type of star)
quickly collapses to form a black hole. Most of the stellar envelope is expelled, but the
remaining part is slowed down by the backward shocks and fall back. The material which
posseses large angular momentum is concentrating in the equatorial plane of the star and
forms an accretion disk. The non-rotating matter is falling radially along the axis of rotation
into the black hole and the empty funnel forms there, to help collimate the subsequenltly
launched jets [25]. They have to break out the stellar envelope, and accelerate up to ultrarela-
tivistic velocities, with Lorentz factors in the order of Γ � 100.

The hypernovae connected with long GRBs are a subgroup of the supernovae type I b/c (which
do not exhibit neither hydrogen nor helium lines in their spectra) and constitute about 10% of
this class [26]. Statistically, this should agree with the estimated rate of GRBs. Their occurrence
rate is about 10�3 of the supernova rate per galaxy per year [27]. The reason why not all the
supernovae type I b/c (the core collapse supernovae) produce GRBs is most probably
connected with the extremely low metallicities and rotation of the pre-SN star [28].
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of objects, frequently the black hole accretion is accompanied with the ejection of jets, launched
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by the action of supermassive black holes, or the ‘microquasars’, which are driven by the
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driving engine is supposedly the stellar mass black hole surrounded by an accretion disk.
However, since the GRB events are transients that last only up to several hundred seconds,
and not for thousands, or millions of years, the accretion process should not be persistent and
last not too long. The limiting time of the GRB engine activity is governed by the amount of
matter available for accretion, and by the rate of this process (Figure 1).

From the computational point of view, the numerical model of any black hole accretion disk is
based on standard equations of hydrodynamics (or MHD, if the magnetic fields are taken into
account). The global parameters that enter the equations and act as scaling factors are the black
hole mass, MBH , its angular momentum (called spin, a), and accretion rate, _M.

2.1. Chemical composition of the accretion disk in GRB engine and the equation of state

The temperature and density in the accretion disk feeding the gamma ray busts are governed
by a huge accretion rate. The physical conditions make the disk undergo onset of nuclear
reactions, since r � 1010 � 1012g cm�3 and T � 109 � 1011K. The disk is composed from the
free protons, electrons and neutrons, and its electron fraction, defined as the ratio of protons to
baryons, which is typically less than Ye ¼ 0:5. This is because of the neutronisation reactions,
which are established by the condition of β-equilibrium, and greatly reduce the number
density of free protons (balanced by electrons to satisfy the charge neutrality), in the cost of
increasing the neutron number density.
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Because the plasma may contain a certain number of positrons, which are also a product of the
weak processes, the net value of the electron fraction must account for them, and is defined as:

Ye ¼
np

np þ nn
¼ ne� � neþ

nb
(2)

2.2. Neutrino cooling

The neutrino cooling in the GRB central engine is the most efficient mechanism of reducing the
thermal energy of the plasma. The radiative processes involving photons are negligibly ineffi-
cient due to extremely large optical depths, such that the photons are completely trapped in
the plasma.

The neutrino emission results from the following nuclear reactions:

pþ e� ! nþ ve
nþ ve ! pþ e�

pþ ve ! nþ eþ
nþ eþ ! pþ ve
pþ e� þ ve ! n
n ! pþ e� þ ve

(3)

and in certain large parts of the disk these processes lead to a fairly large neutrino emissivities.
The equation of state is based on the equilibrium of nuclear reactions, which leads to
establishing the balance between the rates of forward and backward processes, and on the
ratio of number densities of protons to neutrons [32].

Figure 1. The structure of the black hole accretion disk in the GRB central engine. Three values of the BH spin, a ¼ 0:6; 0:9,
and a ¼ 0:98, are shown with blue, red, and green lines, respectively. The black hole mass is equal to 3M⊙. The model is
computed for the mass of the disk equal to about 0:1M⊙. The mass accretion rate is varying, and is about 0:2� 0:3M⊙s�1.
Profiles show radial distribution of density and temperature in the disk equatorial plane.
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The species in general are relativistic and may have an arbitrary degeneracy level (given by
their chemical potential). They are therefore subject to the Fermi-Dirac statistics, as follows
from the kinetic theory of gas, and hence the relations between pressure, density, temperature,
and entropy in the gas will not obey the ideal gas equation of state. Typically, these quantities
are computed numerically and stored in the EOS tables (Figure 2).

2.3. Accretion physics in general relativistic MHD framework

The initial conditions for the structure of accretion disk should be specified in the fixed grid
and the background metric most appropriate for the GRB problem is the Kerr spacetime. This
is because the black hole is rapidly spinning. The initial condition evolves according to the
continuity equation and the energy-momentum conservation equation:

ruμ
� �

;ν ¼ 0 (4)

Tμ
ν;μ ¼ 0 (5)

If the magnetic fields are taken into account, the energy tensor contains matter parts and electro-
magnetic parts:

Figure 2. Neutrino emissivity (left), electron fraction (middle), and gas to magnetic pressure ratio (right) in the 2-
dimensional simulation of the innermost parts of accretion flow around black hole in the GRB central engine. Contours
show the magnetic field configuration. Parameters of the model are black hole spin a ¼ 0:98, black hole mass M ¼ 3M⊙,
and disk mass Md ¼ 0:1M⊙.
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Tμν ¼ Tμν
gas þ Tμν

EM (6)

where

Tμν
gas ¼ rhuμuν þ pgμν ¼ r þ uþ pð Þuμuν þ pgμν (7)

Tμν
EM ¼ b2uμuν þ 1

2
b2gμν � bμbν; bμ ¼ uνFμν (8)

where equation of state of gas in the adiabatic form, p ¼ Krγ ¼ γ� 1ð Þu, does not hold for the
dense and hot plasma in the GRB flows. The EOS has to be therefore substituted with the
Fermi gas.

2.4. Nucleosynthesis of heavy isotopes in GRB engines

The subsequent isotopes after Helium are created in the outer layers of the accretion disk body,
as well as in its ejecta. Synthesis of heavy isotopes can be computed by means of the thermo-
nuclear reaction network simulations [33]. The code and reaction data (http://webnucleo.org)
can be adopted to read the input data in the form of density, temperature, and electron fraction
distribution along the distance radial coordinate in the accretion disk [34]. The numerical
methods and algorithms in the network computations under the nuclear statistical equilibrium
were described in Hix and Meyer [35] (see also Meyer [36] for a review of the r-process
nucleosynthesis theory) (Figure 3).

The analysis of the integrated mass fraction distribution allows establishing the role of global
parameters of the accretion flow model, such as the black hole mass and its spin, in forming the
disk composition. We show here the resulting distribution of certain chosen isotopes synthesized

Figure 3. Profiles of the relative, height integrated mass fractions of the most abundant isotopes produced in the body of
the accretion torus in GRB engine. The accretion rate is equal to about 0:1M⊙s�1. The black hole parameters areM ¼ 3M⊙,
and a ¼ 0:98. Nucleosynthesis computations were based on the NSE condition.
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in the nearest vicinity of the accreting black hole (up to 500Rg). The computations were
performed via postprocessing of the results of the accretion disk structure, as computed for the
spinning stellar mass black hole in the collapsar center [34]. As was also shown by Banerjee &
Mukhopadhyay [37], many new isotopes of titanium, copper, zinc, etc., are present in the out-
flows. Emission lines of many of these heavy elements have been observed in the X-ray after-
glows of several GRBs by Chandra, BeppoSAX, XMM-Newton; however Swift seems to have not
yet detected these lines. In principle, the evolution of the isotope distribution can be traced along
the trajectories of the winds ejected from the disk surface to large distances. Such situation is
more appropriate for ejecta launched from disks feeding short GRBS, which forms in addition to
the dynamical ejecta from the NS-NS merger [38]. If the accretion disk wind is expanding faster
than the preceeding ejecta, the signatures of heavy elements might be observable via their
radioactive decay and subsequent optical and infrared emission [39] called a ‘kilonova’ (see
review by Tanaka [40]). Theoretically, this problem was studied in the first computations by
Janiuk [32] and also by Siegel and Metzger [41].

3. Numerical simulations

The modeling of the emerging outflows in both types of GRBs is in general a very difficult task.
Beyond the challenges of the various microphysical process participating and the general
relativistic frameworks, it involves a wide range of spatial scales. For example, a simulation
aimed to describe the whole extent of a jet originating from compact binaries needs a fine
resolution of � 102 points for a typical 10 km of NS radius, or even an order of magnitude
shorter, in order to properly resolve hydromagnetic phenomena like turbulence, Kelvin-
Helmholtz instability (see Zrake & MacFadyen [42]; Kiuchi et al. [43]), and the magnetoro-
tational instability (see Hawley et al. [44] and references therein). However, it must be able to
reach radial distances up to the 102 � 106

� �
rg where the terminating Lorentz factor might be

achieved (e.g., Tchekhovskoy et al. [45]). An even more extended scale regime occurs in the
long GRBs counterpart since the spatial scales involve the stellar envelope penetration phase
and the propagation to the surrounding space (1010–1013 cm). It is thus apparent that building
a global simulation describing the whole outflow evolution is much beyond the present
calculating capabilities and every specific effort is able to describe accurately a particular phase
of the evolution, more or less extended depending on the use of adaptive mesh refinement
techniques or a clever mesh selection.

3.1. Full GRMHD scheme

The merging phase of the compact object binaries has to be performed by fully relativistic
schema, that is, ones that beyond capturing the essential of the hydro- and magneto-
hydrodynamic aspects of the accretion evolves also the space-time. At present, the ambiguity
for the precise nature of the members consisting the binary has not been clarified and the
dominant research effort is oriented toward the BH-NS, NS-NS candidates. As a result, a
number of codes were developed to solve the underlying equations for both types of
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Tμν ¼ Tμν
gas þ Tμν

EM (6)

where
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gas ¼ rhuμuν þ pgμν ¼ r þ uþ pð Þuμuν þ pgμν (7)

Tμν
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2
b2gμν � bμbν; bμ ¼ uνFμν (8)
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were described in Hix and Meyer [35] (see also Meyer [36] for a review of the r-process
nucleosynthesis theory) (Figure 3).

The analysis of the integrated mass fraction distribution allows establishing the role of global
parameters of the accretion flow model, such as the black hole mass and its spin, in forming the
disk composition. We show here the resulting distribution of certain chosen isotopes synthesized
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Mukhopadhyay [37], many new isotopes of titanium, copper, zinc, etc., are present in the out-
flows. Emission lines of many of these heavy elements have been observed in the X-ray after-
glows of several GRBs by Chandra, BeppoSAX, XMM-Newton; however Swift seems to have not
yet detected these lines. In principle, the evolution of the isotope distribution can be traced along
the trajectories of the winds ejected from the disk surface to large distances. Such situation is
more appropriate for ejecta launched from disks feeding short GRBS, which forms in addition to
the dynamical ejecta from the NS-NS merger [38]. If the accretion disk wind is expanding faster
than the preceeding ejecta, the signatures of heavy elements might be observable via their
radioactive decay and subsequent optical and infrared emission [39] called a ‘kilonova’ (see
review by Tanaka [40]). Theoretically, this problem was studied in the first computations by
Janiuk [32] and also by Siegel and Metzger [41].

3. Numerical simulations

The modeling of the emerging outflows in both types of GRBs is in general a very difficult task.
Beyond the challenges of the various microphysical process participating and the general
relativistic frameworks, it involves a wide range of spatial scales. For example, a simulation
aimed to describe the whole extent of a jet originating from compact binaries needs a fine
resolution of � 102 points for a typical 10 km of NS radius, or even an order of magnitude
shorter, in order to properly resolve hydromagnetic phenomena like turbulence, Kelvin-
Helmholtz instability (see Zrake & MacFadyen [42]; Kiuchi et al. [43]), and the magnetoro-
tational instability (see Hawley et al. [44] and references therein). However, it must be able to
reach radial distances up to the 102 � 106
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achieved (e.g., Tchekhovskoy et al. [45]). An even more extended scale regime occurs in the
long GRBs counterpart since the spatial scales involve the stellar envelope penetration phase
and the propagation to the surrounding space (1010–1013 cm). It is thus apparent that building
a global simulation describing the whole outflow evolution is much beyond the present
calculating capabilities and every specific effort is able to describe accurately a particular phase
of the evolution, more or less extended depending on the use of adaptive mesh refinement
techniques or a clever mesh selection.

3.1. Full GRMHD scheme

The merging phase of the compact object binaries has to be performed by fully relativistic
schema, that is, ones that beyond capturing the essential of the hydro- and magneto-
hydrodynamic aspects of the accretion evolves also the space-time. At present, the ambiguity
for the precise nature of the members consisting the binary has not been clarified and the
dominant research effort is oriented toward the BH-NS, NS-NS candidates. As a result, a
number of codes were developed to solve the underlying equations for both types of
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progenitors, every of which presenting its own approximations and limitations (see
Paschalidis [46] for a list on the codes and a more detailed review on the full GR findings).

Assuming the driving object of the burst is a black hole—torus system simulations must
accomplish two challenges: create a viable disk that feeds the system for the burst duration
and launch a jet which able to reach the Lorentz factor γf ≥ 100 that satifies the fireball model

requirements. None of these tasks are trivial to be obtained. Back of the envelope estimates for
the accretion rate is _M � εc2

� �
, where ε is the efficiency of converting the disk accretion to the

observed γ-photons luminosity, for the typical values of the sGRB medium value duration
t � 0:3s [4] and energy of 1051 erg result to a disk of � 0:015M⊙. Foucart [47] examined a
number of unmagnetized BHNS simulation and proposed the fit:

Mdisk

MNS
¼ 0:42q1=3 1� 2Cð Þ � 0:148

RISCO

RNS
, q ¼ MBH

MNS
C ¼ MNS

RNS
(9)

which is applicable on a ≤ 0:9 [48], while a similar relationship has been proposed for the NS-
NS and in the framework of the hydro simulations [49], but contrary to the one above the
estimation is now EOS-dependent. Inspection of the above expression for a fixed value of q and
assumed value of the compaction C provides the remnant disk mass as a function of the BH
spin. The results of Foucart [47] and Lovelace et al. [48] point toward high initial values of the
BH spin, if a massive disk is to be created.

Although the launch of jets was naturally obtained in the fixed space time simulations long
before, that task proved to be non-trivial for the full GR ones. The NS-NS simulations by
Rezzolla et al. [50] were until recently the only ones that demonstrated the emerging of a jet,
while most of the simulations did not show a collimated outflow. For example, the BHNS of
Kiuchi et al. [51], a wind was found, but for the NS-NS model of the pressure of the fall back
material was so strong preventing even the launching of the wind.

All the above indicates that the magnetic field topology close to the vicinity of the black hole is of
crucial importance and no matter of what process (Blandford and Payne [52]) is the one that
drives the outflow acceleration and the resulting jet, a large scale poloidal component is crucial to
drive the energy outflow outwards. But in the simulations, the field remaining outside the black
hole is wounded to a toroidal configuration, while the poloidal component had an alternating
orientation. Finally, the launching of the jets in the BHNS framework was achieved once a more
realistic bipolar initial configuration was adopted [53]. The realization of such a configuration is a
difficult task mostly because of the low density of the exterior medium. By adopting a specific set
of initial condition to overcome code limitations on this regime, the authors managed to produce
a configuration of enhanced magnetic field over the BH poles because of the magnetic winding.
The field strength increased from 1013 to 1015 G, which is a crucial value for the BZ process (see
below), resulted in the launch of a 100 ms jet, a relatively short duration. A similar evolution was
also obtained for the NS-NS framework, where once again the importance of the exterior
magnetic field seems to be of crucial importance [54]. As a result, previous GRMHD results of
Rezzolla et al. [50] have been confirmed, while in consistency with Kiuchi et al. [51], the jet was
launched only after the density of the fall back material above the BH has decreased.

Cosmic Rays22

4. Ejection and acceleration of jets in gamma ray bursts

In both frameworks of the bursts, the plausible central engine refers to hyperaccreting solar
mass black holes surrounded by a massive disk 0:1� 1ð ÞM⊙, while the energy released and the
prompt phase duration points to high accretion rates of order 0:01� 10ð ÞM⊙s�1. The high-
energy non-thermal photons received by the observers point for an ultrarelativistic outflow
γ ≥ 100, most likely in jet geometry, that in turn implies baryon-clean outflow. Building a
launching mechanism for such a jet is not trivial and beyond the Blandford Znajek proccess
[55]. Therefore, an another type of mechanism namely the neutrino pair annihilation was
proposed.

But beyond the enormous energetic constrains, our mechanism has to face another major
challenge, namely, the great variability of the prompt emission lightcurves. Although long
debated, two of the most widely accepted models for the origin of the γ-radiation, the
internal shocks and the photospheric emission link the rapid variability directly with the
properties of the central engine (see, however, Morsony et al. [56] and Zhang & Yan [57] for a
source of additional variability due to the propagation inside the star and the effects of
amplified local turbulence). As a consequence, the determination of the minimum time
variability by the observational data is of primary importance, but that proves to be chal-
lenging since the corresponding time scales have power densities very close to the data
noise. Nevertheless, some typical values can be obtained and MacLachlan et al. [58] using a
method based on wavelets proved that both types of bursts present variability in the order of
a few to few tenths of milliseconds, with the long GRBs exhibiting a longer time variability
than the short bursts.

4.1. Jet launching

The high density and temperature of the accreting flow result in a photon optically thick disk
that cannot cool by radiation efficiently. On the other hand, the high temperature and density
result in the intense neutrino emission from the inner parts of the disk, called NDAF (neutrino
dominated accretion flow). The effects of neutrino outflow, if it is capable to produce a highly
relativistic jet and what implications it imposes when it is combined with the Blandford-
Znajek process, is a matter of intense debate, presently inconclusive. There exist two critical
values of the accretion rate, _Mign and _Mtrapped, that determine the efficient neutrino cooling. If
the accretion rate is lower, the temperature is not high enough to initiate the neutrino emission.
If the accretion rate is higher, the disk becomes optically thick to neutrinos. Assuming an α-
viscosity in the disk [59], the values of the critical rates depend on both α and the spin of black
hole a. For example, the calculation by Chen and Beloborodov [60] provided the fit:

_Mign ¼ Kign
α
0:1

� �5=3
_Mtrap ¼ Ktrap

α
0:1

� �1=3
(10)

where Kign, Ktrap depend on the black hole’s spin. For a ¼ 0, Kign ¼ 0:071M⊙s�1, Ktrap ¼ 9:3M⊙s�1,

while for a ¼ 0:95, Kign ¼ 0:021M⊙s�1, Ktrap ¼ 1:8M⊙s�1.
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progenitors, every of which presenting its own approximations and limitations (see
Paschalidis [46] for a list on the codes and a more detailed review on the full GR findings).

Assuming the driving object of the burst is a black hole—torus system simulations must
accomplish two challenges: create a viable disk that feeds the system for the burst duration
and launch a jet which able to reach the Lorentz factor γf ≥ 100 that satifies the fireball model

requirements. None of these tasks are trivial to be obtained. Back of the envelope estimates for
the accretion rate is _M � εc2

� �
, where ε is the efficiency of converting the disk accretion to the

observed γ-photons luminosity, for the typical values of the sGRB medium value duration
t � 0:3s [4] and energy of 1051 erg result to a disk of � 0:015M⊙. Foucart [47] examined a
number of unmagnetized BHNS simulation and proposed the fit:
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which is applicable on a ≤ 0:9 [48], while a similar relationship has been proposed for the NS-
NS and in the framework of the hydro simulations [49], but contrary to the one above the
estimation is now EOS-dependent. Inspection of the above expression for a fixed value of q and
assumed value of the compaction C provides the remnant disk mass as a function of the BH
spin. The results of Foucart [47] and Lovelace et al. [48] point toward high initial values of the
BH spin, if a massive disk is to be created.

Although the launch of jets was naturally obtained in the fixed space time simulations long
before, that task proved to be non-trivial for the full GR ones. The NS-NS simulations by
Rezzolla et al. [50] were until recently the only ones that demonstrated the emerging of a jet,
while most of the simulations did not show a collimated outflow. For example, the BHNS of
Kiuchi et al. [51], a wind was found, but for the NS-NS model of the pressure of the fall back
material was so strong preventing even the launching of the wind.

All the above indicates that the magnetic field topology close to the vicinity of the black hole is of
crucial importance and no matter of what process (Blandford and Payne [52]) is the one that
drives the outflow acceleration and the resulting jet, a large scale poloidal component is crucial to
drive the energy outflow outwards. But in the simulations, the field remaining outside the black
hole is wounded to a toroidal configuration, while the poloidal component had an alternating
orientation. Finally, the launching of the jets in the BHNS framework was achieved once a more
realistic bipolar initial configuration was adopted [53]. The realization of such a configuration is a
difficult task mostly because of the low density of the exterior medium. By adopting a specific set
of initial condition to overcome code limitations on this regime, the authors managed to produce
a configuration of enhanced magnetic field over the BH poles because of the magnetic winding.
The field strength increased from 1013 to 1015 G, which is a crucial value for the BZ process (see
below), resulted in the launch of a 100 ms jet, a relatively short duration. A similar evolution was
also obtained for the NS-NS framework, where once again the importance of the exterior
magnetic field seems to be of crucial importance [54]. As a result, previous GRMHD results of
Rezzolla et al. [50] have been confirmed, while in consistency with Kiuchi et al. [51], the jet was
launched only after the density of the fall back material above the BH has decreased.
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In both frameworks of the bursts, the plausible central engine refers to hyperaccreting solar
mass black holes surrounded by a massive disk 0:1� 1ð ÞM⊙, while the energy released and the
prompt phase duration points to high accretion rates of order 0:01� 10ð ÞM⊙s�1. The high-
energy non-thermal photons received by the observers point for an ultrarelativistic outflow
γ ≥ 100, most likely in jet geometry, that in turn implies baryon-clean outflow. Building a
launching mechanism for such a jet is not trivial and beyond the Blandford Znajek proccess
[55]. Therefore, an another type of mechanism namely the neutrino pair annihilation was
proposed.

But beyond the enormous energetic constrains, our mechanism has to face another major
challenge, namely, the great variability of the prompt emission lightcurves. Although long
debated, two of the most widely accepted models for the origin of the γ-radiation, the
internal shocks and the photospheric emission link the rapid variability directly with the
properties of the central engine (see, however, Morsony et al. [56] and Zhang & Yan [57] for a
source of additional variability due to the propagation inside the star and the effects of
amplified local turbulence). As a consequence, the determination of the minimum time
variability by the observational data is of primary importance, but that proves to be chal-
lenging since the corresponding time scales have power densities very close to the data
noise. Nevertheless, some typical values can be obtained and MacLachlan et al. [58] using a
method based on wavelets proved that both types of bursts present variability in the order of
a few to few tenths of milliseconds, with the long GRBs exhibiting a longer time variability
than the short bursts.

4.1. Jet launching

The high density and temperature of the accreting flow result in a photon optically thick disk
that cannot cool by radiation efficiently. On the other hand, the high temperature and density
result in the intense neutrino emission from the inner parts of the disk, called NDAF (neutrino
dominated accretion flow). The effects of neutrino outflow, if it is capable to produce a highly
relativistic jet and what implications it imposes when it is combined with the Blandford-
Znajek process, is a matter of intense debate, presently inconclusive. There exist two critical
values of the accretion rate, _Mign and _Mtrapped, that determine the efficient neutrino cooling. If
the accretion rate is lower, the temperature is not high enough to initiate the neutrino emission.
If the accretion rate is higher, the disk becomes optically thick to neutrinos. Assuming an α-
viscosity in the disk [59], the values of the critical rates depend on both α and the spin of black
hole a. For example, the calculation by Chen and Beloborodov [60] provided the fit:
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The total energy ejected in neutrinos was calculated by Zalamea and Beloborodov [61] and in
principle can reproduce the GRB energies, but for the higher accretion rates _M > 0:1M⊙ s�1

[62, 63], making the association with the longest duration bursts t > 30s is problematic [64].
Recent hydrodynamic simulations of Just et al. [65] assuming a black hole and torus accretion
system gave negative conclusion for the neutrino annihilation applicability on the merger type
progenitors. Specifically, the NS-NS merger tends to create heavier baryon loaded environ-
ments. Moreover, the efficiency of the mechanism is crucially depend on the fastly rotating
central object which might be difficult to obtain in the case of the NS-NS mergers. The situation

is more improved for the BH-NS progenitor, providing EISO
γ>100 � 2� 1050erg, in a half cone

opening around the axis θγ>100 > 8o which is only an order of magnitude lower than the
medium of the observed GRBs [66]. Thus, the neutrino annihilation process can be applicable
to the less energetic GRBS, but we still can exclude the case of its partial contribution to the rest
class of short bursts (see, however, Levinson and Globus [67]).

The other mechanism that accounts for the launch of a low baryon loaded jet is the Blandford-
Znajek process that might be resembled with a Penrose proccess of an ideally conducting
plasma in the force free limit. According to it, the plasma is pushed via accretion to the
ergospheric negative energy orbits, while the magnetic twist results in an outward propagat-
ing electromagnetic jet (see Komissarov [68] for an excellent explanation).

In general, the rotational energy of a black hole is

Erot ¼ 1:8� 1054f að Þ M
M⊙

erg , f að Þ ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� a2
p

2

s
(11)

where f að Þ ¼ 0:29 for a maximally rotating BH (a ¼ 1). The rotational energy of the BH can be
extracted through the lines threading the horizon forming a Poynting dominated jet of power

_EBZ ¼ 1050a2
M
M⊙

� �2

F að Þ B
1015G

� �2

ergs�1 (12)

where the spin dependent function is properly obtained under full GR framework. A familiar
analytical approximation obtained by Lee et al. [69] and Wang et al. [70] is:

F að Þ ¼ 1þ q2

q2
1þ q2

q2
arctanq� 1

� �
, q ¼ a

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a2

p (13)

where 2=3 ≥ F að Þ ≥ π� 2ð Þ for 0 ≥ a ≥ 1. A numerical investigation of the above estimation
performed by Tchekhovskoy and McKinney [71] shows only small deviations at the very high
rotation factors [72].

In the simulations under the fixed Kerr spacetime [71, 73], the central object is fed with a
relatively large magnetic flux, that is, more than what the accreting plasma can push inside
the horizon. The excessing part of the magnetic flow remains outside the horizon and forms a
magnetic barrier [74, 75], saturating accretion and forming a baryon-clean funnel around the
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axis of rotation (MAD, magnetically-arrested disk). Moreover in some specific initial configu-

ration assumed, the time averaged power of the jet outflow efficiency _EBZ exceeded the

accretion one _Mc2, demonstrating the extraction of the rotational energy of the central object.
As a conclusion, the high values of the emitted energy combined with the low baryon load
currently set the BZ as the favorable mechanism applying on the GRB. Nevertheless, as
mentioned before the whole picture is still incomplete and it will probably remain so, as long
as the neutrino effects will not be taken into account in a self-consistent manner.

4.2. Collimation mechanisms

The effects of the surrounding to the jet material are crucial for the dynamic evolution of the jet
affecting both its acceleration and collimation. The build up of a large scale toroidal compo-
nent in a magnetic dominated jet results to hoop stress that contributes to the jet collimation
[76]. Nevertheless, this contribution proves to be less efficient in the relativistic regime and
turns to be insufficient even for the cases where a very fast rotation is induced [77–79]. As a
result, the contribution of the exterior environment pressure plays a fundamental role in the
GRB outflow evolution for the merging binaries and core-collapsing bursts.

In the long GRB framework, the outflow penetrates the stellar envelope, most likely a Wolf-
Rayet star, and continues its propagation to the interstellar space. The propagation of the jet’s
head in the dense environment results to sideway motion of the stellar material and to the
formation of a hot cocoon surrounding the jet. The accurate description of such a system is
cyclic and both jet and stellar material must be described self consistently. The jet velocity
depends crucially on the jet cross section, while it determines the amount of energy injected in
the cocoon that in its turn defines the supporting exterior pressure of the jet. As a result, there
exists a number of numerical simulations investigating the evolution of this phase both of
hydrodynamic (e.g., Mizuta and Aloy [80]; Lazzati et al. [81]) as also of magnetic dominated
outflows [82]. In addition, theoretical and semi-analytical models have also been developed to
interpret the underlying processes (e.g., Bromberg et al. [83]; Globus & Levinson [84]).

The initial propagation, close to the launching point, is similar to the two extreme case of a
hydro or Poynting dominated jet since the outflows internal pressure much exceeds the
cocoon’s one. The outflow’s freely expansion is up to the collimation point defined by the
equality of the above quantities, while after it the outflow evolution differs accordingly to its
magnetic context (see Granot et al. [85] for a review). The Poynting dominated outflows result
in a faster drilling breakout time in an order of magnitude 0.1 to ~10 s. Bromberg et al. [86]
proposed a criterion to identify tb so that the burst T90 duration is directly correlated with the
central engine activity. As a result, there expected a plateau at the long GRB duration distribu-
tion for times lower than the break out one. Surprisingly, the analysis of the observational data
from the three most dedicated satellites (BATSE, Swift, and Fermi) provided values that are in
favor of the hydrodynamic propagation scenario. If the hydrodynamic launching mechanism
is to be excluded for the above reasons, a process that dissipates the outflow energy inside the
star has to be found. Lately, the progress has been made by the investigation of the ‘kink
instability’ [82]. As a result, a typical Poynting dominated collapsar jet is able to achieve the
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The total energy ejected in neutrinos was calculated by Zalamea and Beloborodov [61] and in
principle can reproduce the GRB energies, but for the higher accretion rates _M > 0:1M⊙ s�1

[62, 63], making the association with the longest duration bursts t > 30s is problematic [64].
Recent hydrodynamic simulations of Just et al. [65] assuming a black hole and torus accretion
system gave negative conclusion for the neutrino annihilation applicability on the merger type
progenitors. Specifically, the NS-NS merger tends to create heavier baryon loaded environ-
ments. Moreover, the efficiency of the mechanism is crucially depend on the fastly rotating
central object which might be difficult to obtain in the case of the NS-NS mergers. The situation

is more improved for the BH-NS progenitor, providing EISO
γ>100 � 2� 1050erg, in a half cone

opening around the axis θγ>100 > 8o which is only an order of magnitude lower than the
medium of the observed GRBs [66]. Thus, the neutrino annihilation process can be applicable
to the less energetic GRBS, but we still can exclude the case of its partial contribution to the rest
class of short bursts (see, however, Levinson and Globus [67]).

The other mechanism that accounts for the launch of a low baryon loaded jet is the Blandford-
Znajek process that might be resembled with a Penrose proccess of an ideally conducting
plasma in the force free limit. According to it, the plasma is pushed via accretion to the
ergospheric negative energy orbits, while the magnetic twist results in an outward propagat-
ing electromagnetic jet (see Komissarov [68] for an excellent explanation).

In general, the rotational energy of a black hole is
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where f að Þ ¼ 0:29 for a maximally rotating BH (a ¼ 1). The rotational energy of the BH can be
extracted through the lines threading the horizon forming a Poynting dominated jet of power
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where the spin dependent function is properly obtained under full GR framework. A familiar
analytical approximation obtained by Lee et al. [69] and Wang et al. [70] is:
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where 2=3 ≥ F að Þ ≥ π� 2ð Þ for 0 ≥ a ≥ 1. A numerical investigation of the above estimation
performed by Tchekhovskoy and McKinney [71] shows only small deviations at the very high
rotation factors [72].

In the simulations under the fixed Kerr spacetime [71, 73], the central object is fed with a
relatively large magnetic flux, that is, more than what the accreting plasma can push inside
the horizon. The excessing part of the magnetic flow remains outside the horizon and forms a
magnetic barrier [74, 75], saturating accretion and forming a baryon-clean funnel around the
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axis of rotation (MAD, magnetically-arrested disk). Moreover in some specific initial configu-

ration assumed, the time averaged power of the jet outflow efficiency _EBZ exceeded the

accretion one _Mc2, demonstrating the extraction of the rotational energy of the central object.
As a conclusion, the high values of the emitted energy combined with the low baryon load
currently set the BZ as the favorable mechanism applying on the GRB. Nevertheless, as
mentioned before the whole picture is still incomplete and it will probably remain so, as long
as the neutrino effects will not be taken into account in a self-consistent manner.

4.2. Collimation mechanisms
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interpret the underlying processes (e.g., Bromberg et al. [83]; Globus & Levinson [84]).
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proposed a criterion to identify tb so that the burst T90 duration is directly correlated with the
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equipartition between thermal and magnetic energy at the so-called recollimation point
(� 108cm in the specific simulations) without being disrupted by the instability. Such a jet
propagates more or less as a hydrodynamic jet [85].

5. Radiative processes in jets: emission of gamma rays

Although rich in models, the dynamics of the phase after the jet break out, that is, at the place
where the prompt radiation is being produced, is still not well understood. Among the two
models assuming matter or Poynting flux dominance, the hot fireball [22, 87] is the older and
more widely used one. The matter dominated fireball is mainly constituted by baryons and
radiation, with the latter being significantly larger by at least two orders of magnitude. The
adiabatic expansion of the fireball accelerates the baryons to high Lorentz factor, while a
fraction of this thermal energy is being radiated when the flow becomes transparent to the
electron-positron pair creation, providing the so-called photospheric emission. In even higher
distances, the outflow inhomogeneities endure mutual collisions leading to the formation of
internal shocks that accelerate electrons and produce the non-thermal part of the observed
radiation.

The location of the photospheric radius Rph, when we assume that acceleration has effectively
completed (saturation radius) before the flow becomes transparent, was calculated by the
number of models. Following, for example, Hascoët et al. [88] and references therein,

Rph ≃
κ _M
8πcγ2 � 2:9� 1013cm

k
0:2cm2=g

� �
1þ σð Þ�1 γ

100

� ��3 _Eiso
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(14)

where σ is the magnetization parameter at the saturation radius. The corresponding observed
temperature and luminosity are:

Tph ≈
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1þ z
Rph
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4
0

Rph

γR0
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where z is the redshift and T0 is the temperature at the initial radius R0. The emerging
radiation is called a modified black body [87] with the lower energy Raleigh-Jeans tail having
a photon index of 0:4 instead of 1 in the usual black body lower energy limit, because of
relativistic geometric effects. It is worth to mention here that if some sub-photospheric dissi-
pation occurs before the photospheric radius then the above scaling does not hold and the low
energy part of the spectrum will be modified (see, for example, Thompson [89] and Giannios
and Spruit [90] for the reconnection implications).

Beyond the photospheric emission, the interpretation of the non-thermal prompt emission is
much more challenging. Up to day, there is no definite answer for the precise place that the γ-
radiation emerge, but the most popular model is the internal shock model [91]. This model
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provides a natural way to dissipate the bulk kinetic of the outflow by assuming the mutual
collision of inhomogeneities existing at the main body of the outflow. One of the great advan-
tage of this model is its simplicity, while back of the envelope calculations exhibits the beauty
and the essentials of the process.

Lets assume two cells with Lorentz factors γ1,γ2 ≫ 1 and masses m1, m2, respectively, emitted
with a time difference δt. As long as the latter is propagating faster, their mutual collision will
occur at a distance

Rint ¼ 2γ2
1γ

2
2

γ2
2 � γ2

1
cδt � 2γ2

avgcδt (16)

where γavg is the average Lorentz factor of the outflow. Using the conservation of the 4-

momentum, we can model a plastic collision that will provide a single cell propagating
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m2
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2 þ 2m1m2γr

q (17)

where γr ¼ γ1γ2 1� u1u2=c2
� �

is the Lorentz factor of the relative motion; in reality the collision
results in a pair of shocks that propagate at the slower and faster cell, respectively.

The observed time variability is given by Kobayashi et al. [92]; Daigne and Mochkovitch [93];
and Kumar and Zhang [72].

δtobs � δtþ Rint

2c2γ2
f
� 1þ γ1

γ2

� �
δt (18)

where the first term of the right hand is because of the injection time difference and the second
because of the shock propagation. We notice that the variability of lightcurves traces in general
the central engine activity, and as a result, the high variability of the prompt emission can be
ascribed to the intrinsic variability of the source (BH-torus for short bursts, BH-torus plus the
propagation inside the star for the long ones).

The biggest problem for the internal shock model is the efficiency of the collisions. The
efficiency of the thermal energy production is easily obtained

εtherm ¼ 1� m1 þm2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þm2
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q (19)

and is maximized for a given γr when the two cells are of equal mass εtherm,max ¼ 1�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2= 1þ γr

� �q
, e.g., if γr ¼ 10, εtherm,max ¼ 0:28. Detailed analysis by the number of authors

increases this limit up to 40% for thermally dominated outflows, but most of the times the
corresponding efficiency is in the range 1� 10ð Þ%, contrary to the observations that suggest
efficiencies exceeding 50% (see Kumar and Zhang [72] and references therein).
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where z is the redshift and T0 is the temperature at the initial radius R0. The emerging
radiation is called a modified black body [87] with the lower energy Raleigh-Jeans tail having
a photon index of 0:4 instead of 1 in the usual black body lower energy limit, because of
relativistic geometric effects. It is worth to mention here that if some sub-photospheric dissi-
pation occurs before the photospheric radius then the above scaling does not hold and the low
energy part of the spectrum will be modified (see, for example, Thompson [89] and Giannios
and Spruit [90] for the reconnection implications).

Beyond the photospheric emission, the interpretation of the non-thermal prompt emission is
much more challenging. Up to day, there is no definite answer for the precise place that the γ-
radiation emerge, but the most popular model is the internal shock model [91]. This model
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provides a natural way to dissipate the bulk kinetic of the outflow by assuming the mutual
collision of inhomogeneities existing at the main body of the outflow. One of the great advan-
tage of this model is its simplicity, while back of the envelope calculations exhibits the beauty
and the essentials of the process.
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with a time difference δt. As long as the latter is propagating faster, their mutual collision will
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results in a pair of shocks that propagate at the slower and faster cell, respectively.
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where the first term of the right hand is because of the injection time difference and the second
because of the shock propagation. We notice that the variability of lightcurves traces in general
the central engine activity, and as a result, the high variability of the prompt emission can be
ascribed to the intrinsic variability of the source (BH-torus for short bursts, BH-torus plus the
propagation inside the star for the long ones).

The biggest problem for the internal shock model is the efficiency of the collisions. The
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increases this limit up to 40% for thermally dominated outflows, but most of the times the
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Despite the great progress in the interpretation of the prompt GRB radiation, crucial issues
still remain open and especially on how the mildly relativistic shocks accelerate particles.
As a result, today no model that describes self consistently the whole process exists and
most of the approach still uses the fractions εB, εe of the internal energy that is dissipated on
an enhanced magnetic field of the shocked gas and on some fraction of electrons accelerated
to a non-thermal energetic distribution. Sequentially to the approximation of the shocked
regime, the radiation models can be applied and used to examine all the intervening
radiative and kinetic processes. An interesting point to notice is that the cell high magneti-
zation, σ≫ 1, leads to inefficient collisions preventing the dissipation of the energy [94, 95].
In such a case, the acceleration of the electron can be obtained through the reconnection
process. Such a process can occur before or after the photospheric radius [96–98] and
despite the extensive outgoing study of the process there are still even bigger ambiguities
than the other two just mentioned [99]. For a review on the issue, the reader can refer Kagan
et al. [100].

6. Multimessanger discoveries of electromagnetic and gravitational wave
counterparts

The assembly of black hole binaries detected in gravitational waves by the LIGO interferom-
eter was established since the discovery of GW150914 [101]. These systems contain very
massive black holes, whose origin poses a puzzle for the stellar evolution models [102]. One
of the possible scenarios for the formation of such a black hole is a process of direct collapse
of massive stars. Here, no spectacular hypernova explosion is proposed, and hence no
gamma ray burst should have occured during the formation of a very massive black hole
neither for the first nor for the second component in the binary. An additional issue is the
feedback from a rotationally supported innermost parts of the star during the collapse. It is
rather natural that the star at its final stages of evolution should posses some non-negligible
angular momentum in the envelope. This angular momentum may, however, help unbind
the outer layers and halt accretion (Ramirez-Ruiz 2017, private communication). This will
have a consequence for both the ultimate mass of the black hole, and its resultant spin, to be
independently verified by the values obtained for these parameters from gravitational wave-
form constraints.

One of the possibilities when the gravitational wave signal would be found in relation to the
rotating massive star collapse, and coincident with a gamma ray burst, was proposed by
Janiuk et al. [103]. In this scenatio, the collapse of a massive rotating star in a close binary
system with a companion black hole. The primary BH which forms during the core collapse is
first being spun up and increases its mass during the fall back of the stellar envelope. As the
companion BH enters the outer envelope, it provides an additional angular momentum to the
gas. After the infall and spiral-in toward the primary, the two BHs merge inside the
circumbinary disk. The second episode of mass accretion and high final spin of the postmerger
BH feeds the gamma ray burst.
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In the above framework, it is in principle possible that the observed events have two distinct
peaks in the electromagnetic signal, separated by the gravitational wave emission. The
reorientation of spin vector of the black holes and gravitational recoil of the burst engine is,
however, possible. Therefore, the probability of observing two electromagnetic counterparts of
the gravitational wave source would be extremely low.

The electromagnetic signal is in general not expected from a BH-BH merger. However, the
weak transient detected by Fermi GBM detector 0.4 s after GW 150914 has been generating
much speculation [104, 105]. Despite the fact that other gamma ray missions claimed non-
detection of the signal, several theoretical scenarios aimed to account for such a coincidence,
whether detected, or to be found in the future events [106–110].

Finally, the binary neutron star merger GW170817, detected in gravitational waves, was
connected with the gamma ray emission observed as a weak short burst [111]. Its peculiar
properties pose constraints for the progenitor model [112]). Moreover, at lower frequencies, the
follow-up surveys have shown the presence of a kilonova emission from the merger’s dynam-
ical ejecta. These ejecta masses are broadly consistent with the estimated r-process production
rates, required before to explain the Milky Way isotopes abundances. It is possible that the
magnetically driven winds launched due to the accretion in the GRB engine may also contrib-
ute to the kilonova emission from NS-NS merger.

7. Summary

Gamma ray bursts are known since almost 50 years now and are still an exciting field of
research for both observers and theoretitians. Their energetic requirements proved the funda-
mental role of the stellar mass black hole formation and mass accretion in the production of
ultrarelativistic jets.

The details of this process are, however, far from being fully understood. In short GRBs, the
process of black hole birth after the neutron star merger may proceed through different
channels, with the possible presence of a transient hypermassive neutron star, depending on
the EOS and rotation of the progenitors. In long GRBs, the properties of progenitor star, its
envelope rotation, metallicity, etc., as well as the binarity of the whole system, may affect the
core collapse in an even greater way. The question of binarity is of a great interest in the context
of the fate of high mass X-ray binaries, such as Cygnus X-3, which in addition to the pre-
hypernova star contains a companion which is most probably a black hole.

Such fundamental questions are now being attacked with the modern tools of numerical
astrophysics, which involve relativistic magnetohydrodynamics and nuclear physics. With
the discovery of gravitational waves, a new window has also opened from the observational
point of view, especially since the gamma ray signal has been identified in connection with the
compact object merger. The identification of the additional electromagnetic signal from the
radioactive decay of the GRB ejecta provided a completely new way to probe the whole
process and hopefully build a comprehensive picture in the near future.
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Secondary cosmic muons provide a powerful probe to explore various aspects of the 
world around us. Various physical processes have been employed over the last years 
for such applications. Muon absorption was used to probe the interior of natural and 
man-made structures, from the Egypt pyramids to big volcanoes, contributing to inter-
disciplinary studies. Multiple scattering was employed to reconstruct the location of scat-
tering centres, producing 2D and 3D images of the interior of hidden volumes (muon 
tomography). Additional possibilities of cosmic muons have been exploited even for the 
alignment of large civil structures and in the study of their stability. All these applica-
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in software algorithms. This contribution surveys the state of the art of these applications, 
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exploiting new detection techniques and numerical algorithms for reconstruction and imag-
ing. Correspondingly, the use of muons from the secondary cosmic radiation has found 
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of view, an important application of the muon absorption technique dates back to the work 
of Alvarez et al. [2], concerning the search for hidden chambers in one of the Egyptian pyra-
mids. Nowadays, the applications of muon tomography to various aspects of everyday life 
include the study of large structures such as mountains and volcanoes, the inspection of large 
volumes to search for hidden, high-Z materials, such as for fissile illicit elements in containers, 
the monitoring of civil structures as large buildings or bridges, the control of nuclear reactors 
and their waste products, and many others.

It is usual to distinguish, from an experimental point of view, between those applications 
where the absorption of muons is employed to have information about the amount of material 
traversed by the particles and other applications where the multiple scattering effect is used 
instead, especially sensitive to the atomic number of the traversed material. Many examples 
of the two approaches have been given over the last two decades, and this review, although 
quoting many of these, is in no way a complete listing of what is available in the literature. 
Moreover, the field is rapidly expanding, with new detector prototypes being designed and 
tested, and many additional examples reported. After a brief introduction on the basic prop-
erties of the primary and secondary cosmic radiation, especially concerning the aspects which 
are relevant for muon tomography, a review of the problems and applications making use of 
the muon absorption technique is given in Section 3. Applications of the muon scattering are 
described in Section 4. Additional examples of applications of the muon interaction in matter 
are briefly reported in Section 5, while Section 6 reports a naïve discussion of the possible use 
of this technique outside our planet. Due to the importance of numerical algorithms for track 
reconstruction, and image processing, some of the relevant problems in this field are recalled 
in Section 7. Some concluding remarks are finally discussed in Section 8.

2. Basic properties of the primary and secondary cosmic radiation

Since its very beginning, our Earth is continuously bombarded by energetic particles—cos-
mic rays—which enter the Earth atmosphere from outer space. Most of them are charged 
nuclei, with H nuclei (protons) being dominant, and other, heavier nuclei, which reflect, with 
some difference, the nuclear abundance found in nature. Their energy may vary over many 
orders of magnitude, from a few hundred MeV to 1020eV, with an energy spectrum roughly 
described by a power law, dN/dE = const E−γ, with γ = 2.7 up to 3 x1015eV. At higher energies, 
up to 1019eV, the spectrum steepens, with γ approximately equal to 3.1 (the so-called knee), 
flattening again above this energy. While a small fraction of the lowest energy particles come 
from our Sun, most of the primary cosmic rays originate from within the Milky Way, and the 
most energetic ones have an extra-galactic origin. Apart from the lowest energy component, 
which is subjected to space and time variations, due to the Sun and to the interplanetary 
environment, the majority of cosmic rays exhibit a homogeneous distribution, with very small 
anisotropies investigated, of the order of 10−4 to 10−3.

The existence of the Earth atmosphere has a peculiar effect on the arrival of a primary 
cosmic ray, since an extensive air shower (EAS) is created following the first interaction 
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of a high energy primary particle with the atmospheric nuclei. This interaction produces 
a cascade of secondary particles, which may produce in turn additional particles or may 
decay, constituting a shower with hadronic and electromagnetic components. While a sin-
gle detector may reveal the passage of individual particles in the shower, the coincidence 
detection between several particles in the shower allows the identification and reconstruc-
tion of the primary particle. This is the way in which extended arrays of detectors are 
able to measure even the largest energy primary particles. The lateral profile of exten-
sive air showers depends on the initial energy and may reach hundreds of metres or even 
kilometres.

Apart from neutrinos, which are hardly detected, muons are the most penetrating part of the 
shower. Relativistic effects increase their lifetime (about 2.2 μs at rest), allowing a large frac-
tion of them to reach the Earth surface. Even though detailed measurements of the energy, 
angular distributions and charge ratio of cosmic muons at different altitudes and locations 
on the Earth surface are still pursued, especially for the high energy component, the basic 
properties of the muon flux are well known and many compilations exist concerning the dis-
tributions of these particles [3].

Several parameterizations exist for the angular and energy distributions of cosmic muons 
at the sea level or moderate altitudes. As a result of the muon absorption in the Earth atmo-
sphere, the dependence on the zenithal angle θ at sea level is often expressed as

    dN ___ dΩ  ~cos  θ   2   (1)

while the momentum distribution of vertical muons roughly follows a power law. A reason-
able parametrization of the vertical muon flux as a function of the momentum is given by [4].

  C  p   − [ c  0  + c  1  lnp+ c  2    (ln p)    2 + c  3    (lnp)    3 ]    (2)

where the values of the ci coefficients are given for selected ranges of the muon momentum. 
As an example, Figure 1 shows a plot of the muon momentum distribution extracted from the 
above formula, for momenta up to about 1 TeV/c.

A semi-empirical parametrization of the muon flux at sea level as a function of both the 
zenithal angle and muon energy, especially valid for high energy muons (E > 100 GeV/cosθ) 
is the following:

    dN _____ dEdΩ   =   0.14  E   −2.7  ____________________  cm   2  s GeV sr   (
  1 __________________ 
1 +   1.1 E cos θ __________________ 115 GeV  

   +   0.054 __________________ 
1 +   1.1 E cos θ __________________ 850 GeV  

  
)

   (3)

The mean energy of muons arriving at the sea level is ~4 GeV and the mean number of par-
ticles traversing a horizontal detector is of the order of 1 per cm2 per minute. For detailed 
calculations one has to take into account the variations in these quantities which are due to 
the altitude and geographical location (especially latitude). On a large time scale, solar effects 
may also modify the numerical values of the measured flux.
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3. Applications of the muon absorption technique

The exploration of heavy structures requires penetrating probes, in order to convey informa-
tion concerning the interior of the structure and its details. For objects having sizes of the 
order of 1 m or less, X-rays or neutrons may constitute a valid alternative. For instance, typical 
mass attenuation coefficients of X-rays (30 keV) are of the order of μ/ρ = 30 cm2/g for Lead, 
so that a nonnegligible fraction of X-ray photons may penetrate several cm of Lead. Figure 2 
shows a plot of the mass attenuation coefficient for photons of various energies (from about 
0.1 to 10 MeV) in Lead, as derived from the NIST standard data [5].

For larger size objects, the attenuation of such probes would be too high, and more penetrat-
ing particles, such as high energy muons, are required to traverse larger thicknesses. The 
basic properties of muon interaction in matter are known since a long time. However, their 
potential as a penetrating probe to give information on the interior of large structures is more 
recent, and only in the last years the literature has seen a large body of applications in this 
field, also related to the corresponding development of appropriate detectors, electronics, 
reconstruction and simulation algorithms.

The muon energy loss is usually expressed through its average value

  −   dE ___ dx   = a (E)  + b (E) E  (4)

where a(E) takes into account the energy loss due to ionization, and b(E) the energy loss due 
to other processes (e+e− pair production, Bremmstrahlung and photonuclear processes). The 
ionization term may be described by the Bethe-Bloch formula as a continuous process. At 

Figure 1. Momentum spectrum of cosmic muons, parametrized by Eq. (2).

Cosmic Rays44

very high muon energies however, radiative processes become more important than the ion-
ization processes. In case of muons, the value of the critical energy, where the two contribu-
tions are comparable, is of the order of several hundred GeV for medium-Z materials like the 
Iron. Radiative processes then dominate the energy loss of highly energetic cosmic muons, 
and should be taken into account when considering muons which have to traverse hundred 
metres solid rock. As an example, Figure 3 shows the muon energy loss in Lead as a function 
of the muon energy [6]. The relative contribution of the individual terms due to pair produc-
tion, Bremmstrahlung and photonuclear processes depends on the muon energy, with the last 
one being much smaller than the other two for increasing muon energies.

Considering a realistic momentum distribution of muons, GEANT simulations of the interac-
tion of muons with solid rock may be performed. As an example, Figure 4 shows the fraction 
of surviving muons after traversing a given thickness of volcano rock, modelled by a realistic 
chemical composition of the lava from Etna, mainly including SiO2, Al2O3, FeO, MgO, and 
CaO. As it is seen from Figure 4, about 1% of the muon flux is still emerging after traversing 
100 m thickness.

Due to the energy loss of muons in a solid material (such as the rock of a mountain), which 
for a thin layer is proportional to the quantity ρ dx, where ρ is the density of the material, the 
fraction of muons which survive after traversing a finite thickness x of material is given, to 
first order, by the integrated density over the path length L

   ∫ 0  L    ρ (x) dx  (5)

Figure 2. Mass attenuation coefficient of X- or γ-rays of various energies in lead, derived from the NIST standard data [5].
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Such quantity is sometimes called the opacity. A muon tracking detector, able to measure the 
number of muons arriving to it from any given direction, provides an experimental measure-
ment of the opacity along different directions. The knowledge of the path length L for any 

Figure 3. Muon energy loss in lead as a function of the muon energy, as derived from data reported in Ref. [6].

Figure 4. Transmission factor of cosmic muons as a function of the rock thickness traversed, as extracted from GEANT 
simulations for a realistic lava scenario from Mt. Etna.
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muon direction provides a density map, i.e. a map of the average density along that direction. 
A density map—once the actual traversed thickness is known and inserted for any specific 
orientation—may then reveal differences in the density evaluated along different directions. 
This is the basic principle of the muon absorption tomography. Although the muon absorp-
tion tomography may only provide two-dimensional density maps, in principle the combined 
use of several detectors, pointing to the object from different orientations may produce a 3D 
map of the object. The construction and use of a set of identical detectors, placed in different 
locations and working with comparable performance is not a trivial task and the real use of 
this opportunity is still to be exploited.

A standard setup for muon absorption experiments requires a muon tracking detector (tele-
scope), usually employed in transmission mode (i.e. with the object being located between the 
open sky and the telescope). The reconstruction of a large number of tracks in the telescope 
allows for a 2D tomographic map, with a resolution which depends on the telescope track-
ing performance and on experimental disturbances such as multiple scattering effects in the 
material surrounding the object to be explored, as well as in the air. Many other aspects of the 
detector performance, such as its overall detection efficiency, response uniformity, sensitive 
area, alignment properties, duty cycle, cost and transportability, … influence the real capabil-
ity of the instrument.

Considering the possibilities offered by muon absorption tomography, several applications 
have been proposed, with many experimental results obtained so far. Here a brief review of 
these fields is given.

3.1. Vulcanology

A large interest in absorption muon tomography is related to the possibility of exploring the 
hidden part of mountains, especially active or potentially active volcanoes, by means of cos-
mic muons traversing part of their solid structure and being partially absorbed with respect to 
those coming from the open sky (Figure 5). This idea, exploited for the first time by Nagamine 
et al. in [7] and Tanaka et al. [8], has received an increasing attention in recent years, and 
a variety of projects, detector prototypes and operational activities have been reported. 
Important contributions to the field have been given by the Japanese collaboration leaded 
by H.K.M.Tanaka [8–12], which has employed a muon telescope made by several detection 
planes with scintillators with PMTs separated by Lead plates, by the Diaphane Collaboration 
[13–16], which carried out various measurement campaigns in several locations of the world 
(in France, Italy and Philippines) with scintillator-based muon telescopes, by the TOMUVOL 
Collaboration [17], employing resistive plate chambers detectors, and by the MU-RAY Project 
[18, 19], which has employed a muon telescope based on scintillator strips with SiPM photo-
sensors for the exploration of Mt. Vesuvius in Italy.

A recent project has been developed also by our group in Catania, devoted to the study of 
the top craters of Mt. Etna, the highest active volcano in Europe, with a telescope equipped 
with three 1 m2 segmented planes of scintillator strips with multianode PMT readout, already 
installed since last year close to the top of the mountain. Preliminary tomographic images 
of such craters have been already obtained by a comparison between the map produced by 
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muons originating from the front side and the corresponding map produced by the muons 
coming from the back side.

It must be remembered that other Projects [20, 21] are exploiting the possibility to employ the 
Cerenkov light produced by the muons in the air after traversing the large thickness of the 
rock by a Cerenkov detector prototype (ASTRI), originally devised for astrophysical investi-
gation in view of the large Cerenkov Telescope Array (CTA) Project.

The interest in this field is twofold: from one side methods based on muon tomography 
may complement and sometimes even surpass the potential offered by traditional methods 
in the understanding the inner part of these structures, revealing empty spaces, or different 
density profiles inside the mountain. On the other side there is the hope to reach the resolu-
tion and capability to monitor in real time the time evolution of the subsurface structures, 
in order to control potential activities giving rise to explosions and lava eruptions. This last 
possibility at the moment is still far from being fully reached, while static investigations 
have offered beautiful pictures of the interior of mountains and volcanoes in several parts 
of the world.

An important aspect of the technique, which in some cases offers a better figure of merit in 
comparison to geological and geophysics methods, is the spatial resolution, which can be 
expressed as

  ∆ x = L ∆ θ  (6)

where L is the distance between the detector and the structure being probed, and ∆θ is the 
angular resolution of the tracking device. As an example, for a distance L = 500 m, and an 
angular resolution of ∆θ = 1°, a spatial resolution of the order of 10 m is obtained, which is 
better than typical values of other geophysical methods.

Figure 5. A simple geometrical sketch showing the principle of muon tomography applied to the study of mountain 
structures. A tracking telescope is placed downstream of the structure being explored, reconstructing muon tracks which 
ideally have traversed a thickness of solid rock. A comparison with the tracks coming from the open sky or from the 
backside is used to provide a 2D density map of the structure. A nonnegligible background however may originate from 
muons which are scattered either from the solid rock or from the air.
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3.2. Underground measurements

The use of absorption muon tomography is of course not only limited to the study of large 
mountain structures, but proves much more useful for the investigation of smaller geological 
locations, underground cavities, caverns, mines and tunnels, due to the reduced thickness to 
be explored, hence to the large flux being measured. There are several examples of the use of 
this technique for these applications [21–25]. As a recent example, in one of these investiga-
tions [22], carried out to explore underground cavities in the Naples area, a muon detector 
similar to that employed for volcano muography was employed, with size 1 m x 1 m, and 
segmented into 32 scintillator strips.

The vertical rock thickness above the detector was in the previous case about 40 m, which did 
not reduce too much the muon count rate, allowing for a significant result to be obtained in 
less than one month of data taking. Actually, for many of these applications, the range of rock 
thickness usually amounts to a few tens metres, which is a value much less than the values of 
interest for large volcanic structures. The possibility to install the detector in places which are 
not so prohibitive as for volcanic explorations gives larger opportunities to use this technique, 
which will likely be employed more and more in the near future to investigate underground 
environments.

3.3. Archaeology

As recalled at the beginning of this Chapter, one of the first examples of muon absorption 
tomography is represented by the well-known work by Alvarez and collaborators [2], who 
employed a muon detector inside an Egyptian pyramid to search for possible hidden cham-
bers. The interest in the study of these very old structures is still very large, and in 2017 a 
recent study [26] was reported by the ScanPyramid Project, supported by many Institutions, 
who succeeded to find a very large (~ 30 m) unknown chamber in the Great or Khufu’s 
Pyramid. Such void was first explored by nuclear emulsions and then confirmed by mea-
surements carried out with scintillation hodoscopes and gas detectors; hence, it represents a 
beautiful example of interrelations between different observation techniques pointing to the 
same body of evidence. Additional examples of the use of the muon absorption technique for 
archaeological studies have been reported over the last years [27–29], among which is a study 
of the cavities in the Teotihuacan Pyramid of the Sun [27].

4. Muon scattering and tomography

The first investigation concerned with the use of the muon scattering process to obtain a radi-
ography of the hidden content in a volume dates back to the work by Borozdin et al. [30], 
who employed a set of drift chambers (60 × 60 cm) to get radiographic images of tungsten 
blocks. This technique proved to be very promising for several reasons: it does not intro-
duce any additional radiation, as it is for instance for X-rays; moreover, most of the scattered 
muons contribute to build the image, contrary to absorption, where a large fraction of muons 
is absorbed by the material itself. In the scattering mode, the muon tomography technique 
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makes use of this process, which strongly depends on the properties of the material, espe-
cially its atomic number Z, thus allowing to discriminate between low- and medium-Z ele-
ments with respect to high-Z elements.

The projected scattering angle distribution follows in a first approximation a Gaussian shape, 
with a width given by:
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where p is the muon momentum, β is its speed, X the traversed thickness and X0 the radia-
tion length of the material, which in turn depends on the properties (Z, A) of the material 
roughly as
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4.1. Homeland security

Due to the possibility that illicit fissile elements (Uranium or Plutonium) could be transported 
inside containers, this technique was suggested as a viable alternative to other traditional 
methods to inspect and scan a large volume. A muontomograph employing the scattering 
process basically requires two good muon tracking detectors, one placed above and the other 
placed below the volume to be inspected. Reconstruction of the muon track above and below 
the volume allows to evaluate the amount of scattering suffered by the muon, and in the 
simplest approach (where a single scattering centre is assumed), the so-called POCA (Point of 
Closest Approach) algorithm determines the 3D coordinates of the scattering centre (Figure 6).  
A sufficiently large number of individual tracks, traversing from any direction of the volume, 
allow to build 2D and 3D tomographic images. The performance of a muontomograph may 
be evaluated in terms of its spatial and angular resolution (depending on the tracking detec-
tors), of the overall detection efficiency (which is the result of the detection efficiency of each 
tracking plane), which in turn determines the required scan time, of the capability to identify 
high-Z elements and discriminate them with respect to lighter elements, of the sensitivity to 
false-positive events, which would require an alarm and the opening of the container for a 
detailed control.

Several applications were oriented to the problem of scanning the content of a cargo con-
tainer, searching for hidden high-Z materials, which is an important aspect of homeland 
security. Due to the large amount of containers travelling over the world, which is estimated 
to be larger than 200 M container/year, controlling the content of any of these volumes is a 
challenging task. At present, only a small fraction of them are checked, while laws under 
discussion might require more detailed procedures to be followed over the world. Following 
this approach, several small-scale prototypes have been built over the last years, employ-
ing a variety of detection technologies, from gas chambers to segmented strip scintillators, 
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Resistive Plate Chambers and GEM. Several contributions in this field have been reported 
by various groups [31–39], who have designed small scale as well as large and full-size scale 
detectors for muon tomography.

4.2. Nuclear reactors and waste imaging

For many decades, an impressive amount of used fuel has been produced, and most of this 
material is stored either in spent fuel pools or in dry storage casks. Such containers are sealed 
after filling them with the spent fuel, with no possibility to open and visually check their 
content. Monitoring nuclear waste is then an important aspect of the safety control in nuclear 
sites. Muon radiography, either in muon absorption or scattering mode, has proven to be a 
useful tool even for the exploration of nuclear waste storage silos, and many investigations 
have been already reported in this respect [40–45]. The integrity of nuclear reactors, especially 
after possible failures, is also a very demanding application for muon tomography [46–48] 
and following the Fukushima accident, it has been demonstrated that the muon scattering 
technique may be an answer to the problem of controlling the amount of material inside the 
reactor core [48].

Also the problem of detecting the presence of orphan sources in metal scraps container has 
received attention by muon tomography techniques [49, 50], since it is a potential source of 
large industrial accidents. Blast furnaces have been also explored by cosmic muons [51].

5. Other applications

In principle, dense structures may be explored by muon tomography, either by using the 
muon absorption or the scattering process, even if they are placed on the Earth surface. As 
an example, water towers were imaged by muon telescopes [52, 53], calibrating the response 

Figure 6. An artist view of the experimental setup being employed for muon tomography applications of cargo containers. 
Two muon tracking detectors, one placed above and the other placed below the container, are used to reconstruct muon 
tracks before and after traversing the container content.
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makes use of this process, which strongly depends on the properties of the material, espe-
cially its atomic number Z, thus allowing to discriminate between low- and medium-Z ele-
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simplest approach (where a single scattering centre is assumed), the so-called POCA (Point of 
Closest Approach) algorithm determines the 3D coordinates of the scattering centre (Figure 6).  
A sufficiently large number of individual tracks, traversing from any direction of the volume, 
allow to build 2D and 3D tomographic images. The performance of a muontomograph may 
be evaluated in terms of its spatial and angular resolution (depending on the tracking detec-
tors), of the overall detection efficiency (which is the result of the detection efficiency of each 
tracking plane), which in turn determines the required scan time, of the capability to identify 
high-Z elements and discriminate them with respect to lighter elements, of the sensitivity to 
false-positive events, which would require an alarm and the opening of the container for a 
detailed control.

Several applications were oriented to the problem of scanning the content of a cargo con-
tainer, searching for hidden high-Z materials, which is an important aspect of homeland 
security. Due to the large amount of containers travelling over the world, which is estimated 
to be larger than 200 M container/year, controlling the content of any of these volumes is a 
challenging task. At present, only a small fraction of them are checked, while laws under 
discussion might require more detailed procedures to be followed over the world. Following 
this approach, several small-scale prototypes have been built over the last years, employ-
ing a variety of detection technologies, from gas chambers to segmented strip scintillators, 
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Resistive Plate Chambers and GEM. Several contributions in this field have been reported 
by various groups [31–39], who have designed small scale as well as large and full-size scale 
detectors for muon tomography.

4.2. Nuclear reactors and waste imaging

For many decades, an impressive amount of used fuel has been produced, and most of this 
material is stored either in spent fuel pools or in dry storage casks. Such containers are sealed 
after filling them with the spent fuel, with no possibility to open and visually check their 
content. Monitoring nuclear waste is then an important aspect of the safety control in nuclear 
sites. Muon radiography, either in muon absorption or scattering mode, has proven to be a 
useful tool even for the exploration of nuclear waste storage silos, and many investigations 
have been already reported in this respect [40–45]. The integrity of nuclear reactors, especially 
after possible failures, is also a very demanding application for muon tomography [46–48] 
and following the Fukushima accident, it has been demonstrated that the muon scattering 
technique may be an answer to the problem of controlling the amount of material inside the 
reactor core [48].

Also the problem of detecting the presence of orphan sources in metal scraps container has 
received attention by muon tomography techniques [49, 50], since it is a potential source of 
large industrial accidents. Blast furnaces have been also explored by cosmic muons [51].

5. Other applications

In principle, dense structures may be explored by muon tomography, either by using the 
muon absorption or the scattering process, even if they are placed on the Earth surface. As 
an example, water towers were imaged by muon telescopes [52, 53], calibrating the response 

Figure 6. An artist view of the experimental setup being employed for muon tomography applications of cargo containers. 
Two muon tracking detectors, one placed above and the other placed below the container, are used to reconstruct muon 
tracks before and after traversing the container content.

Cosmic Ray Muons as Penetrating Probes to Explore the World around Us
http://dx.doi.org/10.5772/intechopen.75426

51



of the detector as a function of the water content inside the tower. Post-injection monitoring 
of CO2 stored in subsurface locations was investigated by several authors [54–56] by means of 
muon tomography. Industrial applications have also seen contribution from muon tomogra-
phy [57, 58]. Finally, another application for the monitoring of civil buildings and structures 
which employs cosmic muons as a useful probe is the study of the angular distribution of 
muons detected in coincidence between a tracking detector on the ground and a set of addi-
tional detectors mechanically linked to the structure being monitored. Any movement of the 
structure with respect to the ground will result in a small modification of the distribution of 
the orientations of cosmic muons detected in coincidence, provided a good reconstruction of 
tracks and stable working conditions are achieved during long measurements [59, 60].

6. Muon tomography outside the Earth?

Since cosmic rays originate from any direction and permeate all the known Universe, the ques-
tion whether the same concepts discussed so far apply also to other places outside our ter-
restrial environment is intriguing. Limiting ourselves to the nearest environment outside the 
Earth, namely the Solar System, the interaction of the primary cosmics with other planets and 
celestial bodies produces different results depending on the presence of an atmosphere around 
the solid structure of the body. For planets or satellites where no atmosphere at all exists, such 
for instance the Moon, energetic primary particles interact with the surface without producing 
an extensive air shower. In other situations, where a massive atmosphere exists, much deeper 
and dense than the Earth atmosphere, as for instance on Venus or Jupiter, air showers may 
be created but most of the secondary particles are subsequently absorbed by the atmosphere 
itself, so that only a very small fraction of particles is able to arrive to the surface. Monte Carlo 
calculations of the interaction of energetic particles with the detailed structure of these bodies 
should be carried out for any specific situation in order to understand their peculiarities. In 
case of Mars, where the atmospheric pressure near the surface is only 1/100 with respect to 
Earth, the development of air showers has been studied in some detail by Tanaka [61], allowing 
to understand how the proportion between primary protons and secondary pions or muons is 
very much different than on Earth. In particular, due to the reduced thickness of the Martian 
atmosphere, the vertical flux of muons is much smaller with respect to the values obtained on 
the Earth; however, for inclined muons, close to the horizontal, the situation is reversed, and a 
larger flux of muons would be observed. In any case, contamination from the primary protons 
is a challenge, and some way to discriminate between the two species should be devised. It is 
interesting that such concepts have been discussed with relation to realistic Martian explora-
tion missions, trying to understand even the practical aspects and problems which would be 
required to solve to carry out tomographic measurements on the Red Planet [62, 63].

7. Imaging and simulation methods and algorithms

Muon tomography has offered over the last years also a good environment for the develop-
ment of mathematical and statistical algorithms, numerical simulation and procedures, to 
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understand and analyze the experimental data being collected, improve the reconstruction 
and imaging techniques and help to design new apparatus and evaluate their performance.

One of the items that has been long discussed in the muon scattering technique is the recon-
struction of the distribution of the scattering centres, leading to a 2D or 3D tomographic 
image. While the simplest approach employs the POCA method, as discussed in Section 4, 
better algorithms and methods have been introduced, especially to deal with situations where 
multiple scattering centres exist. The Maximum Likelihood/Expectation Maximization (EL/
EM) iterative method [64] is employed as a valid alternative for processing muon scattering 
data and reconstruct tomographic images.

Clustering algorithms, which are a set of multivariate data analysis techniques, have been also 
used to group homogeneous items in a dataset. One of the most known clustering algorithms 
is the Friends-of-Friends. Applied to muon tomography, clustering analysis helps to detect 
objects within a spatial domain [65].

Another important aspect of the development of numerical methods in muon tomography is 
concerned with physics simulations. The importance of numerical simulations in the design 
of an experimental setup, as well as in the correct interpretation of the effects observed, has 
been long recognized in nuclear and particle physics and it is nowadays a routine aspect of 
any quantitative experimental investigation. This is also the case for any tomographic study 
carried out with cosmic muons. Very frequently, reconstruction and imaging algorithms are 
tested against simulated data, to compare the merits of different approaches and evaluate 
their inherent performance. In other cases, only a detailed simulation of the physics processes 
taking place in the experimental setup and in the surrounding environment may help to 
understand important aspects of the problem. As an example, the study of the background 
contribution to the direct flux of muons arriving to the detector through the rock is very 
important, since in some cases this contribution may be even larger than the direct flux [66], 
thus leading to an overestimation. In many cases a detailed simulation of the initial energy 
and angular cosmic particle distributions, coupled to a transport study of these particles along 
the mountain profile may help to disentangle some of these aspects and provide a quantita-
tive estimate of the role of the background in the corresponding measurements.

8. Conclusions

The list of possible applications provided by this short review is not at all exhaustive, and 
many other examples of the use of cosmic-ray muons to explore various aspects of our envi-
ronment are available in the literature [67]. Since the first quantitative investigations at the 
end of 1990s, in about 20 years, the use of cosmic-ray muons for imaging has grown in interest 
and this technique is now enough consolidated to be proposed even for commercial use. The 
variety of possible applications in the field has promoted interdisciplinary studies, with the 
contribution of experts from different areas, and has already given interesting results in many 
practical situations. The number of papers, articles, technical reports and conference contribu-
tions is more and more large, and specialized conferences and workshop have been organized 
in the last few years to promote exchange of opinions and results, new collaborations and 
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of the detector as a function of the water content inside the tower. Post-injection monitoring 
of CO2 stored in subsurface locations was investigated by several authors [54–56] by means of 
muon tomography. Industrial applications have also seen contribution from muon tomogra-
phy [57, 58]. Finally, another application for the monitoring of civil buildings and structures 
which employs cosmic muons as a useful probe is the study of the angular distribution of 
muons detected in coincidence between a tracking detector on the ground and a set of addi-
tional detectors mechanically linked to the structure being monitored. Any movement of the 
structure with respect to the ground will result in a small modification of the distribution of 
the orientations of cosmic muons detected in coincidence, provided a good reconstruction of 
tracks and stable working conditions are achieved during long measurements [59, 60].

6. Muon tomography outside the Earth?

Since cosmic rays originate from any direction and permeate all the known Universe, the ques-
tion whether the same concepts discussed so far apply also to other places outside our ter-
restrial environment is intriguing. Limiting ourselves to the nearest environment outside the 
Earth, namely the Solar System, the interaction of the primary cosmics with other planets and 
celestial bodies produces different results depending on the presence of an atmosphere around 
the solid structure of the body. For planets or satellites where no atmosphere at all exists, such 
for instance the Moon, energetic primary particles interact with the surface without producing 
an extensive air shower. In other situations, where a massive atmosphere exists, much deeper 
and dense than the Earth atmosphere, as for instance on Venus or Jupiter, air showers may 
be created but most of the secondary particles are subsequently absorbed by the atmosphere 
itself, so that only a very small fraction of particles is able to arrive to the surface. Monte Carlo 
calculations of the interaction of energetic particles with the detailed structure of these bodies 
should be carried out for any specific situation in order to understand their peculiarities. In 
case of Mars, where the atmospheric pressure near the surface is only 1/100 with respect to 
Earth, the development of air showers has been studied in some detail by Tanaka [61], allowing 
to understand how the proportion between primary protons and secondary pions or muons is 
very much different than on Earth. In particular, due to the reduced thickness of the Martian 
atmosphere, the vertical flux of muons is much smaller with respect to the values obtained on 
the Earth; however, for inclined muons, close to the horizontal, the situation is reversed, and a 
larger flux of muons would be observed. In any case, contamination from the primary protons 
is a challenge, and some way to discriminate between the two species should be devised. It is 
interesting that such concepts have been discussed with relation to realistic Martian explora-
tion missions, trying to understand even the practical aspects and problems which would be 
required to solve to carry out tomographic measurements on the Red Planet [62, 63].

7. Imaging and simulation methods and algorithms

Muon tomography has offered over the last years also a good environment for the develop-
ment of mathematical and statistical algorithms, numerical simulation and procedures, to 
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understand and analyze the experimental data being collected, improve the reconstruction 
and imaging techniques and help to design new apparatus and evaluate their performance.

One of the items that has been long discussed in the muon scattering technique is the recon-
struction of the distribution of the scattering centres, leading to a 2D or 3D tomographic 
image. While the simplest approach employs the POCA method, as discussed in Section 4, 
better algorithms and methods have been introduced, especially to deal with situations where 
multiple scattering centres exist. The Maximum Likelihood/Expectation Maximization (EL/
EM) iterative method [64] is employed as a valid alternative for processing muon scattering 
data and reconstruct tomographic images.

Clustering algorithms, which are a set of multivariate data analysis techniques, have been also 
used to group homogeneous items in a dataset. One of the most known clustering algorithms 
is the Friends-of-Friends. Applied to muon tomography, clustering analysis helps to detect 
objects within a spatial domain [65].

Another important aspect of the development of numerical methods in muon tomography is 
concerned with physics simulations. The importance of numerical simulations in the design 
of an experimental setup, as well as in the correct interpretation of the effects observed, has 
been long recognized in nuclear and particle physics and it is nowadays a routine aspect of 
any quantitative experimental investigation. This is also the case for any tomographic study 
carried out with cosmic muons. Very frequently, reconstruction and imaging algorithms are 
tested against simulated data, to compare the merits of different approaches and evaluate 
their inherent performance. In other cases, only a detailed simulation of the physics processes 
taking place in the experimental setup and in the surrounding environment may help to 
understand important aspects of the problem. As an example, the study of the background 
contribution to the direct flux of muons arriving to the detector through the rock is very 
important, since in some cases this contribution may be even larger than the direct flux [66], 
thus leading to an overestimation. In many cases a detailed simulation of the initial energy 
and angular cosmic particle distributions, coupled to a transport study of these particles along 
the mountain profile may help to disentangle some of these aspects and provide a quantita-
tive estimate of the role of the background in the corresponding measurements.

8. Conclusions

The list of possible applications provided by this short review is not at all exhaustive, and 
many other examples of the use of cosmic-ray muons to explore various aspects of our envi-
ronment are available in the literature [67]. Since the first quantitative investigations at the 
end of 1990s, in about 20 years, the use of cosmic-ray muons for imaging has grown in interest 
and this technique is now enough consolidated to be proposed even for commercial use. The 
variety of possible applications in the field has promoted interdisciplinary studies, with the 
contribution of experts from different areas, and has already given interesting results in many 
practical situations. The number of papers, articles, technical reports and conference contribu-
tions is more and more large, and specialized conferences and workshop have been organized 
in the last few years to promote exchange of opinions and results, new collaborations and 
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efforts. Even though many promising results have been reported in various fields of interest, 
there is still a wide territory where to improve the existing techniques. One important aspect is 
the detection technology, which has been object of several possible choices, and it is still a point 
of discussion in terms of the optimization of the performance (especially efficiency and resolu-
tion) and cost. Also the existing algorithms and methods may be largely improved to arrive to a 
better reconstruction and imaging processing of experimental data. The years to come are then 
a promising period for the development of all such aspects, in view of new applications, only 
limited by the creativity of interested people, or of large improvements in the existing ones.
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Abstract

Voyager 1 has now been beyond the heliopause for over 5 years since its seminal crossing 
of this boundary in August of 2012. During its epic 40 year journey of ~122 AU out to this 
boundary and beyond this spacecraft has passed through several regions of the helio-
sphere including the heliosheath of extent ~30 AU just inside the heliopause (HP), where 
extremely large and variable intensities of protons, helium and oxygen nuclei as well as 
electrons between 1 and 100 MeV were observed. Then, suddenly these particles com-
pletely vanished and new and completely different spectra of particles between 1 MeV 
up to ~1 GeV and beyond, instantly recognizable as those for galactic cosmic rays were 
observed. These spectra and intensities at all energies have remained constant to within 
±1% for 5 years corresponding to 20 AU beyond the HP.
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1. Introduction

Voyager 1 has now been beyond the heliopause for over 5 years since its seminal crossing of 
this boundary in August of 2012. During its epic 40 year journey of ~122 AU out to this bound-
ary and beyond this spacecraft has passed through several regions of the heliosphere includ-
ing the heliosheath of extent ~30 AU just inside the heliopause (HP) where extremely large 
and variable intensities of protons, helium and oxygen nuclei as well as electrons between 1 
and 100 MeV were observed. See earlier article in Astrophysics [1] showing and discussing 
these intensity time profiles.
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Then, suddenly these particles completely vanished and new and completely different spectra 
of particles between 1 MeV up to ~1 GeV, instantly recognizable as those for galactic cosmic 
rays, were observed. These LIS intensities at all energies have remained constant to within 
±1% for 5 years corresponding to 20 AU beyond the HP. These low energy galactic spectra and 
their relation to higher energy measurements such as those made by AMS-2 will be discussed 
in this paper in terms of the acceleration, source distribution and propagation of cosmic rays 
in the galaxy.

We begin in this paper by discussing the radial intensity profiles outward from the Earth 
through the heliosphere and beyond into interstellar space. We will compare these intensity 
profiles for electrons and protons, from the lowest energies, ~1 MeV, to the higher energies 
of a few hundred MeV which are normally considered as cosmic rays. The profiles provide a 
graphic view of the scale of the various regions of the heliosphere and the entrance into the 
uncharted regions of interstellar space and the realm of galactic cosmic rays.

We will then discuss the spectra of galactic cosmic ray electrons, protons, helium and heavier 
nuclei that are measured for the 1st time by Voyager. Every step in this process provides a 
new insight into the features of these galactic cosmic rays that could never be studied previ-
ously because of our location within the heliosphere.

2. The radial intensity vs. time profiles

Figure 1 shows radial intensity profiles for the two lowest energy electron channels, the HET 
A1-A2 stop channel at ~0.7 ± 0.3 MeV and the HET B1-B2-C4 stop channel with a peak response 

Figure 1. Time history of 26 day average intensities of A-stop 0.7 MeV (in black) and 4 MeV B stop electrons (in red) from 
launch at earth 1977 to the end of data in 2017, at ~140 AU. These rates provide radial and temporal intensity profiles. 
The B-stop rate is normalized to A-stop rate of 0.21 c⋅ s−1 in LIS using the factor 0.75.

Cosmic Rays62

between 3.0 and 4.0 MeV, from the time of launch (1977) to the present time (2018). These energy 
responses are determined by extensive GEANT-4 calculations. These telescopes are described 
in [2, 3]. The two intensities are normalized to those observed in local interstellar space (LIS).

One can define from Figure 1 four temporal or spatial regions that apply to all the components 
and energies discussed here. The 1st region is from launch in 1977 to 1983.0 when V1 was at 
about 20 AU and also near its maximum latitude of +30°. This region (nearest the Sun) is punctu-
ated by many abrupt increases related to interplanetary propagating electron events of energy 
<1 MeV of solar origin. These are closely coordinated with observations inside the Earth’s orbit 
from HELIOS during the 1977–1978 time period. The individual events are separated tempo-
rally at Voyager and HELIOS. Also included is the Jupiter encounter occurring at ~1979.2.

The second region (time period) is from 1983.0 to 2005.0 at which time V1 crossed the HTS 
and entered the heliosheath at ~95.0 AU and at +30°. The effects of the solar 11 year modula-
tion cycle are rather weakly seen in this region. These variations are similar temporally to 
what was observed for higher energy protons [4] and shown later in Figure 3. Two massive 
solar induced interplanetary electron events are seen in the A stop rate in 1989 and 1991 when 
V1 was at between 40 and 50 AU. These events are related to large shocks moving outward in 
the heliosphere with speeds close to 1000 km/s.

During the time V1 is in the heliosheath region from 2005.0 to 2012.65 between 95 and 121.7 AU 
(Region 3) there is a factor of 3–4 increase in the sub-MeV electron intensities which, during 
most of this time period, have even higher intensities than those observed beyond the HP, in 
the local interstellar medium. These are electrons accelerated in the heliosheath. Meanwhile 
the intensity of the 4 MeV electrons increases in the heliosheath from the HTS crossing to the 
HP by a factor ~30. This is believed to be a result of modulation effects in the heliosheath which 
reduce the LIS intensity of these higher energy electrons.

Beyond the heliopause (HP) in LIS the electron intensities have remained constant to within 
±1% at both energies for 5 years (~18 AU of outward travel for V1). Notice that the intensities 
of these electrons in LIS are higher than those at the Earth by a factor ~4 at 0.7 MeV and by a 
factor ~20 at 4 MeV. These differences are due in part to solar modulation effects and in part 
to the local acceleration of 0.7 MeV electrons.

In Figure 2 we show the 1.8–2.6 MeV proton intensity, again normalized to the LIS value that 
is measured for 0.7 MeV electrons. This is the lowest energy part of the interstellar proton 
spectrum that can be measured on Voyager in a 2-D, dE/dx, telescope mode. It represents a 
limit to the characteristics of the lower energy proton propagation in the galaxy from the near-
est sources in the galaxy since it corresponds to only ~35μ of equivalent Si traversed during 
the galactic propagation.

In region 1, between launch and 1983 and inside ~20 AU, the Earth and the inner heliosphere 
are bathed in an almost continuous flux of 2 MeV protons which exceeds the possible back-
ground galactic cosmic rays at this energy and location by a factor ~1000 and is comparable 
to the intensities observed further out in the heliosheath. This continuously high intensity 
results from the 1.8 to 2.6 MeV protons from many individual solar events, with the intensities 
piling up due to the large longitudinal diffusion.
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Then, suddenly these particles completely vanished and new and completely different spectra 
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new insight into the features of these galactic cosmic rays that could never be studied previ-
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between 3.0 and 4.0 MeV, from the time of launch (1977) to the present time (2018). These energy 
responses are determined by extensive GEANT-4 calculations. These telescopes are described 
in [2, 3]. The two intensities are normalized to those observed in local interstellar space (LIS).

One can define from Figure 1 four temporal or spatial regions that apply to all the components 
and energies discussed here. The 1st region is from launch in 1977 to 1983.0 when V1 was at 
about 20 AU and also near its maximum latitude of +30°. This region (nearest the Sun) is punctu-
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is measured for 0.7 MeV electrons. This is the lowest energy part of the interstellar proton 
spectrum that can be measured on Voyager in a 2-D, dE/dx, telescope mode. It represents a 
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ground galactic cosmic rays at this energy and location by a factor ~1000 and is comparable 
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In region 2, between ~20 AU and the HTS at 95 AU, these 2 MeV proton intensities reach a 
level which is less than that in LIS. This corresponds to a solar activity minimum and also to 
solar modulation minimum. This intensity, which is up to a factor ~12 times less than the LIS 
intensity, could be a representation of the level of solar modulation of these particles at this 
low energy of ~2 MeV.

In region 3, the intensity of these low energy protons increases by a factor 1000 beyond the 
HTS. It remains at this high level for a distance ~30 AU as a result of heliosheath accelerated 
protons. Then suddenly the intensity decreases by a factor ~500 corresponding to a distance 
of ~0.1 AU near the HP. This intensity change over such a small radial interval requires a 
remarkably effective particle barrier at the HP.

In region 4, beyond the HP, the proton intensity represents the low energy tail of the galactic 
proton spectrum with an intensity ~0.5 of that at the intensity peak of the differential spec-
trum which occurs at ~30 MeV.

In Figure 3 we show the higher energy proton (250 MeV) intensity time profile from the 
solar modulation study in [4]. This proton intensity is also normalized to the 0.7 MeV A1-A2 
stop LIS electron intensity beyond the HP. The solar modulation effects are seen in region 
1 inside 20 AU where the Voyager observations for 250 MeV protons blend in well with 
spacecraft observations of this modulation near the Earth and also neutron monitor obser-
vations [5–7] at the same time. The intensity at the Earth at this energy is a factor ~8 below 
the LIS values.

In region 2, between about 20 and 95 AU, solar 11 year modulation effects are observed at 
250 MeV which are in synch in both time and magnitude with those observed at the Earth, but 
with a time delay corresponding to outward moving structural features with a speed ~600 km⋅s−1.

Figure 2. Same as Figure 1. The L1-L2 stop 1.8–2.6 MeV proton rate (in red) is normalized to the A-stop 0.7 MeV LIS 
electron rate using the factor ×750.
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Moving outward into region 3, we find that the intensity of these 250 MeV protons increases 
by a factor ~4 in the heliosheath. The large modulation beyond the HTS at this higher energy 
was previously unrecognized and amounts to ~1/3 of the total solar modulation of these par-
ticles in the heliosphere.

This solar modulation of these higher energy protons can be well described with a single mod-
ulation parameter φ corresponding to an energy loss resulting from a potential difference, 
φ in MV, between the observation point and the LIS spectrum [8]. This simple description 
arises from the fact that the overall spherically symmetric solar modulation in the heliosphere 
appears to follow the description provided by Louville’s Theorem relating to the constancy 
for the particle density and momentum in phase space. Of course there are deviations from 
this simple picture due to structural features in the heliosphere such as the heliospheric cur-
rent sheet, and also for the solar polarity changes which induce a 22 year cycle in the solar 
modulation process, but these other processes do not appear to dominate at these energies 
and above, where, in fact, the same value of φ derived from these protons also gives a good 
description of the historical neutron monitor observations of cosmic ray modulation effects at 
the Earth that have been carried out over the last 70 years.

Here we summarize the most general features of all of the radial intensity profiles. The most 
prominent feature is the sharpness and effectiveness of the heliospheric boundary, the helio-
pause. For low energy protons the reduction of intensity is a factor ~500, taking place in only 
1–26 day interval corresponding to less than 0.1 AU in distance.

The effects of this boundary on electrons are even more astounding. A radial intensity gradi-
ent ~130%/AU just inside the HP for 4 MeV electrons changes to a 0.1%/AU radial gradient in 

Figure 3. Same as Figure 1. The 250 MeV proton intensity in p/m2⋅sr⋅s⋅MeV (in red) is normalized to A-stop 0.7 MeV LIS 
electron rate using the factor ÷60.
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appears to follow the description provided by Louville’s Theorem relating to the constancy 
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rent sheet, and also for the solar polarity changes which induce a 22 year cycle in the solar 
modulation process, but these other processes do not appear to dominate at these energies 
and above, where, in fact, the same value of φ derived from these protons also gives a good 
description of the historical neutron monitor observations of cosmic ray modulation effects at 
the Earth that have been carried out over the last 70 years.

Here we summarize the most general features of all of the radial intensity profiles. The most 
prominent feature is the sharpness and effectiveness of the heliospheric boundary, the helio-
pause. For low energy protons the reduction of intensity is a factor ~500, taking place in only 
1–26 day interval corresponding to less than 0.1 AU in distance.

The effects of this boundary on electrons are even more astounding. A radial intensity gradi-
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the LIM in just 1–26 day interval of ~0.1 AU in radius. Essentially whatever intensities exist 
in the heliosphere apparently stay in the heliosphere as a result of an almost impenetrable 
heliopause at these lower energies. As far as energetic particles go, the interstellar medium at 
this location has little recognition of the nearby heliosphere.

Other features of the heliosphere newly recognized from this study include: (1) The heliosheath 
is a very interesting and important region both in terms of accelerating protons and also (more 
weakly) electrons as well as for large solar modulation effects. The solar modulation effects 
on the intensity in this region range from a factor ~4 for ~1 GV protons to a factor ~100 for 15 
MV electrons and then decrease to a factor ~30 for 4 MV electrons and much less for 1 MeV 
electrons which appear to be mostly locally produced.

The massive acceleration of nuclei, e.g., protons and He and O nuclei in the heliosheath, 
extending down to ~1 MeV and up to ~100 MeV/nuc, which was previously known and 
believed to be fueled by high ionization potential IS ions, is joined by the newly found accel-
eration of sub-MeV electrons.

The 11 year and longer solar activity cycles studied now for over 70 years using neutron 
monitors, balloon and spacecraft borne instruments at higher energies, and so important for 
geophysical studies [9], are still significant beyond the HTS. Even for protons at 250 MeV the 
intensity increase in the heliosheath region is a factor ~4; for electrons, this increase due to 
solar modulation reaches a maximum of a factor ~100 at ~15 MeV. These effects were previ-
ously unrecognized.

And finally the new observations reported here have also extended the V1 measurements of 
the local interstellar electron spectrum by a factor ~10 lower in energy (e.g., down to 0.5 MeV) 
as compared with even the initial Voyager measurements of [2] beyond the HP. For pro-
tons the minimum energy measured is now ~1.8 MeV, a factor ~2 times lower than the initial 
measurement for these particles. The intensities obtained at these lowest energies appear to 
be consistent with a smooth extension of those measured at higher energies as would be 
expected from propagation calculations. The range of the lowest energy electrons and protons 
is only ~50 μ of Si. This places severe constraints on the distribution of nearby sources of these 
particles but illustrates that, even at these lower energies, the spectra are still a compendium 
of many sources with an individuality obscured by diffusion in the galactic magnetic fields.

3. The galactic electron spectrum

Voyager has now measured the true LIS electron spectrum from ~1 to 60 MeV. When compared 
with simultaneous measurements of electrons by the PAMELA spacecraft near the Earth they 
indicate a solar modulation factor ~500 between the LIS spectrum and that measured at the 
Earth between about 10–100 MeV (Figure 4). At higher energies this modulation decreases. It 
is believed to be only a factor ~3–4 at 1 GeV, decreasing to perhaps 20% at 10–20 GeV where 
high precision electron measurements are available from both PAMELA and AMS-2 [10, 11].
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Figure 4 shows the electron spectrum measured at Voyager and also in the higher energies 
where solar modulation effects are small. The plot is a x E2 presentation which shows both 
low and high energy differences. There is a large gap in the intermediate energy range for LIS 
electrons from ~100 MeV to several GeV. At energies above a few GeV the electron spectrum 
measured by PAMELA and AMS-2 steepens rapidly. Part of this increase in spectral index is 
due to synchrotron and inverse Compton energy loss which are ~E2. This high energy region 
is shown in Figure 5 in a x E3 format. The AMS-2 data on electrons [11] is shown along with 
Monte Carlo propagation calculations of the electron spectrum using various source spectral 
indices [12, 13].

We have shown from these calculations that, in order to fit both low energy and high energy 
data, the source spectral exponent for electrons changes from being ~P−2.24 below about 8 GV 
to one ~P−2.4 at higher energies extending up to ~1 TV [12, 13].

At ~400 MeV, which is ~1.0 GV for protons there are corresponding measurements of the 
proton and electron intensities at the Earth by PAMELA and also at Voyager. The ratio of 
Voyager to PAMELA proton intensities at the two locations is ~4.0 which is caused by the 
amount of solar modulation between the LIS and the Earth at 1 GV. The electron intensity is 
also measured at this time by PAMELA and at 1 GV it is 2.5 × 10−2 × the proton intensity. We 
believe from solar modulation theory [8] that at 1 GV the total modulation of electrons and 
protons should be nearly the same. So the LIS electron intensity at 1 GV could be estimated 
from this approach to be 1.4–1.6 × 10−1e/m2⋅s⋅sr/MeV. This intensity is very close to the value 

Figure 4. The electron spectrum measured at Voyager using the TET, B stop and A stop telescopes and the measurements 
of PAMELA and AMS-2 at higher energies. The figure is in a x E2 format. Note the severe solar modulation of electrons 
which amounts to a factor ~500 below 100 MeV and is still ~20% between10–20 GeV/nuc. Also note the V1 spectrum 
which is ~E−1.3 between about 1–60 MeV. The black curve shows a Monte Carlo calculation with an electron source 
spectrum ~E−2.25 and a path length ~20.6 β P−0.45 above 0.562 GV and with a diffusion coefficient ~P−1.0 below 0.562 GV.
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the LIM in just 1–26 day interval of ~0.1 AU in radius. Essentially whatever intensities exist 
in the heliosphere apparently stay in the heliosphere as a result of an almost impenetrable 
heliopause at these lower energies. As far as energetic particles go, the interstellar medium at 
this location has little recognition of the nearby heliosphere.
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the local interstellar electron spectrum by a factor ~10 lower in energy (e.g., down to 0.5 MeV) 
as compared with even the initial Voyager measurements of [2] beyond the HP. For pro-
tons the minimum energy measured is now ~1.8 MeV, a factor ~2 times lower than the initial 
measurement for these particles. The intensities obtained at these lowest energies appear to 
be consistent with a smooth extension of those measured at higher energies as would be 
expected from propagation calculations. The range of the lowest energy electrons and protons 
is only ~50 μ of Si. This places severe constraints on the distribution of nearby sources of these 
particles but illustrates that, even at these lower energies, the spectra are still a compendium 
of many sources with an individuality obscured by diffusion in the galactic magnetic fields.
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with simultaneous measurements of electrons by the PAMELA spacecraft near the Earth they 
indicate a solar modulation factor ~500 between the LIS spectrum and that measured at the 
Earth between about 10–100 MeV (Figure 4). At higher energies this modulation decreases. It 
is believed to be only a factor ~3–4 at 1 GeV, decreasing to perhaps 20% at 10–20 GeV where 
high precision electron measurements are available from both PAMELA and AMS-2 [10, 11].
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Figure 4 shows the electron spectrum measured at Voyager and also in the higher energies 
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electrons from ~100 MeV to several GeV. At energies above a few GeV the electron spectrum 
measured by PAMELA and AMS-2 steepens rapidly. Part of this increase in spectral index is 
due to synchrotron and inverse Compton energy loss which are ~E2. This high energy region 
is shown in Figure 5 in a x E3 format. The AMS-2 data on electrons [11] is shown along with 
Monte Carlo propagation calculations of the electron spectrum using various source spectral 
indices [12, 13].

We have shown from these calculations that, in order to fit both low energy and high energy 
data, the source spectral exponent for electrons changes from being ~P−2.24 below about 8 GV 
to one ~P−2.4 at higher energies extending up to ~1 TV [12, 13].

At ~400 MeV, which is ~1.0 GV for protons there are corresponding measurements of the 
proton and electron intensities at the Earth by PAMELA and also at Voyager. The ratio of 
Voyager to PAMELA proton intensities at the two locations is ~4.0 which is caused by the 
amount of solar modulation between the LIS and the Earth at 1 GV. The electron intensity is 
also measured at this time by PAMELA and at 1 GV it is 2.5 × 10−2 × the proton intensity. We 
believe from solar modulation theory [8] that at 1 GV the total modulation of electrons and 
protons should be nearly the same. So the LIS electron intensity at 1 GV could be estimated 
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at 1 GV obtained in the Monte Carlo diffusion propagation models that fit the LIS at the low 
Voyager energies and the high energies measured by PAMELA or AMS-2 [12, 13].

In Figure 6 we show the e/H (E) interstellar ratios of intensities measured at both Voyager and 
at AMS-2 from a few MeV to 1 TeV. These ratios, in intensity/MeV, range from ~102 at 2 MeV 
to ~3 × 10−3 at 1 TeV, a difference of 3 × 105 and include the ratio between electron and proton 
intensities of 3.0 × 10−2 at 1 GV estimated above. This difference in low energy and high energy 
e/H (E) ratios is mainly caused by propagation effects.

At lower rigidities this source ratio as a function of energy increases for a number of reasons. 
First of all there is the conversion between a differential energy and rigidity which depends 
on the different β of the particles. Then there is the dependence of the diffusion coefficient 
on P−1.0 below 0.5 GV which affects only the electrons and decreases the P−2.25 source index 
to ~P−1.3. And also there is the energy loss by ionization which eventually reduces the source 
spectral index for protons from a negative one to a positive value. At the higher energies the 
synchrotron and inverse Compton losses increase the source spectral index of electrons by 
almost 1.0 power thus reducing the e/H ratio.

Recall that we have assumed for electrons, that to fit the data at both low and high energies up 
to 1 TeV, source spectra of the form dj/dE ~P−2.24, below ~6–8 GV are needed with the exponent 
becoming ~2.40 at high rigidities [12, 13]. Very similar rigidity spectra with almost the same 
exponents and a break at ~6–8 GeV are required to simultaneously fit the Voyager low energy 
proton data and the high energy AMS-2 proton data, again from ~2 MeV to 1 TeV [15] (see 
following sections).

Figure 5. The electron spectrum above 1 GeV measured by AMS-2 [11] and PAMELA [10]. The black solid curves are for 
(1) a source electron spectrum ~E−2.25 at all energies and (2, 3 and 4) for electron source spectra ~E−2.25 below ~6 GeV and 
P−2.30, P−2.35 and P2.40 respectively above 6 GeV.
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So in view of the above similarity of rigidity spectra for electrons and protons, the e/H ratio 
itself as a function of rigidity should be almost constant. This almost constant value of the 
e/H ratio occurs between 0.5 and 1.0 GV where loss processes for electrons and protons in the 
galaxy are about equal. This value of the ratio is about 3–10 × 10−2 as shown in Figure 6.

This source ratio of e/H for galactic cosmic rays as a function of rigidity which has previously 
been hidden from measurements at the Earth and is related to the acceleration of the galactic 
cosmic rays, now provides a crucial measurement along with the possible spectral break at ~8 
GV. If there are no other selection effects, this ratio could indicate the degree of ionization in 
the acceleration region.

And last but certainly not least, still regarding electrons, we should point out that the electron 
spectrum ~E−1.3 at low energies, just about 1.0 power less than the assumed source spectrum 
with exponent = −2.25, may have profound significance. Unless the source spectrum has a 2nd 
break at ~0.3 GV, which seems unlikely, this flattening of the spectrum is caused by a break 
in the diffusion coefficient which becomes ~P−1.0 below ~0.5 GV. This break has been predicted 
[14]. As a result the diffusion coefficient becomes large and these lower energy electrons rap-
idly flow out of the extended disk of the galaxy [12, 13]. This fraction that escape the disk, cal-
culated in a Monte Carlo diffusion model, becomes ~90% below ~100 MeV and is shown as a 
function of energy in Figure 7 of [12]. These electrons, with a spectrum ~E−2 above ~1 MeV, flow 
outward through the halo and into the local intergalactic medium at essentially the speed of 
light. They populate the region with a negative charge. Because of their relatively low energy 
they are undetectable by radio emissions and could be considered a form of non-baryonic 
dark matter and energy. Perhaps more sobering is the thought that this process of charge  

Figure 6. Ratios of intensity of electrons to protons as a function of energy, e/H (E), measured by voyager and AMS-2 [10, 
15] from 2 MeV to ~1 TeV. The estimated LIS value of the ratio at ~1 GeV as described below in the text is also shown.
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at 1 GV obtained in the Monte Carlo diffusion propagation models that fit the LIS at the low 
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e/H (E) ratios is mainly caused by propagation effects.
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they are undetectable by radio emissions and could be considered a form of non-baryonic 
dark matter and energy. Perhaps more sobering is the thought that this process of charge  

Figure 6. Ratios of intensity of electrons to protons as a function of energy, e/H (E), measured by voyager and AMS-2 [10, 
15] from 2 MeV to ~1 TeV. The estimated LIS value of the ratio at ~1 GeV as described below in the text is also shown.
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separation of leptons and protons could be going on throughout cosmic time, even stronger 
at earlier times, and as a result influence our interpretation of the expansion of the Universe.

4. The galactic hydrogen, helium and heavier nuclei spectra

As is the case for electrons, the interpretation of the Voyager measured LIS intensities of 
hydrogen, helium and heavier nuclei at low energies, and with no solar modulation, may be 
compared with the higher energy measurements from PAMELA or AMS-2 where the modu-
lation becomes small. This provides a fulcrum of ~105 in energy to examine the spectra of the 
various nuclei. This is best done by examining the intensity ratios such as H/He, He/C, etc., 
along with the intensities themselves. Most of the measurements are in E/nuc, whereas the 
source spectra appear to be rigidity spectra so there is always a factor of at least β in convert-
ing from one representation to the other.

We begin this section by examining the spectra of H and He nuclei. Figure 7 shows the ratio 
of intensities of H and He nuclei measured at Voyager at energies less than a few hundred 
MeV/nuc [3] and those at AMS-2 [15, 16] at energies from ~1 GeV/nuc up to 1 TeV/nuc. The 
Voyager measurements are consistent with a constant ratio ~12.5, for H/He from ~10 MeV/nuc  
to ~350 MeV/nuc. This might suggest very similar H and He spectra in this energy range. 
The AMS-2 measurements obtain an E/nuc ratio ~16 at ~10 GeV/nuc, decreasing at both high 
and low energies. The decrease in this ratio at high energies where solar modulation effects 
are small, indicates different spectra for H and He nuclei, with a spectral index difference of 

Figure 7. Ratios of hydrogen to helium nuclei intensities as a function of E/nuc as measured by Voyager between 10 and 
350 MeV/nuc and by AMS2 [10, 15] above 1 GeV/nuc.
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between −0.10 and − 0.12 for either E/nuc or P spectra since at these high energies β→1.0. At 
lower energies the AMS-2 H/He (E) ratio decreases and reaches a value ~8 at 1 GeV/nuc. This 
is due to solar modulation effects. So the main goal of this study is to match the nearly con-
stant LIS H/He (E) ratio of 12.5 measured by Voyager below ~300 MeV/nuc to the ratio of 16 
measured at ~10–20 GeV/nuc by AMS-2.

These differences in ratios per E/nuc between a few hundred MeV/nuc and a few GeV/nuc 
immediately suggest a β dependence is involved and therefore when comparing ratios, 
source spectra as a function of rigidity is the appropriate parameter. We have found this to be 
the case in most comparisons of spectra of nuclei, particularly with different A/Z. So we now 
consider how the differences described above could be understood more simply in terms of 
source rigidity spectra. We assume that the source spectra of H and He nuclei are the same at 
rigidities below ~10 GV and can be represented by the formula.

  dj / dP~ P   −S   (1)

where we let S vary from −2.20 to −2.28 noting that we have already found that lower rigidity 
electrons are well described with a spectral index ~ − 2.25 below ~10 GV.

The three solid black curves on Figure 7 show the calculated H/He ratios after propagation in a 
LBM using source rigidity spectra for protons with S = −2.20, 2.24 and 2.28 all normalized to the 
Voyager measured value of 12.5 at 100 MeV/nuc. For the calculated curves above ~10 GV, we 
use a normalization to the AMS-2 measured ratios and with a source spectra index = −2.36 for 

Figure 8. The LIS H/He (P) ratio as a function of rigidity. The data above ~8 GV where the solar modulation of this ratio 
is small is from AMS-2 [16].
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separation of leptons and protons could be going on throughout cosmic time, even stronger 
at earlier times, and as a result influence our interpretation of the expansion of the Universe.
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protons, keeping the source spectral index at −2.24 for He nuclei. When a solar modulation of 
10–20% in the H/He ratio at about 10 GV is included, a spectral index of −2.24 for both H and He 
nuclei gives the best fit at low energies along with that for a proton index of −2.36 at high ener-
gies and with a spectral break between 6 and 12 GV for protons.

The resulting H/He source ratio as a function of rigidity is very interesting. For this ratio we 
use the directly measured AMS-2 H/He (P) ratio above ~8 GV [16] as is shown in Figure 8. 
This ratio is ~3.5 at the highest rigidities increasing to ~6.0 at 8 GV. At lower rigidities the 
source ratio must become a constant because both H and He nuclei have identical rigidity 
spectra. This constant value depends on the exact details of the break, but we estimate the 
constant ratio of intensities at low rigidities to be between 6.0 and 6.5.

This ratio has important implications for the relative H and He abundances in the region 
where the main cosmic ray acceleration occurs. In terms of nucleons the ratio of 6.5 gives 63% 
protons and 37% Helium nucleons. The cosmological value in the case of big bang nucleosyn-
thesis is usually taken to be ~76% protons and 24% Helium nucleons. Certainly interesting.

We now turn our attention to the comparison of the He and C spectra, again using a com-
parison of Voyager data on this ratio [3], which in this case extends up 1.5 GeV/nuc [4] and 
the AMS-2 data above 10 GeV/nuc [16, 17] where the solar modulation is small. The observed 
He/C (E) ratio from a few MeV/nuc to ~1 TeV/nuc is shown in Figure 9. It is seen to vary from 

Figure 9. Observations and measurements of the He/C ratio between 3 MeV/nuc and 103 GeV/nuc. Errors on individual 
GeV/nuc voyager measurements are ±5%. Errors on AMS-2 measurements are less than ±2%. Black curve, labeled 
P0 = 0.562*, is for a truncated exponential PLD with mean path length = λ = 20.6 β P−0.45 Above P0 = 0.562 and with truncation 
parameters = 0.04 for He and 0.12 for C. The curve labeled P0 = 0.562 is for a simple LBM with a PLD = exponential at all 
path lengths for P0 = 0.562 GV. Dashed blue line is GALPROP calculation of the He/C ratio from [3].
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~130 at low energies to about 27 at the highest energies. One might think that this observed 
ratio would be more or less constant if these nuclei had the same spectra, since they have the 
same A/Z ratio, etc., but it turns out that, when the actual intensities and spectral shapes are 
obtained from LBM propagation calculations [10], the observed He/C (E) ratios are repro-
duced with He and C rigidity spectra with a source spectral index ~ − 2.24 for both compo-
nents, extending throughout the rigidity range from ~100 MV to ~1.0 TV and with a source 
abundance He/C ratio = 23.7.

The reason for this is much like the case for electrons and protons, described earlier; it is 
mostly in the details of the LBM propagation, again in an overall simple LBM but with cer-
tain modifications at small matter path lengths, due possibly to the local distribution of the 
cosmic ray sources themselves. This modification (truncation) is perhaps the only significant 
departure from the incredible symmetry imposed by the LBM that is yet discerned from the 
Voyager studies to date. The details of the He/C ratio study are found in [18].

5. Spectral shapes of different nuclei at low energies

It has been possible to extend the earlier Voyager intensity and spectral measurements which 
were generally in the range 10–200 MeV/nuc [3] up to the GeV/nuc range and above [4]. This 
technique uses the precision measurement of ionization loss for particles that penetrate the 3 
element total energy counters. The spectra of He, C, O, Mg, Si and Fe are obtained in this way 
up to 1.5 GeV/nuc, with an integral intensity at higher energies [4].

Spectra for these nuclei, including the lower energy Voyager measurements [3], are shown in 
Figure 10. The intensities are all normalized at 1.5 GeV/nuc. There is a dramatic charge depen-
dence of the spectral shape that becomes more obvious at the lower energies. It is believed 
that these different charges have very similar and possibly identical source rigidity spectra. 
This identity of source spectra has been determined in the above section for He and C nuclei. 
In spite of the large dependence of the He and C ratio on energy which, changes from a value 
~130 at 10 MeV/nuc to 27 at 1 TeV/nuc where AMS-2 measurements are available, the source 
spectra of both He and C nuclei are found to be ~P−2.24.

Most of the changes in the measured intensity ratios in Figure 10 are due to the effects of 
propagation in the galaxy. The curves in Figure 10 show these effects vividly. There is a Z 
dependent effect which becomes more prominent at the lower energies. Two sources of these 
effects are, (1) ionization energy loss in interstellar matter which is Z2/β2, and (2) fragmenta-
tion collisions which are proportional to a A1/3 dependence of these cross sections.

The ionization energy loss is particularly important at the lower energies because of the 1/β2 
dependence, but even these ionization loss effects cannot account fully for the Z dependent 
turnovers of the differential spectra at lower energies. These differential spectra are observed 
to have maxima which systematically increase from ~30 MeV/nuc for He to ~100 MeV/nuc for 
Fe. The explanation for this large Z dependence in the maximum energies includes ionization 
energy loss but also includes the effect described as truncation (see below).
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~130 at low energies to about 27 at the highest energies. One might think that this observed 
ratio would be more or less constant if these nuclei had the same spectra, since they have the 
same A/Z ratio, etc., but it turns out that, when the actual intensities and spectral shapes are 
obtained from LBM propagation calculations [10], the observed He/C (E) ratios are repro-
duced with He and C rigidity spectra with a source spectral index ~ − 2.24 for both compo-
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technique uses the precision measurement of ionization loss for particles that penetrate the 3 
element total energy counters. The spectra of He, C, O, Mg, Si and Fe are obtained in this way 
up to 1.5 GeV/nuc, with an integral intensity at higher energies [4].

Spectra for these nuclei, including the lower energy Voyager measurements [3], are shown in 
Figure 10. The intensities are all normalized at 1.5 GeV/nuc. There is a dramatic charge depen-
dence of the spectral shape that becomes more obvious at the lower energies. It is believed 
that these different charges have very similar and possibly identical source rigidity spectra. 
This identity of source spectra has been determined in the above section for He and C nuclei. 
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tion collisions which are proportional to a A1/3 dependence of these cross sections.

The ionization energy loss is particularly important at the lower energies because of the 1/β2 
dependence, but even these ionization loss effects cannot account fully for the Z dependent 
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In a perfect LBM for propagation in the galaxy where the sources are uniform and the propa-
gation is effectively isotropic, the distribution of matter path length is an exponential at all 
path lengths with a mean path length which is ~ to the amount of matter traversed, e.g., in 
g/cm2. At low energies where this ionization loss is large enough so that the particles cannot 
reach us from the nearest sources, the path length distribution becomes non-exponential or 
truncated at small path lengths. We believe that the different shapes of these spectra at the 
lowest energies are the best signature of this effect. A real example of this and other low 
energy propagation effects have been hidden from us previously by the solar modulation 
effects. The impenetrable fog of almost isotropic propagation on the study of the origin and 
acceleration of these particles and their role in the Universe in general may, in some small 
way, have been lifted by these new Voyager observations.

6. Secondary cosmic rays and the mean path length in g/cm2 in the 
galaxy

Isotopes such as 2H and 3He and charges such as Li, Be, B and so called Fe secondaries, 
Z = 21–23, are believed to have zero abundance in any possible cosmic ray source. They are 
therefore produced by interactions of primary cosmic rays such as He, C, O, Mg, Si and Fe, 
to name the most prominent, either by nuclear fragmentations the interstellar medium, or 
perhaps partly in or near the acceleration region itself. The presence of the radioactive decay 
secondary isotope 10Be with a half-life of only 1.5 × 106 years as compared with the average 
cosmic ray life-time of 1.5 × 107 years as determined from the observed 10Be abundance using 

Figure 10. Observed relative intensities of He, C, O, Mg, Si and Fe nuclei between 100 and 1000 MeV/nuc. These intensities 
are normalized to the values of j at 1000 MeV/nuc for carbon nuclei. The figure includes lower energy intensities from [3].
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LBM diffusion [19, 20], suggests the correct scenario is one in which most of these secondary 
particles are produced during the extended time of a galactic diffusion process.

The isotopes 2H and 3He and the charge B are the most abundant and well measured of the 
secondary nuclei. Their cross sections for production when the primary cosmic ray nuclei 
interact with atoms of H and He that are part of the interstellar medium are also quite well 
known after years of systematic measurement.

With this as a background we show in Figure 11 the Voyager measurements of the intensities 
and spectra of these three secondary nuclei. The calculated abundance for each nuclei is based 
on a LBM where the mean path length, λ = 20.6 β P−0.45 above P = 1.0 GV and a constant path 
length = 9.0 g/cm2 below 1.0 GV, and with a truncation parameter = 0.04.

These measurements make a convincing argument that the primary cosmic rays have gone 
through ~9 g/cm2 of interstellar matter between ~10 and 100 MeV/nuc (~0.3 to 0.9 GV). At 
higher energies the measured B/C ratio may be used to determine the amount of matter tra-
versed as a function of energy or rigidity. We have the V1 determination of the B/C ratio with 
zero solar modulation below ~1.5 GeV/nuc [4] and the AMS-2 determination of the ratio above 
~3 GeV/nuc [17]. These measurements are shown in Figure 12 along with the LBM propaga-
tion prediction using the parameters described in the above paragraph. The agreement is 
within ±10% from the lowest to the highest energies. Since this is a simple pure diffusion 
model, this high level of agreement at all energies implies that energy gain (reacceleration) 

Figure 11. A comparison of the measurements of 2H, 3He and B nuclei intensities measured by the CRS experiment on 
V1 and the predictions of the LBM for values of P0 = 0.316, 0.562, 1.0 GV and a constant path length = 9 g/cm2 below 1.0 
GV as described in the text. All three secondary isotopes are consistent with the predictions of a path length, λ, between 
7 and 9 g/cm2 at energies from ~20 to 100 MeV/nuc.
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In a perfect LBM for propagation in the galaxy where the sources are uniform and the propa-
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LBM diffusion [19, 20], suggests the correct scenario is one in which most of these secondary 
particles are produced during the extended time of a galactic diffusion process.

The isotopes 2H and 3He and the charge B are the most abundant and well measured of the 
secondary nuclei. Their cross sections for production when the primary cosmic ray nuclei 
interact with atoms of H and He that are part of the interstellar medium are also quite well 
known after years of systematic measurement.

With this as a background we show in Figure 11 the Voyager measurements of the intensities 
and spectra of these three secondary nuclei. The calculated abundance for each nuclei is based 
on a LBM where the mean path length, λ = 20.6 β P−0.45 above P = 1.0 GV and a constant path 
length = 9.0 g/cm2 below 1.0 GV, and with a truncation parameter = 0.04.

These measurements make a convincing argument that the primary cosmic rays have gone 
through ~9 g/cm2 of interstellar matter between ~10 and 100 MeV/nuc (~0.3 to 0.9 GV). At 
higher energies the measured B/C ratio may be used to determine the amount of matter tra-
versed as a function of energy or rigidity. We have the V1 determination of the B/C ratio with 
zero solar modulation below ~1.5 GeV/nuc [4] and the AMS-2 determination of the ratio above 
~3 GeV/nuc [17]. These measurements are shown in Figure 12 along with the LBM propaga-
tion prediction using the parameters described in the above paragraph. The agreement is 
within ±10% from the lowest to the highest energies. Since this is a simple pure diffusion 
model, this high level of agreement at all energies implies that energy gain (reacceleration) 
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cannot be significant. The effects of truncation of the path length distributions at small path 
lengths (where the path length becomes ~0.6 g/cm2 at the highest energies) are predicted in 
this model and are observed in the flattening of the B/C ratio at the highest energies [21].

7. Conclusions

So near the end of its 40 plus year mission Voyager has crossed the heliopause and sampled 
the interstellar energetic particle background for the 1st time. No one who has been involved 
in this mission from the beginning would have dreamt that this was possible. The goal of this 
chapter has been to attempt to convey some of the remarkable features of this data. Perhaps 
Voyager has saved its best for last, but only a few of us who could understand it are still 
around. The mission did not end with pictures of the planets but perhaps in the experience of 
the limits of humans in the eternal universe.
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cannot be significant. The effects of truncation of the path length distributions at small path 
lengths (where the path length becomes ~0.6 g/cm2 at the highest energies) are predicted in 
this model and are observed in the flattening of the B/C ratio at the highest energies [21].

7. Conclusions

So near the end of its 40 plus year mission Voyager has crossed the heliopause and sampled 
the interstellar energetic particle background for the 1st time. No one who has been involved 
in this mission from the beginning would have dreamt that this was possible. The goal of this 
chapter has been to attempt to convey some of the remarkable features of this data. Perhaps 
Voyager has saved its best for last, but only a few of us who could understand it are still 
around. The mission did not end with pictures of the planets but perhaps in the experience of 
the limits of humans in the eternal universe.
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truncated LBM model described in the text and the GALPROP-DR model [3].
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Abstract

Influence of galactic cosmic rays (GCRs) on cloud formation is suggested to be an impor-
tant part of the mechanism of solar activity influence on weather and climate. A high 
positive correlation between low cloud amount and GCR fluxes was observed in the 
1980s–1990s; however, in the early 2000s, it was violated. In this work, we consider a 
nature of long-term correlation links between cloud cover at middle latitudes and GCRs, 
as well as possible reasons for this correlation reversal. It was shown that the GCR-cloud 
links observed on the decadal time scale are indirect and caused by GCR effects on 
cyclonic activity which depend on epochs of the large-scale atmospheric circulation. The 
reversal of GCR-cloud correlation in the 2000s seems to be due to a sharp weakening of 
the Arctic and Antarctic stratospheric polar vortices, which results in the change of the 
troposphere-stratosphere coupling and, then, of GCR contribution to the development of 
extratropical cyclogenesis.

Keywords: solar-atmospheric links, space weather, galactic cosmic rays, low clouds, 
cyclonic activity, polar vortex

1. Introduction

Studying the influence of solar activity and related phenomena on the lower atmosphere 
state, weather and climate is one of most actual tasks of solar-terrestrial physics, which is due 
to an important part of climatic changes for different aspects of human activity. One of the 
possible mechanisms of this influence suggests an impact of galactic cosmic rays (GCRs) on 
the cloud cover allowing amplifying noticeably a weak signal of solar variability in the Earth’s 
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Influence of galactic cosmic rays (GCRs) on cloud formation is suggested to be an impor-
tant part of the mechanism of solar activity influence on weather and climate. A high 
positive correlation between low cloud amount and GCR fluxes was observed in the 
1980s–1990s; however, in the early 2000s, it was violated. In this work, we consider a 
nature of long-term correlation links between cloud cover at middle latitudes and GCRs, 
as well as possible reasons for this correlation reversal. It was shown that the GCR-cloud 
links observed on the decadal time scale are indirect and caused by GCR effects on 
cyclonic activity which depend on epochs of the large-scale atmospheric circulation. The 
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Studying the influence of solar activity and related phenomena on the lower atmosphere 
state, weather and climate is one of most actual tasks of solar-terrestrial physics, which is due 
to an important part of climatic changes for different aspects of human activity. One of the 
possible mechanisms of this influence suggests an impact of galactic cosmic rays (GCRs) on 
the cloud cover allowing amplifying noticeably a weak signal of solar variability in the Earth’s 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



atmosphere. Indeed, cloudiness changes can strongly modulate fluxes of both incoming 
short-wave solar radiation and outgoing long-wave radiation of the Earth and the atmosphere 
and, thus, influence significantly the radiative-thermal balance of the atmosphere. High-level 
clouds contribute to the warming of the atmosphere, whereas low-level clouds contribute, as 
a rule, to its cooling. A net influx of radiation coming to the Earth’s surface under cloudy con-
ditions depends on latitude, season and underlying surface. According to the data obtained 
from spaceborne experiments [Nimbus 7 Earth Radiation Budget experiment (N7ERB) and 
Earth Radiation Budget Experiment (ERBE)], when averaged over the globe, cloudiness 
reduces the input of solar radiation by 44.5–54.3 W·m−2 (depending on the season) and the 
emission of long-wave radiation to space by 23.6–34.7 W·m−2 [1, 2]. As a result, cloudiness 
decreases the global radiative heating of the atmosphere by 17.3–26.8 W·m−2.

The hypothesis about GCR influence on the cloudiness state was first put forward in 1975 
by Dickinson [3]. He suggested that ionization changes due to GCR variations affect the 
formation of stratospheric aerosols, the main component being a water solution of sulfuric 
acid H2SO4. Such aerosol particles of ~100 nm in size are effective cloud condensation nuclei 
(CCN) due to a high solubility of sulfuric acid in water which greatly lowers the saturated 
vapor pressure over these particles compared with homogenous water nuclei. According to 
Dickinson’s suggestions, the formation of aerosol particles is more probable on positively 
charged water clusters H3O+(H2O)n (n = 5–7), the concentration of such clusters depending on 
ionization in the atmosphere. So, changes in ionization may influence the rate of nucleation 
processes and, thus, contribute to the formation of high-level (cirrus) clouds.

At present, we can note two possible ways of GCR influence on cloud formation: the ion-medi-
ated (or induced) nucleation [3–7] and the mechanisms including changes in Global Electric 
Circuit (for example, see [8, 9]). Ion-mediated nucleation (IMN) is the nucleation of aerosol 
particles (which under certain conditions may later grow up to cloud condensation nuclei) 
taking place in the presence of ions. An important source of new aerosols in the atmosphere 
is molecular clusters forming from water and sulfuric acid. However, clusters of subcritical 
sizes (<1–2 nm) are unstable and easily destroyed by evaporation. When a cluster reaches a 
critical size of ~1–2 nm, surface tension forces start dominating and it gets stable. Such clusters 
represent aerosol nuclei which may grow due to condensation and coagulation up to ~100 nm 
which allows turning into a cloud condensation nucleus and take part in the formation of cloud 
particles (~10–20 μm). Charged molecular clusters forming around ions are more stable due to 
Coulomb attraction and can grow faster than neutral ones. Then, when ionization increases, a 
probability of the formation of charged, more stable clusters becomes higher and this results 
in the increase of the nucleation rate. According to model calculations by Yu and Turco [5], a 
25% increase of the ionization rate in the lower atmosphere could lead to an increase of the 
concentration of aerosol particles capable for the further growth, with the diameter being >3 
and >10 nm, by 16.5 and 9%, respectively, in several hours after the nucleation start.

Another way of GCR influence on clouds, which suggests changes in the Global Electric Circuit 
caused by variation of atmospheric conductivity and ionospheric potential, has been devel-
oped by Tinsley and colleagues [8–11]. It is suggested that changes of conductivity due to GCR 
variations, along with changes of ionospheric potential due to variations of interplanetary 
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magnetic fields influence a density Jz of downward ionosphere-Earth currents. In turn, these 
currents, when flowing through high gradients of conductivity at cloud boundaries, contrib-
ute to a separation of positive and negative ions which quickly attach to droplets and aerosol 
particles, including both cloud condensation nuclei and ice-forming nuclei. Electric charges on 
these particles influence microphysical processes in clouds, enhancing their collision rate and 
‘sticking’ due to Coulomb attraction. In particular, this may result in more intensive freezing of 
thermodynamically unstable super-cooled water droplets in high-level clouds (‘electrofreez-
ing’) [10]. An increase of charge on aerosol particles also enhances the rate of their scavenging 
by larger droplets due to the electric attraction between the charge on a particle and the image 
charge which it creates on a droplet (‘electroscavenging’) [11]. Thus, charging cloud particles 
associated with Jz variations results in a number of microphysical processes in clouds affecting 
particle concentration and their size distribution.

First experimental data providing evidence for a possible influence of GCRs on the cloudi-
ness formation were obtained by Pudovkin and Veretenenko [12]. They detected a decrease 
in cloud cover and an increase in the frequency of occurrence of clear-sky days at middle and 
high latitudes in the course of short-term decreases of GCR intensity (Forbush decreases), 
with the data at the network of actinometric stations of the U.S.S.R. being used. The decrease 
of cloud cover associated with Forbush decreases at the stations under study was also con-
firmed by an increase of the input of total radiation which includes both direct and scattered 
solar radiation [13]. Later a remarkable result showing cloud-GCR links on the decadal time 
scale was obtained by Svensmark and Friis-Christensen [14] basing on the satellite data ISCCP 
(International Satellite Cloud Climatology Project). The authors detected a variation of 3–4% 
in global cloud amount which was strongly correlated with GCR intensity (the correlation 
coefficient ~0.9) for the period 1984–1991. As a change of global cloud cover by 1% corresponds 
to a net radiation change by 0.5 W.m−2 according to the estimates by Rossow and Cairns [15], 
Svensmark [16] concluded that the radiative forcing of the detected decrease of global cloud 
cover by ~3% from 1987 to 1990 (i.e. from a minimum to a maximum of solar activity) may 
amount to ~1.5 W.m−2. He suggested that cloud forcing associated with long-term GCR varia-
tions might explain most part of the temperature changes in the period 1975–1989. The results 
gave rise to a lively discussion of GCR effects on the formation of clouds, as well as their role 
in the mechanism of solar-atmospheric links (for example, see [17–19]).

The further studies by Marsh and Svensmark [20, 21] revealed that only low-level cloud 
amount correlates significantly with GCR intensity. The correlation coefficients between 
globally averaged values of low cloud anomalies (LCA) according to the ISCCP-D2 satellite 
data and the counting rate of the Huancayo neutron monitor amount to 0.63 and 0.92 for 
unsmoothed values and 12-month running averages, respectively, for the period 1984–1994. 
However, in the second part of the 1990s the positive correlation LCA-GCR started weaken-
ing and broke down completely near 2000 [22, 23]. The observed violation of LCA-GCR cor-
relation caused doubts in a possible influence of cosmic rays on cloud formation, as well as 
their important role in the physical mechanism of solar-atmospheric links [22, 24, 25].

Thus, at the moment cloud-GCR relationship remains a rather controversial question. In 
different studies, we can find the data both confirming and rebutting a possibility of GCR 
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atmosphere. Indeed, cloudiness changes can strongly modulate fluxes of both incoming 
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clouds contribute to the warming of the atmosphere, whereas low-level clouds contribute, as 
a rule, to its cooling. A net influx of radiation coming to the Earth’s surface under cloudy con-
ditions depends on latitude, season and underlying surface. According to the data obtained 
from spaceborne experiments [Nimbus 7 Earth Radiation Budget experiment (N7ERB) and 
Earth Radiation Budget Experiment (ERBE)], when averaged over the globe, cloudiness 
reduces the input of solar radiation by 44.5–54.3 W·m−2 (depending on the season) and the 
emission of long-wave radiation to space by 23.6–34.7 W·m−2 [1, 2]. As a result, cloudiness 
decreases the global radiative heating of the atmosphere by 17.3–26.8 W·m−2.

The hypothesis about GCR influence on the cloudiness state was first put forward in 1975 
by Dickinson [3]. He suggested that ionization changes due to GCR variations affect the 
formation of stratospheric aerosols, the main component being a water solution of sulfuric 
acid H2SO4. Such aerosol particles of ~100 nm in size are effective cloud condensation nuclei 
(CCN) due to a high solubility of sulfuric acid in water which greatly lowers the saturated 
vapor pressure over these particles compared with homogenous water nuclei. According to 
Dickinson’s suggestions, the formation of aerosol particles is more probable on positively 
charged water clusters H3O+(H2O)n (n = 5–7), the concentration of such clusters depending on 
ionization in the atmosphere. So, changes in ionization may influence the rate of nucleation 
processes and, thus, contribute to the formation of high-level (cirrus) clouds.

At present, we can note two possible ways of GCR influence on cloud formation: the ion-medi-
ated (or induced) nucleation [3–7] and the mechanisms including changes in Global Electric 
Circuit (for example, see [8, 9]). Ion-mediated nucleation (IMN) is the nucleation of aerosol 
particles (which under certain conditions may later grow up to cloud condensation nuclei) 
taking place in the presence of ions. An important source of new aerosols in the atmosphere 
is molecular clusters forming from water and sulfuric acid. However, clusters of subcritical 
sizes (<1–2 nm) are unstable and easily destroyed by evaporation. When a cluster reaches a 
critical size of ~1–2 nm, surface tension forces start dominating and it gets stable. Such clusters 
represent aerosol nuclei which may grow due to condensation and coagulation up to ~100 nm 
which allows turning into a cloud condensation nucleus and take part in the formation of cloud 
particles (~10–20 μm). Charged molecular clusters forming around ions are more stable due to 
Coulomb attraction and can grow faster than neutral ones. Then, when ionization increases, a 
probability of the formation of charged, more stable clusters becomes higher and this results 
in the increase of the nucleation rate. According to model calculations by Yu and Turco [5], a 
25% increase of the ionization rate in the lower atmosphere could lead to an increase of the 
concentration of aerosol particles capable for the further growth, with the diameter being >3 
and >10 nm, by 16.5 and 9%, respectively, in several hours after the nucleation start.

Another way of GCR influence on clouds, which suggests changes in the Global Electric Circuit 
caused by variation of atmospheric conductivity and ionospheric potential, has been devel-
oped by Tinsley and colleagues [8–11]. It is suggested that changes of conductivity due to GCR 
variations, along with changes of ionospheric potential due to variations of interplanetary 
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magnetic fields influence a density Jz of downward ionosphere-Earth currents. In turn, these 
currents, when flowing through high gradients of conductivity at cloud boundaries, contrib-
ute to a separation of positive and negative ions which quickly attach to droplets and aerosol 
particles, including both cloud condensation nuclei and ice-forming nuclei. Electric charges on 
these particles influence microphysical processes in clouds, enhancing their collision rate and 
‘sticking’ due to Coulomb attraction. In particular, this may result in more intensive freezing of 
thermodynamically unstable super-cooled water droplets in high-level clouds (‘electrofreez-
ing’) [10]. An increase of charge on aerosol particles also enhances the rate of their scavenging 
by larger droplets due to the electric attraction between the charge on a particle and the image 
charge which it creates on a droplet (‘electroscavenging’) [11]. Thus, charging cloud particles 
associated with Jz variations results in a number of microphysical processes in clouds affecting 
particle concentration and their size distribution.

First experimental data providing evidence for a possible influence of GCRs on the cloudi-
ness formation were obtained by Pudovkin and Veretenenko [12]. They detected a decrease 
in cloud cover and an increase in the frequency of occurrence of clear-sky days at middle and 
high latitudes in the course of short-term decreases of GCR intensity (Forbush decreases), 
with the data at the network of actinometric stations of the U.S.S.R. being used. The decrease 
of cloud cover associated with Forbush decreases at the stations under study was also con-
firmed by an increase of the input of total radiation which includes both direct and scattered 
solar radiation [13]. Later a remarkable result showing cloud-GCR links on the decadal time 
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in global cloud amount which was strongly correlated with GCR intensity (the correlation 
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to a net radiation change by 0.5 W.m−2 according to the estimates by Rossow and Cairns [15], 
Svensmark [16] concluded that the radiative forcing of the detected decrease of global cloud 
cover by ~3% from 1987 to 1990 (i.e. from a minimum to a maximum of solar activity) may 
amount to ~1.5 W.m−2. He suggested that cloud forcing associated with long-term GCR varia-
tions might explain most part of the temperature changes in the period 1975–1989. The results 
gave rise to a lively discussion of GCR effects on the formation of clouds, as well as their role 
in the mechanism of solar-atmospheric links (for example, see [17–19]).

The further studies by Marsh and Svensmark [20, 21] revealed that only low-level cloud 
amount correlates significantly with GCR intensity. The correlation coefficients between 
globally averaged values of low cloud anomalies (LCA) according to the ISCCP-D2 satellite 
data and the counting rate of the Huancayo neutron monitor amount to 0.63 and 0.92 for 
unsmoothed values and 12-month running averages, respectively, for the period 1984–1994. 
However, in the second part of the 1990s the positive correlation LCA-GCR started weaken-
ing and broke down completely near 2000 [22, 23]. The observed violation of LCA-GCR cor-
relation caused doubts in a possible influence of cosmic rays on cloud formation, as well as 
their important role in the physical mechanism of solar-atmospheric links [22, 24, 25].

Thus, at the moment cloud-GCR relationship remains a rather controversial question. In 
different studies, we can find the data both confirming and rebutting a possibility of GCR 
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influence on cloud formation. Svensmark et al. [26] found a significant decrease of liquid 
water in low clouds, as well as in fine aerosol concentration associated with strong GCR 
Forbush decreases. A decrease of high-level clouds over the Antarctic in the course of 
Forbush decreases of GCR intensity was revealed by Todd and Kniveton [27, 28] as well 
as Laken and Kniveton [29] on the base of the ISCCP cloud data. Laken et al. [30] detected 
changes in cloud cover over middle latitudes (30–60°) of both hemispheres associated with 
short-term changes in GCR intensity, using also the ISCCP data. However, no responses of 
cloudiness to Forbush decreases were revealed by Čalogović et al. [31], Krissansen-Totton 
and Davies [32].

As to the decadal time scale, the problem of GCR-cloud relations is complicated because 
of a number of other solar activity phenomena affecting the atmosphere and conditions for 
cloudiness formation simultaneously with cosmic rays. Kristjánsson et al. [33, 34] concluded 
that low cloud cover correlates better with total solar irradiance (TSI) variations than with 
those of GCRs, the suggested mechanism involving variations in sea surface temperature and 
their impact on low clouds. In the works by Voiculescu and colleagues [35–37], variations of 
ultraviolet radiation and solar wind disturbances are considered as possible factors influenc-
ing cloudiness state. In particular, it was noted that the effects of GCR and UV variations 
on cloudiness state are characterized by regional and altitudinal dependencies [36]. In this 
work the areas of positive and negative correlations were revealed for low cloud amount and 
GCRs. For middle and high clouds the areas of statistically significant correlations with GCRs 
and UV radiation were also detected. The data in [37] provide evidence for a possible influ-
ence of interplanetary electric fields (IEE) modulated by solar wind speed and interplanetary 
magnetic fields on cloud formation. The detected cloud-IEE correlations seem to indicate an 
important part of downward atmospheric currents in the Global Electric Circuit for cloud 
particle formation, as described in [8–11].

For an experimental verification of a possible influence of cosmic rays on the rate of nucle-
ation and subsequent growth of clusters an experiment CLOUD (Cosmics Leaving OUtdoor 
Droplets) was carried out at CERN (the European Organization for Nuclear Research) [38]. 
In this experiment there were investigated processes of cluster formation on the base of sul-
furic acid, ammonia and water vapor, as well as ionization influence on these processes. The 
results of the experiment CLOUD confirmed that in the presence of ions the nucleation rate 
does really increase by a factor of ~10 under conditions typical for the middle troposphere 
(~5 km), the sulfuric acid and water being involved in nucleation. However, under conditions 
in the lower part of the atmosphere the rate of the formation of clusters with the diameter 
~1.4 nm was found to be less by a factor of 10–10,000 than in the real atmosphere [38]. To reach 
nucleation rates corresponding to those measured in the lower atmosphere, the content of 
ammonia had to be substantially increased and the temperature had to be lowered to ~250°C 
[38, 39]. Another way to enhance nucleation was to add biogenic amines (dimethylamine), as 
it was reported by Almeida et al. [40]. The results of this study carried out on the base of the 
CLOUD chamber at CERN showed that dimethylamine can influence significantly nucleation 
rates and account for the rates observed in the real atmosphere. These results indicate that 
in the lower atmosphere a ternary nucleation seems to take place, with sulfuric acid, water 
and bioorganic compounds being involved. However, the rate of the ternary nucleation was 
found to depend weakly on ionization [40]. On the other hand, the experiments by Svensmark 

Cosmic Rays82

et al. [41] revealed a noticeable link between the formation of CCN particles ~50 nm and ion-
ization. Thus, the question of GCR influence on the intensity of nucleation and subsequent 
growth of clusters to CCN sizes remains open and further experiments are needed.

Concerning observations in the real atmosphere, one should stress that direct effects of GCRs 
and corresponding changes of ionization on microphysical processes in clouds seem to be 
detectable only on rather short time scales (about several hours or days). On longer time scales 
dynamic processes developing as a response to GCR variations (or to some other solar activity 
phenomena) should be taken into account. Indeed, cloud enhancement according to any sug-
gested mechanism (ion-mediated nucleation or mechanisms including atmosphere electricity 
changes) results in changing radiative-thermal balance in the lower atmosphere and, conse-
quently, in some changes in the structure of thermo-baric fields of the troposphere which, 
in turn, influence atmospheric circulation and the evolution of baric systems. If changes of 
the thermo-baric field contribute to the deepening of low-pressure systems (cyclones and 
troughs), cloud fields of these systems will be enhanced. Thus, monthly averaged cloud 
amount will include not only direct (microphysical) effects of GCR variations on cloud par-
ticle formation, but also indirect effects due to the circulation changes influencing cloudiness. 
So, when considering cloud data on longer time scales, we cannot distinguish between pri-
mary (microphysical) GCR effects on clouds and secondary ones, resulting from circulation 
changes associated with GCRs. Moreover, direct effects of GCRs on cloud characteristics seem 
to be weaker than those associated with long-term circulation disturbances. This point seems 
to be of importance to understand the nature of cloud-GCR correlation on longer time scales.

An important point to be understood concerns the violation of correlations between cloudi-
ness and GCR intensity occurred near 2000. As it was said above, this violation gave rise 
to doubt the role of GCRs in the mechanism of solar-atmospheric links. However, temporal 
variability of correlation links between the lower atmosphere characteristics and solar activity 
characteristics is a rather typical feature of these links. The observed correlations may enhance, 
weaken or even change the sign depending on time period. Veretenenko and Ogurtsov [42, 43]  
suggested that this variability may be due to changes of the epochs of the large-scale atmo-
spheric circulation associated, in turn, with changes in the strength of the stratospheric polar 
vortex. So, the question arises whether the observed violation of cloud-GCR links is a result of 
a change in the character of helio-geophysical effects on tropospheric circulation. The aim of 
this study is to consider the nature of correlation links detected between low clouds and GCRs 
on the decadal time scale, as well as possible reasons for the violation of these links near 2000.

2. CGR effects on atmosphere dynamics and cloud fields

It is well known that the main reason for cloud formation is a vertical transport of water vapor 
which results in its cooling and condensation (for example, see [44]). So, the formation of 
cloud fields in the troposphere is determined by upward air movements which, in turn, are 
closely related to atmospheric circulation.

At extratropical latitudes most large-scale upward movements, with the horizontal extent being 
from several hundred to several thousand kilometers, are associated with low-pressure systems, 
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influence on cloud formation. Svensmark et al. [26] found a significant decrease of liquid 
water in low clouds, as well as in fine aerosol concentration associated with strong GCR 
Forbush decreases. A decrease of high-level clouds over the Antarctic in the course of 
Forbush decreases of GCR intensity was revealed by Todd and Kniveton [27, 28] as well 
as Laken and Kniveton [29] on the base of the ISCCP cloud data. Laken et al. [30] detected 
changes in cloud cover over middle latitudes (30–60°) of both hemispheres associated with 
short-term changes in GCR intensity, using also the ISCCP data. However, no responses of 
cloudiness to Forbush decreases were revealed by Čalogović et al. [31], Krissansen-Totton 
and Davies [32].

As to the decadal time scale, the problem of GCR-cloud relations is complicated because 
of a number of other solar activity phenomena affecting the atmosphere and conditions for 
cloudiness formation simultaneously with cosmic rays. Kristjánsson et al. [33, 34] concluded 
that low cloud cover correlates better with total solar irradiance (TSI) variations than with 
those of GCRs, the suggested mechanism involving variations in sea surface temperature and 
their impact on low clouds. In the works by Voiculescu and colleagues [35–37], variations of 
ultraviolet radiation and solar wind disturbances are considered as possible factors influenc-
ing cloudiness state. In particular, it was noted that the effects of GCR and UV variations 
on cloudiness state are characterized by regional and altitudinal dependencies [36]. In this 
work the areas of positive and negative correlations were revealed for low cloud amount and 
GCRs. For middle and high clouds the areas of statistically significant correlations with GCRs 
and UV radiation were also detected. The data in [37] provide evidence for a possible influ-
ence of interplanetary electric fields (IEE) modulated by solar wind speed and interplanetary 
magnetic fields on cloud formation. The detected cloud-IEE correlations seem to indicate an 
important part of downward atmospheric currents in the Global Electric Circuit for cloud 
particle formation, as described in [8–11].

For an experimental verification of a possible influence of cosmic rays on the rate of nucle-
ation and subsequent growth of clusters an experiment CLOUD (Cosmics Leaving OUtdoor 
Droplets) was carried out at CERN (the European Organization for Nuclear Research) [38]. 
In this experiment there were investigated processes of cluster formation on the base of sul-
furic acid, ammonia and water vapor, as well as ionization influence on these processes. The 
results of the experiment CLOUD confirmed that in the presence of ions the nucleation rate 
does really increase by a factor of ~10 under conditions typical for the middle troposphere 
(~5 km), the sulfuric acid and water being involved in nucleation. However, under conditions 
in the lower part of the atmosphere the rate of the formation of clusters with the diameter 
~1.4 nm was found to be less by a factor of 10–10,000 than in the real atmosphere [38]. To reach 
nucleation rates corresponding to those measured in the lower atmosphere, the content of 
ammonia had to be substantially increased and the temperature had to be lowered to ~250°C 
[38, 39]. Another way to enhance nucleation was to add biogenic amines (dimethylamine), as 
it was reported by Almeida et al. [40]. The results of this study carried out on the base of the 
CLOUD chamber at CERN showed that dimethylamine can influence significantly nucleation 
rates and account for the rates observed in the real atmosphere. These results indicate that 
in the lower atmosphere a ternary nucleation seems to take place, with sulfuric acid, water 
and bioorganic compounds being involved. However, the rate of the ternary nucleation was 
found to depend weakly on ionization [40]. On the other hand, the experiments by Svensmark 
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et al. [41] revealed a noticeable link between the formation of CCN particles ~50 nm and ion-
ization. Thus, the question of GCR influence on the intensity of nucleation and subsequent 
growth of clusters to CCN sizes remains open and further experiments are needed.

Concerning observations in the real atmosphere, one should stress that direct effects of GCRs 
and corresponding changes of ionization on microphysical processes in clouds seem to be 
detectable only on rather short time scales (about several hours or days). On longer time scales 
dynamic processes developing as a response to GCR variations (or to some other solar activity 
phenomena) should be taken into account. Indeed, cloud enhancement according to any sug-
gested mechanism (ion-mediated nucleation or mechanisms including atmosphere electricity 
changes) results in changing radiative-thermal balance in the lower atmosphere and, conse-
quently, in some changes in the structure of thermo-baric fields of the troposphere which, 
in turn, influence atmospheric circulation and the evolution of baric systems. If changes of 
the thermo-baric field contribute to the deepening of low-pressure systems (cyclones and 
troughs), cloud fields of these systems will be enhanced. Thus, monthly averaged cloud 
amount will include not only direct (microphysical) effects of GCR variations on cloud par-
ticle formation, but also indirect effects due to the circulation changes influencing cloudiness. 
So, when considering cloud data on longer time scales, we cannot distinguish between pri-
mary (microphysical) GCR effects on clouds and secondary ones, resulting from circulation 
changes associated with GCRs. Moreover, direct effects of GCRs on cloud characteristics seem 
to be weaker than those associated with long-term circulation disturbances. This point seems 
to be of importance to understand the nature of cloud-GCR correlation on longer time scales.

An important point to be understood concerns the violation of correlations between cloudi-
ness and GCR intensity occurred near 2000. As it was said above, this violation gave rise 
to doubt the role of GCRs in the mechanism of solar-atmospheric links. However, temporal 
variability of correlation links between the lower atmosphere characteristics and solar activity 
characteristics is a rather typical feature of these links. The observed correlations may enhance, 
weaken or even change the sign depending on time period. Veretenenko and Ogurtsov [42, 43]  
suggested that this variability may be due to changes of the epochs of the large-scale atmo-
spheric circulation associated, in turn, with changes in the strength of the stratospheric polar 
vortex. So, the question arises whether the observed violation of cloud-GCR links is a result of 
a change in the character of helio-geophysical effects on tropospheric circulation. The aim of 
this study is to consider the nature of correlation links detected between low clouds and GCRs 
on the decadal time scale, as well as possible reasons for the violation of these links near 2000.

2. CGR effects on atmosphere dynamics and cloud fields

It is well known that the main reason for cloud formation is a vertical transport of water vapor 
which results in its cooling and condensation (for example, see [44]). So, the formation of 
cloud fields in the troposphere is determined by upward air movements which, in turn, are 
closely related to atmospheric circulation.

At extratropical latitudes most large-scale upward movements, with the horizontal extent being 
from several hundred to several thousand kilometers, are associated with low-pressure systems, 
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cyclones and troughs. They result from a convergence of air flows near the Earth’s surface to the 
cyclone center or to the trough axis. Upward movements in the atmosphere are also associated 
with atmospheric fronts which are narrow transition zones between cold and warm air masses. 
A front is called ‘warm’, if a warm air mass moves toward a cold one shifting it. Warm fronts 
are characterized by regular ascending movements of air sliding slowly along a frontal surface. 
These movements produce strong systems of frontal stratiform clouds Ns-As-Cs (nimbostratus 
Ns, altostratus As and cirrostratus Cs) with continuous precipitation. Cold fronts arise when a 
cold air mass moves toward a warm one. Cloud systems of slowly moving cold fronts are simi-
lar to those of warm ones. If a cold front is fast moving, vertical velocity of air movements before 
this front is higher than before a warm one; this contributes to the development of convective 
clouds, such as cumulonimbus (Cb) with storm precipitation and lightening (for example, [44]). 
A merging of the cold and warm fronts (so-called ‘occlusion’) in the process of cyclone evolu-
tion results in the formation of an occluded front with the most complex cloud systems. A cloud 
field of an atmospheric front is seen from satellites as a long band, with the width being usually 
less than 1000 km and the length reaching several thousand kilometers.

An extratropical cyclone is usually a frontal one, all its evolution being closely related to fronts. 
First, a cyclone arises as a wave at cold front; then, it passes to the stage of a young cyclone 
characterized by an existence of a warm sector, i.e. the area of warm air between its cold and 
warm fronts. At the stage of the maximum development of a cyclone the occlusion starts and 
an occluded front is formed. At the final stage of cyclone evolution the occlusion continues, 
a cyclone gets cold and slow and starts filling. A well-developed cyclone can be seen from a 
satellite as a cloud vortex with a spiral structure, the cloud field dimensions being comparable 
with those of a cyclone (see Figure 1). Thus, frontal cloudiness develops at all the stages of 
cyclone evolution. This results in a close connection between cloud fields and baric fields of the 
atmosphere, with baric field changes being accompanied by the evolution of cloud systems.

Figure 1. Cloud system of an extratropical cyclone over Alaska gulf (NASA Earth Observatory, photo by Jessy Allen and 
Robert Simon [45]). The center of the vortex is marked by A.
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Let us consider variations of cloud cover at middle latitudes where the intensive cyclonic 
activity takes place and compare them with pressure variations. As experimental base for 
this study the cloud data from ISCCP (International Satellite Cloud Climatology Project) 
[46] available for the period from July 1983 to December 2009 were used. At present it is the 
most comprehensive and the longest archive of different cloud characteristics. According to 
ISCCP classification clouds are divided into three types depending on pressure at cloud top 
(CP): low (CP > 680 hPa), middle (440 hPa < CP < 680 hPa) and high (CP < 440 hPa) clouds. 
Cloud amount is defined as a fraction of the area covered by clouds of a definite type and is 
expressed as a percentage of the total area. Anomalies of cloud amount are determined as 
the difference between monthly values of cloud amount of the studied type and the climatic 
mean, i.e. cloud amount for a given month averaged over the whole period of observation.

In this study we consider monthly values of low cloud anomalies (LCA) from the ISCCP-D2 
archive based on infrared (11 μm) radiance measurements [47]. Low-level cloudiness involves 
stratus (St), nimbostratus (Ns) and stratocumulus (Sc), it may also involve convective cumu-
lus (Cu). The data were taken for the mid-latitudinal belts 30–60° of both hemispheres which 
are regions of intensive extratropical cyclogenesis. At these latitudes the ISCCP data are in a 
rather good agreement with other satellite data (MODIS, UW HIRS), unlike polar ones [48].

In Figure 2a and b, temporal variations of LCA for the Northern and Southern hemispheres 
are presented. One can see a gradual decrease of low cloudiness from the early 1980s to 2009, 

Figure 2. Left: Temporal variations of LCA (monthly values) at the latitudes 30–60° in the Northern (a) and Southern 
(b) hemispheres. Right: Temporal variations of detrended values of LCA in the Northern and Southern hemispheres 
(c) and detrended values of LCA in the Northern hemisphere versus those in the Southern one. Thick lines show 
linear (a, b) and polynomial (c) trends in LCA variations.
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cyclones and troughs. They result from a convergence of air flows near the Earth’s surface to the 
cyclone center or to the trough axis. Upward movements in the atmosphere are also associated 
with atmospheric fronts which are narrow transition zones between cold and warm air masses. 
A front is called ‘warm’, if a warm air mass moves toward a cold one shifting it. Warm fronts 
are characterized by regular ascending movements of air sliding slowly along a frontal surface. 
These movements produce strong systems of frontal stratiform clouds Ns-As-Cs (nimbostratus 
Ns, altostratus As and cirrostratus Cs) with continuous precipitation. Cold fronts arise when a 
cold air mass moves toward a warm one. Cloud systems of slowly moving cold fronts are simi-
lar to those of warm ones. If a cold front is fast moving, vertical velocity of air movements before 
this front is higher than before a warm one; this contributes to the development of convective 
clouds, such as cumulonimbus (Cb) with storm precipitation and lightening (for example, [44]). 
A merging of the cold and warm fronts (so-called ‘occlusion’) in the process of cyclone evolu-
tion results in the formation of an occluded front with the most complex cloud systems. A cloud 
field of an atmospheric front is seen from satellites as a long band, with the width being usually 
less than 1000 km and the length reaching several thousand kilometers.

An extratropical cyclone is usually a frontal one, all its evolution being closely related to fronts. 
First, a cyclone arises as a wave at cold front; then, it passes to the stage of a young cyclone 
characterized by an existence of a warm sector, i.e. the area of warm air between its cold and 
warm fronts. At the stage of the maximum development of a cyclone the occlusion starts and 
an occluded front is formed. At the final stage of cyclone evolution the occlusion continues, 
a cyclone gets cold and slow and starts filling. A well-developed cyclone can be seen from a 
satellite as a cloud vortex with a spiral structure, the cloud field dimensions being comparable 
with those of a cyclone (see Figure 1). Thus, frontal cloudiness develops at all the stages of 
cyclone evolution. This results in a close connection between cloud fields and baric fields of the 
atmosphere, with baric field changes being accompanied by the evolution of cloud systems.

Figure 1. Cloud system of an extratropical cyclone over Alaska gulf (NASA Earth Observatory, photo by Jessy Allen and 
Robert Simon [45]). The center of the vortex is marked by A.
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Let us consider variations of cloud cover at middle latitudes where the intensive cyclonic 
activity takes place and compare them with pressure variations. As experimental base for 
this study the cloud data from ISCCP (International Satellite Cloud Climatology Project) 
[46] available for the period from July 1983 to December 2009 were used. At present it is the 
most comprehensive and the longest archive of different cloud characteristics. According to 
ISCCP classification clouds are divided into three types depending on pressure at cloud top 
(CP): low (CP > 680 hPa), middle (440 hPa < CP < 680 hPa) and high (CP < 440 hPa) clouds. 
Cloud amount is defined as a fraction of the area covered by clouds of a definite type and is 
expressed as a percentage of the total area. Anomalies of cloud amount are determined as 
the difference between monthly values of cloud amount of the studied type and the climatic 
mean, i.e. cloud amount for a given month averaged over the whole period of observation.

In this study we consider monthly values of low cloud anomalies (LCA) from the ISCCP-D2 
archive based on infrared (11 μm) radiance measurements [47]. Low-level cloudiness involves 
stratus (St), nimbostratus (Ns) and stratocumulus (Sc), it may also involve convective cumu-
lus (Cu). The data were taken for the mid-latitudinal belts 30–60° of both hemispheres which 
are regions of intensive extratropical cyclogenesis. At these latitudes the ISCCP data are in a 
rather good agreement with other satellite data (MODIS, UW HIRS), unlike polar ones [48].

In Figure 2a and b, temporal variations of LCA for the Northern and Southern hemispheres 
are presented. One can see a gradual decrease of low cloudiness from the early 1980s to 2009, 

Figure 2. Left: Temporal variations of LCA (monthly values) at the latitudes 30–60° in the Northern (a) and Southern 
(b) hemispheres. Right: Temporal variations of detrended values of LCA in the Northern and Southern hemispheres 
(c) and detrended values of LCA in the Northern hemisphere versus those in the Southern one. Thick lines show 
linear (a, b) and polynomial (c) trends in LCA variations.

Galactic Cosmic Rays and Low Clouds: Possible Reasons for Correlation Reversal
http://dx.doi.org/10.5772/intechopen.75428

85



a reason for this decrease being not quite clear. According to [49], the trends may be due to 
some changes in the satellite view angles. However, as it will be shown later, this decrease of 
cloudiness may be also associated with long-term weakening of cyclonic activity in the belts 
under study. In any case, for our analysis of cloud-GCR links, we detrend values of LCA and 
GCR intensity.

Removal of linear trend in LCA reveals (Figure 2c) that low cloud anomalies in the Northern 
and Southern hemispheres have a rather high similarity. The correlation coefficient between 
these values amounts to 0.62 (Figure 2d), the statistical significance being 0.95 according to 
the random-phase test [50]. LCA variations in both hemispheres seem to be also characterized 
by a roughly 20-year periodicity. This periodicity, which is close to the magnetic Hale cycle on 
the Sun, was detected in many climatic parameters (for example, see [51, 52]), including the 
intensity of extratropical cyclogenesis in the North Atlantic [53]. Thus, the ~20-year periodic-
ity indicates a link between cloudiness and the evolution of dynamic processes in the lower 
atmosphere.

Let us now compare temporal variations of LCA and GCR intensity. To characterize GCR 
intensity we used monthly values of charged particle fluxes FCR measured in the strato-
sphere at ~15–20 km (in the maximum of the transition curve) at the mid-latitudinal station 
Dolgoprudny (geomagnetic cutoff rigidity Rc = 2.35 GV) near Moscow [54]. Variations of LCA 
and FCR monthly values, the linear trends being subtracted, are presented in Figure 3. We can 
see that till ~2000 LCA and GCR intensity varied in a similar way, but then this similarity was 
violated. Indeed, the correlation coefficients between yearly values of LCA and GCR fluxes 
for sliding 11-year intervals (Figure 4) show that cloud-GCR links were the closest in both 
hemispheres from the middle 1980s to the middle 1990s, the correlation coefficients amount-
ing to ~0.6–0.8. The statistical significance levels (dotted lines in Figure 4) for the correlation 
coefficients were estimated on the base of Monte-Carlo simulations of sliding coefficients for 
surrogate time series obtained by a randomization of initial ones. In the indicated period 
the cloud-GCR correlations were most significant (the significance level 0.95–0.99), but since 
~2000 they started to decrease sharply and in the early 2000s correlation became negative in 
both hemispheres.

Figure 3. Temporal variations of detrended monthly values of LCA and GCR fluxes in the Northern (a) and Southern 
(b) hemispheres. Thick lines show 12-month running averages of LCA.
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Taking into account a close link between cloudiness and dynamic processes in the atmosphere, 
let us consider pressure variations at middle latitudes. As a characteristic of pressure we used 
geopotential heights of the pressure level 700 hPa (GPH700), taken from NCEP/NCAR reanal-
ysis archive [55]. The indicated level is related to the free atmosphere where effects of Earth’s 
surface friction on air motion are negligible, and its heights correlate well with surface pres-
sure. Temporal variations of 12-month running averages of GPH700 values area-averaged 
over the belts 30–60° in both hemispheres are shown in Figure 5 for the period 1948–2013. One 
can see that long-term variations of pressure differ noticeably in these belts, which implies that 
cyclonic processes at middle latitudes of the Northern and Southern hemispheres develop to 
a great extent independently. However, during the period of ISCCP observations (1983–2009) 
pressure in the studied belts was gradually increasing, i.e. cyclonic processes were weaken-
ing. As cloud fields are produced by upward air movements closely associated with large-
scale low-pressure areas, a weakening of cyclonic processes had to result in a decrease of 
cloud cover. Thus, LCA decrease during the period 1983–2009 is consistent with observed 
pressure changes.

In Figure 6a and b, pressure (GPH700) anomalies in the belts 30–60°N (S), calculated similarly 
to low cloud anomalies, are compared with GCR variations, with the data being averaged 
over a year and the linear trends being removed. From the early 1980s to ~2000 pressure at 
middle latitudes of the Northern hemisphere and GCR variations developed in the oppo-
site phases, i.e. GCR increases were accompanied by cyclone intensification and pressure 
decrease, which agrees well with the effects detected in [42]. However, this link was destroyed 
near 2000. A similar situation took place in the Southern hemisphere. However, unlike the 
Northern one, where GCR effects are pronounced in almost all the belt 30–60°, GCR effects on 
cyclone evolution in the Southern hemisphere are restricted by the areas of climatic lows near 

Figure 4. Correlation coefficients between yearly values of LCA and GCR fluxes for sliding 11-year intervals in the 
Northern (solid red line) and Southern (dashed blue line) hemispheres. Dotted lines show the significance levels of the 
correlation coefficients.
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a reason for this decrease being not quite clear. According to [49], the trends may be due to 
some changes in the satellite view angles. However, as it will be shown later, this decrease of 
cloudiness may be also associated with long-term weakening of cyclonic activity in the belts 
under study. In any case, for our analysis of cloud-GCR links, we detrend values of LCA and 
GCR intensity.

Removal of linear trend in LCA reveals (Figure 2c) that low cloud anomalies in the Northern 
and Southern hemispheres have a rather high similarity. The correlation coefficient between 
these values amounts to 0.62 (Figure 2d), the statistical significance being 0.95 according to 
the random-phase test [50]. LCA variations in both hemispheres seem to be also characterized 
by a roughly 20-year periodicity. This periodicity, which is close to the magnetic Hale cycle on 
the Sun, was detected in many climatic parameters (for example, see [51, 52]), including the 
intensity of extratropical cyclogenesis in the North Atlantic [53]. Thus, the ~20-year periodic-
ity indicates a link between cloudiness and the evolution of dynamic processes in the lower 
atmosphere.

Let us now compare temporal variations of LCA and GCR intensity. To characterize GCR 
intensity we used monthly values of charged particle fluxes FCR measured in the strato-
sphere at ~15–20 km (in the maximum of the transition curve) at the mid-latitudinal station 
Dolgoprudny (geomagnetic cutoff rigidity Rc = 2.35 GV) near Moscow [54]. Variations of LCA 
and FCR monthly values, the linear trends being subtracted, are presented in Figure 3. We can 
see that till ~2000 LCA and GCR intensity varied in a similar way, but then this similarity was 
violated. Indeed, the correlation coefficients between yearly values of LCA and GCR fluxes 
for sliding 11-year intervals (Figure 4) show that cloud-GCR links were the closest in both 
hemispheres from the middle 1980s to the middle 1990s, the correlation coefficients amount-
ing to ~0.6–0.8. The statistical significance levels (dotted lines in Figure 4) for the correlation 
coefficients were estimated on the base of Monte-Carlo simulations of sliding coefficients for 
surrogate time series obtained by a randomization of initial ones. In the indicated period 
the cloud-GCR correlations were most significant (the significance level 0.95–0.99), but since 
~2000 they started to decrease sharply and in the early 2000s correlation became negative in 
both hemispheres.

Figure 3. Temporal variations of detrended monthly values of LCA and GCR fluxes in the Northern (a) and Southern 
(b) hemispheres. Thick lines show 12-month running averages of LCA.
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Taking into account a close link between cloudiness and dynamic processes in the atmosphere, 
let us consider pressure variations at middle latitudes. As a characteristic of pressure we used 
geopotential heights of the pressure level 700 hPa (GPH700), taken from NCEP/NCAR reanal-
ysis archive [55]. The indicated level is related to the free atmosphere where effects of Earth’s 
surface friction on air motion are negligible, and its heights correlate well with surface pres-
sure. Temporal variations of 12-month running averages of GPH700 values area-averaged 
over the belts 30–60° in both hemispheres are shown in Figure 5 for the period 1948–2013. One 
can see that long-term variations of pressure differ noticeably in these belts, which implies that 
cyclonic processes at middle latitudes of the Northern and Southern hemispheres develop to 
a great extent independently. However, during the period of ISCCP observations (1983–2009) 
pressure in the studied belts was gradually increasing, i.e. cyclonic processes were weaken-
ing. As cloud fields are produced by upward air movements closely associated with large-
scale low-pressure areas, a weakening of cyclonic processes had to result in a decrease of 
cloud cover. Thus, LCA decrease during the period 1983–2009 is consistent with observed 
pressure changes.

In Figure 6a and b, pressure (GPH700) anomalies in the belts 30–60°N (S), calculated similarly 
to low cloud anomalies, are compared with GCR variations, with the data being averaged 
over a year and the linear trends being removed. From the early 1980s to ~2000 pressure at 
middle latitudes of the Northern hemisphere and GCR variations developed in the oppo-
site phases, i.e. GCR increases were accompanied by cyclone intensification and pressure 
decrease, which agrees well with the effects detected in [42]. However, this link was destroyed 
near 2000. A similar situation took place in the Southern hemisphere. However, unlike the 
Northern one, where GCR effects are pronounced in almost all the belt 30–60°, GCR effects on 
cyclone evolution in the Southern hemisphere are restricted by the areas of climatic lows near 

Figure 4. Correlation coefficients between yearly values of LCA and GCR fluxes for sliding 11-year intervals in the 
Northern (solid red line) and Southern (dashed blue line) hemispheres. Dotted lines show the significance levels of the 
correlation coefficients.
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Antarctic coasts in the South Atlantic and the Indian ocean, as well at climatic Polar fronts 
over the South Pacific [42]. So, GPH700 anomalies for the Southern hemisphere (Figure 6b) 
were calculated for these cyclonic areas.

Figure 5. Long-term variations of tropospheric pressure (12-month running averages of GPH700) in the belts 30–60° of 
the Northern (a) and Southern (b) hemispheres. Red lines show polynomial trends.

Figure 6. Left: Temporal variations of GPH700 anomalies in the belts 30–60° and GCR fluxes (detrended yearly values) 
in the Northern (a) and Southern (b) hemispheres. Right: Correlation coefficients for sliding 11-year intervals between 
LCA and GCR fluxes (dashed lines), GPH700 anomalies and GCR fluxes (solid lines) in the Northern (c) and Southern (d) 
hemispheres. In the Southern hemisphere, the correlation coefficients are shown for the whole belt 30–60°S (light green 
line) and for the cyclonic areas (dark green line). Dotted lines show the significance levels of the correlations coefficients 
between GPH700 and GCR fluxes.

Cosmic Rays88

Thus, the data presented in Figure 6 (left) show that before ~2000 GCR increases in the 
solar minima contributed to extratropical cyclone intensification at middle latitudes of both 
hemispheres, but near 2000 the character of the pressure-GCR link was abruptly changed. 
This is confirmed by the temporal behavior of correlation coefficients for sliding 11-year 
intervals between detrended yearly values of GPH700 anomalies and GCR fluxes shown in 
Figure 6 (right). From the middle 1980s to the middle 1990s, the strongest negative correla-
tion, with R(GPH, FCR) reaching approximately −0.8 and statistically significant at the level 
0.98 according to Monte-Carlo estimates, was observed throughout the mid-latitudinal belt 
of the Northern hemisphere and in the cyclonic areas of the Southern one. In this period 
we can see the most pronounced positive correlation between low clouds and GCR fluxes 
which is consistent with GCR effects on cyclone development. Then, a negative correlation 
between pressure and GCR fluxes started weakening and its sign reversal took place in 
the early 2000s. Simultaneously with the weakening of the pressure-GCR correlation, we 
observe the corresponding weakening of a positive correlation between low clouds and 
GCR variations, as well as this correlation turning negative in the early 2000s. Thus, the 
obtained results suggest that cloud-GCR correlation links at middle latitudes observed on 
the decadal time scale are closely related to GCR effects on the development of cyclonic 
processes.

3. Polar vortex as a possible reason for the variability of GCR effects 
on the lower atmosphere

It is well known that temporal variability is a characteristic feature of solar-atmospheric links 
(see, for example, [56]). Correlation links observed between lower atmosphere characteris-
tics and phenomena related to solar activity may weaken, disappear and even change sign 
depending on time period. So, a violation of the cloud-GCR link in the 2000s is not an extraor-
dinary event. Herman and Goldberg [56] suggested that a reason for temporal variability of 
solar-atmospheric links may be long-term processes of the Sun which do not influence sunspot 
numbers and/or some changes of atmospheric conditions. Veretenenko and Ogurtsov [42, 43] 
showed that temporal behavior of correlation links between surface pressure at extratropical 
latitudes and sunspot numbers is characterized by a roughly 60-year periodicity caused by 
changes in the epochs of the large-scale atmospheric circulation. The reversals of the correla-
tion signs were found in the end of the nineteenth century, in the early 1920s, the 1950s and 
the early 1980s coinciding with climatic regime shifts at middle latitudes [57], as well as with 
the transitions between cold and warm epochs in the Arctic [58]. So, a violation of the cloud-
GCR link in the 2000s seems not to be unexpected and may be associated with the next change 
of the circulation epochs resulting in the change of GCR contribution to extratropical cyclonic 
activity and, then, to cloud field formation.

According to the suggestions in [58], the changes of the circulation epochs are closely related 
to the state of the polar vortex. The polar vortex is a cyclonic circulation forming in a cold 
air mass in the polar region of the Northern and Southern hemispheres and spreading from 
the middle troposphere to the upper stratosphere. A circular air motion in the vortex results 
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Antarctic coasts in the South Atlantic and the Indian ocean, as well at climatic Polar fronts 
over the South Pacific [42]. So, GPH700 anomalies for the Southern hemisphere (Figure 6b) 
were calculated for these cyclonic areas.

Figure 5. Long-term variations of tropospheric pressure (12-month running averages of GPH700) in the belts 30–60° of 
the Northern (a) and Southern (b) hemispheres. Red lines show polynomial trends.

Figure 6. Left: Temporal variations of GPH700 anomalies in the belts 30–60° and GCR fluxes (detrended yearly values) 
in the Northern (a) and Southern (b) hemispheres. Right: Correlation coefficients for sliding 11-year intervals between 
LCA and GCR fluxes (dashed lines), GPH700 anomalies and GCR fluxes (solid lines) in the Northern (c) and Southern (d) 
hemispheres. In the Southern hemisphere, the correlation coefficients are shown for the whole belt 30–60°S (light green 
line) and for the cyclonic areas (dark green line). Dotted lines show the significance levels of the correlations coefficients 
between GPH700 and GCR fluxes.
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Thus, the data presented in Figure 6 (left) show that before ~2000 GCR increases in the 
solar minima contributed to extratropical cyclone intensification at middle latitudes of both 
hemispheres, but near 2000 the character of the pressure-GCR link was abruptly changed. 
This is confirmed by the temporal behavior of correlation coefficients for sliding 11-year 
intervals between detrended yearly values of GPH700 anomalies and GCR fluxes shown in 
Figure 6 (right). From the middle 1980s to the middle 1990s, the strongest negative correla-
tion, with R(GPH, FCR) reaching approximately −0.8 and statistically significant at the level 
0.98 according to Monte-Carlo estimates, was observed throughout the mid-latitudinal belt 
of the Northern hemisphere and in the cyclonic areas of the Southern one. In this period 
we can see the most pronounced positive correlation between low clouds and GCR fluxes 
which is consistent with GCR effects on cyclone development. Then, a negative correlation 
between pressure and GCR fluxes started weakening and its sign reversal took place in 
the early 2000s. Simultaneously with the weakening of the pressure-GCR correlation, we 
observe the corresponding weakening of a positive correlation between low clouds and 
GCR variations, as well as this correlation turning negative in the early 2000s. Thus, the 
obtained results suggest that cloud-GCR correlation links at middle latitudes observed on 
the decadal time scale are closely related to GCR effects on the development of cyclonic 
processes.

3. Polar vortex as a possible reason for the variability of GCR effects 
on the lower atmosphere

It is well known that temporal variability is a characteristic feature of solar-atmospheric links 
(see, for example, [56]). Correlation links observed between lower atmosphere characteris-
tics and phenomena related to solar activity may weaken, disappear and even change sign 
depending on time period. So, a violation of the cloud-GCR link in the 2000s is not an extraor-
dinary event. Herman and Goldberg [56] suggested that a reason for temporal variability of 
solar-atmospheric links may be long-term processes of the Sun which do not influence sunspot 
numbers and/or some changes of atmospheric conditions. Veretenenko and Ogurtsov [42, 43] 
showed that temporal behavior of correlation links between surface pressure at extratropical 
latitudes and sunspot numbers is characterized by a roughly 60-year periodicity caused by 
changes in the epochs of the large-scale atmospheric circulation. The reversals of the correla-
tion signs were found in the end of the nineteenth century, in the early 1920s, the 1950s and 
the early 1980s coinciding with climatic regime shifts at middle latitudes [57], as well as with 
the transitions between cold and warm epochs in the Arctic [58]. So, a violation of the cloud-
GCR link in the 2000s seems not to be unexpected and may be associated with the next change 
of the circulation epochs resulting in the change of GCR contribution to extratropical cyclonic 
activity and, then, to cloud field formation.

According to the suggestions in [58], the changes of the circulation epochs are closely related 
to the state of the polar vortex. The polar vortex is a cyclonic circulation forming in a cold 
air mass in the polar region of the Northern and Southern hemispheres and spreading from 
the middle troposphere to the upper stratosphere. A circular air motion in the vortex results 
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in a decrease of heat exchange between polar and middle latitudes and this contributes to 
a temperature drop inside the vortex and an increase of temperature gradients at its edges  
(see Figure 7). The vortex can also be seen as a region of enhanced velocity of zonal winds 
in the stratosphere during cold months for the given hemisphere, the highest values being 
observed at latitudes 50–80° at the pressure levels above 50 hPa.

The polar vortex is an important factor of the large-scale atmospheric circulation and climate 
variability. Gudkovich et al. [58] showed that the rotation of cold and warm epochs in the 
Arctic are caused by changes of the vortex intensity, warm and cold epochs being associ-
ated with a strong and weak vortex, respectively. Indeed, under strong vortex conditions 
cyclone tracks are shifted to the north [59] and more North-Atlantic cyclones arrive in the 
polar region bringing warm air. An important feature of the polar vortex is its influence on 
the troposphere-stratosphere coupling via planetary waves. Propagation of planetary waves 
upward depends on stratospheric circulation (for example, [60, 61]). If the vortex is strong 
and a velocity of western winds in the stratosphere exceeds some critical value, these waves 
are reflected back to the troposphere. If the vortex is weak, planetary waves propagate freely 
upward. So, the stratosphere may influence the troposphere under a strong vortex regime. 
Under a weak vortex, only the troposphere may influence the stratosphere. This point seems 
to be of importance to understand the observed temporal variability of solar activity/GCR 
effects on tropospheric circulation.

Let us consider variations of the polar vortex intensity and compare them with temporal 
behavior of GCR effects on cyclonic activity and clouds. To characterize the vortex strength, 
we used zonally averaged velocity of western winds (i.e. the U-component of wind velocity 
directed from west to east from [55]) at the level 50 hPa (~20 km). In Figure 8 (top panel) there 
are presented variations (detrended values) of mean zonal wind velocity in the belts 60–80° 
in both hemispheres averaged for six cold months (October-March in the Northern hemi-
sphere and April-September in the Southern one). The correlation coefficients R(GPH, FCR) 
and R(LCA,FCR) for sliding 11-year intervals are shown in Figure 8 (bottom panel).

Figure 7. Distribution of mean monthly temperature at the pressure level 20 hPa (a) and of magnitude of horizontal 
temperature gradients (b) in the Northern hemisphere in January 2005. White asterisk indicates a minimum of 
temperature in the vortex; thick black line connects the points of maximal values of the temperature gradient at given 
latitude.
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From the middle 1980s to the middle 1990s the polar vortices in both hemispheres were 
enhanced. The vortex enhancement was the most prominent in the Northern hemisphere, the 
wind velocity increasing up to 4–7 m.s−1 relative to the trend values. This agrees well with the 
data [62] showing no strong sudden stratospheric warming destroying the vortex in the indi-
cated period. The vortex in the Southern hemisphere is more stable than that in the Northern 
one; however, we can also see a noticeable increase in wind velocity. The data in Figure 8 
show that in the period of the vortex enhancement most statistically significant correlations 
between pressure (cyclonic intensity) and GCR fluxes, as well as between low clouds and 
GCR fluxes take place. In the late 1990s both the vortices and the correlations GPH–GCR and 
LCA–GCR in both hemispheres started weakening. A sharp decrease of the wind velocities 
resulting in the vortex transition to its weak state occurred near 2000 in both hemispheres. 
The reversal of correlation coefficients under study coincided well with the transition of the 
vortices to a weak state. Thus, the presented data allow suggesting that the violation of the 
correlation between low cloudiness and GCR intensity detected on the decadal scale is closely 
related to the change of the polar vortex strength.

The results of this study confirm that the changes of the atmosphere state, in particular, of 
the intensity of the stratospheric polar vortex, may be a real reason for the observed tempo-
ral variability of solar-atmospheric links. Indeed, sign reversals of correlation links between 

Figure 8. Top: Variations of mean zonal velocity of western winds (the U-component) at the stratospheric level 50 hPa in the 
belt 60–80° for cold months in the Northern (a) and Southern (c) hemispheres. Thick lines show 11-year running averages 
and polynomial fits. Bottom: Correlation coefficients for sliding 11-year intervals between LCA and GCR fluxes (dashed 
lines), GPH700 anomalies and GCR fluxes (solid lines) in the Northern (b) and Southern (d) hemispheres. Dotted lines show 
the significance levels of the correlation coefficients. The period of an enhanced vortex is marked by vertical dashed lines.
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in a decrease of heat exchange between polar and middle latitudes and this contributes to 
a temperature drop inside the vortex and an increase of temperature gradients at its edges  
(see Figure 7). The vortex can also be seen as a region of enhanced velocity of zonal winds 
in the stratosphere during cold months for the given hemisphere, the highest values being 
observed at latitudes 50–80° at the pressure levels above 50 hPa.

The polar vortex is an important factor of the large-scale atmospheric circulation and climate 
variability. Gudkovich et al. [58] showed that the rotation of cold and warm epochs in the 
Arctic are caused by changes of the vortex intensity, warm and cold epochs being associ-
ated with a strong and weak vortex, respectively. Indeed, under strong vortex conditions 
cyclone tracks are shifted to the north [59] and more North-Atlantic cyclones arrive in the 
polar region bringing warm air. An important feature of the polar vortex is its influence on 
the troposphere-stratosphere coupling via planetary waves. Propagation of planetary waves 
upward depends on stratospheric circulation (for example, [60, 61]). If the vortex is strong 
and a velocity of western winds in the stratosphere exceeds some critical value, these waves 
are reflected back to the troposphere. If the vortex is weak, planetary waves propagate freely 
upward. So, the stratosphere may influence the troposphere under a strong vortex regime. 
Under a weak vortex, only the troposphere may influence the stratosphere. This point seems 
to be of importance to understand the observed temporal variability of solar activity/GCR 
effects on tropospheric circulation.

Let us consider variations of the polar vortex intensity and compare them with temporal 
behavior of GCR effects on cyclonic activity and clouds. To characterize the vortex strength, 
we used zonally averaged velocity of western winds (i.e. the U-component of wind velocity 
directed from west to east from [55]) at the level 50 hPa (~20 km). In Figure 8 (top panel) there 
are presented variations (detrended values) of mean zonal wind velocity in the belts 60–80° 
in both hemispheres averaged for six cold months (October-March in the Northern hemi-
sphere and April-September in the Southern one). The correlation coefficients R(GPH, FCR) 
and R(LCA,FCR) for sliding 11-year intervals are shown in Figure 8 (bottom panel).

Figure 7. Distribution of mean monthly temperature at the pressure level 20 hPa (a) and of magnitude of horizontal 
temperature gradients (b) in the Northern hemisphere in January 2005. White asterisk indicates a minimum of 
temperature in the vortex; thick black line connects the points of maximal values of the temperature gradient at given 
latitude.
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From the middle 1980s to the middle 1990s the polar vortices in both hemispheres were 
enhanced. The vortex enhancement was the most prominent in the Northern hemisphere, the 
wind velocity increasing up to 4–7 m.s−1 relative to the trend values. This agrees well with the 
data [62] showing no strong sudden stratospheric warming destroying the vortex in the indi-
cated period. The vortex in the Southern hemisphere is more stable than that in the Northern 
one; however, we can also see a noticeable increase in wind velocity. The data in Figure 8 
show that in the period of the vortex enhancement most statistically significant correlations 
between pressure (cyclonic intensity) and GCR fluxes, as well as between low clouds and 
GCR fluxes take place. In the late 1990s both the vortices and the correlations GPH–GCR and 
LCA–GCR in both hemispheres started weakening. A sharp decrease of the wind velocities 
resulting in the vortex transition to its weak state occurred near 2000 in both hemispheres. 
The reversal of correlation coefficients under study coincided well with the transition of the 
vortices to a weak state. Thus, the presented data allow suggesting that the violation of the 
correlation between low cloudiness and GCR intensity detected on the decadal scale is closely 
related to the change of the polar vortex strength.

The results of this study confirm that the changes of the atmosphere state, in particular, of 
the intensity of the stratospheric polar vortex, may be a real reason for the observed tempo-
ral variability of solar-atmospheric links. Indeed, sign reversals of correlation links between 

Figure 8. Top: Variations of mean zonal velocity of western winds (the U-component) at the stratospheric level 50 hPa in the 
belt 60–80° for cold months in the Northern (a) and Southern (c) hemispheres. Thick lines show 11-year running averages 
and polynomial fits. Bottom: Correlation coefficients for sliding 11-year intervals between LCA and GCR fluxes (dashed 
lines), GPH700 anomalies and GCR fluxes (solid lines) in the Northern (b) and Southern (d) hemispheres. Dotted lines show 
the significance levels of the correlation coefficients. The period of an enhanced vortex is marked by vertical dashed lines.
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troposphere pressure in the Northern hemisphere and sunspot numbers during the twentieth 
century coincided with the changes in the evolution of the large-scale circulation, which, in 
turn, were associated with the polar vortex transitions from one state to another [42, 43]. 
A roughly 60-year periodicity was revealed in the vortex strength, the phases of the Arctic 
Oscillation being used as a proxy of the vortex intensity [43], which is consistent with a similar 
periodicity found earlier in correlation links between pressure at extratropical latitudes and 
sunspot numbers [42]. Thus, the data presented in this study revealed the next change of the 
vortex state, which resulted in the reversal of correlation links between atmosphere character-
istics and phenomena associated with solar activity.

The detected modulation of long-term solar activity/GCR effects on troposphere dynamics 
by the polar vortex state seems to be due to its role in troposphere-stratosphere coupling via 
planetary waves. As it was said above, the stratosphere may influence the troposphere only 
under a strong vortex regime when planetary waves are reflected back to the troposphere. 
Hence, a strong vortex regime seems to be more favorable to transfer a signal produced in 
the polar stratosphere by GCRs (or other solar activity phenomena) to the troposphere, as 
changes in the vortex formation region may influence its intensity and, then, conditions for 
propagation of planetary waves. Indeed, we can see that GCR effects on cyclonic activity are 
most pronounced under a strong vortex (see Figures 6 and 8) that agrees well with the previ-
ous data [42]. Thus, the results of this study provide new evidence for an important part of the 
polar vortex in the mechanism of solar activity/GCR influence on the troposphere dynamics 
on the decadal and longer time scales.

Let us note a favorable location of the vortex for GCR effects on the lower atmosphere. The 
vortex is formed in the region of low geomagnetic cutoff rigidities (Rc < 2–3 GV) that allows 
particles with a broad energy range to precipitate, including low-energy GCR component 
which is strongly modulated by solar activity. Wind velocities in the vortex reach maximal 
values at the heights ~20–30 km where the maximum of the transition curve is observed 
[63]. This height range also involves the layer of stratospheric aerosols consisting mainly of 
water solution of sulfuric acid (the Junge layer) (for example, [64]). This creates conditions 
for influence of ionization changes on aerosol formation which, in turn, may influence the 
radiative-thermal balance and temperature in the stratosphere and, as a result, the vortex 
characteristics.

We should also stress that the data presented above do not imply a lack of GCR influence on 
microphysical processes in clouds. However, they suggest that the formation of cloud-GCR 
correlation links differs depending on the time scale. GCR variations may influence nucle-
ation rates and growth of particles in clouds according to IMN and/or electric mechanisms 
[3–11], but this influence may be detected only on rather short time scales (from hours to 
several days) until the response of atmosphere dynamics to radiative forcing of cloud changes 
enhances or weakens initial microphysical effects. On longer time scale direct effects of GCRs 
on cloud formation are masked by more powerful indirect effects through circulation changes 
associated with GCR variations, these indirect effects depending on the polar vortex state. 
Taking into account this suggestion, the violation of cloud-GCR correlation links detected 
near 2000 may be explained.
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4. Conclusion

The question of cloud-GCR links remains controversial and requires new studies, both experi-
mental and theoretical, to evaluate a real contribution of galactic cosmic rays to solar activity 
influence on the Earth’s climate. The data presented in this chapter show that possible links 
between clouds and GCR variations on the decadal and longer time scales could involve not only 
direct (microphysical) effects, but mostly indirect ones mediated by circulation changes. This 
should be taken into account when considering long-term GCR effects on the cloudiness state.

An important part in the formation of long-term GCR effects on cloud cover at extratropical lat-
itudes seems to be played by the stratospheric polar vortex. The state of the vortex controls the 
stratosphere-troposphere coupling creating more favorable conditions for GCR influence on 
extratropical cyclonic activity and, consequently, on cloud cover under a strong vortex regime. 
In this connection, a high positive correlation of low cloudiness and GCR variations in the 
1980s–1990s, which was the period of a strong vortex, may be explained by a pronounced inten-
sification of extratropical cyclones associated with GCR increases in the minima of the 11-year 
solar cycle. A sharp change of the vortex state near 2000 both in the Northern and Southern 
hemispheres altered the character of GCR effects on cyclone evolution and, thus, resulted in a 
violation of cloud-GCR correlation links observed earlier under strong vortex conditions.
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troposphere pressure in the Northern hemisphere and sunspot numbers during the twentieth 
century coincided with the changes in the evolution of the large-scale circulation, which, in 
turn, were associated with the polar vortex transitions from one state to another [42, 43]. 
A roughly 60-year periodicity was revealed in the vortex strength, the phases of the Arctic 
Oscillation being used as a proxy of the vortex intensity [43], which is consistent with a similar 
periodicity found earlier in correlation links between pressure at extratropical latitudes and 
sunspot numbers [42]. Thus, the data presented in this study revealed the next change of the 
vortex state, which resulted in the reversal of correlation links between atmosphere character-
istics and phenomena associated with solar activity.

The detected modulation of long-term solar activity/GCR effects on troposphere dynamics 
by the polar vortex state seems to be due to its role in troposphere-stratosphere coupling via 
planetary waves. As it was said above, the stratosphere may influence the troposphere only 
under a strong vortex regime when planetary waves are reflected back to the troposphere. 
Hence, a strong vortex regime seems to be more favorable to transfer a signal produced in 
the polar stratosphere by GCRs (or other solar activity phenomena) to the troposphere, as 
changes in the vortex formation region may influence its intensity and, then, conditions for 
propagation of planetary waves. Indeed, we can see that GCR effects on cyclonic activity are 
most pronounced under a strong vortex (see Figures 6 and 8) that agrees well with the previ-
ous data [42]. Thus, the results of this study provide new evidence for an important part of the 
polar vortex in the mechanism of solar activity/GCR influence on the troposphere dynamics 
on the decadal and longer time scales.

Let us note a favorable location of the vortex for GCR effects on the lower atmosphere. The 
vortex is formed in the region of low geomagnetic cutoff rigidities (Rc < 2–3 GV) that allows 
particles with a broad energy range to precipitate, including low-energy GCR component 
which is strongly modulated by solar activity. Wind velocities in the vortex reach maximal 
values at the heights ~20–30 km where the maximum of the transition curve is observed 
[63]. This height range also involves the layer of stratospheric aerosols consisting mainly of 
water solution of sulfuric acid (the Junge layer) (for example, [64]). This creates conditions 
for influence of ionization changes on aerosol formation which, in turn, may influence the 
radiative-thermal balance and temperature in the stratosphere and, as a result, the vortex 
characteristics.

We should also stress that the data presented above do not imply a lack of GCR influence on 
microphysical processes in clouds. However, they suggest that the formation of cloud-GCR 
correlation links differs depending on the time scale. GCR variations may influence nucle-
ation rates and growth of particles in clouds according to IMN and/or electric mechanisms 
[3–11], but this influence may be detected only on rather short time scales (from hours to 
several days) until the response of atmosphere dynamics to radiative forcing of cloud changes 
enhances or weakens initial microphysical effects. On longer time scale direct effects of GCRs 
on cloud formation are masked by more powerful indirect effects through circulation changes 
associated with GCR variations, these indirect effects depending on the polar vortex state. 
Taking into account this suggestion, the violation of cloud-GCR correlation links detected 
near 2000 may be explained.

Cosmic Rays92

4. Conclusion

The question of cloud-GCR links remains controversial and requires new studies, both experi-
mental and theoretical, to evaluate a real contribution of galactic cosmic rays to solar activity 
influence on the Earth’s climate. The data presented in this chapter show that possible links 
between clouds and GCR variations on the decadal and longer time scales could involve not only 
direct (microphysical) effects, but mostly indirect ones mediated by circulation changes. This 
should be taken into account when considering long-term GCR effects on the cloudiness state.

An important part in the formation of long-term GCR effects on cloud cover at extratropical lat-
itudes seems to be played by the stratospheric polar vortex. The state of the vortex controls the 
stratosphere-troposphere coupling creating more favorable conditions for GCR influence on 
extratropical cyclonic activity and, consequently, on cloud cover under a strong vortex regime. 
In this connection, a high positive correlation of low cloudiness and GCR variations in the 
1980s–1990s, which was the period of a strong vortex, may be explained by a pronounced inten-
sification of extratropical cyclones associated with GCR increases in the minima of the 11-year 
solar cycle. A sharp change of the vortex state near 2000 both in the Northern and Southern 
hemispheres altered the character of GCR effects on cyclone evolution and, thus, resulted in a 
violation of cloud-GCR correlation links observed earlier under strong vortex conditions.
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The search for the origin of high-energy cosmic rays has made significant progress in the
past decade. By including multi-messenger methods, the general picture of the presence of
a galactic component at low energies and an extragalactic one at the highest energies has
been strengthened. Yet, unambiguous proof of the exact origins of cosmic rays is still
missing. This chapter will review localized regions in the galaxy, which, due to their high
nonthermal emission, are likely cosmic ray cradles. What we can learn from combining
theoretical modeling with multi-messenger observations of regions like the Cygnus X
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investigation of such localized regions in the Milky Way will help to resolve the more
than 100-year-old question: what is the origin of cosmic rays? will be reviewed.
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1. Introduction

Galactic cosmic rays (GCRs) are defined as originating from outside our solar system but
inside of the Milky Way. The cosmic ray (CR) spectrum in the range of � 10 GeV and 1015 eV
and possibly beyond is believed to originate from the Milky Way. One of the main arguments
for this hypothesis concerns the energy budget needed to produce the CR spectrum above
�GeV energies, which cannot be reproduced by extragalactic sources but in particular by
supernova remnants (SNRs) in the Milky Way [1]. The shock fronts of SNRs are well suited to
accelerate charged particles via diffusive shock acceleration, which is another indication that
SNRs work well as a particle accelerator. However, it is not clear yet how SNRs can reach the
1015 eV that is needed to reach the first kink in the CR spectrum, the so-called cosmic ray knee.
Other sources like binary systems or pulsars could accelerate to even higher energies than
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1015 eV. On the other hand, their total energy budget does not suffice to reproduce the
intensity of the CR spectrum at Earth. In order to resolve the question of the origin of GCRs,
nonthermal emission of photons and neutrinos can be investigated. Low-energy photons (in
the radio to X-ray regime) comes from acceleration of electrons that suffer from synchrotron
radiation and can thus be used to estimate the electron spectrum in dependence on the local
magnetic field of the sources (see, e.g., [2] and references therein). High-energy photons can
come from hadronic interactions via the production of neutral pions or leptonic processes like
inverse Compton scattering or bremsstrahlung. This makes the interpretation of the signatures
a challenge. The identification of galactic sources in neutrinos would help to identify the
hadronic parts of the gamma spectrum, as neutrinos are co-produced with hadronic gamma
rays via the decay of charged pions that are created in hadronic interactions. While a flux of
astrophysical high-energy neutrinos has been detected for the first time in 2012 by IceCube [3],
due to the low statistic of neutrinos, it is not resolved at the moment in which sources
contribute to this diffuse flux. Thus, a combination of theoretical models with multi-messenger
observations—also taking into account thermal and line emission signatures—is crucial to
deduce information about the CRs and thus their formation process. It is advantageous to
consider as much various measurements as possible to constrict the space of variation of the
theoretical models. Once the various spectra and the ambient conditions from a potential CR
object are known, we can constrict the source geometry, the radiating processes, and the
properties of the attended CRs. In the next decades, as soon as we achieve the desired sensi-
tivity for measuring neutrinos, the revelation of the origin of CRs is only a question of time.
Theoretical predictions can lead the way to the first identification of the origin of GCRs. In this
context, star-forming regions are crucial for the understanding of cosmic ray cradles, as all
potential sources are correlated with star formation (or rather the dead of massive stars, which
correlates with star formation). In this review, we therefore focus on recent results that could
be achieved from the measurement and theoretical modeling of extended regions of CR
emission and interaction. We will focus on the Cygnus region, the Galactic Center region, and
the Eta Carinae region. In order to understand the connection between star formation and CRs,
different correlations between wavelength bands can be investigated. In particular, such
regions reveal a correlation between radio and far-infrared emission, as well as between radio
and gamma-ray emission. In the introduction, we will review these correlations that are best
established for starburst galaxies but exist locally in star-forming regions as well. Hereafter,
Chapter 2 will focus on the general ansatz to describe CR transport and interaction in these
extended regions. Chapter 3 will review the state of the art concerning measurements and
modeling of the nonthermal emission regions Cygnus X, Eta Carinae, and Galactic Center.

1.1. FIR-radio, radio-gamma, and gamma-neutrino correlations

The first FIR-radio correlation was discovered in Seyfert galaxy nuclei by van der Kruit (1971).
A general linear correlation for starburst galaxies was first discussed by Helou et al. [4]. Many
attempts have been made to understand the proportionality between radio and far infrared.
On the basis of rather simple modeling of galactic evolution, a strong correlation is actually
expected, since both supernova remnants and the dominant heating by ultraviolet light from
massive stars derive from the same stellar population [5, 6]. Using such models, the far-infrared
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luminosity of NGC2146 was predicted by [7], which is now observationally supported by IRAS
observations [8]. The correlation as seen in the data was first clearly stated by [9] and subse-
quently discussed at some length by many authors; see, e.g., [10–12].

An extensive attempt to interpret the correlation was made by Völk and collaborators [13].
Here, the electrons lose all energy and therefore, the correlation is calorimetric. The model
works quite well when considering the total energy budget, but it has some difficulties in
explaining the observation of flat radio spectra also holding on small scales, which is not in
concordance with the loss-dominated model. The solution of a spatial mixture of cutoffs would
still allow for a locally loss-dominated scenario. Most recently, it was discussed that the
nonthermal electrons that produce the synchrotron signatures are not those primarily co-
accelerated with the hadrons but that they dominantly come from charged pion decays, which
change the energetics of the problem [14].

Independent on the exact interpretation of the FIR-radio correlation, it indicates the coupling
of particle acceleration (visible in the radio band) to star formation, seen via FIR emission.

The different formation processes and their connection are illustrated in the following Figure 1.

As the CR electrons also interact with the ambient photons and lose energy due to inverse
Compton scattering, the FIR-radio correlation mainly depends on the average photon and
magnetic field according to q ¼ 1þUR=UB where UR,B denotes the averaged energy density of
the magnetic field and photon field, respectively [13]. Figure 2 demonstrates such a correlation.

1.1.1. Radio-gamma correlation

A correlation between radio and gamma emission has been found for a small number of
objects that are detected by Fermi and that are expected to be dominated by signatures of star
formation [16, 17]. Those objects that form the correlation are M 82, NGC 253, 1068, 4945, the
Milky Way, and the Large Magellanic Cloud. Such a linear correlation is striking. First of all,

Figure 1. At t ¼ t0: A massive star emits UV radiation which is absorbed by the ambient gas; after that, it releases FIR
radiation. At t ¼ t1: The massive star forms into a supernova remnant. The CRs from the SNR interact with the ambient
medium and fields. As a result, γ-rays, neutrinos, and synchrotron radiation are produced.
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these are all objects of different sizes and level of star-forming activity. Secondly, gamma-ray
emission is expected to be produced via hadronic interactions. Thus, the intensity should scale
with the density of the ambient medium. On the other hand, radio emission is due to synchro-
tron radiation and thus depends on the magnetic field strength. It is therefore not necessarily
natural that a linear correlation is established. A correlation between gas density and magnetic
field strength, as established for different systems, could account for such an effect. This
correlation has been investigated in detail for starburst galaxies by [18, 19].

1.1.2. Gamma-neutrino correlation

A source that is dominated by hadronically produced gamma rays should correlate with the
neutrino strength of a source. However, for most regions in the sky, it is not clear if the detected
gamma rays are of hadronic or leptonic nature.

The relevance of each process has to be restricted by considering reasonable arguments such as
measurements at different energy ranges or neutrino spectra that accompany the γ-ray pro-
duction due to the hadronic pion production. CR protons generate γ-rays due to the interac-
tion with the ambient gas and CR electrons due to the interaction with an ambient photon field
(inverse Compton) and the electromagnetic field of the ambient nucleus (nonthermal brems-
strahlung). All these processes can be formulated stochastically as energy spectra which are
included in the integrand formulations of a specific flux. For clarification, all relevant processes
for γ production and useful correlations are illustrated in Figure 3. As CR electrons and
protons from a unique source, they can be correlated according to a quasi-neutral plasma, or
in our galaxy (see [20] for a discussion), the relation of nonthermal radio and γ-ray emission is

Figure 2. Correlation of LFIR and LRadio,1:4GHz. Data from [15].
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just a question of completeness of the considered processes which generate γ-rays and syn-
chrotron radiation.

Thus, a gamma-neutrino correlation is based on all generation processes. Though neutrinos
can be generated by CR protons, the consideration of leptonic processes is just as well impor-
tant. Assuming that neutrinos are only produced in the processes illustrated in Figure 3, the γ-
rays and neutrinos from the same source can easily be correlated. They can be correlated by
considering the relevant energy spectra of neutrinos produced at proton-proton interaction
following to [21] and by using the same normalization factor as for the γ-ray flux.

1.1.3. Conclusions for nonthermal emission from star-forming regions

In star-forming regions in the Milky Way, it has become obvious in the past decades through
detections by Fermi, H.E.S.S., MAGIC, VERITAS, Milagro, and others that high energetic
processes are omnipresent. The content of many massive stars leads to a high rate of a
supernova explosion which releases high-energy CRs. On the one hand, the UV radiation of
the massive stars collides with the high-density dust and generates FIR radiation. On the other
hand, the released CR electrons are deflected by the ambient magnetic field which is related to
the column density [22] and produce synchrotron radiation. Moreover, the released CR can
cause γ-rays according to the processes in Figure 3. Figure 3 illustrated all crucial relations and
processes in star-forming region in our galaxy. Considering this relation, it is possible to
correlate the FIR emission with synchrotron radiation as well as with γ-ray and neutrino
emission. The procedure mentioned above is also illustrated in Figure 1 (left) where the
massive star at time t ¼ t0 sends out UV light that heats the ambient medium, which emits
FIR radiation. Figure 1 (right) exhibits the processes at t ¼ t1, after a supernova explosion,
where synchrotron radiation dominates at low energies and hadronic emission together with
IC and bremsstrahlung makes up the high-energy part of the energy spectrum.

Therefore, the star-forming regions such as starburst galaxies are natural laboratories for
studying the FIR-radio and even radio-gamma or gamma-neutrino correlation as high-energy
processes occur in these areas. Also, a correlation between the column density, IF photon field,
and the magnetic field has been observed [22]. In total, γ-rays, synchrotron, and FIR emission

Figure 3. An illustration of the relation in star-forming regions and all relevant astrophysical processes in our galaxy: The
red arrow represents the hadronic, the blue arrow the leptonic, and the gray arrow all processes which lead to the
generation of radiations that can be measured and correlated. Lastly, the brown arrow illustrates the correlation of
different physical quantities.
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are reinforced by the high ambient gas density, amount of massive stars, and thus also SNRs.
Due to their relation with CRs, the role of star-forming regions becomes of prime importance
for the understanding of the origin and propagation of CRs.

2. Modeling nonthermal emission from star-forming regions

The dynamics in a star-forming region can be very complicated. It is therefore often necessary
to work by simplifying assumptions which are reasonable and convenient to the relevant
conditions. The ability to describe particle transport phenomena is indispensable for predicting
processes in star-forming regions. The generic transport equation of the differential cosmic

density n t; r;γð Þ at a given time t, location r!, and particle Lorentz factor γ is given by [23]:

∂n r;γ; tð Þ
∂t|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Temporal Evolution

�∇D r;γð Þ∇n r;γ; tð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Spatial Diffusion

� ∂
∂γ

b r;γð Þn r;γ; tð Þ
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Continuous Loss

þv∇n r;γ; tð Þ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
AdvectiveWind

¼ Q r;γ; tð Þ|fflfflfflfflffl{zfflfflfflfflffl}
CRSource Rate

(1)

Here, v is the advection velocity; in consideration, it represents the local wind structure that
can be created through the density gradient which is present if a star-forming region of high
density sits in a lower-density region of the galaxy. The diffusion tensor is denoted by D r;γð Þ,
the continuous momentum loss by b r;γð Þ, and the source rate by Q r; γ; tð Þ. Depending on the
problem under investigation, the range of Eq. (1) can be extended by terms which consider a
network of losses of the nuclei via spallation and by collision and decay.

Numerical approaches are helpful and are already performed for the investigation of our
galaxy, e.g., by [24] or [25]. From the solution of the transport equation, Eq. (1), the differential
cosmic ray density can be calculated. This can be done for hadrons and/or electrons, where
different loss processes and source rates need to be considered depending on the species under
investigation. The source rate can then be used to model the interaction with the ambient gas,
magnetic field, or photon field. From the electron density, synchrotron radiation, inverse
Compton emission, and nonthermal bremsstrahlung can be calculated. Focusing on high-
energy hadronic processes (π0, π�, secondary e�, ν; see red lines in Figure 3), the resulting
fluxes Φp3 of the generated messenger particle of type p3 at a distance d to the source are
generally given by:
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Here, the specification is done by considering the cross sections σp1 , p2 , the energy spectra, Fp3 ,
e.g., from [21], and the reactant distribution Np2 , where p1 is an index that indicates the
primary particle species (CRs, either protons or electrons) and the index p2 relates to properties
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connected to the ambient reactant (photon field, magnetic field, or matter). Note that we
suppose that all generated particles can escape free from the region of interest, i.e.:
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of particle p1 to interact inelastically with particle p2. For the

nonthermal Bremsstrahlung production, the flux simplifies and is given by:
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with the bremsstrahlung cross section σBr ≃ 3:38 � 10�26 cm2 and the proton target density Nt.
The flux contributed by the inverse Compton (IC) process can be written as:

ΦIC Eγ
� � ¼ 3

4
c � mp � c2
� �

4π � d2
ðrmax

rmin

ðπ
0

ð2π
0

ð∞
Emin

ð∞
0

NIR ε; r;ϕ;Θ
� �

ε

� σT � ne Ee; r;ϕ;Θ
� � F Ee;Eγ

� �

E2
e

dEedεsin Θð ÞdΘ dϕ r2 dr
(5)

Here, σT denotes the Thomson cross section, NIR the differential photon density, F Ee;Eγ
� �

the

Klein-Nishina related function, and Emin ¼ Eγ= 2me � c2
� �þ Eγ= 4εð Þ� �1=2 the lower integration

limit [26].

For the low-energy photon emission, the spectrum of synchrotron radiation can be derived by
considering the total radiated power, which is performed isotropically; see [27] and references
therein:
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with P0 ¼ 2:65 � 10�10 � B
1G

� �
eVs�1Hz�1 and νs ≃ 4:2 � 106 B

1G

� �
Hz as the characteristic fre-

quency; see [18] and the references therein for the explicit mathematical derivation. While the
above equations are in principle valid for an arbitrary region of cosmic ray emission, the
adaption of the parameters in the equations, in particular the ambient conditions of the region
of interest, is crucial to find a sufficiently accurate solution for the problem of consideration.

One simplifying approach to solve the transport equation, Eq. (1), is the consideration of a
contained volume, the so-called leaky box model, where particles leak the volume due to
diffusion and advection on the characteristic timescales τdiff and τadv, respectively. Hence, the
diffusion term can be replaced by�n γ; tð Þ=τdiff and the advection term by n γ; tð Þ=τadv. In doing
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are reinforced by the high ambient gas density, amount of massive stars, and thus also SNRs.
Due to their relation with CRs, the role of star-forming regions becomes of prime importance
for the understanding of the origin and propagation of CRs.
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so, the solution just depends on the complexity of the source function and the continuous
losses. Numerical approaches can treat the problem in a higher complexity; the analytical
solutions have the advantage of being able to analyze the behavior of the source in more detail.

In the following, we will present three localized regions, which are star-forming regions and
deserve an adapted formulation of the CR density.

3. Star-forming regions in the Milky Way and the nonthermal emission

3.1. Cygnus X

Cygnus X is a part of the largest star-forming region of the constellation Cygnus in the
northern galactic plane and has a distance of 1.4 kpc from the Earth.

There are many reasons why Cygnus X is an excellent region to investigate the origin of CRs:

• The emission is observable from radio to high-energy gamma-ray frequencies [28], at
which in the energy range from GeV up to TeV, Cygnus X has the brightest emission in
the northern hemisphere [29].

• Many potential accelerators such as supernova remnants,1 pulsars, and pulsar wind
nebulae can be found. The Milagro detections at > TeV energy point toward a possible
hadronic emission scenario as leptonic processes cannot easily reach these energies, while
they are natural for hadronic scenarios. IceCube has good visibility of the Cygnus region
with muon neutrinos and could thus reveal a possible signal in neutrinos from that
direction in the near future [31]. Many of these constituents are pictured in Figure 4.

• Cygnus X contains a large number of H II regions [32], indicating a high level of ionization
—possibly caused by CRs; see, e.g., [33, 34].

All of these characteristics make Cygnus X a suitable natural laboratory for the astronomer to
look beyond the usual constrained view.

The supernova remnant γ Cygni was first investigated using Fermi data, which provide
information about the interstellar background by subtracting the radiation from γ Cygni.
Cygnus X has a cocoon, in which freshly accelerated CRs are expected to be present, as its
thermal emission exceeds 100 GeV. The SNR γ Cygni, which is in the cocoon, could cause the
acceleration of protons even up to 80� 300 TeV and electrons up to 6� 30 TeV [35]. The
accelerated particles could fill the whole cocoon if it is assumed that the main transport
mechanism is diffusion [35]. Thus, γ Cygni has the potential to be the only accelerator in the
cocoon. On the other hand, advection could dominate the transport mechanism, if an aniso-
tropic emission of γ Cygni was observed [35]. Yet, there is still no final proof for this scenario.
The cocoon could give hints about the transport mechanism and escape of CRs from their
source.

1
For example: γ Cygni J2021.0 + 4031e, which Milagro also detected at very high energies [30].
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The modeling of the Cygnus region is based on the transport equation, Eq. (1). In order to solve
the equation analytically, an emission from an isotropic and spatially homogeneous distrib-
uted part of the Cygnus region in its steady state is assumed. Additionally, a spatially inde-
pendent diffusion of the particles within Cygnus X is applied. This assumption is reasonable
since an extended region with a diameter of 77 pc will be considered, emission outside this
zone is negligible, the region is very complex, and small inhomogeneities are expected to
vanish at scales larger than the gyroradius. By this ansatz of the combination of a homoge-
neous injection and a leaky box, the variation of n r;γ; tð Þ only takes place at the scale of the
radius of our region of interest. Using the quasi-neutrality of the plasma, the nonthermal radio
and γ-ray emission can be correlated. This model has already been used for different starburst
galaxies by [18], and details of the calculation can be found there.

As no accurate data about the ambient conditions are known, the spectral index α, the target
density Nt, and the magnetic field B are kept as best-fit parameters which lead to a coincidence
between nonthermal radio and γ-ray data and the prediction from the model.

The variated parameters as a function of χ are shown in Figure 5.

The continuous and catastrophic losses are essential for the transport within Cygnus X.
Figure 6 compares all relevant losses in Cygnus X for electrons and protons separately.

Hereafter, the different γ-ray and neutrino fluxes, which are caused by different processes as
explained in Figure 3, can be calculated separately according to Eq. (2) and by considering the
related CR density distribution in Eq. (1). The agreement between γ-ray, synchrotron emission,
and the model can be seen by the following spectra.

The left spectrum of Figure 7 displays the γ-ray flux considering leptonic as well as hadronic
processes where the CR density has been derived for a homogeneous distribution in its steady

Figure 4. Fermi’s color map of Cygnus X (red cycle) distributed by Skyview HEASARC—HEALPixed by CDS; the map
was edited with Aladin v9.0. Additionally Cygnus X is pictured by a red cycle.
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state. Here, data from “Integral,” “Fermi-LAT,” and “ARGO-YBJ” as well as “Milagro” data,
were considered. It is of great importance that data from “Integral”were taken into account, as
the measurement at MeV energies strongly constraints the nonthermal bremsstrahlung and
therefore the leptonic processes. Considering the synchrotron spectrum on the right side, a
suitable diffusion coefficient helps to reach the γ-ray flux at 10 MeV and find the desired
agreement.

The parameters from these spectra are used to find the neutrino spectrum which is displayed
in Figure 8.

Figure 5. The total deviation χ2 from the γ-ray and nonthermal radio data as a function of the magnetic field B and target
density Nt. The best-fit parameters are represented by “+”.

Figure 6. Continuous timescales (solid lines) and catastrophic timescales (dashed lines) for electrons (left) and protons
(right) as a function of the Lorentz factor γ considering the best-fit parameters α ¼ 2:4, Nt ¼ 19:4 cm�3, and
B ¼ 9� 10�6 G. Here, τfs ¼ R=c denotes the timescale of a free-streaming particle with the velocity of light c.
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The influence of the models is evident as Tova et al. [36] suggest a neutrino spectrum from
Cygnus X which is most likely not detectable, whereas the model from this work coincides
with the limit of IceCube. Additionally, in Figure 8 the neutrino spectrum from Cygnus
Cocoon is displayed, which has relatively a high flux. As IceCube has the highest sensitivity
at 100 TeV and the spectral index of the predicted flux and the limit does not differ much
from each other, a significant measurement by IceCube or IceCube-Gen2 may be soon possi-
ble. In fact, IceCube received already a 2 σ detection from Cygnus X. However, it is still not
significant.

Tova et al. (2017) investigated the γ-ray and neutrino spectrum from Cygnus X by assuming
that the CR spectrum observed at Earth is also a representative for the Cygnus X. This
contribution has been added by emission from the Cygnus Cocoon separately as well as from

Figure 7. Synchrotron and γ-ray energy spectrum with and without (WO-D) consideration of diffusion; the source rate
normalization factor q0 was fitted on the observed gamma data.

Figure 8. Differential neutrino flux considering new parameters with and without (WO-D) diffusion. A neutrino flux
from an alternative model calculated by [36] and IceCube’s upper limit calculated for Cygnus X [31] is also displayed.
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identified and unidentified point sources. All calculations were carried out for 5 deg. � 5 deg.
region which is subdivided in 0.25 deg. � 0.25 deg. In contrast to the multiwavelength model
in this work, which considered the whole region as one source, and radio and hard γ-ray
emission, [36] just calculated and considered γ-ray emission. Here, the validation is only a
question of time and just depends on the measurement of IceCube.

3.2. Eta Carinae

η Carinae is a binary system which contains a massive LBV star and an O- or B-type compan-
ion star and is located 2.3 kpc from the Earth [37]. Astronomers have recognized it in the past
in the 1840s and 1890s due to series of giant outbursts, which now formed into a nebula. The
binary system itself is the most prominent source of one of the most active star-forming regions
in the Milky Way.

In the astronomically near future, the system is expected to implode into a supernova. It has
been already detected from hard X-rays to high-energy γ-rays. It was observed up to 300 GeV
by Fermi-LAT during its full orbital period of 5.54 years [37] which is most commonly
interpreted as a colliding wind binary. This binary creates a very strong terminal wind velocity
of� 500� 700 kms�1 [38]. Thus, the acceleration might be performed at the shock fronts of the
extensive wind collision. The interaction between the accelerated CRs and the stellar radiation
fields, the magnetic fields, and the surrounding plasma leads to high-energy nonthermal
emission due to nonthermal bremsstrahlung, inverse Compton emission, synchrotron radia-
tion, and hadronic pion production [39]. This motivated the H.E.S.S. collaboration in 2012 to
observe η Carinae between Fermi and H.E.S.S. energies as only then H.E.S.S. could measure
this region of interest. The observations from 2014 to 2015 achieved a 13.6 σ pretrial measure-
ment for the combined data set [40]. These observations indicate that η� Carinae could be
another cosmic ray cradle in our galaxy.

Roughly, η Carinae can be sectioned into two phases:

1. Periastron passage: from the largest distance between both stars up to the shortest distance

2. Apastron passage: from the shortest distance between both stars up to the largest distance

A fully hadronic interpretation has been presented in [41]. In order to calculate the secondary
emission from photons and neutrinos, it has been assumed that a fraction of η < 1 of the
colliding wind luminosity goes into CRs. The wind luminosity is determined by the sum of
the kinetic luminosities of the mass loss of the two stellar objects, so that LCR ≈ 1=2 � η�P

i¼1,2
_Mi � V2

i

� �
, with Mi as the i ¼ 1st, 2nd companion, _Mi as the mass loss, and Vi as the

wind velocity of the two individual objects. The result of this calculation is shown in Figure 9.
Here, the result for Eta Carinae is compared to other Wolf-Rayet star binary systems, which
only have limits from Fermi observations. The neutrino fluxes are calculated by assuming a
gamma-ray flux at the Fermi limit and are therefore also to be considered as upper limits to a
possible neutrino flux from these heavy binary systems in the Milky Way. The expected
emission of these point sources is at low energies for neutrino telescopes, which makes them
difficult to detect with IceCube or KM3NeT. An interesting opportunity in the future could be
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searches for GeV neutrino sources with PINGU or ORCA. These have effective areas opti-
mized to the GeV range, where atmospheric neutrino oscillations can be studied. At � 25 GeV,
there is a minimum at which muon neutrinos from the atmosphere are strongly suppressed.
This could open a small window in which the sensitivity for galactic GeV sources could be
enhanced due to a strongly reduced background of atmospheric neutrinos [41].

A lepto-hadronic model to explain the nonthermal emission from Eta Carinae as an extended
region has been presented in [42]. The spectral energy for both the periastron and apastron
passage was derived. In this model, the part in the energy spectrum below 100 GeV is
explained by inverse Compton emission. A prediction of a synchrotron spectrum is made in
the radio to X-ray range. At the highest energies, Eγ > 100 GeV, the spectrum is explained by a
hadronic component, with a prediction of the detection potential for H.E.S.S. and CTA.
Although the CRs have been described by just a simple power law without any cutoff, the
calculation of the flux considered the loss timescale, the maximum energy, ambient conditions,
and the source geometry.

Deriving parameters from the comparison of the expected flux, observation data, and gamma-
neutrino correlation, the neutrino flux can be predicted. Figure 9 compares the prediction of
the neutrino spectrum of η Carinae as derived from [41] (blue line) with the one in [42] (green
line).

Considering the position of η nebulae and the size of � 1
�
, one obtains an upper flux limit

of E2Φ90%
νμþνμ

≃ 1 � 10�7 GeVcm�2 s�1 for an E�2 unbroken power law of IceCube considering the

7-year data [43] (gray line), as also indicated in Figure 9. There is a difference of nearly one
order of magnitude which is rather unrealistic to measure. With Eta Carinae in the southern
hemisphere, the region is quite difficult to see for IceCube. A future surface array in connection
to an IceCube-Gen2 array could change this.

Because of its location, KM3NeT has a better sensitivity to the southern hemisphere. For a 500-
day exposure, the number of expected μ-neutrino events at KM3NeT for η Carinae between

Figure 9. Left figure: neutrino energy spectrum of η Carinae during the 500-day periastron passage from [42] is shown in
green, the neutrino spectrum of the binary system η Carinae calculated by [41] in blue, the IceCube upper limit in gray,
and the KM3NeT sensitivity for the whole region of 1

�
. Right figure: neutrino spectrum of different Wolf-Rayet star binary

systems.
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10 TeV and 1 PeV amounts to 18 and for the diffuse astrophysical event to 0.03 [42], which
could become interesting in the near future with a fully constructed KM3NeT detector.

3.3. Galactic Center

At a distance of 8.5 kpc from the Earth, the prominent supermassive black hole SgrA ∗

represents the center of our galaxy. This central region in the galaxy is peculiar, as it reveals a
high molecular density but no strong enhancement in star formation—a phenomenon that is
also observed for other centers of galaxies [44]. Thus, it can formally not be considered as a
star-forming region. Nevertheless, this region shows enhanced nonthermal emission at a broad
energy range, which makes it equally interesting as those star-forming regions in the galaxy
that we discuss here. This is linked with the ambient conditions but as well as with the sources
within the region. SgrA ∗ is surrounded by a circumnuclear disk (CND) with R≃ 3 pc and a
total mass of 106M⊙ [45]. SgrA West the “minispiral,” respectively, is a thermal radio source
with three spiral arms of molecular gas that surrounds SgrA ∗. In every respect, the Galactic
Center is very crowded especially by the stellar population as well as by molecular, atomic,
and ionized gas. These characteristics make it rich on red giant stars, massive stars, and
hundreds of OB and Wolf-Rayet stars [46]. Some prominent SNRs can be found near the
Galactic Center, among those the prominent SNR SgrA East. This SNR is just 2.5 pc far away
from the Center, has an elliptical shell along the galactic plane, and is surrounded by ionized
gas. A visualization is exemplified in Figure 10.

SgrA ∗ is supposed to generate high-energy CRs [47]. In fact, a diffuse γ-ray up to several tens
TeV has been observed by H.E.S.S. within a radius of approximately 200 pc around the Center.
Considering just a radius of about 8 pc, a large-scale diffuse radio emission, the radio halo, of a

Figure 10. Inner 10 pc Galactic Center at 5 GHz.
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synchrotron nature is present [48]. In contrast, a high-energy diffuse γ-ray emission contrib-
uted by electrons through the molecular zone is not realistic for various reasons:

• Electrons are susceptible to severe synchrotron and inverse Compton (IC) losses. Assuming
a formation of high-energy electrons close to the black hole and a magnetic field strength of
100 μG, the synchrotron timescale is τsyn ≈ 7:7 � γ�1 s, which corresponds to amean free path

of roughly λsyn ≈ 3:9 � 109γcm where γ denotes the Lorentz factor. Moreover, the ionization

loss timescale yields τio ¼ 8 � 10�10 � γ � Nt=5:7 � 104 cm�3
� �

s. In contrast, the diffusion time-

scale is given by τdiff ¼ 2:1 � 108γ1=3 � R=200pcð Þ2 � D0=4:7 � 1027
� ��1

s.

• The loss timescale inside the dense molecular clouds at the Galactic Center is much
shorter than the propagation timescale. Thus, the γ-ray emission contributed by electrons
is expected to be focused around a small region around the black hole.

• Therefore, a diffuse flux through the whole molecular zone demands an accelerator that
boosts electrons up to ≥ 100 TeV [47] which requires unrealistic assumptions due to the
diffusion and magnetic field.

Thus, the calculation of the diffuse γ-ray flux to describe the emission detected by H.E.S.S. [47]
requires only proton transport Eq. (1). By maintaining the radial dependency, the γ-ray lumi-
nosity as a function of the distance from the center can be calculated. The measurement of this
quantity has already been presented at H.E.S.S. energies (E ≥ 1 TeV) by [47] and at Fermi
(10 GeV ≤E ≤ 0:3 TeV) energies by [49]. [50] also take the radial dependency of the continuous
momentum loss rate due to hadronic pion production and the target density into account. This
consideration complicates the transport Eq. (1) but gives an insight into the source distribution
and reveals the real origin of the diffuse γ-ray emission. In doing so and by considering an
isotropic distribution of the CR injection and gas, [50] present a hadronic one-component
model (1CM), which considers only SgrA ∗ as the main source, and a two-component model
(2CM) which considers SgrA ∗ as well as the SNR SgrA East. Figure 11 on the left side shows
the calculated γ-ray emission from the hadronic pion production with the 1CM and 2CM. The
filled blue circle is the measurement of Fermi-LAT PASS8 data [49] and the red filled triangles
from H.E.S.S. [47]. The γ-ray fluxes in Figure 11 denoted by “Gaggero 1 & 2” are calculated by
[49] who consider the CR large-scale population and a hard and conventional diffusion.
However, the flux denoted by “Gaggero 3” works with a best-fit procedure and does not
consider CR large-scale population. Each of the calculations is based on extensive transport
equation which is only numerically solvable and takes the general radial dependency and the
radial component of the diffusion tensor into account [49].

The 2CM of [50] and the best-fit model of [49] describe the γ-ray data at higher energies
sufficiently, though the best-fit model does not seem to consider a cutoff. Therefore, at higher
energies, the discrepancies might become larger. The 2CM, which considers an exponential
cutoff at 1 PeV, seems to describe Fermi-LAT as well as H.E.S.S. data best. However, only [50]
tried to reproduce the γ-ray luminosity by their model. Due to the short distance of SgrA East
to SgrA ∗ ( ≈ 2 pc), the radial distribution of the luminosity of both component models is quite
similar and presented in Figure 12.

Cosmic Ray Cradles in the Galaxy
http://dx.doi.org/10.5772/intechopen.75429

113



10 TeV and 1 PeV amounts to 18 and for the diffuse astrophysical event to 0.03 [42], which
could become interesting in the near future with a fully constructed KM3NeT detector.

3.3. Galactic Center

At a distance of 8.5 kpc from the Earth, the prominent supermassive black hole SgrA ∗

represents the center of our galaxy. This central region in the galaxy is peculiar, as it reveals a
high molecular density but no strong enhancement in star formation—a phenomenon that is
also observed for other centers of galaxies [44]. Thus, it can formally not be considered as a
star-forming region. Nevertheless, this region shows enhanced nonthermal emission at a broad
energy range, which makes it equally interesting as those star-forming regions in the galaxy
that we discuss here. This is linked with the ambient conditions but as well as with the sources
within the region. SgrA ∗ is surrounded by a circumnuclear disk (CND) with R≃ 3 pc and a
total mass of 106M⊙ [45]. SgrA West the “minispiral,” respectively, is a thermal radio source
with three spiral arms of molecular gas that surrounds SgrA ∗. In every respect, the Galactic
Center is very crowded especially by the stellar population as well as by molecular, atomic,
and ionized gas. These characteristics make it rich on red giant stars, massive stars, and
hundreds of OB and Wolf-Rayet stars [46]. Some prominent SNRs can be found near the
Galactic Center, among those the prominent SNR SgrA East. This SNR is just 2.5 pc far away
from the Center, has an elliptical shell along the galactic plane, and is surrounded by ionized
gas. A visualization is exemplified in Figure 10.

SgrA ∗ is supposed to generate high-energy CRs [47]. In fact, a diffuse γ-ray up to several tens
TeV has been observed by H.E.S.S. within a radius of approximately 200 pc around the Center.
Considering just a radius of about 8 pc, a large-scale diffuse radio emission, the radio halo, of a

Figure 10. Inner 10 pc Galactic Center at 5 GHz.

Cosmic Rays112

synchrotron nature is present [48]. In contrast, a high-energy diffuse γ-ray emission contrib-
uted by electrons through the molecular zone is not realistic for various reasons:

• Electrons are susceptible to severe synchrotron and inverse Compton (IC) losses. Assuming
a formation of high-energy electrons close to the black hole and a magnetic field strength of
100 μG, the synchrotron timescale is τsyn ≈ 7:7 � γ�1 s, which corresponds to amean free path

of roughly λsyn ≈ 3:9 � 109γcm where γ denotes the Lorentz factor. Moreover, the ionization

loss timescale yields τio ¼ 8 � 10�10 � γ � Nt=5:7 � 104 cm�3
� �

s. In contrast, the diffusion time-

scale is given by τdiff ¼ 2:1 � 108γ1=3 � R=200pcð Þ2 � D0=4:7 � 1027
� ��1

s.

• The loss timescale inside the dense molecular clouds at the Galactic Center is much
shorter than the propagation timescale. Thus, the γ-ray emission contributed by electrons
is expected to be focused around a small region around the black hole.

• Therefore, a diffuse flux through the whole molecular zone demands an accelerator that
boosts electrons up to ≥ 100 TeV [47] which requires unrealistic assumptions due to the
diffusion and magnetic field.

Thus, the calculation of the diffuse γ-ray flux to describe the emission detected by H.E.S.S. [47]
requires only proton transport Eq. (1). By maintaining the radial dependency, the γ-ray lumi-
nosity as a function of the distance from the center can be calculated. The measurement of this
quantity has already been presented at H.E.S.S. energies (E ≥ 1 TeV) by [47] and at Fermi
(10 GeV ≤E ≤ 0:3 TeV) energies by [49]. [50] also take the radial dependency of the continuous
momentum loss rate due to hadronic pion production and the target density into account. This
consideration complicates the transport Eq. (1) but gives an insight into the source distribution
and reveals the real origin of the diffuse γ-ray emission. In doing so and by considering an
isotropic distribution of the CR injection and gas, [50] present a hadronic one-component
model (1CM), which considers only SgrA ∗ as the main source, and a two-component model
(2CM) which considers SgrA ∗ as well as the SNR SgrA East. Figure 11 on the left side shows
the calculated γ-ray emission from the hadronic pion production with the 1CM and 2CM. The
filled blue circle is the measurement of Fermi-LAT PASS8 data [49] and the red filled triangles
from H.E.S.S. [47]. The γ-ray fluxes in Figure 11 denoted by “Gaggero 1 & 2” are calculated by
[49] who consider the CR large-scale population and a hard and conventional diffusion.
However, the flux denoted by “Gaggero 3” works with a best-fit procedure and does not
consider CR large-scale population. Each of the calculations is based on extensive transport
equation which is only numerically solvable and takes the general radial dependency and the
radial component of the diffusion tensor into account [49].

The 2CM of [50] and the best-fit model of [49] describe the γ-ray data at higher energies
sufficiently, though the best-fit model does not seem to consider a cutoff. Therefore, at higher
energies, the discrepancies might become larger. The 2CM, which considers an exponential
cutoff at 1 PeV, seems to describe Fermi-LAT as well as H.E.S.S. data best. However, only [50]
tried to reproduce the γ-ray luminosity by their model. Due to the short distance of SgrA East
to SgrA ∗ ( ≈ 2 pc), the radial distribution of the luminosity of both component models is quite
similar and presented in Figure 12.

Cosmic Ray Cradles in the Galaxy
http://dx.doi.org/10.5772/intechopen.75429

113



Figure 11. γ-ray emission from the inner 70 pc of the Galactic Center by [50] and by [49].

Figure 12. γ-ray luminosity as function of the distance from SgrA ∗ for Ecut ¼ 1 PeV.

Cosmic Rays114

Although the radial distribution of H.E.S.S. is reproduced pretty well, the Fermi distribution
exhibits discrepancies. This may be due to the simplification of the model which assumed an
isotropic distribution around the Galactic Center or due to additional sources which are not
identified or studied yet. The comparison between the expected and the measured luminosity
does not suggest an isotropic injection of protons from one centrally located accelerator into
the Central Molecular Zone as if it does it would not be able to suffice the observed luminosity.
In contrast an additional source or sources could change the distribution in the right way.
However, the model reproduces the γ-ray flux and the luminosity satisfactorily.

Accordingly, the neutrino spectrum is derived for the 1CM as well as for the 2CM.

Figure 13 also displays the IceCube’s upper flux adapted for the region of interest as well as
the sensitivity of KM3NeT. Again, due to atmospheric μ, the capability of KM3NeT is higher to
detect neutrinos from the southern hemisphere and thus from the Galactic Center. Both obser-
vatories are still not able to detect any neutrinos from the direction of the Galactic Center.

4. Summary and outlook

Star-forming regions are of prime importance for investigating the origin of CRs, as they can be
considered as CR birthplaces. During the past decades, a large variety of telescopes went into
operation, starting to shed light on the nonthermal multi-messenger picture from star-forming
regions in the Milky Way. Of particular interest are three concrete regions in the Milky Way:

1. The Cygnus complex is the most interesting star-forming region in the northern sky. It reveals
nonthermal emission from diffuse regions and point sources up to > TeV energy, in partic-
ular detected by the Milagro detector. This makes it a prime candidate to search for hadronic
interaction signatures. The northern location is beneficial for the IceCube experiment, which
can detect neutrinos in the TeV range with a spatial resolution of below 1 ∘ from the northern
sky. The neutrino flux from Cygnus X approaches the IceCube’s upper limit and past
already the 2 σ deviations from background could be detected in the past. Model predictions
show that a detection of the region could already be possible with IceCube, certainly with
the next-generation array IceCube-Gen2 for a detection threshold in the TeV range.

Figure 13. Neutrino spectrum from 1CM (left) and from 2CM (right) for Ecut ¼ 1 PeV.
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2. The Eta Carinae region is of particular interest because of the binary system η Carinae,
detected at energies from radio to gamma rays. It is one of the most energetic binary
systems in the galaxy and could have the potential to accelerate hadrons at the shock front
forming from the collision of the winds of the two massive stars. Gamma-ray fluxes for
such binary systems are in general quite low, i.e., apart from η Carinae they are so far
below the detection threshold of Fermi. Thus, even the expected neutrino flux is relatively
low, with one more disadvantage of an energy cutoff at relatively low energy. A window
of opportunity here could be the detection of astrophysical sources in the � 25 GeV
neutrino energy range, as atmospheric muon neutrinos have an oscillation minimum here,
which results in a highly reduced background.

3. The Galactic Center itself is no classical star-forming region, as—despite of the high molec-
ular densities—the star formation rate is not increased in the amount expected for a
correlation with the gas. It is, nevertheless, a region of high nonthermal emission. The
most striking evidence for the existence of PeV CRs comes from H.E.S.S. measurements of
the Galactic Center, where the gamma emission suggests a CR spectrum extending up to
the knee. The question now is if a large part of the CR energy budget can come from that
region or source or if this is a smaller part of the total energy budget. Neutrino measure-
ments in the future by KM3NeT and IceCube-Gen2 will help to disentangle hadronic from
leptonic signatures and thereby to quantify the hadronic contribution.

Future developments of telescopes will help to use star-forming regions in our galaxy in order
to understand the birthplaces of CRs, i.e., the construction instruments like SKA, CTA,
KM3NeT, IceCube-Gen2, and more. At least equally important is the proper modeling of these
regions. Here, both plasma aspects, present in the transport equation via the diffusive and
convective terms, and particle aspects, defined through the loss terms of leptons and hadrons,
need to be considered in detail. Recent developments of numerical tools like CRPropa [25],
DRAGON [51], GALPROP [52], and PICARD [53] represent important steps for a proper
modeling, in which a diffusion tensor can be applied as well as hadronic and leptonic interac-
tions with state-of-the-art cross sections that combine forward measurements with high-
energy collision results at LHC. Thus, the next decade is very promising, as we will now be
able to learn from this combination of precision astro- and astroparticle measurements and
detailed theoretical modeling of the physics processes involved.
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2. The Eta Carinae region is of particular interest because of the binary system η Carinae,
detected at energies from radio to gamma rays. It is one of the most energetic binary
systems in the galaxy and could have the potential to accelerate hadrons at the shock front
forming from the collision of the winds of the two massive stars. Gamma-ray fluxes for
such binary systems are in general quite low, i.e., apart from η Carinae they are so far
below the detection threshold of Fermi. Thus, even the expected neutrino flux is relatively
low, with one more disadvantage of an energy cutoff at relatively low energy. A window
of opportunity here could be the detection of astrophysical sources in the � 25 GeV
neutrino energy range, as atmospheric muon neutrinos have an oscillation minimum here,
which results in a highly reduced background.

3. The Galactic Center itself is no classical star-forming region, as—despite of the high molec-
ular densities—the star formation rate is not increased in the amount expected for a
correlation with the gas. It is, nevertheless, a region of high nonthermal emission. The
most striking evidence for the existence of PeV CRs comes from H.E.S.S. measurements of
the Galactic Center, where the gamma emission suggests a CR spectrum extending up to
the knee. The question now is if a large part of the CR energy budget can come from that
region or source or if this is a smaller part of the total energy budget. Neutrino measure-
ments in the future by KM3NeT and IceCube-Gen2 will help to disentangle hadronic from
leptonic signatures and thereby to quantify the hadronic contribution.

Future developments of telescopes will help to use star-forming regions in our galaxy in order
to understand the birthplaces of CRs, i.e., the construction instruments like SKA, CTA,
KM3NeT, IceCube-Gen2, and more. At least equally important is the proper modeling of these
regions. Here, both plasma aspects, present in the transport equation via the diffusive and
convective terms, and particle aspects, defined through the loss terms of leptons and hadrons,
need to be considered in detail. Recent developments of numerical tools like CRPropa [25],
DRAGON [51], GALPROP [52], and PICARD [53] represent important steps for a proper
modeling, in which a diffusion tensor can be applied as well as hadronic and leptonic interac-
tions with state-of-the-art cross sections that combine forward measurements with high-
energy collision results at LHC. Thus, the next decade is very promising, as we will now be
able to learn from this combination of precision astro- and astroparticle measurements and
detailed theoretical modeling of the physics processes involved.
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Abstract

Through the analysis of the energy spectrum of 12 ground level enhancements (GLE) of
solar protons, a contribution in the understanding of the generation process of flare
particles is attempted. Theoretical spectra of protons are derived by considering either
they do not lose energy within the acceleration volume or that they are decelerated during
the acceleration process. By comparing the theoretical source spectra with the experimen-
tal spectra, it is claimed that the generation process of solar particles develops under three
main temperature regimes: the efficiency of particles acceleration is relatively high in cold-
regimens decreasing while increasing the temperature of the medium. It is shown that in
some events energy losses are able to modulate the acceleration spectrum within the
source during the short time scale of the phenomenon, whereas in other events energy
losses are completely negligible during the acceleration. It is argued that acceleration takes
place in closed magnetic field lines and predicted the expansion and compression of the
source material in association with the generation process of particles. This study allows
us to estimate the range of variation from event to event of several parameters of the
source and the acceleration process itself.
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Most of the information on solar flares has been generally supplied by the analysis of their
electromagnetic spectrum; however, the confrontation of timing synchronization between
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electromagnetic flare emissions with those of energetic particles and coronal mass ejections
(CME) is the method utilized to explore the physical conditions and processes taking place in
the sources of particle generation. For example, results obtained from the SEPS server project
and future HESPERIA HORIZON 2020 project. However, the study of the corpuscular radia-
tion emitted in some flares can also provide us with very valuable information about the
physical conditions and processes occurring in association with this solar phenomenon. It is
known, for instance, that the processes involved in the generation of solar particles are proba-
bly of a non-thermal nature, because the intensity of particles usually decays more softly than
an exponential of a the thermal type does, and so other properties may be deduced in order to
investigate how and where multi-GeV solar protons originate, that means the source parame-
ters and the parameters involved in the generation process of particle [69, 70]. In this chapter,
we attempt to draw some inferences concerning solar sources by the analysis of 12 ground
level enhancements (GLE) of solar cycles 19 and 20.

It has been shown [40] that the best representation of the energy spectrum of solar protons
through the whole energy domain explored experimentally at present is given by an inverse
power law with an upper cutoff in its high energy portion. In fact, a good fit of the experimen-
tal data can be obtained with an exponential law in a limited energy band; however, a strong
deflection is obtained with them as soon as a wider energy domain is involved. Besides, it has
been established [11] that the measured differential intensity in solar proton events, as well as
the source spectrum (inferred as an inverse power law in energy) are both velocity-dependent.
Therefore, we infer that the acceleration rate of particles in the sun must provide the spectral
shape and velocity dependence such as suggested by those results. This is the case with an
energy gain rate of the form

dW
dt

� �

acc
¼ αβW ¼ α W2 � Mc2

� �2� �1=2
(1)

where β is the velocity of the particles in units of light velocity and W the total energy of
particles. The parameter α denotes the efficiency of the acceleration mechanism, which in the
case of solar sources may be considered as roughly constant when the acceleration process
reaches the steady-state in a given event [79, 80]. It has been generally thought that the energy
loss processes of solar particles acceleration stage are not important in practice, and have only
been taken into account after the acceleration stage in order to explain some features of
electromagnetic emissions in solar flares and heating of the chromosphere [87].

In this chapter we shall consider, together with acceleration, energy loss processes occurring in
the high density plasma of the solar source. It will be shown that energy losses in some proton
flares can modulate the acceleration spectrum, thus implying that if such a small effect com-
pared to the acceleration rate is able to modify the spectrum during the short lapse of the
acceleration process, then the source spectrum is actually the result of a strong modulation due
to local energy losses during acceleration and not only through interplanetary propagation;
thus in Section 2, we discuss the basic equations of the more plausible energy loss processes in
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particle sources. In Section 3, we present the observational energy spectrum of the concerned
GLE as reported by several authors. In Section 4, we deduce theoretical source spectra, without
and with energy losses during acceleration, disregarding energy changes of after acceleration
while traversing the dense medium of the solar atmosphere to attain the interplanetary
medium. In Section 5, we describe the criterion employed to construct integral energy spectra
of solar proton (GLE) as well as the methods used in calculations; the results are presented
graphically. In Section 6, the interpretation and significance of our results are discussed. In
Section 7, the concluding remarks are summarized.

2. Energy losses of protons during acceleration in solar flares

Some researchers who study radiation and secondary particle fluxes consider an acceleration
stage followed by a slowing down phase in the solar material once the action of the accelera-
tion mechanism on particles has ceased (e.g. [86–89]); and they generally neglect the simulta-
neous occurrence of energy loss and acceleration.

However, particle acceleration is not performed in the vacuum but in the high density
medium of flare regions; therefore, we shall study the local modulation of the acceleration
spectrum as the protons are broken during the short-time scale of solar particle generation.
The most important processes occurring in astrophysical plasmas capable of affecting the
net energy change rate of particles in the range of kinetic energies of energetic solar protons
(E�106–1010 eV) are:

2.1. Collisional energy losses

These depend strongly on the density and temperature of the plasma; thus we assume that the
main energy dissipation of particles must occur in the generation region, in the body of the
flare itself. The rate of collisional losses in a medium of density n has been given in a simplified
expression [37]

dW
dt

� �

ion
¼ � 7:62� 10�9nL

β
eV=secð Þ (2)

where β= v/c is the particle velocity in terms of the light velocity, L is a unidimensional factor
and logarithmically depending marginally on the particle energy. We shall assume a value of L
� 27 for solar flare conditions, when the medium concentration is n�1012 – 1013 cm3. In
Figure 1, the behavior of Eq. (2) with energy is shown. The complete description of collisional
losses through the entire energy range including losses in the low energy portion (the so called
nuclear stopping and electronic stopping) has been given by [10] for fully ionized hydrogen as:
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particle sources. In Section 3, we present the observational energy spectrum of the concerned
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dt
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A
H xð ÞlnΛ eV=nsð Þ (2.1)

where x ¼ 5:44� 104βT�0:5, H xð Þ ¼ ξ1He xeð Þ þ ξ2Hp xp
� �

with

He xeð Þ ¼ 0:88erf xeð Þ � 1� 5:48� 10�4=A
� �

xee�x2e for electrons,

Hp xp
� � ¼ 0:88erf xp

� �� 1þ 1
A

� �
xpe�x2p for protons,

ξ1 ¼ 1:097803296� 1027, ξ2 ¼ 5:979073244� 1023and Λ ¼ 4:47� 1016A T=Nð Þ0:5β2
h i

=Q

For the task of simplicity and because we are dealing in this work with GLE (high energy
protons), we will use preferentially Eq. (2).

Figure 1. Energy change rates of protons (acceleration for two different rates) and deceleration for collisional losses p–p
nuclear collisions and adiabatic cooling in a medium of density n = 1012–1013 cm�3.
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2.2. Energy degradation from proton-proton collisions

At present, there are evidences of the occurrence of nuclear reactions between solar nuclei and
solar material, producing high energy gamma rays although is not absolutely clear whether
nuclear reactions of solar energetic particles and solar material take place, when protons are
injected into the photosphere, or they pass through coronal condensations, or during their
acceleration within the dense material of flare regions. We shall assume that nuclear interac-
tions occur at least in the acceleration volume where very likely the motion of energetic
particles is completely random with respect to the local solar material. The isotropic motion
of the accelerated particles is suggested by an analysis of neutron fluxes [45]. For purposes of
energy loss calculations, we do not take into account collisions protons with other nuclear
species, because the maximum energy change in elastic scattering occurs when the colliding
particles have similar mass. Although the energy dissipation from p: p collisions is believed to
appear mainly from elastic scattering, however at high energies (>750 MeV), the inelastic cross-
section becomes highly important [44] increasing up to a maximum at some GeV, where it
remains practically constant. In fact, as pion production initiates at � 285 MeV and a fraction ≥
35% of the kinetic energy of the incident proton goes into pion energy, then, energy dissipation
from inelastic p: p scattering is not negligible in a high density medium (n ≥ 1012 cm�3).
Concerning inelastic p: p interactions, the gamma ray line at 2.2 MeV due to fast neutron
production, seems to be strong evidence of the occurrence of p: p collisions in solar flares. All
this depends strongly on the production model: The assumed geometry and the spectral shape
considered [2]. In fact, the cross-section for the later interactions is 10: 100 times higher, that is,
their threshold is ≤36 MeV/nucleon, while that for inelastic p: p scattering are � 285 MeV.
Nevertheless, it has been known for a long time from [12] that solar abundances of CNO and
he are of the order of � 1.5: 7% with respect to the local H, in such a way that this kind of
equilibrium between local abundances and interaction cross-sections states a high probability
for the occurrence of p: p collisions in the body itself of the solar flare material. The main
problem related with these features is that some reactions, as for instance p(p; aπ0)p and
multiple pion yielding at high energies, p(p; aπ+)p or p(p; aπ�, bπ0)p or p(p;n, π+, aπ+,aπ��,
bπ0) by π0 decay produce high energy solar gamma rays (50 MeV) that have neither been
detected to our knowledge nor their plausible absorption into the solar material satisfactorily
explained. In fact, the predicted wide peak for these gamma rays ranging from �38.5: 118MeV
[6] could probably render their identification difficult due to the presence of high energy
photons expected from bremsstrahlung of very high energy solar electrons. In addition, there
is the fact that high energy p: p reactions must occur more frequently, since the inelastic cross-
section rises progressively from 290 MeV up to a maximum of about 1 GeV where it remains
practically constant. Refs. [14, 15] have reviewed the problems connected with secondary
products of nuclear interactions in solar flares. Nevertheless we show later in this work that p:
p collisions are only expected in some few GLE. Hence, although the measured flux of particles
does not distinguish whether solar protons have suffered nuclear collisions or not, the modu-
lation of the energy spectrum by their effects furnish available information about their occur-
rence. The importance of energy degradation from p: p collisions in cosmic rays physics has
been pointed out for the first time by [129]. The energy loss rate by nuclear interactions is
agreement with [38]
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solar material, producing high energy gamma rays although is not absolutely clear whether
nuclear reactions of solar energetic particles and solar material take place, when protons are
injected into the photosphere, or they pass through coronal condensations, or during their
acceleration within the dense material of flare regions. We shall assume that nuclear interac-
tions occur at least in the acceleration volume where very likely the motion of energetic
particles is completely random with respect to the local solar material. The isotropic motion
of the accelerated particles is suggested by an analysis of neutron fluxes [45]. For purposes of
energy loss calculations, we do not take into account collisions protons with other nuclear
species, because the maximum energy change in elastic scattering occurs when the colliding
particles have similar mass. Although the energy dissipation from p: p collisions is believed to
appear mainly from elastic scattering, however at high energies (>750 MeV), the inelastic cross-
section becomes highly important [44] increasing up to a maximum at some GeV, where it
remains practically constant. In fact, as pion production initiates at � 285 MeV and a fraction ≥
35% of the kinetic energy of the incident proton goes into pion energy, then, energy dissipation
from inelastic p: p scattering is not negligible in a high density medium (n ≥ 1012 cm�3).
Concerning inelastic p: p interactions, the gamma ray line at 2.2 MeV due to fast neutron
production, seems to be strong evidence of the occurrence of p: p collisions in solar flares. All
this depends strongly on the production model: The assumed geometry and the spectral shape
considered [2]. In fact, the cross-section for the later interactions is 10: 100 times higher, that is,
their threshold is ≤36 MeV/nucleon, while that for inelastic p: p scattering are � 285 MeV.
Nevertheless, it has been known for a long time from [12] that solar abundances of CNO and
he are of the order of � 1.5: 7% with respect to the local H, in such a way that this kind of
equilibrium between local abundances and interaction cross-sections states a high probability
for the occurrence of p: p collisions in the body itself of the solar flare material. The main
problem related with these features is that some reactions, as for instance p(p; aπ0)p and
multiple pion yielding at high energies, p(p; aπ+)p or p(p; aπ�, bπ0)p or p(p;n, π+, aπ+,aπ��,
bπ0) by π0 decay produce high energy solar gamma rays (50 MeV) that have neither been
detected to our knowledge nor their plausible absorption into the solar material satisfactorily
explained. In fact, the predicted wide peak for these gamma rays ranging from �38.5: 118MeV
[6] could probably render their identification difficult due to the presence of high energy
photons expected from bremsstrahlung of very high energy solar electrons. In addition, there
is the fact that high energy p: p reactions must occur more frequently, since the inelastic cross-
section rises progressively from 290 MeV up to a maximum of about 1 GeV where it remains
practically constant. Refs. [14, 15] have reviewed the problems connected with secondary
products of nuclear interactions in solar flares. Nevertheless we show later in this work that p:
p collisions are only expected in some few GLE. Hence, although the measured flux of particles
does not distinguish whether solar protons have suffered nuclear collisions or not, the modu-
lation of the energy spectrum by their effects furnish available information about their occur-
rence. The importance of energy degradation from p: p collisions in cosmic rays physics has
been pointed out for the first time by [129]. The energy loss rate by nuclear interactions is
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dW
dt

¼ �σcnβW eV=secð Þ (3)

where σ in p–p collisions is composed of σinep�p þ σelp�p. As the inelastic cross-section is weakly

energy dependent, it may be approximated to its mean value at high energies (σinep�p � 26 mb).�
Concerning elastic collisions, a reasonable fit of the differential cross-section data by an ana-
lytical expression has been given by [91]. As the differential cross-section is highly isotropic,
we can assume symmetry around 90�, such that their expression may be rewritten as σelp�p =

hE�2 + JE�1 (if E ≤ 110 MeV) and σelp�p = hE�2 + f (if E > 110 MeV), where h = 96.09 mb-MeV2,

j = 5.497 � 103 mb MeV and f = 46.49 mb. We have then from Eq. (3):

dW
dt

� �

p�p
¼ �cn hE

2 þ jE
� �

βW if E ≤ 110 MeVð Þ

dW
dt

� �

p�p
¼ �cn hE

2 þ f
� �

βW If 110 < E < 290 MeVð Þ

dW
dt

� �

p�p
¼ � ηþ cn hEþ f

� �� �
βW If E ≥ 290 MeVð Þ,where η ¼ cnσin

So that the net energy change can be compacted as:

dW
dt

� �

p�p
¼ � hE�2 þ jE�1 þ f þ η

� �
βW eV=secð Þ (4)

where h = 2.88 � 10�15 n Me 2 s�1, j = 1.65 � 10�13 n MeV s�1 (if E ≤ 110 MeV), j = 0 and
f = 1.39 � 10�15 n s�1 (if E > 110 MeV), f = 0 (if E ≤ 110 MeV), η = cnσinep�p = 8.1 � 10�16 n s�1, (if

E > 290 MeV) and η = 0 if (E < 290 MeV). We have plotted Eq. (4) in Figure 1 for two different
values of the density n.

2.3. Adiabatic deceleration at the source level

Adiabatic cooling of cosmic particles in the solar wind has been proved long ago (e.g. [34]).
However, here we are dealing with adiabatic cooling at the sources of solar energetic protons
in GLE and not in the interplanetary or interstellar media medium. It is well-known that great
flares are associated with magnetic arches, such as loop prominences and flare nimbuses (e.g.
[7, 97, 98]) which occur between regions of opposite-polarity in the photosphere. Observations
show that magnetic flux tubes expand from flare regions [23, 66, 107, 109, 117]. These config-
urations identified as “magnetic bottles” are usually related to the development of flare
phenomena (e.g. [14, 83, 84, 96, 104, 110, 123]), therefore, we shall investigate the relationship
between these magnetic structures and the phenomenon of particle generation through the
study of the energy spectra of solar protons in GLE: We assume the hypothesis that particles
are enclosed within those “magnetic bottles”, where they are accelerated up to high energies.
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Therefore, while the acceleration mechanism is in effect, and a fraction of particles are escaping
from the flare region, the bulk of particles lose energy by adiabatic cooling due to the work that
protons exert on the expanding material. Mechanisms for the expansion (or compression) of
magnetic structures have been widely discussed (e.g. [96, 99]). It has been shown through
energetic estimations that when particle kinetic density exceeds magnetic field pressure, the
sunspot field lines are transported upward by the accelerated plasma; and thus, owing to the
decrease of magnetic field density according to the altitude over the photosphere [1, 101], the
magnetic bottles blow open at an altitude lower than 0.6: 1 Rs allowing particles] to escape into
the interplanetary medium. Particles that have left the acceleration region before the magnetic
bottle blows up may escape due to drift by following the field lines, or they remain stored
therein losing energy losing energy until the magnetic structure is opened. We shall not
consider this eventual deceleration during particle storage but only energy losses inside the
acceleration volume. According to [46, 77], the energy change rate of particles by expansion (or
compression) of magnetic fields producing adiabatic cooling or heating of the solar cosmic ray
gas, when the non-radial components of the plasma velocity are negligible is given as

dE
dt

� �

ad
¼ � 2

3
Vr

R
μE eV=secð Þ (5)

where Vr and R are the velocity and distance of the plasma displacement, respectively, μ = 1+ ɣ�1

and ɣ =W/Mc2. Hence, in terms of total energyW the adiabatic deceleration rate in the expanding
magnetic fields may be expressed as

dW
dt

� �
¼ �rβ2W eV=secð Þ (6)

In order to estimate an approximate value for r = (2/3) (Vr/R) in flare conditions, we extend the
following considerations: it is known that the hydromagnetic velocity of the coronal expansion
is in average of the order 400 km s�1) and that in association with proton flares type IV sources
systematically appear expanding with velocities in the range of 102–103 km s�1 depending on
the direction of the expansion (e.g. [100, 101, 136]). Observations also show displacements with
velocities of 650–2600 km s�1 in association with type II burst [95] and expansion of flare knots
in limb flares with velocities in the range 5.3–110 km s�1 [54, 55, 83, 84]. Besides, it is also known
that closed magnetic arches have a mean altitude of 0.6 Rs above the photosphere [122]. There-
fore, assuming that the average velocity of 400 km s�1 is a typical value of magnetic motions in
the chromosphere and low corona and an average expanded distance of the source of 0.3 Rs

while acceleration is operating, we obtain thus r ≈ 10�3 s�1. On the other hand, if we take into
account the results usually associated with multi-Gev proton flares (GLE), then, magnetic loops
expand � 30,000 km with a velocity of �45 km s�1 at the time of the flare start, thus giving a
value for r of the same order. We have illustrated Eq. (6) with r = 10�3 s�1 in Figure 1.

It is expected that if the physical conditions in the source of multi-GeV solar proton flares and
processes acting on solar particles must be similar, the behavior of the theoretical source
spectra of solar protons from event to event will be similar, and thus by comparing the rates
(1)–(6) the influence of each process on the acceleration spectrum can be established. For
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instance, it can be seen from Figure 1 that in the energy range 1–103 MeV and medium
concentration n = 1013 cm�3, the ratio r1 = (dW/dt)p–p/(dW/dt)coll changes from r1 = 1.7–16 and
the ratio r2 = (dW/dt)ad/(dW/dt)coll varies from r2 = 4.6 10�5–0.64; therefore if all processes would
act simultaneously in solar flares, the acceleration spectrum is mainly affected by energy
degradation from p–p collisions, whose effects are stronger in the high energy portion of the
spectrum. Collisional losses are more important in the non-relativistic region, whereas adia-
batic losses become important in the relativistic region of the spectrum. Using experimental
data of several GLE of solar protons, we shall investigate if the same processes occur in all
events, and thus similar physical conditions are prevalent at the sources, or if they vary from
event to event, in which, case it is interesting to investigate why and how they vary.

3. Experimental integral spectra of multi-GeV solar proton events

The description of the spectral distribution of solar particle fluxes of a given event is
concerned, the result is a strong spread of spectral shape representations, according to the
different detection methods employed, the energy bands and time intervals studied. The most
plausible spectral shapes are described either by inverse power laws in kinetic energy or
magnetic rigidity and exponential laws in magnetic rigidity (e.g. [53]). One of the most popular
methods was developed by Forman et al, published in Ref. [59].

For example, in the case of the GLE of January 28, 1967, for which experimental measurements of
fluxes through a wide energy range are available, several different spectral shapes have been
analyzed: from the study of the relativistic portion of the spectrum, [60–62] proposes an exponen-
tial rigidity law {� exp.(�P/0.6(GV)} and alternatively a differential power law spectrum in
rigidity (� P�5); [8] proposed a differential spectrum of the form (�P�4.8) for relativistic protons
of the event. Taking into consideration data from balloon, polar satellite and neutron monitors
(N.M.), [3] gives an integral spectrum of the form (� P�4); similarly, [40] deduced an integral
spectrum as a power law in kinetic energy (�E�2) with an upper cutoff at Em = 4.3 GeV or in
magnetic rigidity P as (�P�3.1) with an upper cutoff at Pm = 5.3 GV. These authors have shown that
as far as thewhole energy spectrum through the different energy bands is concerned, any spectral
shape that does not take into an upper cutoff is strongly deflected from the experimental data.

It would seem, therefore, that the description of energy spectra of solar particles is one of the
most particular topics connected with solar cosmic ray physics: that is, owing to the lack of
global measurements of the whole spectrum at a given time and to the lack of simultaneity in
the measurements of differential fluxes, the integral spectra must be constructed with the
inhomogeneous data available for each event. Therefore, in order to do so for 12 GLE during
solar cycles 19 and 20, we have used low rigidity data (high latitude observations) for the
following events: for September 3, 1960 event we have employed the 14:10 U.T. data from
Rocket Observations [18] in the (0.1–0. 7) GV band. For November 12 and 15, 1960 GLE’s, we
have used the 18:40 U.T. and 05:00 U.T. data, respectively, from rocket observations in the
(6.16–1.02) GV band [73]. For July 7, 1966 GLE, we have used the 19:06 U.T. data given by
[57, 58] in the (0.13–0.19) GV band, and the spectrum given by [118] in the (0.19–0.44) GV band;
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for higher rigidities (> 0.44 GV) we have employed the 03:00 U.T. measurements on Balloon
and N.M. data given by [39]. In the events of November18, 1968, February 25, 1969, March 30,
1969, November 2, 1969 and September 1, 1971, we have used the peak flux data in the
(0.1–0.7) GV band, given by [47] from the IMP4 and IMP5 satellite measurements. For January
24, 1971 GLE, we have employed the 06:05 flux data and at 07:20 U.T. in the (0.28–0.7) GV band
from [134] For August 4, 1972 event, we have considered the HEOS2 graphical fluxes in the
(0.15–0.45) GV band at 16:00 U.T. by [61] which lie between the 09:57–22:17 U.T. data of [4] and
is in good agreement with N.M. measurements; for the (0.6–1.02) GV band we have employed
the balloon extrapolated data by [61]. For the high rigidity portion of the spectrum (> 1.02 Gy),
we have made use of the measurements given by [41–43] from NM data, in the following form:

J > Pð Þ ¼ K
ðPm

P
P�ΦdP (7)

where K is a constant, Pm the high rigidity cutoff andΦ the spectral slope of the differential fluxes.

The values of Pm and Φwere taken through several hours around the peak flux of the event, as
explained by the latter authors. The values of Φ were found to be systematically lower than
other values furnished by GLE measurements due to the presence of the high rigidity cutoff
parameter. For November 2, 1969 event we have taken the high rigidity power law spectrum
as given by [61]; according to this data, we have considered a characteristic upper cutoff at
1.6 GV. In the case of August 4, 1972 event, we have taken the upper bound of Φ given for
August 7 event by [43] considering that the particle spectrum became flatter with time during
August 1972 events [4]. For the high rigidity cutoff, we have tested that within the error band,
the value was essentially the same of that of August 7 event.

The extrapolation of the high rigidity power laws to the integral fluxes of the lower rigidity
branches, has allowed us to determine K from Eq. (7) and thus to construct the high rigidity
branches of the proton fluxes. By smoothing fluxes of both branches we have obtained the
experimental integral spectra, which we have represented in the kinetic energy scale with solid
lines through Figures 2–4. We have verified the good agreement of the high energy power law
shape deduced in this manner, with the corresponding integral slope of the differential power

law in kinetic energy
Ð Em

E E�ΦdE reported in several works by (e.g. [41–43]). However, although
it is systematically true that the best fit for the experimental points is given by such a power
law, it is also true that there are some points that do not fit perfectly with that kind of curve; we
have attempted to include these points in the experimental curves in the case of some GLE
events. For January 28, 1967 event, we employed the integral spectrum deduced by [40] with
the previously mentioned characteristics. It must be emphasized that the choice of these 12
multi-GeV proton events (GLE) follows from the fact that they furnish particle fluxes through a
large range of energy bands and because of the information of the experimental value of Em in
these cases, which unlike the other parameters of the spectrum is the only one that does not
vary through the propagation of particles into the interplanetary space as shown by [40]) and
therefore, can be directly related to the acceleration process

An excellent review of solar cosmic ray events has been given in [130].
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Figure 2. Theoretical and observational integral energy spectrum of hot events.

Figure 3. Theoretical and observational integral energy spectrum of cold events.
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4. Theoretical spectra of solar protons in the source

In order to deduce the velocity and time dependent theoretical spectrum of the accelerated
protons, one must take into account the various processes which affect particles during the
remaining time within the acceleration volume. The main processes acting on particles during
acceleration in a high density plasma are related either to catastrophic changes of particle
density from the accelerated flux or to energy losses. Whereas the first kind of processes affect
mainly the number density of the spectrum, energy losses entail a shift of the particle distribu-
tion toward lower energies, and a certain degradation of the number density due to thermal-
ization of the less energetic particles. The number density changes on the accelerated proton
flux may occur from catastrophic particle diffusion out of the flare source or by nuclear
disintegration or creation of solar protons by nuclear reactions. Given the lack of knowledge
about the exact magnetic field configuration and thus of the confinement efficiency of these
fields, we do not consider here the effects of plausible escape mechanisms [26, 27, 104] on the
theoretical spectrum. Therefore, to make a clear distinction between the energy loss effects
(Section 2) on the spectrum of acceleration, we shall also neglect nuclear transformation during
acceleration, local modulation post-acceleration and interplanetary modulation [67, 68] in this
approach.

Figure 4. Theoretical and observational integral energy spectrum of warm events.
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In addition, we shall not take into account spatial spread in the energy change rates within the
acceleration process such that energy fluctuations [81, 82] which are considered minor for the
purpose of this work.

It must be emphasized that since we are dealing with solar energetic particles, the well-known
phenomena of Forbush decreases are rather related with galactic cosmic rays but not necessar-
ily with solar energetic protons (e.g. [20]).

To establish the particle spectrum, we shall follow the assumptions that under the present
simplified conditions lead to similar results that are obtained by solving a Fokker-Planck type
transport equation on similar conditions [36, 81], that is, when the steady-state is reached in the
source: we assume that a suprathermal flux with similar energy or a Maxwellian particle
distribution is present in the region where the acceleration process is operating and a fraction
N0 of them can be accelerated during the time interval in which the stochastic acceleration
mechanism is acting [93]. The selection of particles follows to the fact that their energy must be
≥ than a critical energy, Ec, determined by the competition of acceleration and by local energy
losses. By analogy with radioactive decay the energy distribution of cosmic ray particles is
assumed as an exponential distribution in age of the form

N Eð ÞdE ¼ N tð Þdt ¼ N0

τ
exp �t=τð Þdt (8)

which in terms of the Lorentz factor is expressed as

N γð Þdγ¼ 1=Mc2
� �

N tð Þdt (8.1)

where t is the necessary time to accelerate particles up to the energyE andτ is considered as amean
confinement time of particles in the acceleration process. Eq. (8) represents hence the differential
spectrum of the accelerated particles; to obtain the integral spectrumwe take the integration of (8)
up to themaximumenergy of the accelerated protons,Em (corresponding to the upper cutoff in the
particle spectrum) the existence ofwhich has been shown by [43] as discussed before.

J > Eð Þ ¼
ðEm

E
N Eð ÞdE ¼

ðtm
t
N tð Þdt ¼ N0

ðtm
t

e�t=τ

τ
dt ¼ N0 e�t=τ � e�tm=τ

h i
(9)

where tm is the acceleration time up to the high energy cutoff. Because the acceleration process
is competing with energy loss processes, the net energy gain rate is effectively fixed on
particles, only beginning at a certain threshold value, Ec defined by (dE/dt) = 0, such that only
particles with E > Ec are able to participate in the acceleration process (the flux N0). Thus the
acceleration time t is defined as

t ¼
ðE
Ec

dE
dt

� �
dt ¼ t Eð Þ � t Ecð Þ (10)

Similarly the constant value tm, representing the acceleration time up to the high energy cutoff,
Em defined as tm = t(Em) - t(Ec), where t(Ec) denotes the time of the acceleration onset. There-
fore, Eq. (9) can be rewritten as
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J > Eð Þ ¼ N0et Ecð Þ=τ e�t Eð Þ=τ � e�t Emð Þ=τ
h i

(11)

4.1. The spectrum of acceleration

For the case in�which energy losses are completely unimportant within the acceleration time
scale, the net energy change rate is determined by the acceleration rate, Eq.(1), which for
simplicity’s sake, we shall represent hereafter in terms of the Lorentz factor γ as

dγ
dt

� �
¼ α γ2 � 1

� �1=2
(12)

the condition (dγ/dt) = (dγ/dt)acc–(dγ/dt)loss = 0 gives γc = 1 (and hence Ec = 0), such that by
integration of (12) we obtain the acceleration time up to the energy E = Mc(γ�1) as

t ¼ 1
α
ln γþ γ2 � 1

� �1=2h i
(13)

Now, by substitution of (13) in Eq. (8.1), we obtain the following differential spectrum

N γð Þ ¼ N0

ατMc2
γ2 � 1
� ��1=2

γþ γ2 þ 1
� �1=2h i�1=ατ

(14)

which in terms of total energy W is expressed as

N Wð Þ ¼ N0

ατ
Mc2
� �1=ατ 1þ β

� ��1=ατ

β
W� 1þ1=ατð Þ ¼ N0

ατ
Mc2
� �1=ατ W þ W2 � Mc2

� �1=2� �n o1=ατ

W2 � Mc2ð Þ2
� �1=2 (14.1)

When the parameter β is considered outside of the integrating equations a somewhat different
expression is obtained:

N Wð Þ ¼ N0

αβτ
Mc2
� �1=αβτ

W� 1þ1=αβτð Þ

The corresponding integral spectrum of the accelerated particles appears from Eqs. (11)–(13) as

J > Eð Þ ¼ N0 γþ γ2 � 1
� �1=2h i�1=ατ

� γm þ γ2
m � 1

� �1=2h i�1=ατ
� �

(15)

(where) γm ¼ Em þMc2
� �

=Mc2

the integral spectrum expressed in terms of kinetic energy becomes,

J > Eð Þ ¼ N0 Mc2
� �1=ατ EþMc2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 þ 2Mc2E

ph i�I=ατ
� Em þMc2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
m þ 2Mc2Em

q� ��I=ατ
( )

(15.1)
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4.2. The modulated spectrum in the acceleration region

In order to study local modulation of spectrum (14) or (15) during acceleration, we shall
proceed to consider energy loss processes together with the energy gain rate (12), according
to the processes discussed in Section 2.

4.2.1. Modulation by collisional losses

When collisional losses are not negligible during acceleration, the net energy change rate is
determined by (2) and (12) as

dγ
dt

¼ α γ2 � 1
� �1=2 � b=Mc2

� �
γ γ2 � 1
� ��1=2

(16)

where b = 7.62 � 10�9 nL, then, the solution of (16) is easily performed by employing a change
of variable of the form x ¼ γ� 1ð Þ= γþ 1ð Þ½ � [90], such that the acceleration time from the
critical energy Ec up to the energy E, in terms of the Lorentz factor is

t ¼ ln
1þ x
1� x

����
����
1=α ϕ1=2x� �Y2ð Þ1=2

ϕ1=2x� �Y2ð Þ1=2

�����

�����
p

þ ξ tan �1 x ϕ=Y1
� �1=2h i��� x

xc
¼ t xð Þ � t xcð Þ (17)

with φ = b/Mc2, Y1 = 2α + (4α2 + φ2)1/2, Y2 = 2α�(4α2 + φ2)1/2, p = Y3/[2(�Y2)
1/2φ1/2], Y3 = (2φ/α)

[(φ-Y2)/(Y1-Y2)], Y4 = (2φ/α)[(Y1-φ)/(Y1-Y2)], ζ = Y4/(φY1)
1/2 and xc= [(ɣc-1)/(ɣc + 1)]1/2, where

γc = (b/2αMc2) + 1 is the critical value for acceleration determined by (dγ/dt) = 0, and the
constant value t xcð Þ corresponds to the value of t(Ec) appearing in Eq. (10). The differential
spectrum of particles is obtained by substituting of (Eq. 17) in Eq. (80) as follows

N γð Þ ¼ N0

τMc2
et xcð Þ=τ γ2 � 1

� �1=2
α γ2 � 1ð Þ � ϕγ
� � 1þ x

1� x

� ��1=ατ ϕ1=2x� �Y2ð Þ1=2
ϕ1=2xþ �Y2ð Þ1=2
" #�∅=2

exp �q=τð Þ tan�1 x ϕ=Y1
� �1=2h ih i

(18)

The integral spectrum is then from Eq. (11) and Eq. (17)

J > Eð Þ ¼ N0 exp t xcð Þ=τð Þ 1þx
1�x

� ��1=ατ ϕ1=2x� Y2ð Þ1=2
ϕ1=2xþ Y2ð Þ1=2

� ��p=2

exp � q
τ

� �
tan �1 xðϕ Y1ð Þ1=2

h ih i(

� exp �t xmð Þ=τð Þ
) (19)

where t(xm) corresponding to t(Em) in Eq. (11), appearing from the evaluation of Eq. (17) in the

constant value xm ¼ γm � 1
� �

= γm þ 1
� �� �1=2

: It can be seen that spectra (18) or (19)reduces to
(14) or (15) when b = 0. The integral spectrum in terms of kinetic energy is expressed as
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J > Eð Þ ¼ N0 exp
t Eið Þ
τ
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εþEþMc2
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ατ E1 � E2ð Þ tan �1 E E2 þMc2
� �þMc2E2
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� exp
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with p ¼ E1 E1þ2Mc2ð Þ½ �1=2
ατ E1�E2ð Þ , ¼ E2 þ 2Mc2E

� �1=2
, Ei = b/2 α is the threshold value for effective accel-

eration and E1, E2 correspond respectively to b� b2 þ 4α2 Mc2
� �2� �1=2� �

=2α
� �

. It can be seen

that spectrum (19.1) reduces a spectrum (15.1) when b = 0.

The corresponding particle energy spectrum to Eq. (20) is developed in the Appendix.

4.3. Modulation by proton-proton nuclear collisions

In the event that proton-proton collisions are important during the acceleration process. By
adding Eq. (4), the net energy rate (16) turns into the following expression

dγ
dt

¼ α γ2 � 1
� �1=2 � b=Mc2

� �
γ γ2 � 1
� ��1=2 � h Mc2 γ� 1ð Þ�2 þ j Mc2 γ� 1ð Þ� ��1 þ f þ η

h ih i
γ� 1ð Þ1=2

(20)

The critical value γc for acceleration resulting when (dγ/dt) = 0 is obtained by solving a cubic
equation of the form Aγ3 + Bγ2 + Cγ + D = 0 with A = α(Mc2)2, B = �A�(b + j)Mc2,
C = �A + bMc2�h, D = A + jMc2�h if E ≤ 110 MeV, or, A = (α�f)(Mc2)2, B = �A�bMc2,
C = �A + bMc2�h, D = A�h if 110 < E ≤ 290 MeV and for the range E > 290 MeV similar to the
last one but with A = (α�f�η)(Mc2)2. Therefore, the roots a1, a2 and a3 depend on α, b, h, j, f and
η, such than when a medium concentration n is fixed, the basic dependence remains on α.
Given that for the bulk of the involved parameters the conditions a1 > 1, a2 ≤ �1 and 0 < a3 ≤ 1
are systematically satisfied through all the energy ranges the relation Ec = Mc2 (γc – 1) states a1
as the critical value for effective acceleration. The acceleration time of particles beginning with
this critical value up to the energy E is obtained from Eq. (20) as

t ¼ 1
λ

ln 2 γ2 � 1
� �1=2 þ 2γ

���
���
A1a1þA2a2þA3a3 γ� a1

2 a21 � 1
� �1=2 γ2 � 1ð Þ1=2 þ 2a1γ� 2

�����

�����
A1 a21�1ð Þ1=2

2
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3
75

8><
>:

� A2 1� a22
� �1=2 sin �1 a2γ� 1

γ� a2j j
� �

þ A3 1� a23
� �1=2 sin �1 a3γ� 1

γ� a3j j
� �� �

� t γc

� �)
(21)

where the constants. A1 = (a1�1)(a2�a3)/ξ, A2 = (a2�1)(a3�a1)/ξ and A3 = (a3�1) (a1�a2)/ξ
emerge from the integration by partial fractions of Eq. (20), with ξ = a1

2(a2�a3) +
a2

2(a3�a1) + a3
2(a1�a2), and take on different values according to the energy range concerned;
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4.2. The modulated spectrum in the acceleration region

In order to study local modulation of spectrum (14) or (15) during acceleration, we shall
proceed to consider energy loss processes together with the energy gain rate (12), according
to the processes discussed in Section 2.

4.2.1. Modulation by collisional losses

When collisional losses are not negligible during acceleration, the net energy change rate is
determined by (2) and (12) as

dγ
dt

¼ α γ2 � 1
� �1=2 � b=Mc2

� �
γ γ2 � 1
� ��1=2

(16)

where b = 7.62 � 10�9 nL, then, the solution of (16) is easily performed by employing a change
of variable of the form x ¼ γ� 1ð Þ= γþ 1ð Þ½ � [90], such that the acceleration time from the
critical energy Ec up to the energy E, in terms of the Lorentz factor is

t ¼ ln
1þ x
1� x

����
����
1=α ϕ1=2x� �Y2ð Þ1=2

ϕ1=2x� �Y2ð Þ1=2

�����

�����
p

þ ξ tan �1 x ϕ=Y1
� �1=2h i��� x

xc
¼ t xð Þ � t xcð Þ (17)

with φ = b/Mc2, Y1 = 2α + (4α2 + φ2)1/2, Y2 = 2α�(4α2 + φ2)1/2, p = Y3/[2(�Y2)
1/2φ1/2], Y3 = (2φ/α)

[(φ-Y2)/(Y1-Y2)], Y4 = (2φ/α)[(Y1-φ)/(Y1-Y2)], ζ = Y4/(φY1)
1/2 and xc= [(ɣc-1)/(ɣc + 1)]1/2, where

γc = (b/2αMc2) + 1 is the critical value for acceleration determined by (dγ/dt) = 0, and the
constant value t xcð Þ corresponds to the value of t(Ec) appearing in Eq. (10). The differential
spectrum of particles is obtained by substituting of (Eq. 17) in Eq. (80) as follows

N γð Þ ¼ N0

τMc2
et xcð Þ=τ γ2 � 1

� �1=2
α γ2 � 1ð Þ � ϕγ
� � 1þ x

1� x
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ϕ1=2xþ �Y2ð Þ1=2
" #�∅=2

exp �q=τð Þ tan�1 x ϕ=Y1
� �1=2h ih i

(18)

The integral spectrum is then from Eq. (11) and Eq. (17)

J > Eð Þ ¼ N0 exp t xcð Þ=τð Þ 1þx
1�x

� ��1=ατ ϕ1=2x� Y2ð Þ1=2
ϕ1=2xþ Y2ð Þ1=2

� ��p=2

exp � q
τ

� �
tan �1 xðϕ Y1ð Þ1=2

h ih i(

� exp �t xmð Þ=τð Þ
) (19)

where t(xm) corresponding to t(Em) in Eq. (11), appearing from the evaluation of Eq. (17) in the

constant value xm ¼ γm � 1
� �

= γm þ 1
� �� �1=2

: It can be seen that spectra (18) or (19)reduces to
(14) or (15) when b = 0. The integral spectrum in terms of kinetic energy is expressed as
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with p ¼ E1 E1þ2Mc2ð Þ½ �1=2
ατ E1�E2ð Þ , ¼ E2 þ 2Mc2E

� �1=2
, Ei = b/2 α is the threshold value for effective accel-

eration and E1, E2 correspond respectively to b� b2 þ 4α2 Mc2
� �2� �1=2� �

=2α
� �

. It can be seen

that spectrum (19.1) reduces a spectrum (15.1) when b = 0.

The corresponding particle energy spectrum to Eq. (20) is developed in the Appendix.

4.3. Modulation by proton-proton nuclear collisions

In the event that proton-proton collisions are important during the acceleration process. By
adding Eq. (4), the net energy rate (16) turns into the following expression

dγ
dt

¼ α γ2 � 1
� �1=2 � b=Mc2

� �
γ γ2 � 1
� ��1=2 � h Mc2 γ� 1ð Þ�2 þ j Mc2 γ� 1ð Þ� ��1 þ f þ η

h ih i
γ� 1ð Þ1=2

(20)

The critical value γc for acceleration resulting when (dγ/dt) = 0 is obtained by solving a cubic
equation of the form Aγ3 + Bγ2 + Cγ + D = 0 with A = α(Mc2)2, B = �A�(b + j)Mc2,
C = �A + bMc2�h, D = A + jMc2�h if E ≤ 110 MeV, or, A = (α�f)(Mc2)2, B = �A�bMc2,
C = �A + bMc2�h, D = A�h if 110 < E ≤ 290 MeV and for the range E > 290 MeV similar to the
last one but with A = (α�f�η)(Mc2)2. Therefore, the roots a1, a2 and a3 depend on α, b, h, j, f and
η, such than when a medium concentration n is fixed, the basic dependence remains on α.
Given that for the bulk of the involved parameters the conditions a1 > 1, a2 ≤ �1 and 0 < a3 ≤ 1
are systematically satisfied through all the energy ranges the relation Ec = Mc2 (γc – 1) states a1
as the critical value for effective acceleration. The acceleration time of particles beginning with
this critical value up to the energy E is obtained from Eq. (20) as

t ¼ 1
λ

ln 2 γ2 � 1
� �1=2 þ 2γ
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where the constants. A1 = (a1�1)(a2�a3)/ξ, A2 = (a2�1)(a3�a1)/ξ and A3 = (a3�1) (a1�a2)/ξ
emerge from the integration by partial fractions of Eq. (20), with ξ = a1

2(a2�a3) +
a2

2(a3�a1) + a3
2(a1�a2), and take on different values according to the energy range concerned;
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λ = α (if E ≤ 110 MeV), λ = α � f (if 110 < E ≤ 290 MeV) and λ = α – f � η (if E > 290 MeV). The
differential spectrum in this case follows from Eqs. (8.1) and (20) as

N γð Þ ¼ N0Mc2

τ
et γcð Þ=τ 2 γ2 � 1

� �1=2 þ 2γ
���

���
�δ γ� a1

2 a1γ� 1ð Þ þ 2 a21 � 1
� �1=2 γ2 � 1ð Þ1=2

�����

�����
�δ1

exp �δ2 sin �1 a2γ� 1
γ� a2j j

� �
� δ3 sin �1 a3γ� 1

γ� a3j j
� �� �

γ� 1ð Þ γ2 � 1
� �1=2

Aγ3 þ Bγ2 þ CγþD

(22)

where δ = (A1a1 + A2a2+ A3a3)/λτ, δ1 = A1(a1
2�1)1/2λτ, δ2 = A2(1� a2

2)1/22/λτ and δ = A3(1�a3
2)1/2/

λτ; therefore, the integral spectrum is given from (Eq. 11) and Eq. (21) as

J > Eð Þ ¼ N0 Mc2
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���
���
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�����
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exp �t γm

� �
=τ
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(23)

which in terms of kinetic energy becomes,

J > Eð Þ ¼ N0 exp
t Eið Þ
τ

� �
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where

δ1 ¼ Mc2
� �2

=Qτ
h i

a1A1 þ a2A2 þ a3A3þð Þ, δ2 ¼ Mc2
� �2

=Qτ
h i

A1 a2 � 1ð Þ1=2, δ3 ¼ Mc2
� �2

=Qτ

and Q, A1, A2, A3, a1, a2, a3, are constants that depend on α, b, η, h, j and f which emerge from
the integration by partial fractions and take different values throughout the three different
range considered.

4.4. Modulation by adiabatic processes

Under the consideration of adiabatic deceleration of protons while the acceleration mechanism
is acting, the net energy change rate Eq. (20), is transformed by addition of Eq. (6) in

dγ
dt

¼ α γ2 � 1
� �1=2 � Mc2

� �
γ γ2 � 1
� ��1=2 � h Mc2 γ� 1ð Þ� ��2 þ j Mc2 γ� 1ð Þ�1 þ f þ η

h in o

� γ2 � 1
� �1=2 � r γ2 � 1

� �
γ�1

(24)

The condition (dγ/dt) = 0 for determining γc in this case, leads to a transcendental equation of
the form Eγ4 + Fγ3 + Gγ2 + Hγ + I(γ�1)(γ2�1)3/2 = 0, whose solution depends only on α, n and
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very weakly on r, and where E = α(Mc2)2, F = �E�(b + j)Mc2, G = �E�h + bMc2, H = E�h + jMc2

and I = � r(Mc2)2 in the range E ≤ 110 MeV. Therefore, since critical energy for acceleration is
defined in the low energy range, the wide interval 1.0 ≤ γ ≤ 1.1 states a unique value of γc for
any acceleration parameter α when the values of n and r are fixed. In order to deduce the
particle spectrum, we have simplified Eq. (24) by changing variable Z = γ�(γ2�1)1/2, thus,
obtaining in this way a rational function which integration by partial fractions gives the
following acceleration time

t ¼ 1
k

ln z2 þ R1zþ R2
�� ��c1=2 z2 þ R3zþ R4

�� ��c3=2 z2 þ R5zþ R6
�� ��c5=2 z2 þ R7zþ R8

�� ��c7=2zc9 2zþ R1 � Δ1ð Þ1=2
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�����

�����
k1

0
@

1
A

2
4

8<
:

þk2 tan �1 2zþ R3

�Δ2ð Þ1=2
 !

þ k3 tan �1 2zþ R5

�Δ3ð Þ1=2
 !

þ k4 tan �1 2zþ R7

�Δ4ð Þ1=2
 !#

� t zcð Þ
)

(25)

where K1 ¼ 2C2 � R1C1ð Þ=2Δ1=2
1 , K2 ¼ 2C4 � R3C3ð Þ= �Δ2ð Þ1=2, K3 ¼ 2C6 � R5C5ð Þ= �Δ3ð Þ1=2K1

K4 ¼ 2C8 � R7C7ð Þ= �Δ4ð Þ1=2; R1, R2, … R8 are the coefficients of the quadratic factors Δ1, Δ2,
Δ3 and Δ4 their discriminants, corresponding to two real and six complex roots of the nine
roots of the rational function denominator, and C1, C2,. C9 are the coefficients of the linear
factors. For a given value of the acceleration efficiency α all the quantities involved in (25)
become constants and take on different values according to the three energy intervals studied. The
factor κ is give as κ = α + r (if E ≤ 110 MeV), κ = α�f�η (if 110 < E ≤ 290MeV) and κ = α�f�η +r (if
E > 290 MeV). As in the preceding cases, the substitution of Eq. (25) in (80) furnishes us with a
differential spectrum of the form

N γð Þ ¼ N0

Mc2kτ
et zcð Þ=τ �z8 þ 2z7 � 2z5 þ 2z4 � 2z3 þ 2z� 1

z8 þ Jz7 þMz6 þNz5 þ Pz4 þQz3 þ Rz2 þ Szþ V

� �

� z2 þ R1zþ R2
�� ���θ1 z2 þ R3zþ R4

�� ���θ2 z2 þ R5zþ R6
�� ���θ3 z2 þ R7zþ R8

�� ���θ4
�n

� 2zþ R1 � Δ1ð Þ1=2
2zþ R1 þ Δ1ð Þ1=2
�����
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1
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 !"
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�Δ4ð Þ1=2
 !#)

(26)

Θ1 = c1/2κτ, Θ2 = c3/2κτ, Θ3 = c5/2κτ, Θ4 = c7/2κτ, Θ5 = K1/2κτ, Θ6 = c9/2κτ, Θ7 = (�K2)/κτ,
Θ8 = (�K3)/κτ and Θ9 = (�K4)/κτ, J = 2(F + I)/V, M = (4E + 4G + 2I)/V, N = (6F + 8H�GI)/V,
P = (GE + 8G)/V, Q = (GP + 8H + GI)/V, R = (4E + 4c�2I)/I, S = 2 (F�I)/V, V = (E + I)/V and V = E�I.
The values of E, F, G, H, I in the range E < 110 MeV are the values given above; in the range
110 < E ≤ 290 MeV, E = (α�f)(Mc2)2, F = E�bMc2, G = �E + bMc2, H = E�h and I = r(Mc2)2. In
the range E > 290 MeV the only difference with the precedent range is E = (α�f�η)(Mc2)2. The
constant t(Zc) is the evaluation of (25) in the threshold value Zc = γc�(γc

2�1)1/2. The integral
spectrum according Eq. (11) is,
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λ = α (if E ≤ 110 MeV), λ = α � f (if 110 < E ≤ 290 MeV) and λ = α – f � η (if E > 290 MeV). The
differential spectrum in this case follows from Eqs. (8.1) and (20) as

N γð Þ ¼ N0Mc2

τ
et γcð Þ=τ 2 γ2 � 1
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2 a1γ� 1ð Þ þ 2 a21 � 1
� �1=2 γ2 � 1ð Þ1=2

�����

�����
�δ1

exp �δ2 sin �1 a2γ� 1
γ� a2j j

� �
� δ3 sin �1 a3γ� 1

γ� a3j j
� �� �

γ� 1ð Þ γ2 � 1
� �1=2

Aγ3 þ Bγ2 þ CγþD

(22)

where δ = (A1a1 + A2a2+ A3a3)/λτ, δ1 = A1(a1
2�1)1/2λτ, δ2 = A2(1� a2

2)1/22/λτ and δ = A3(1�a3
2)1/2/

λτ; therefore, the integral spectrum is given from (Eq. 11) and Eq. (21) as
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which in terms of kinetic energy becomes,
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where

δ1 ¼ Mc2
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and Q, A1, A2, A3, a1, a2, a3, are constants that depend on α, b, η, h, j and f which emerge from
the integration by partial fractions and take different values throughout the three different
range considered.

4.4. Modulation by adiabatic processes

Under the consideration of adiabatic deceleration of protons while the acceleration mechanism
is acting, the net energy change rate Eq. (20), is transformed by addition of Eq. (6) in

dγ
dt

¼ α γ2 � 1
� �1=2 � Mc2

� �
γ γ2 � 1
� ��1=2 � h Mc2 γ� 1ð Þ� ��2 þ j Mc2 γ� 1ð Þ�1 þ f þ η

h in o
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(24)

The condition (dγ/dt) = 0 for determining γc in this case, leads to a transcendental equation of
the form Eγ4 + Fγ3 + Gγ2 + Hγ + I(γ�1)(γ2�1)3/2 = 0, whose solution depends only on α, n and

Cosmic Rays136

very weakly on r, and where E = α(Mc2)2, F = �E�(b + j)Mc2, G = �E�h + bMc2, H = E�h + jMc2

and I = � r(Mc2)2 in the range E ≤ 110 MeV. Therefore, since critical energy for acceleration is
defined in the low energy range, the wide interval 1.0 ≤ γ ≤ 1.1 states a unique value of γc for
any acceleration parameter α when the values of n and r are fixed. In order to deduce the
particle spectrum, we have simplified Eq. (24) by changing variable Z = γ�(γ2�1)1/2, thus,
obtaining in this way a rational function which integration by partial fractions gives the
following acceleration time
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where K1 ¼ 2C2 � R1C1ð Þ=2Δ1=2
1 , K2 ¼ 2C4 � R3C3ð Þ= �Δ2ð Þ1=2, K3 ¼ 2C6 � R5C5ð Þ= �Δ3ð Þ1=2K1

K4 ¼ 2C8 � R7C7ð Þ= �Δ4ð Þ1=2; R1, R2, … R8 are the coefficients of the quadratic factors Δ1, Δ2,
Δ3 and Δ4 their discriminants, corresponding to two real and six complex roots of the nine
roots of the rational function denominator, and C1, C2,. C9 are the coefficients of the linear
factors. For a given value of the acceleration efficiency α all the quantities involved in (25)
become constants and take on different values according to the three energy intervals studied. The
factor κ is give as κ = α + r (if E ≤ 110 MeV), κ = α�f�η (if 110 < E ≤ 290MeV) and κ = α�f�η +r (if
E > 290 MeV). As in the preceding cases, the substitution of Eq. (25) in (80) furnishes us with a
differential spectrum of the form
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Θ1 = c1/2κτ, Θ2 = c3/2κτ, Θ3 = c5/2κτ, Θ4 = c7/2κτ, Θ5 = K1/2κτ, Θ6 = c9/2κτ, Θ7 = (�K2)/κτ,
Θ8 = (�K3)/κτ and Θ9 = (�K4)/κτ, J = 2(F + I)/V, M = (4E + 4G + 2I)/V, N = (6F + 8H�GI)/V,
P = (GE + 8G)/V, Q = (GP + 8H + GI)/V, R = (4E + 4c�2I)/I, S = 2 (F�I)/V, V = (E + I)/V and V = E�I.
The values of E, F, G, H, I in the range E < 110 MeV are the values given above; in the range
110 < E ≤ 290 MeV, E = (α�f)(Mc2)2, F = E�bMc2, G = �E + bMc2, H = E�h and I = r(Mc2)2. In
the range E > 290 MeV the only difference with the precedent range is E = (α�f�η)(Mc2)2. The
constant t(Zc) is the evaluation of (25) in the threshold value Zc = γc�(γc

2�1)1/2. The integral
spectrum according Eq. (11) is,
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where t(Zm) is the evaluation of Eq. (25) in Z ¼ γm � γ2
m � 1

� �1=2 corresponding to the high
energy cutoff value in the acceleration process.

In order to express the previous equation as a function of the kinetic energy E, the variable Z

should be written as Z Eð Þ ¼ EþMc2
� �� E2 þ 2EMc2

� �1=2
and Z Eð Þm ¼ Em þMc2

� �� E2
mþ

�

2EmMc2Þ1=2.
It is also interesting to analyze the opposite case, when instead of an expansion of the source
materials, there is a compression of the source medium (e.g. [101–103]) with a consequent
adiabatic acceleration of the flare particles, which entail a change of sign in the last term of the
net energy change rate (24). Let us develop the situation for which energy losses are
completely negligible in relation to the acceleration rate during the stochastic particle acceler-
ation and compression of the local material

dγ=dtð Þ ¼ α γ2 � 1
� ��1=2 þ r γ2 � 1

� �
γ�1 (28)

As in the case of Eq. (12) the threshold for acceleration is meaningless, and thus the accelera-
tion time up to the energy E is given as
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where¼ r
α2�r2ð Þ , ψ ¼ α

2 α2�r2ð Þ and ω ¼ r
r2�α2, consequently, the differential spectrum of particles is
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and then the integral spectrum is simply given as
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which in terms of kinetic energy becomes,

Cosmic Rays138

J > Eð Þ ¼ N0

αj jχ=2
EþMc2

α EþMc2ð Þ þ r E2 þ 2EMc2
� �1=2

������

������

�χ=τ

EþMc2
� �þ E2 þ 2EMc2

� �1=2

EþMc2ð Þ � E2 þ 2EMc2
� �1=2

������

������

�ψ=τ
0
B@

EþMc2
� �

=Mc2
� ��ω=τ � e�t EmþMc2ð Þ=Mc2½ �=τ�

(31.1)

It is worth mentioning that although it is expected that the critical energy for acceleration Ec

increases while adding energy loss process to the net energy charge rate, nevertheless, the
value of Ec resulting from Eq. (24) is essentially the same as that obtained from Eq. (20). This
can be understood from Figure 1, because adiabatic cooling is practically negligible at low
energies.

5. Procedure and results

As seen in the preceding section, the calculation of our theoretical spectra, Eqs. (15),(19), (23),
(27) and (31) requires three fundamental parameters, one of them directly related to the
physical state of flare regions, that is, the medium concentration n, and the others concerning
the acceleration mechanism itself, that is, the acceleration efficiency α and the mean confine-
ment time τ. These last two depend of course on some of the physical parameters of the source,
which we attempt to estimate from the appropriate values of α and τ. In the case of the solar
source, we have considered the mean value of the electron density and a conservative value for
the proton population as ne ≈ nH = 1013 cm�3 (e.g. [19, 35, 56, 113, 114, 116, 118]).

This assumption locates the acceleration region in chromospheric densities in agreement with
some analysis of the charge spectrum of solar cosmic rays [64, 92].

Besides, since our expressions contain the acceleration parameter as the product ατ and since
we are dealing with particles of the same species, for the sake of simplicity we have adopted
the assumption τ = 1�swhich allows us to separate the behavior of the acceleration efficient α in
order to analyze it through several events and several source conditions. In any event, this
value falls within the generally accepted range (e.g. [130, 131]); we shall discuss the implica-
tions of this assumption in the next section.

The determination of α has been carried out through the following procedure: in order to
represent the theoretical spectrum within the same scale as that of the experimental curve, we
have normalized both fluxes at the minimum energy for which available experimental data are
effectively trustworthy, in such a way as to state the maximum flux of particles at the normal-
ization energy, Enor

J > Eð Þacc
� �

Enor
¼ q J > Eð Þearth
� �

Enor
(32)
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where t(Zm) is the evaluation of Eq. (25) in Z ¼ γm � γ2
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and then the integral spectrum is simply given as
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which in terms of kinetic energy becomes,
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It is worth mentioning that although it is expected that the critical energy for acceleration Ec

increases while adding energy loss process to the net energy charge rate, nevertheless, the
value of Ec resulting from Eq. (24) is essentially the same as that obtained from Eq. (20). This
can be understood from Figure 1, because adiabatic cooling is practically negligible at low
energies.

5. Procedure and results

As seen in the preceding section, the calculation of our theoretical spectra, Eqs. (15),(19), (23),
(27) and (31) requires three fundamental parameters, one of them directly related to the
physical state of flare regions, that is, the medium concentration n, and the others concerning
the acceleration mechanism itself, that is, the acceleration efficiency α and the mean confine-
ment time τ. These last two depend of course on some of the physical parameters of the source,
which we attempt to estimate from the appropriate values of α and τ. In the case of the solar
source, we have considered the mean value of the electron density and a conservative value for
the proton population as ne ≈ nH = 1013 cm�3 (e.g. [19, 35, 56, 113, 114, 116, 118]).

This assumption locates the acceleration region in chromospheric densities in agreement with
some analysis of the charge spectrum of solar cosmic rays [64, 92].

Besides, since our expressions contain the acceleration parameter as the product ατ and since
we are dealing with particles of the same species, for the sake of simplicity we have adopted
the assumption τ = 1�swhich allows us to separate the behavior of the acceleration efficient α in
order to analyze it through several events and several source conditions. In any event, this
value falls within the generally accepted range (e.g. [130, 131]); we shall discuss the implica-
tions of this assumption in the next section.

The determination of α has been carried out through the following procedure: in order to
represent the theoretical spectrum within the same scale as that of the experimental curve, we
have normalized both fluxes at the minimum energy for which available experimental data are
effectively trustworthy, in such a way as to state the maximum flux of particles at the normal-
ization energy, Enor
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where q is the normalization factor. Since our expressions do not directly furnish the source
integral spectrum but rather J(>E)/N0, we have deduced in this way a normalization flux K0,
keeping the same proportion with the differential flux N0 appearing in our expressions

N0 ¼ qk0 ¼ protons=4πR2
SEs protons=cm2 str s

� �
(33)

where RSE ¼ 1:5� 1013cm = sun-earth distance. We have listed Enor for every event on columns
8 of Tables 1–3.

The value of N0 for every event is tabulated on columns 10 of Tables 1–3.

Assuming that the theoretical curve among Eqs. (15), (19), (23), (27) and (31) is near the
experimental curve in a given event, describes the kind of phenomena occurring at the source
better, we have proceeded to perform this intercomparison according to the following criterion:
first, the condition stated by Eq. (32) at the normalization energy and, second, that J(>E) ≈ 0 at the
high energy cutoff Em. In order to compare each one of the theoretical spectra with an

Table 1. Characteristic parameters of the acceleration process in solar protons hot events: acceleration efficiency α, high
energy cutoff Em, normalization energy En, flux of accelerated particles in the source N0 and heliographic coordinates of
the flare according to different reports.

Table 2. Characteristic parameters of the acceleration process in solar protons cold events: acceleration efficiency α, high
energy cutoff Em, normalization energy En, flux of accelerated particles in the source N0 and heliographic coordinates of
the flare according to different reports.
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experimental curve under the same conditions, we could proceed to fix the value of the
acceleration parameters in advance, which would entails making a priori inferences about the
physical parameters of the source involved in the acceleration process of a given solar event;
furthermore, this would result in a bias for the interpretation of the phenomenology involved
in each event depending on the selected value of the efficiency α; that is, high values would
give systematically the best fit with spectrum (27), whereas low values would show a system-
atically better fit with spectrum (15). Therefore, we proceeded conversely by determining the
appropriate parameters of the source from the value of α in the theoretical spectra that best
represents the experimental curve. The optimum values of α, obtained for each of the theoret-
ical curves allows us to determine the critical energy Ec and the normalization flux Ko appro-
priate to each case. We have tabulated the values of α, Ec and Ko obtained for every event
through calculations of the spectra (15) (19), (23), (27) and (31) in Tables 1–3. We have illus-
trated the optimum theoretical curves on Figures 2–4. From an examination of these results, it
can be observed that no general conclusion can be drawn about the behavior of our theoretical
spectra by the simple comparison of energy change rates (1), (2), (4) or (6) at different energy
values 7 as if the medium density n were the only important parameter in determining the
processes occurring at the source. Other factors must intervene, as can be seen from the fact
that spectra behavior changes from event to event. Nevertheless, according to the behavior of
particle spectra, we can group the solar events in three groups of similar characteristics: those
illustrated in Figure 2, which we shall denominate hot events, where it can be seen that
theoretical spectra progressively approach the experimental curves while adding energy loss
processes to the acceleration rate. Therefore, the physical processes taking place at the source
in those events are described by spectrum (27) indicating that adiabatic cooling of protons
together with energy degradation from p–p collisions and collisional losses may have taken
place. In this case spectrum (31) (illustrated only in the January 28, 1967 event) is systemati-
cally the more deflected curve, showing the absence of adiabatic compression, at least during
the acceleration period. Figure 3 shows the second group which we will call cold events, and

Table 3. Characteristic parameters of the acceleration process in solar protons warm events: acceleration efficiency α, high
energy cutoff Em, normalization energy En, flux of accelerated particles in the source N0 and heliographic coordinates of the
flare according to different reports.

Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra
http://dx.doi.org/10.5772/intechopen.77052

141



where q is the normalization factor. Since our expressions do not directly furnish the source
integral spectrum but rather J(>E)/N0, we have deduced in this way a normalization flux K0,
keeping the same proportion with the differential flux N0 appearing in our expressions

N0 ¼ qk0 ¼ protons=4πR2
SEs protons=cm2 str s

� �
(33)

where RSE ¼ 1:5� 1013cm = sun-earth distance. We have listed Enor for every event on columns
8 of Tables 1–3.

The value of N0 for every event is tabulated on columns 10 of Tables 1–3.

Assuming that the theoretical curve among Eqs. (15), (19), (23), (27) and (31) is near the
experimental curve in a given event, describes the kind of phenomena occurring at the source
better, we have proceeded to perform this intercomparison according to the following criterion:
first, the condition stated by Eq. (32) at the normalization energy and, second, that J(>E) ≈ 0 at the
high energy cutoff Em. In order to compare each one of the theoretical spectra with an

Table 1. Characteristic parameters of the acceleration process in solar protons hot events: acceleration efficiency α, high
energy cutoff Em, normalization energy En, flux of accelerated particles in the source N0 and heliographic coordinates of
the flare according to different reports.

Table 2. Characteristic parameters of the acceleration process in solar protons cold events: acceleration efficiency α, high
energy cutoff Em, normalization energy En, flux of accelerated particles in the source N0 and heliographic coordinates of
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acceleration parameters in advance, which would entails making a priori inferences about the
physical parameters of the source involved in the acceleration process of a given solar event;
furthermore, this would result in a bias for the interpretation of the phenomenology involved
in each event depending on the selected value of the efficiency α; that is, high values would
give systematically the best fit with spectrum (27), whereas low values would show a system-
atically better fit with spectrum (15). Therefore, we proceeded conversely by determining the
appropriate parameters of the source from the value of α in the theoretical spectra that best
represents the experimental curve. The optimum values of α, obtained for each of the theoret-
ical curves allows us to determine the critical energy Ec and the normalization flux Ko appro-
priate to each case. We have tabulated the values of α, Ec and Ko obtained for every event
through calculations of the spectra (15) (19), (23), (27) and (31) in Tables 1–3. We have illus-
trated the optimum theoretical curves on Figures 2–4. From an examination of these results, it
can be observed that no general conclusion can be drawn about the behavior of our theoretical
spectra by the simple comparison of energy change rates (1), (2), (4) or (6) at different energy
values 7 as if the medium density n were the only important parameter in determining the
processes occurring at the source. Other factors must intervene, as can be seen from the fact
that spectra behavior changes from event to event. Nevertheless, according to the behavior of
particle spectra, we can group the solar events in three groups of similar characteristics: those
illustrated in Figure 2, which we shall denominate hot events, where it can be seen that
theoretical spectra progressively approach the experimental curves while adding energy loss
processes to the acceleration rate. Therefore, the physical processes taking place at the source
in those events are described by spectrum (27) indicating that adiabatic cooling of protons
together with energy degradation from p–p collisions and collisional losses may have taken
place. In this case spectrum (31) (illustrated only in the January 28, 1967 event) is systemati-
cally the more deflected curve, showing the absence of adiabatic compression, at least during
the acceleration period. Figure 3 shows the second group which we will call cold events, and
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energy cutoff Em, normalization energy En, flux of accelerated particles in the source N0 and heliographic coordinates of the
flare according to different reports.
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where it can be seen that energy losses are not important within the time scale of the acceler-
ation process because theoretical curves get progressively separate from the experimental one
while adding energy loss processes. Actually the best systematic approach in these cases is
obtained with spectrum (31) (illustrated only for November 12, 1960 event) indicating that
acceleration of protons by adiabatic compression could have taken took place. The third group
that we shall distinguish as warm events is represented in Figure 4, where we can observe that
there is no systematic tendency as compared to the previous groups. Nevertheless, it can be
seen that at least at low energies the best approach to the experimental curve is described
by spectrum (23), whereas at high energies the best fit is obtained with spectrum (15),
thus indicating that to greater or lesser degree energy losses by collisional losses and proton-
proton collisions may be important on low energy protons but they become negligible in
relation to the acceleration rate in high energy particles. The point where this change may
occur varies from very low energies in some events (July 7, 1966) to very high energies in
others (January 24, 1971). The larger deflection from the experimental curve in these cases is
obtained with spectrum (27), indicating that adiabatic expansion do not take place; further-
more, the fact that spectrum (31) (illustrated only for the November 18, 1968 event) is system-
atically deflected in relation to the acceleration spectrum (15) indicates that there is no
adiabatic compression either. The values of the parameters describing the most adequate
theoretical spectrum of events of Figures 2–4 are tabulated on columns 7, 3 and 6 of Tables 1–3,
respectively.

In order to estimate the amount of local plasma particles that must be picked up by the
acceleration process to produce the observed spectrum, are must know the value of No in (8)
when t = 0. Therefore, roughly assuming that at least for events of (Figure 3, Table 2), the
picked up protons originate in a thermal plasma where the velocities distribution is of a
Maxwellian-type, or that they appear from a preliminary heating related to turbulent thermal
motions, then, it can be inferred that the primary differential flux is given as, related with the
flux defined in Eq. (33).

N0 ¼ 9= 2πð Þ3=2
h i

k=Mð Þ1=2e3=2nT1=2 (34)

where M is the mass of protons and k the of Boltzman’s constant. Then, by assuming that Ko is
related to the flux of protons involved in the acceleration process and the flux No related to the
original concentration of the medium, we have estimated from Eq. (33) the fraction of the local
plasma particles that were accelerated in each event and tabulated them on columns 10 of
Tables 1–3. In evaluating (34), we have assumed a different value of temperature T for each
one of the 3 groups of events, before discussing them in the next section.

Now let us summarize the results which emerge from Figures 2–4 and Tables 1–3, before
extending their interpretation in next section:

1. The events illustrated in Figure 2, show the following features:

i. In September 1, 1971 event, the best fit of the experimental spectrum is obtained with

(27) whereas the worst fit is given by (15) and (31).
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ii. The January 28, 1967 event follows the same tendency as the preceding event up to

�800 MeV, with an exception at very low energies (≤ 30 MeV) where it can be seen that
spectrum (23) is slightly better than (27). Beyond �800 MeV spectrum (23) becomes
the more deflected curve. The low particle energy flux tail is noticeably similar to the
minimum theoretical energy for effective acceleration (Ec � 12 MeV).

2. The events of Figure 3 show that:

The best fit of the experimental curve is systematically given by spectrum (31) and (15) (e.g. the
November 12, 1960 event), whereas spectrum (27) is systematically the most deflected one.

3. The events of Figure 4 show the following characteristics

a. The theoretical curve which best approximates the experimental one at low energies is

spectrum (23) followed by spectrum (19).
b. At given energy (from �500 to �3000 MeV) the previous tendency is abandoned, such

that spectrum (15) interchanges sequential order with spectrum (23).
c. Spectrum (27) is systematically the most deflected curve at all energies.
d. Spectrum (31) is systematically deflected in relation to spectrum (15) (e.g. November

18, 1968 event).
e. The July 7, 1966 event, however, by following the feature (a) at E ≤ 25 MeV, beyond this

energy spectrum (15) comes nearer to the experimental curve than spectrum (23),
whereas spectrum (19) through a progressive, separation becomes the most deflected
curve beyond �2000 MeV.

4. Examination of Tables 1–3 shows the following features:

a. For a given event the obtained value of acceleration efficiency α is the same with

spectrum (31) and (15) (columns 3 and 4 of Tables 1 and 3) contrary to the events of
Table 2, in which case α is lower with spectrum (31) than with (15).

b. Examination of a given spectrum (same column 5, or, 6 or 7) shows that α and Ec

behave in an inversely proportional manner.
c. For a given event, the values of α in the events of Tables 2 and 3 (columns 4, 5, 6, and 7)

increase monotonically while adding energy loss processes to the acceleration rate,
with the exception of the events of Table 1, in which case the obtained values of α with
spectrum (27) decrease in relation to the value of α from spectrum (23).

d. For a given event of Table 1, the value of Ec increases monotonically with the addition

of an energy loss process to the net energy change rate, whereas in the events of
Tables 2 and 3 the value of Ec obtained from (27) (column 7) decreases in relation to
the values obtained from spectrum (23).

e. The obtained value of K0, (column 10) is related only to the magnitude of the event (i.e.

the value of J(>E) at En).
f. There is no correlation between Em and the other parameters of the tables α, Ec, K0, or

heliographic coordinate; neither is there any correlation between the maximum flux at
En and α or Ec.
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where it can be seen that energy losses are not important within the time scale of the acceler-
ation process because theoretical curves get progressively separate from the experimental one
while adding energy loss processes. Actually the best systematic approach in these cases is
obtained with spectrum (31) (illustrated only for November 12, 1960 event) indicating that
acceleration of protons by adiabatic compression could have taken took place. The third group
that we shall distinguish as warm events is represented in Figure 4, where we can observe that
there is no systematic tendency as compared to the previous groups. Nevertheless, it can be
seen that at least at low energies the best approach to the experimental curve is described
by spectrum (23), whereas at high energies the best fit is obtained with spectrum (15),
thus indicating that to greater or lesser degree energy losses by collisional losses and proton-
proton collisions may be important on low energy protons but they become negligible in
relation to the acceleration rate in high energy particles. The point where this change may
occur varies from very low energies in some events (July 7, 1966) to very high energies in
others (January 24, 1971). The larger deflection from the experimental curve in these cases is
obtained with spectrum (27), indicating that adiabatic expansion do not take place; further-
more, the fact that spectrum (31) (illustrated only for the November 18, 1968 event) is system-
atically deflected in relation to the acceleration spectrum (15) indicates that there is no
adiabatic compression either. The values of the parameters describing the most adequate
theoretical spectrum of events of Figures 2–4 are tabulated on columns 7, 3 and 6 of Tables 1–3,
respectively.

In order to estimate the amount of local plasma particles that must be picked up by the
acceleration process to produce the observed spectrum, are must know the value of No in (8)
when t = 0. Therefore, roughly assuming that at least for events of (Figure 3, Table 2), the
picked up protons originate in a thermal plasma where the velocities distribution is of a
Maxwellian-type, or that they appear from a preliminary heating related to turbulent thermal
motions, then, it can be inferred that the primary differential flux is given as, related with the
flux defined in Eq. (33).

N0 ¼ 9= 2πð Þ3=2
h i

k=Mð Þ1=2e3=2nT1=2 (34)

where M is the mass of protons and k the of Boltzman’s constant. Then, by assuming that Ko is
related to the flux of protons involved in the acceleration process and the flux No related to the
original concentration of the medium, we have estimated from Eq. (33) the fraction of the local
plasma particles that were accelerated in each event and tabulated them on columns 10 of
Tables 1–3. In evaluating (34), we have assumed a different value of temperature T for each
one of the 3 groups of events, before discussing them in the next section.

Now let us summarize the results which emerge from Figures 2–4 and Tables 1–3, before
extending their interpretation in next section:

1. The events illustrated in Figure 2, show the following features:

i. In September 1, 1971 event, the best fit of the experimental spectrum is obtained with

(27) whereas the worst fit is given by (15) and (31).
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ii. The January 28, 1967 event follows the same tendency as the preceding event up to

�800 MeV, with an exception at very low energies (≤ 30 MeV) where it can be seen that
spectrum (23) is slightly better than (27). Beyond �800 MeV spectrum (23) becomes
the more deflected curve. The low particle energy flux tail is noticeably similar to the
minimum theoretical energy for effective acceleration (Ec � 12 MeV).

2. The events of Figure 3 show that:

The best fit of the experimental curve is systematically given by spectrum (31) and (15) (e.g. the
November 12, 1960 event), whereas spectrum (27) is systematically the most deflected one.
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18, 1968 event).
e. The July 7, 1966 event, however, by following the feature (a) at E ≤ 25 MeV, beyond this

energy spectrum (15) comes nearer to the experimental curve than spectrum (23),
whereas spectrum (19) through a progressive, separation becomes the most deflected
curve beyond �2000 MeV.

4. Examination of Tables 1–3 shows the following features:

a. For a given event the obtained value of acceleration efficiency α is the same with

spectrum (31) and (15) (columns 3 and 4 of Tables 1 and 3) contrary to the events of
Table 2, in which case α is lower with spectrum (31) than with (15).

b. Examination of a given spectrum (same column 5, or, 6 or 7) shows that α and Ec

behave in an inversely proportional manner.
c. For a given event, the values of α in the events of Tables 2 and 3 (columns 4, 5, 6, and 7)

increase monotonically while adding energy loss processes to the acceleration rate,
with the exception of the events of Table 1, in which case the obtained values of α with
spectrum (27) decrease in relation to the value of α from spectrum (23).

d. For a given event of Table 1, the value of Ec increases monotonically with the addition

of an energy loss process to the net energy change rate, whereas in the events of
Tables 2 and 3 the value of Ec obtained from (27) (column 7) decreases in relation to
the values obtained from spectrum (23).

e. The obtained value of K0, (column 10) is related only to the magnitude of the event (i.e.

the value of J(>E) at En).
f. There is no correlation between Em and the other parameters of the tables α, Ec, K0, or

heliographic coordinate; neither is there any correlation between the maximum flux at
En and α or Ec.
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g. If we ignore the fact that the assumed heliographic position of the flare associated to
the January 28, 1967 event is relatively uncertain, it can be noted that there is a south
asymmetry in the what we designate as hot events (Table 1), a north asymmetry in cold
and warm events (Table 2) and a certain west and north asymmetry among the events of
Table 3.

h. The critical energy Ec from cold and warm events is correlated with the temperature of
the source in the sense that their values increase from cold to warm and from warm to hot
events. The significance of the association of the parameter temperature to solar proton
events will be discussed in Section 6.

6. Discussion

It has been said that we cannot give a general interpretation of our theoretical source spectra
behavior on the sole basis of the relationships between the energy change rates (1)–(6) since
their behavior in the events of Figure 2 is different from that in Figure 3 and both differ from
that in Figure 4, implying that the kind of processes, their sequence of occurrence and their
importance is not the same from event to event To interpret this behavior we cannot remit
ourselves to the amount of traversed material, positing that particles originated in the invisible
side of the sun or in the eastern hemisphere have lost more energy, because in that case events
as such as the March 30, 1969 or February 2, 1969 ones would behave like the events of Table 1.
Moreover, our hypothesis does not consider deceleration of particles after acceleration, while
they traverse the solar atmosphere. Therefore, we believe that the explanation is on the basis of
the parameter temperature: that is, we argue that solar proton flares develop under three main
different temperature regimes, a low one that we shall denominate cold events (T≈103–105�K)
(Table 3), an intermediate regime that we shall call warm events (≈105–l07�K) (Table 4), and a
high temperature regime that we shall call hereafter hot events (T > 107�K) (Table 3). On the
basis of this conjecture, let us discuss the main results of the preceding section:

Concerning points 1(a), 1(b) and 1(c), we can comment that as the medium was very hot,
collisional losses were very high, making spectrum (18) better than spectrum (15); due to the
high temperature and high density in the source nuclear reactions took place and thus spec-
trum (23) is even closer than (18) to the experimental curve.

Furthermore, the fact that the best fit is given by (27) seems to indicate that beyond a certain
temperature, the source material is able to expand and consequently particles which have not
escaped the source are adiabatically cooled. In addition, since spectrum (15) is better than (31)
it is assumed that compression of the medium did not take place in high temperature regions,
and so neither did adiabatic heating of protons. The irregular behavior of spectrum (23) at
E ≤ 30 MeV and E ≥ 800 MeV in the January 28, 1967 event in relation to the tendency outlined
in the last section, may be interpreted as indicating that the low energy protons observed in
this event did not originate in. the same process, which explains why the observations show a
high flux of protons at energy lower than the threshold acceleration value for in a medium of
density n≈1013cm�3• Therefore, these particles may form part of the high energy tail of a
preliminary heating process which were not transported by the expanding material. This
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would mean that only deceleration by collisional losses and p–p collisions took place during
the acceleratory process. At high energies, although energy losses from p–p collisions are
stronger than collisional losses (Figure 1), it can be speculated that the low flux of high energy
protons escape very fast from the acceleration region, so that the contribution of this process at
high energies was not very important during the time scale of the acceleration.

Concerning point 2 of the last section, we assume that the acceleration process in the events of
Figure 3was carried out in a low temperature regime so that collisional losses were completely
unimportant in relation to the acceleration rate, and nuclear reactions did not take place, at
least within the acceleration phase. Furthermore, a compression of the local material is associ-
ated with low temperature regimes as indicated by the fact that spectrum (31) systematically
gives the best fit to the experimental curves (e.g. November 12, 1960 event).

Points 3(a)–3(d) are interpreted as follows: the temperature and density associated with the
acceleration region was high enough to favor nuclear reactions, but not the expansion of source
material; consequently, collisional losses of low energy protons were important in the events of
Figure 4, providing spectrum (23) with a better description of the experimental curve. Also,
because the higher temperature does not allow for a compression of the material, spectrum (31)
is systematically deflected in relation to spectrum (15). Furthermore, the sudden change in the
order of the sequence of curves (15) (19) and (23) is the combined effect of the temperature
associated to each event and the importance of the accelerated flux of high energy protons as
discussed above with respect to the January 28, 1967 event; the lower the temperature the faster
spectrum (19) deflects in relation to (15) (e.g. the November 15, 1960 and November 18, 1968
events); and the higher the flux of the accelerated high energy protons, the later spectrum (23)
deflects in relation to (19) (e.g. the February 25, 1969 and January 24, 1971 events).

Related to point 3(e) of last section, it would appeal that the temperature associated with this
event was not very high, so that collisional losses were significant only on the low energy
protons. Because of the low flux of the accelerated protons in this event, the effect of p–p
collisions diminishes as energy increases. This event behaves almost like the cold events of
Figure 3, since energy losses are negligible in relation to the acceleration rate of high energy
protons. The reason why beyond 2 GeV spectrum (19) is more deflected than (27) is that the
latter includes the p–p contribution to this event and collisional losses are unimportant on high
energy particles (Figure 1). Interpretation of 3(b) and 3(e) must also consider the fact that high
energy particles escape faster from the acceleration volume, and so, they are subject to energy
degradation by p–p collisions during the acceleration time.

The interpretation of 4(a) follows from the fact that in cold events the contribution of the
adiabatic heating is translated into a lower effort of the acceleration mechanism; however, in
the hot and warm events (Tables 1 and 3) adiabatic heating did not occur, and so no effect was
produced.

In relation to the interpretation of 4(b) to 4(d) it must be pointed out that the inverse propor-
tionality between α and Ec follows from the fact that for a given situation the requirement for
effective acceleration is lowered while the acceleration efficiency becomes progressively
higher. On the other hand, the addition of energy losses to a given situation (same row in the
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g. If we ignore the fact that the assumed heliographic position of the flare associated to
the January 28, 1967 event is relatively uncertain, it can be noted that there is a south
asymmetry in the what we designate as hot events (Table 1), a north asymmetry in cold
and warm events (Table 2) and a certain west and north asymmetry among the events of
Table 3.

h. The critical energy Ec from cold and warm events is correlated with the temperature of
the source in the sense that their values increase from cold to warm and from warm to hot
events. The significance of the association of the parameter temperature to solar proton
events will be discussed in Section 6.

6. Discussion

It has been said that we cannot give a general interpretation of our theoretical source spectra
behavior on the sole basis of the relationships between the energy change rates (1)–(6) since
their behavior in the events of Figure 2 is different from that in Figure 3 and both differ from
that in Figure 4, implying that the kind of processes, their sequence of occurrence and their
importance is not the same from event to event To interpret this behavior we cannot remit
ourselves to the amount of traversed material, positing that particles originated in the invisible
side of the sun or in the eastern hemisphere have lost more energy, because in that case events
as such as the March 30, 1969 or February 2, 1969 ones would behave like the events of Table 1.
Moreover, our hypothesis does not consider deceleration of particles after acceleration, while
they traverse the solar atmosphere. Therefore, we believe that the explanation is on the basis of
the parameter temperature: that is, we argue that solar proton flares develop under three main
different temperature regimes, a low one that we shall denominate cold events (T≈103–105�K)
(Table 3), an intermediate regime that we shall call warm events (≈105–l07�K) (Table 4), and a
high temperature regime that we shall call hereafter hot events (T > 107�K) (Table 3). On the
basis of this conjecture, let us discuss the main results of the preceding section:

Concerning points 1(a), 1(b) and 1(c), we can comment that as the medium was very hot,
collisional losses were very high, making spectrum (18) better than spectrum (15); due to the
high temperature and high density in the source nuclear reactions took place and thus spec-
trum (23) is even closer than (18) to the experimental curve.

Furthermore, the fact that the best fit is given by (27) seems to indicate that beyond a certain
temperature, the source material is able to expand and consequently particles which have not
escaped the source are adiabatically cooled. In addition, since spectrum (15) is better than (31)
it is assumed that compression of the medium did not take place in high temperature regions,
and so neither did adiabatic heating of protons. The irregular behavior of spectrum (23) at
E ≤ 30 MeV and E ≥ 800 MeV in the January 28, 1967 event in relation to the tendency outlined
in the last section, may be interpreted as indicating that the low energy protons observed in
this event did not originate in. the same process, which explains why the observations show a
high flux of protons at energy lower than the threshold acceleration value for in a medium of
density n≈1013cm�3• Therefore, these particles may form part of the high energy tail of a
preliminary heating process which were not transported by the expanding material. This
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would mean that only deceleration by collisional losses and p–p collisions took place during
the acceleratory process. At high energies, although energy losses from p–p collisions are
stronger than collisional losses (Figure 1), it can be speculated that the low flux of high energy
protons escape very fast from the acceleration region, so that the contribution of this process at
high energies was not very important during the time scale of the acceleration.

Concerning point 2 of the last section, we assume that the acceleration process in the events of
Figure 3was carried out in a low temperature regime so that collisional losses were completely
unimportant in relation to the acceleration rate, and nuclear reactions did not take place, at
least within the acceleration phase. Furthermore, a compression of the local material is associ-
ated with low temperature regimes as indicated by the fact that spectrum (31) systematically
gives the best fit to the experimental curves (e.g. November 12, 1960 event).

Points 3(a)–3(d) are interpreted as follows: the temperature and density associated with the
acceleration region was high enough to favor nuclear reactions, but not the expansion of source
material; consequently, collisional losses of low energy protons were important in the events of
Figure 4, providing spectrum (23) with a better description of the experimental curve. Also,
because the higher temperature does not allow for a compression of the material, spectrum (31)
is systematically deflected in relation to spectrum (15). Furthermore, the sudden change in the
order of the sequence of curves (15) (19) and (23) is the combined effect of the temperature
associated to each event and the importance of the accelerated flux of high energy protons as
discussed above with respect to the January 28, 1967 event; the lower the temperature the faster
spectrum (19) deflects in relation to (15) (e.g. the November 15, 1960 and November 18, 1968
events); and the higher the flux of the accelerated high energy protons, the later spectrum (23)
deflects in relation to (19) (e.g. the February 25, 1969 and January 24, 1971 events).

Related to point 3(e) of last section, it would appeal that the temperature associated with this
event was not very high, so that collisional losses were significant only on the low energy
protons. Because of the low flux of the accelerated protons in this event, the effect of p–p
collisions diminishes as energy increases. This event behaves almost like the cold events of
Figure 3, since energy losses are negligible in relation to the acceleration rate of high energy
protons. The reason why beyond 2 GeV spectrum (19) is more deflected than (27) is that the
latter includes the p–p contribution to this event and collisional losses are unimportant on high
energy particles (Figure 1). Interpretation of 3(b) and 3(e) must also consider the fact that high
energy particles escape faster from the acceleration volume, and so, they are subject to energy
degradation by p–p collisions during the acceleration time.

The interpretation of 4(a) follows from the fact that in cold events the contribution of the
adiabatic heating is translated into a lower effort of the acceleration mechanism; however, in
the hot and warm events (Tables 1 and 3) adiabatic heating did not occur, and so no effect was
produced.

In relation to the interpretation of 4(b) to 4(d) it must be pointed out that the inverse propor-
tionality between α and Ec follows from the fact that for a given situation the requirement for
effective acceleration is lowered while the acceleration efficiency becomes progressively
higher. On the other hand, the addition of energy losses to a given situation (same row in the
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Tables) generally entails an increase in the requirement of energy Ec, and thus an increase of α
in order to exceed the new barrier. However, the irregularities synthetized in points 4(c) and 4
(d) of last section, which can be seen on Tables 1–3, that may be explained in the following
manner: the critical energy, Ec, is defined at low energies where the effect of adiabatic deceler-
ation is negligible in relation to the other processes involved (Figure 1), and thus for a same
value of α the values of Ec from (19) and (23) are remarkably similar. Nevertheless, the decrease
of the values of α in column 7 of Table 1 may be explained by the fact that although the
requirement for acceleration is the same, as in column (6), a supplementary process is acting on
the particles, and efficiency of the process is being lowered. Since Ec and α behave inversely,
the value of Ec appears to increase; but in fact the real value of Ec in this event was �11.6 MeV.
Besides, we see from columns 6 and 7 of Tables 2 and 3 that under the hypothetical situation of
the presence of adiabatic cooling in these events, the efficiency α appears higher in relation to
that of column 6, given that there is an additional barrier to overtake. The value of Ec should
behave similarly, but since the value of Ec in (13) is the same as that in (19), then, this
hypothetical increase of α shown in column 7 in relation to that of column (6) implies a
decrease of the value of Ec in column 7; this in fact does not occur because adiabatic cooling
did not take place and thus the real values of α and Ec in events of Tables 1 and 3were those of
columns 3 and 6 respectively. The interpretation of 4 (e) follows from the definitions of
Eqs. (31) and (32), whereas points 4(f) and 4 (g) cannot have a coherent interpretation, what
can be attributed to the complexity and variability of conditions from flare to flare (e.g. the
medium density, temperature, conductivity, magnetic field strength, magnetic topologies, etc.).
In relation to point 4(h) it must be mentioned that deduce the same result by discussing three
main different temperature regimes in the acceleration region of solar particles [105]; they
estimate threshold values for proton acceleration of 1, 2.7 and 5.5 MeV for a cold region, an
intermediate one and a hot region. These values are slightly lower than ours, since they do not
take into account all the energy loss processes we�did. In any event, as we discussed previ-
ously, the threshold value Ec increases with the temperature because energy loss processes are
increased with this parameter.

In addition to the suggestion of three temperature regions in acceleration regions extended by
[105], several other suggestions have been presented in this direction: the author in [78] has
discussed temperatures of 104�K suggested by the central peak of hydrogen emission lines, up
to more than 108�K suggested by thermal emissions of X-rays. Furthermore, the flare phenome-
non has usually been interpreted on basis of a dual character): the optical flare of T�104�K and
high electron density, and on the other hand, the high energy flare plasma of T�107–109�K and
relatively low electron density. The existence of several temperature regimes during a given flare
has also been evoked by suggesting that the emitting regions have a filamentary and
intermingling structure with hot filaments about 1 km. of diameter imbedded in cooler material
[113, 115], or by suggesting a cooling of a hot region during the flare development [17, 135].
Some other models for explaining the flare energy output suggest several phases of the phenom-
enon, each associated with a different temperature; for example, a of relatively low temperature
thermal phase followed by an explosive high temperature phase [13, 50–52, 111] posit similar
models. We have not attempted to place our results into the framework of what of any of these
interpretations of the flare phenomenon, but rather only to demonstrate that the generation of
solar particles is accompanied by, several processes whose occurrence is narrowly related to, the
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temperature of the medium, and to suggest that the acceleration regions must be associated
alternately with the hot and cold aspects present during a flare or even in a pre-flare state, but
certainly under very different temperature regimes from flare to flare.

Related with the expansion and compression of the source medium, there are some observa-
tional indications [84] which propose a minimum value of �3 � 107

�
K for expansion. The

author in [102, 103] has studied hydromagnetic criteria for expansion and compression of the
sunspot magnetic lines, which he distinguishes as two different phases of the flare develop-
ment; although he shows that sometimes the expansion phase may not present itself according
to our findings such as we found in warm and cold events. However, in Sakurai’s model
acceleration occurs during the compression phase, whereas our results indicate that expansion
of the source material may also occur during the acceleration process; moreover, our analysis
does not show indications of expansion and compression during the same event during the
phase of particle acceleration. Nevertheless, we see that, with exception of the November 12,
1960 event, the acceleration efficiency is very high where there is a compression (cold event),
presumably due to the strong spatial variations of the of the longitudinal and transversal field
lines, as suggested by [101, 102].

It must be emphasized that we have taken into account that expansion of closed structures
occurs only within a height lower than �0.6 to 1 solar radius, and thus expansions beyond this
distance may be associated with propagation of shock waves generated in relation to type II
burst or CME; therefore, our assumptions concern only adiabatic cooling through the local
expansion of the source and not in higher the solar envelope.

In the specific case of the November 18, 1968 event, for which our results do not indicate any
expansion of the source, observations reported a loop expansion; however s it is usually
supported the fact that there is no mass motion but only a traveling excitation front. It must
also be mentioned that it is generally accepted that low energy protons are much more likely to
be subject to adiabatic cooling since high energy protons are rather dominated by drifts and
scattering in field inhomogeneities [27, 33]; Moreover, according to [131, 132, 133] adiabatic
deceleration disappears as the density of the accelerated particles decreases, so that when
particle velocity is much higher than both the velocity of the medium and the Alfven velocity,
the adiabatic cooling is null. This would imply that in the case of our hot events (Figure 2)
protons of energy much higher than �670 MeV should not be adiabatically cooled in a
medium of T > 108�K, however, our results show that even higher energy protons were
adiabatically decelerated. Therefore, we claim that at least in these two events, our results
support the hypothesis that particles were accelerated in closed magnetic field lines with high
confinement efficiency.

Now turning to the problem of p–p nuclear collisions in some solar flares: we had mentioned
that the value of NH�1013 cm�3 was an average value in flare regions, since in fact concentra-
tions as high as 1016 cm�3 have been reported (e.g. [118]) which implies that Eq. (23) and
Eq. (27) will remain near the observational curves. This feature leads us to speculate that some
flares have a high proton concentration medium (e.g. January 24, 1971), whereas in others the
concentration is much lower (e.g. July 7, 1966), and that a great spread in high energy gamma
rays and neutron fluxes is expected from flare to flare. The difference between observational
and theoretical fluxes of gamma ray and neutrons is not a matter of discussion here, we only
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Tables) generally entails an increase in the requirement of energy Ec, and thus an increase of α
in order to exceed the new barrier. However, the irregularities synthetized in points 4(c) and 4
(d) of last section, which can be seen on Tables 1–3, that may be explained in the following
manner: the critical energy, Ec, is defined at low energies where the effect of adiabatic deceler-
ation is negligible in relation to the other processes involved (Figure 1), and thus for a same
value of α the values of Ec from (19) and (23) are remarkably similar. Nevertheless, the decrease
of the values of α in column 7 of Table 1 may be explained by the fact that although the
requirement for acceleration is the same, as in column (6), a supplementary process is acting on
the particles, and efficiency of the process is being lowered. Since Ec and α behave inversely,
the value of Ec appears to increase; but in fact the real value of Ec in this event was �11.6 MeV.
Besides, we see from columns 6 and 7 of Tables 2 and 3 that under the hypothetical situation of
the presence of adiabatic cooling in these events, the efficiency α appears higher in relation to
that of column 6, given that there is an additional barrier to overtake. The value of Ec should
behave similarly, but since the value of Ec in (13) is the same as that in (19), then, this
hypothetical increase of α shown in column 7 in relation to that of column (6) implies a
decrease of the value of Ec in column 7; this in fact does not occur because adiabatic cooling
did not take place and thus the real values of α and Ec in events of Tables 1 and 3were those of
columns 3 and 6 respectively. The interpretation of 4 (e) follows from the definitions of
Eqs. (31) and (32), whereas points 4(f) and 4 (g) cannot have a coherent interpretation, what
can be attributed to the complexity and variability of conditions from flare to flare (e.g. the
medium density, temperature, conductivity, magnetic field strength, magnetic topologies, etc.).
In relation to point 4(h) it must be mentioned that deduce the same result by discussing three
main different temperature regimes in the acceleration region of solar particles [105]; they
estimate threshold values for proton acceleration of 1, 2.7 and 5.5 MeV for a cold region, an
intermediate one and a hot region. These values are slightly lower than ours, since they do not
take into account all the energy loss processes we�did. In any event, as we discussed previ-
ously, the threshold value Ec increases with the temperature because energy loss processes are
increased with this parameter.

In addition to the suggestion of three temperature regions in acceleration regions extended by
[105], several other suggestions have been presented in this direction: the author in [78] has
discussed temperatures of 104�K suggested by the central peak of hydrogen emission lines, up
to more than 108�K suggested by thermal emissions of X-rays. Furthermore, the flare phenome-
non has usually been interpreted on basis of a dual character): the optical flare of T�104�K and
high electron density, and on the other hand, the high energy flare plasma of T�107–109�K and
relatively low electron density. The existence of several temperature regimes during a given flare
has also been evoked by suggesting that the emitting regions have a filamentary and
intermingling structure with hot filaments about 1 km. of diameter imbedded in cooler material
[113, 115], or by suggesting a cooling of a hot region during the flare development [17, 135].
Some other models for explaining the flare energy output suggest several phases of the phenom-
enon, each associated with a different temperature; for example, a of relatively low temperature
thermal phase followed by an explosive high temperature phase [13, 50–52, 111] posit similar
models. We have not attempted to place our results into the framework of what of any of these
interpretations of the flare phenomenon, but rather only to demonstrate that the generation of
solar particles is accompanied by, several processes whose occurrence is narrowly related to, the
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temperature of the medium, and to suggest that the acceleration regions must be associated
alternately with the hot and cold aspects present during a flare or even in a pre-flare state, but
certainly under very different temperature regimes from flare to flare.

Related with the expansion and compression of the source medium, there are some observa-
tional indications [84] which propose a minimum value of �3 � 107

�
K for expansion. The

author in [102, 103] has studied hydromagnetic criteria for expansion and compression of the
sunspot magnetic lines, which he distinguishes as two different phases of the flare develop-
ment; although he shows that sometimes the expansion phase may not present itself according
to our findings such as we found in warm and cold events. However, in Sakurai’s model
acceleration occurs during the compression phase, whereas our results indicate that expansion
of the source material may also occur during the acceleration process; moreover, our analysis
does not show indications of expansion and compression during the same event during the
phase of particle acceleration. Nevertheless, we see that, with exception of the November 12,
1960 event, the acceleration efficiency is very high where there is a compression (cold event),
presumably due to the strong spatial variations of the of the longitudinal and transversal field
lines, as suggested by [101, 102].

It must be emphasized that we have taken into account that expansion of closed structures
occurs only within a height lower than �0.6 to 1 solar radius, and thus expansions beyond this
distance may be associated with propagation of shock waves generated in relation to type II
burst or CME; therefore, our assumptions concern only adiabatic cooling through the local
expansion of the source and not in higher the solar envelope.

In the specific case of the November 18, 1968 event, for which our results do not indicate any
expansion of the source, observations reported a loop expansion; however s it is usually
supported the fact that there is no mass motion but only a traveling excitation front. It must
also be mentioned that it is generally accepted that low energy protons are much more likely to
be subject to adiabatic cooling since high energy protons are rather dominated by drifts and
scattering in field inhomogeneities [27, 33]; Moreover, according to [131, 132, 133] adiabatic
deceleration disappears as the density of the accelerated particles decreases, so that when
particle velocity is much higher than both the velocity of the medium and the Alfven velocity,
the adiabatic cooling is null. This would imply that in the case of our hot events (Figure 2)
protons of energy much higher than �670 MeV should not be adiabatically cooled in a
medium of T > 108�K, however, our results show that even higher energy protons were
adiabatically decelerated. Therefore, we claim that at least in these two events, our results
support the hypothesis that particles were accelerated in closed magnetic field lines with high
confinement efficiency.

Now turning to the problem of p–p nuclear collisions in some solar flares: we had mentioned
that the value of NH�1013 cm�3 was an average value in flare regions, since in fact concentra-
tions as high as 1016 cm�3 have been reported (e.g. [118]) which implies that Eq. (23) and
Eq. (27) will remain near the observational curves. This feature leads us to speculate that some
flares have a high proton concentration medium (e.g. January 24, 1971), whereas in others the
concentration is much lower (e.g. July 7, 1966), and that a great spread in high energy gamma
rays and neutron fluxes is expected from flare to flare. The difference between observational
and theoretical fluxes of gamma ray and neutrons is not a matter of discussion here, we only
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want to note that these fluxes are mainly generated from the most energetic protons which are
in fact the first to escape and do not frequently interact with the medium, as discussed
previously in relation with some events of Figures 2 and 4. This implies that depending on
the magnetic confinement efficiency in each flare, the expected flux of the secondary radiation
will be of greater or lesser importance. According to Figures 2 and 4 a high gamma ray flux
must be generated in the February 25, 1969, January 24, 1971 and September 1, 1971 events,
whereas a lower flux should be expected from the July 7, 1966 event and no gamma-ray fluxes
from nuclear collision in the acceleration volume must be expected in the events of Figure 3.
The variability of the expected high energy gamma-ray fluxes has been previously discussed in
[25]. Concerning neutron fluxes we argue that they are strongly absorbed by a neutron capture
reaction (n+ H3

e ! H3 + p).

It must be pointed out that the need of protons for a minimum energy in order to overtake
energy losses and to be accelerated upwards, measured energies may not be a strong require-
ment since the temporal and spatial sequence of phenomena in a flare seem to indicate the
occurrence of a two-step acceleration of solar particles (e.g. [19, 16, 123]). A great variety of
preliminary acceleration processes capable of accelerating particles up to some MeV has been
suggested (e .g. [104, 112], etc.). It �can be assumed that a certain portion of the low energy tail of
the particle spectrum may belong to the first acceleration step. By smoothing the experimental
data we have obtained a peculiar shape for this low energy tail of some spectra, although a
similar shape is predicted from the theoretical point of view [5]. Moreover, authors in [94] discuss
a noticeable deviation of the power spectrum below ≈ 4MeV in low energy proton events, which
they attribute to collisional losses during storage in the ionized medium of the low corona. We
are aware of the difficulty of estimating the exact shape of the low energy spectrum, due to the
strong modulation of these particles either within or outside of the source. Therefore, we argue
that in addition to energy losses, this particular slope change in the low energy tail of some
spectra may be due to an upper cutoff in the preliminary acceleration process.

Now let us discuss the assumption made in Section 5 in taking τ as a constant value: although
it is expected that the mean confinement time varies according to particle rigidity, it is not clear
if the escape mechanism from the source occurs through leakage, by thin or thick scattering, by
curvature drifts, by gradient drifts or even by a sudden catastrophic disruption of a closed
magnetic structure at the source; therefore, we opted for a mean value τ = 1 sec. Whose
implications can be seen as follows: we note from Eq. (11) that if the value of τ increases, then
J(>E) increases, whereas if τ decreases, then J(>E) decreases and so the theoretical spectra will
approximate the experimental curves. At any rate, what can be deduced is that if τ is either
lower or higher than the assumed value, the sequence of theoretical spectra does not change or
consequently our conclusions are not altered. In order to evidence that the value of τ is in
general of the order assumed, we shall develop the following considerations: if we make the
extreme assumption that acceleration of solar protons is performed by a low efficiency process,
such as a second-order Fermi-type mechanism then we know that in these cases the accelera-
tion efficiency is given as α= V2

a /vι, where v is the velocity of protons, ι the acceleration step
within the acceleration volume, and Va the hydromagnetic velocity of the magnetic field
irregularities. Taking into account that our values of α in a given event can be considered as
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an average value for different energies of protons, we shall estimate the average value of ι for a
50 MeV proton and assume that the value of ι is typical of the acceleration region configura-
tion; hence for a field strength of 500 G and density n = 1013 cm�3, the extreme values of α
obtained are α = 0.1 and 1.54 s�1 leading to the following values: ι =10 Km and 0.84 Km
respectively, which are of the same order as the values found by Perez-Peraza (1975) for
multi-GeV solar protons. To estimate τ in a magnetic field (H) where the field gradient is ≈H/
ι, we use the fact that τ = L2 /vι, where L is the linear size of the acceleration region; an
approximate’ value of L may be deduced by the fact that the volume of flare regions varies
from 1025 to 1029cm3 from flare to flare [19, 54, 55], and hence a linear dimension of �109 cm
may be considered as a typical value [30, 31] Assuming that the acceleration volume cannot be
greater, than the flare volume, we shall consider L = 108 cm as a typical linear dimension for
acceleration regions [116]. In such conditions we obtain τ = 1 and 12.6 s. for solar events where
α= 0.13 and 1.54 s�1 respectively. We should say that if a shorter length scale L than the
assumed one were taken values of τ <1 could be obtained, and hence our theoretical fluxes J
(>E)would come closer to experimental curve as discussed above. In fact, it can be observed in
Figure 3, that the theoretical curve corresponding to α=0.13 and thus to a low value of τ (the
November 12, 1960 event) is nearer the experimental curve than to the theoretical curve
corresponding to higher values of α, where it is supposed that τ must be higher. It must be
noted that a higher value of α in one event with respect to another event does not imply a
shorter escape time for particles in the former with respect to the latter, because the source
conditions are not the same from one event to the other, as can be seen from the fact that
magnetic inhomogeneities are much closer between them in events of high acceleration effi-
ciency. We have considered a second-order Fermi-type mechanism to illustrate that even in the
extreme case of such low efficiency the acceleration process may be performed within the flare
time scale and to show that the assumption of τ = 1 s is well justified. If instead of a second-
order Fermi mechanism we consider a first-order Fermi-type process in a shock wave, such as
is usually attributed to the acceleration of solar particles (e.g. [32, 110]) the resulting value of τ
is then lower than 1 s. From the study of heavy nuclei overabundances in solar cosmic rays it
can be predicted that the value of τ is comprised between 0.1 and 0.4 s; these values when
included in our calculations result in a much better fit of the theoretical spectra to the observa-
tional curves that the one illustrated with τ = 1 s.

The acceleration time scale of protons in solar flares, can be estimated from the following

expression: t ¼ Ð EEc

dE
f Eð Þ : In the energy range 106 ≲E≲ 1010 eV we have according our results

discussed in last section that,

f Eð Þ ¼ αβW
αβþ rβ2
� �

W

�
in low temperature regimens

f Eð Þ ¼ d� hE�2 � jE�1� �
βW � b=β in intermediate temperature regions

f Eð Þ ¼ d� hE�2 � jE�1� �
β� r2

� �
W � b=β in high temperature regimens

(where) d ¼ α� f � η
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want to note that these fluxes are mainly generated from the most energetic protons which are
in fact the first to escape and do not frequently interact with the medium, as discussed
previously in relation with some events of Figures 2 and 4. This implies that depending on
the magnetic confinement efficiency in each flare, the expected flux of the secondary radiation
will be of greater or lesser importance. According to Figures 2 and 4 a high gamma ray flux
must be generated in the February 25, 1969, January 24, 1971 and September 1, 1971 events,
whereas a lower flux should be expected from the July 7, 1966 event and no gamma-ray fluxes
from nuclear collision in the acceleration volume must be expected in the events of Figure 3.
The variability of the expected high energy gamma-ray fluxes has been previously discussed in
[25]. Concerning neutron fluxes we argue that they are strongly absorbed by a neutron capture
reaction (n+ H3

e ! H3 + p).

It must be pointed out that the need of protons for a minimum energy in order to overtake
energy losses and to be accelerated upwards, measured energies may not be a strong require-
ment since the temporal and spatial sequence of phenomena in a flare seem to indicate the
occurrence of a two-step acceleration of solar particles (e.g. [19, 16, 123]). A great variety of
preliminary acceleration processes capable of accelerating particles up to some MeV has been
suggested (e .g. [104, 112], etc.). It �can be assumed that a certain portion of the low energy tail of
the particle spectrum may belong to the first acceleration step. By smoothing the experimental
data we have obtained a peculiar shape for this low energy tail of some spectra, although a
similar shape is predicted from the theoretical point of view [5]. Moreover, authors in [94] discuss
a noticeable deviation of the power spectrum below ≈ 4MeV in low energy proton events, which
they attribute to collisional losses during storage in the ionized medium of the low corona. We
are aware of the difficulty of estimating the exact shape of the low energy spectrum, due to the
strong modulation of these particles either within or outside of the source. Therefore, we argue
that in addition to energy losses, this particular slope change in the low energy tail of some
spectra may be due to an upper cutoff in the preliminary acceleration process.

Now let us discuss the assumption made in Section 5 in taking τ as a constant value: although
it is expected that the mean confinement time varies according to particle rigidity, it is not clear
if the escape mechanism from the source occurs through leakage, by thin or thick scattering, by
curvature drifts, by gradient drifts or even by a sudden catastrophic disruption of a closed
magnetic structure at the source; therefore, we opted for a mean value τ = 1 sec. Whose
implications can be seen as follows: we note from Eq. (11) that if the value of τ increases, then
J(>E) increases, whereas if τ decreases, then J(>E) decreases and so the theoretical spectra will
approximate the experimental curves. At any rate, what can be deduced is that if τ is either
lower or higher than the assumed value, the sequence of theoretical spectra does not change or
consequently our conclusions are not altered. In order to evidence that the value of τ is in
general of the order assumed, we shall develop the following considerations: if we make the
extreme assumption that acceleration of solar protons is performed by a low efficiency process,
such as a second-order Fermi-type mechanism then we know that in these cases the accelera-
tion efficiency is given as α= V2

a /vι, where v is the velocity of protons, ι the acceleration step
within the acceleration volume, and Va the hydromagnetic velocity of the magnetic field
irregularities. Taking into account that our values of α in a given event can be considered as
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an average value for different energies of protons, we shall estimate the average value of ι for a
50 MeV proton and assume that the value of ι is typical of the acceleration region configura-
tion; hence for a field strength of 500 G and density n = 1013 cm�3, the extreme values of α
obtained are α = 0.1 and 1.54 s�1 leading to the following values: ι =10 Km and 0.84 Km
respectively, which are of the same order as the values found by Perez-Peraza (1975) for
multi-GeV solar protons. To estimate τ in a magnetic field (H) where the field gradient is ≈H/
ι, we use the fact that τ = L2 /vι, where L is the linear size of the acceleration region; an
approximate’ value of L may be deduced by the fact that the volume of flare regions varies
from 1025 to 1029cm3 from flare to flare [19, 54, 55], and hence a linear dimension of �109 cm
may be considered as a typical value [30, 31] Assuming that the acceleration volume cannot be
greater, than the flare volume, we shall consider L = 108 cm as a typical linear dimension for
acceleration regions [116]. In such conditions we obtain τ = 1 and 12.6 s. for solar events where
α= 0.13 and 1.54 s�1 respectively. We should say that if a shorter length scale L than the
assumed one were taken values of τ <1 could be obtained, and hence our theoretical fluxes J
(>E)would come closer to experimental curve as discussed above. In fact, it can be observed in
Figure 3, that the theoretical curve corresponding to α=0.13 and thus to a low value of τ (the
November 12, 1960 event) is nearer the experimental curve than to the theoretical curve
corresponding to higher values of α, where it is supposed that τ must be higher. It must be
noted that a higher value of α in one event with respect to another event does not imply a
shorter escape time for particles in the former with respect to the latter, because the source
conditions are not the same from one event to the other, as can be seen from the fact that
magnetic inhomogeneities are much closer between them in events of high acceleration effi-
ciency. We have considered a second-order Fermi-type mechanism to illustrate that even in the
extreme case of such low efficiency the acceleration process may be performed within the flare
time scale and to show that the assumption of τ = 1 s is well justified. If instead of a second-
order Fermi mechanism we consider a first-order Fermi-type process in a shock wave, such as
is usually attributed to the acceleration of solar particles (e.g. [32, 110]) the resulting value of τ
is then lower than 1 s. From the study of heavy nuclei overabundances in solar cosmic rays it
can be predicted that the value of τ is comprised between 0.1 and 0.4 s; these values when
included in our calculations result in a much better fit of the theoretical spectra to the observa-
tional curves that the one illustrated with τ = 1 s.

The acceleration time scale of protons in solar flares, can be estimated from the following

expression: t ¼ Ð EEc
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Therefore, a consideration of the parameters obtained α and Ec for a medium density
n = 1013 cm�3 give acceleration times much lower than the time scale of the explosive phase of
the flare phenomenon. For instance, for a low efficiency event (α = 0.14) in a high temperature
regime, the time necessary to accelerate a proton from 10 MeV to 5000 MeV, is only of the order
of 8 sec.

It is interesting to comment on the estimated parameter ι on the basis of our results of the
parameter α: as pointed out by [102] the time scale of the explosive phase in solar flares, is
�103s, and it is believed to be that of the stored magnetic energy dissipation, which is given as

τd ¼ 4πσl2=c2 (35)

where l is the characteristic length of the system and σ the electrical conductivity in flare
material is of the order of 2.1� 1012–2.4� 1014 s�1. A single calculation with (35) shows us that
l = 1.7 � 104–1.8 � l05 cm which agrees well with the values estimated in this work and
previously deduced by [79].

It worth comment on the discrepancy between the predicted theoretical energy spectra at the
source and the experimental spectra measured in the earth environment: first we note that the
physical processes that can occur in a medium as dense as the sun’s atmosphere are undoubt-
edly very diverse, and so, we do not claim to have included in our treatment all loss processes
for charged particles, but only those of greatest interest that can affect protons within the
energy range we are concerned with and during the short time scale of the acceleration
durability. In fact, although Cerenkov losses are included in Eq. (2) we have ignored other
losses from collective effects, however, some of them, such as energy 10 s by plasma perturba-
tions see to be negligible for protons o f E > 23 MeV; also we have not considered energy losses
caused by viscosity and Joule dissipation as suggested by [120]. On the other hand, we have
not included nuclear transformation within the acceleration volume, as for instance proton
production by neutron capture, nor loss of particles from the accelerated flux as leakage from
the acceleration volume. Therefore, it is expected that the consideration of these neglected
processes, together with a lower value of τ as discussed above and a higher proton concentra-
tion of the medium would depress our theoretical fluxes in greater congruency with the
experimental curves. Again, local modulation of particles at the source level after acceleration
are not examined here, either by an energy degradation step in a closed magnetic structure, or
while traversing the dense medium of the solar atmosphere as studied by [121].

In fact, observations of low energy particles indicate the existence of a strong modulation
within a small envelope of � 0.2–0.3 A.U. (e.g. [34]). Furthermore, studies of relativistic solar
flare particles during the May 4,.1960 and November 18, 1968 events have shown that particles
diffuse in the solar envelope (< 30 Rs) [9, 21, 22, 63] which entails a modulation of the solar
fluxes. Evidences of partic1e storage in the sun, where particles can be strongly decelerated,
have been widely mentioned in the literature (e.g. [1, 65, 106]). Modulation in interplanetary
space is a complicated process (e.g. [28, 29]) which provokes both the depression in the
number density of particles and their strong deceleration: estimations of [74] indicate that
particles lose � 10–64% of their energy through propagation, while [75, 76] sustains a loss of
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� a half of their energy before escaping into interstellar space. Moreover, the acceleration of
particles in interplanetary space [21, 22, 85] may strongly disturb the spectrum. Given the
strong modulation of solar particles at different levels, one cannot expect a good fit between
the predicted source spectrum and the experimental one. Nevertheless, we believe that the
kind of intercomparison performed here permits the clarification of ideas about the processes
related to the generation of solar flare particles.

7. Concluding remarks

In order to provide some answers to the numerous questions associated with the generation of
solar particles (e.g. [24, 26, 71, 102, 119]) we have attempted to study the physical processes
and physical conditions prevailing in solar cosmic ray sources by separating source level
effects from interplanetary and solar atmospheric effects. On this basis, we have drawn some
inferences from the intercomparison of the predicted theoretical energy spectra of protons in
the acceleration region with the experimental spectra of multi-GeV proton events. Concerning
this kind of events a number of modern techniques have been recently developed (e.g. [72])
and the, the PGI group in Apatity, Mursmansk, Russia [124–128]. In some of GLE it has been
frequent to discern two particles populations: a prompt component and a delayed one. A new
kind of classification has been proposed, GLE’s and SubGLE’s depending the number of station
that register the earth level enhancement, location and latitude of NM stations.

We have chosen to study this particular kind of solar events (GLE) because they allow the
study of the behavior of local modulation on protons, through the widest range of solar
particle energies. Although one should expect that local modulation by particle energy losses
at the source should follow the behavior illustrated in Figure 1, our results on source energy
spectra indicate that is not the general case, but local modulation varies from event to event,
depending on the particular phenomena that take place at the source according to the partic-
ular physical parameters prevailing in each event, such as density, temperature, magnetic field
strength as well as the acceleration efficiency and particle remaining time before they escape
from the source.

In drawing conclusions about the physical processes at the source, we have assumed a fixed
value of the parameter n, taking into account that although spectroscopic measurements show
a variation in the value of n from flare to flare, these fluctuations are nonetheless very near the
value n = 1013 cm�3 [115], and thus our conclusions about energy loss processes in the
acceleration region are not significantly altered by small fluctuation on this parameter. More-
over, an analysis of the electromagnetic emission associated with flares indicate a spread of
several decades on the medium temperature in flare regions (�104–108�K), hence we have
chosen to fix the parameter n in order to concentrate our analysis on the parameter tempera-
ture. On the other hand, in drawing conclusions about the physical parameter of the accelera-
tion process we have selected a mechanism with an energy gain rate proportional to particle
energy as is the case of stochastic acceleration by MHD turbulence [36]; nevertheless, we
believe that our results can in general be considered as valid, in the sense that whatever the
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Therefore, a consideration of the parameters obtained α and Ec for a medium density
n = 1013 cm�3 give acceleration times much lower than the time scale of the explosive phase of
the flare phenomenon. For instance, for a low efficiency event (α = 0.14) in a high temperature
regime, the time necessary to accelerate a proton from 10 MeV to 5000 MeV, is only of the order
of 8 sec.

It is interesting to comment on the estimated parameter ι on the basis of our results of the
parameter α: as pointed out by [102] the time scale of the explosive phase in solar flares, is
�103s, and it is believed to be that of the stored magnetic energy dissipation, which is given as

τd ¼ 4πσl2=c2 (35)

where l is the characteristic length of the system and σ the electrical conductivity in flare
material is of the order of 2.1� 1012–2.4� 1014 s�1. A single calculation with (35) shows us that
l = 1.7 � 104–1.8 � l05 cm which agrees well with the values estimated in this work and
previously deduced by [79].

It worth comment on the discrepancy between the predicted theoretical energy spectra at the
source and the experimental spectra measured in the earth environment: first we note that the
physical processes that can occur in a medium as dense as the sun’s atmosphere are undoubt-
edly very diverse, and so, we do not claim to have included in our treatment all loss processes
for charged particles, but only those of greatest interest that can affect protons within the
energy range we are concerned with and during the short time scale of the acceleration
durability. In fact, although Cerenkov losses are included in Eq. (2) we have ignored other
losses from collective effects, however, some of them, such as energy 10 s by plasma perturba-
tions see to be negligible for protons o f E > 23 MeV; also we have not considered energy losses
caused by viscosity and Joule dissipation as suggested by [120]. On the other hand, we have
not included nuclear transformation within the acceleration volume, as for instance proton
production by neutron capture, nor loss of particles from the accelerated flux as leakage from
the acceleration volume. Therefore, it is expected that the consideration of these neglected
processes, together with a lower value of τ as discussed above and a higher proton concentra-
tion of the medium would depress our theoretical fluxes in greater congruency with the
experimental curves. Again, local modulation of particles at the source level after acceleration
are not examined here, either by an energy degradation step in a closed magnetic structure, or
while traversing the dense medium of the solar atmosphere as studied by [121].

In fact, observations of low energy particles indicate the existence of a strong modulation
within a small envelope of � 0.2–0.3 A.U. (e.g. [34]). Furthermore, studies of relativistic solar
flare particles during the May 4,.1960 and November 18, 1968 events have shown that particles
diffuse in the solar envelope (< 30 Rs) [9, 21, 22, 63] which entails a modulation of the solar
fluxes. Evidences of partic1e storage in the sun, where particles can be strongly decelerated,
have been widely mentioned in the literature (e.g. [1, 65, 106]). Modulation in interplanetary
space is a complicated process (e.g. [28, 29]) which provokes both the depression in the
number density of particles and their strong deceleration: estimations of [74] indicate that
particles lose � 10–64% of their energy through propagation, while [75, 76] sustains a loss of
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� a half of their energy before escaping into interstellar space. Moreover, the acceleration of
particles in interplanetary space [21, 22, 85] may strongly disturb the spectrum. Given the
strong modulation of solar particles at different levels, one cannot expect a good fit between
the predicted source spectrum and the experimental one. Nevertheless, we believe that the
kind of intercomparison performed here permits the clarification of ideas about the processes
related to the generation of solar flare particles.

7. Concluding remarks

In order to provide some answers to the numerous questions associated with the generation of
solar particles (e.g. [24, 26, 71, 102, 119]) we have attempted to study the physical processes
and physical conditions prevailing in solar cosmic ray sources by separating source level
effects from interplanetary and solar atmospheric effects. On this basis, we have drawn some
inferences from the intercomparison of the predicted theoretical energy spectra of protons in
the acceleration region with the experimental spectra of multi-GeV proton events. Concerning
this kind of events a number of modern techniques have been recently developed (e.g. [72])
and the, the PGI group in Apatity, Mursmansk, Russia [124–128]. In some of GLE it has been
frequent to discern two particles populations: a prompt component and a delayed one. A new
kind of classification has been proposed, GLE’s and SubGLE’s depending the number of station
that register the earth level enhancement, location and latitude of NM stations.

We have chosen to study this particular kind of solar events (GLE) because they allow the
study of the behavior of local modulation on protons, through the widest range of solar
particle energies. Although one should expect that local modulation by particle energy losses
at the source should follow the behavior illustrated in Figure 1, our results on source energy
spectra indicate that is not the general case, but local modulation varies from event to event,
depending on the particular phenomena that take place at the source according to the partic-
ular physical parameters prevailing in each event, such as density, temperature, magnetic field
strength as well as the acceleration efficiency and particle remaining time before they escape
from the source.

In drawing conclusions about the physical processes at the source, we have assumed a fixed
value of the parameter n, taking into account that although spectroscopic measurements show
a variation in the value of n from flare to flare, these fluctuations are nonetheless very near the
value n = 1013 cm�3 [115], and thus our conclusions about energy loss processes in the
acceleration region are not significantly altered by small fluctuation on this parameter. More-
over, an analysis of the electromagnetic emission associated with flares indicate a spread of
several decades on the medium temperature in flare regions (�104–108�K), hence we have
chosen to fix the parameter n in order to concentrate our analysis on the parameter tempera-
ture. On the other hand, in drawing conclusions about the physical parameter of the accelera-
tion process we have selected a mechanism with an energy gain rate proportional to particle
energy as is the case of stochastic acceleration by MHD turbulence [36]; nevertheless, we
believe that our results can in general be considered as valid, in the sense that whatever the
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acceleration mechanism may be, the physical conditions of the medium (density, temperature,
field strength) state undoubtedly state the kind of phenomena occurring at the source. We
have shown that even a low efficient mechanism (low values of α) is able to explain the
generation process within the observation time scale of the explosive phase of flares, when
severe conditions in the density of the medium are assumed.

Finally, let us discuss the global conception of the generation process of solar particles,
according to the results obtained in this work: it is first assumed that in association with the
development of solar flare conditions for the acceleration of particles may be such that it can
take place either in a hot medium or in a cold one; in the first case, as a result of some powerful
heating process, the local plasma must be strongly heated and acceleration of particles up to
some few MeV must take place. This preliminary heating must follow to a some specific kind
of hydromagnetic instability or a magnetic field annihilation process in a magnetic neutral
current sheet, so that by means of electron-ion and electron-neutral collisions, Joule dissipa-
tion, viscosity, slow and fast Alfven modes or even acoustic and gravity waves, the local
plasma attain very high temperature ≥ 107�K. The processes involved in this preliminary
process of particle acceleration is not yet completely well understood; several plausible pro-
cesses capable to accelerate particles up to some MeV have been suggested in the literature
(e.g. [112]). Among many possibilities suggested, we believe that the one proposed by [108]
presents a very plausible picture: a very select group of fast particles appearing from the
preliminary heating can be reaccelerated up to very high energies, probably by a Fermi-type
mechanism as proposed by [108]. Because the medium is very hot and dense we propose that
collisional and p–p nuclear collisions between the fast protons and particles of the medium take
place. Besides, we predict that up to some definite temperature the kinetic pressure of the gas
is such that it favors the hydromagnetic expansion of a closed field line configuration, and thus
adiabatic deceleration of particles takes place during their acceleration in the expanding
plasma. Those particles with very low energy with respect a threshold energy Ec (determined
by the competition between the acceleration and the deceleration rates) cannot escape from the
sunspot magnetic field configuration because of their low rigidity, and thus, by scattering with
the atoms, ions and electrons of the turbulent plasma, their energy is rapidly converted into
heat to rise the local plasma temperature while the selected particles go into the main acceler-
ation process. As noted by [110] the increase of electron temperature tends to decrease the
efficiency of acceleration, such as that obtained in the case of hot events (Table 1) with regard to
the events of Tables 2 and 3. This low efficiency is also related to the relatively large character-
istic length- scale of the magnetic field, so that the acceleration time of particles up to high
energies is relatively long. A second kind of solar event may be distinguished from the
previous one, when the temperature is not so high (warm events in Table 3 and Figure 4) and
thus expansion of the source material does not take place, at least during the time of the
particle acceleration process. The temperature being lower and the characteristic magnetic
field length shorter than in hot events, the acceleration efficiency is higher and consequently
the acce1eration time is relatively shorter. In these events or in hot events a low flux of high
energy gamma rays generated by nuclear collisions of highly energetic protons is expected,
because these fast particles spend very short time in the source before they escape. On the other
hand, conditions in solar flares may be such that energy losses of protons are negligible during the
acceleration process, because particles are generated by a very efficient process in a shorter acceler-
ation time. This kind of events are assumed to occur when the acceleration region is associated
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with a relatively cold plasma, such that below a certain critical temperature, a compression of the
sunspot field lines takes place and thus particles are more efficiently accelerated because the
characteristic magnetic field length scale is reduced. Moreover, adiabatic heating of protons into
the compressed plasma may occur within the short acceleration time of these events raising the net
energy exchange rate. Since the energy loss rate is negligible by rapport to the energy gain rate in
these events, particles may practically be accelerated regardless of their energies, so that a prefer-
ential acceleration of heavy nuclei as suggested by [48, 49], must be expected when acceleration
occurs in a region of low temperature regime. Either by assuming that in cold events particles are
picked up from a thermal plasma or that inwarm and hot events the preliminary heating is of quasi-
thermal nature, a very small fraction (N0�10�11-10�18) of plasma particle of the source volume
need to be picked up by the acceleration process in order to explain the experimental spectra.

The most important parameters concerning the source and acceleration process of solar particles
deduced under the assumptions made in in this work may be summarized as follows: accelera-
tion efficiency α = 0.1 – 1.5 s�1, characteristic magnetic field length in the acceleration volume ι = 3
� 104–106 cm, linear dimension of the acceleration volume L = 109 cm, field strength of magnetic
field inhomogeneities �500 G, hydromagnetic velocity Va = 3.5 � l07cm s�1, medium density
n�1013 cm�3, mean confinement time of particles within the acceleration volume τ � 0.1–4 s,
average acceleration time of individual protons t = 12 s, medium temperature T�104–108�K.
Finally, we add that whatever the approach may be in developing flare models, an expansion
and compression of the source material (e.g. [96]) local modulation of particles after the acceler-
ation processes and a plausible absorption of secondary radiation from nuclear collisions in the
solar environment must be considered.

Epilogue

Wewould like to emphasize that this work is to some extent with the aim to pay homage to the
forefathers-founders of solar cosmic ray physics and space physics.
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A. Appendix

Energy spectrum of energetic particles accelerated in a plasma by a stochastic type-Fermi
acceleration process (� αβW) while losing energy simultaneously by collisional losses
according to the general expression of [10], operative throughout all the range from
suprathermal to ultrarelativistic energies, given in Eq. (2.1) in Section II. In this case, the
equation to be solved when only collisional losses are competing with acceleration is

Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra
http://dx.doi.org/10.5772/intechopen.77052

153



acceleration mechanism may be, the physical conditions of the medium (density, temperature,
field strength) state undoubtedly state the kind of phenomena occurring at the source. We
have shown that even a low efficient mechanism (low values of α) is able to explain the
generation process within the observation time scale of the explosive phase of flares, when
severe conditions in the density of the medium are assumed.

Finally, let us discuss the global conception of the generation process of solar particles,
according to the results obtained in this work: it is first assumed that in association with the
development of solar flare conditions for the acceleration of particles may be such that it can
take place either in a hot medium or in a cold one; in the first case, as a result of some powerful
heating process, the local plasma must be strongly heated and acceleration of particles up to
some few MeV must take place. This preliminary heating must follow to a some specific kind
of hydromagnetic instability or a magnetic field annihilation process in a magnetic neutral
current sheet, so that by means of electron-ion and electron-neutral collisions, Joule dissipa-
tion, viscosity, slow and fast Alfven modes or even acoustic and gravity waves, the local
plasma attain very high temperature ≥ 107�K. The processes involved in this preliminary
process of particle acceleration is not yet completely well understood; several plausible pro-
cesses capable to accelerate particles up to some MeV have been suggested in the literature
(e.g. [112]). Among many possibilities suggested, we believe that the one proposed by [108]
presents a very plausible picture: a very select group of fast particles appearing from the
preliminary heating can be reaccelerated up to very high energies, probably by a Fermi-type
mechanism as proposed by [108]. Because the medium is very hot and dense we propose that
collisional and p–p nuclear collisions between the fast protons and particles of the medium take
place. Besides, we predict that up to some definite temperature the kinetic pressure of the gas
is such that it favors the hydromagnetic expansion of a closed field line configuration, and thus
adiabatic deceleration of particles takes place during their acceleration in the expanding
plasma. Those particles with very low energy with respect a threshold energy Ec (determined
by the competition between the acceleration and the deceleration rates) cannot escape from the
sunspot magnetic field configuration because of their low rigidity, and thus, by scattering with
the atoms, ions and electrons of the turbulent plasma, their energy is rapidly converted into
heat to rise the local plasma temperature while the selected particles go into the main acceler-
ation process. As noted by [110] the increase of electron temperature tends to decrease the
efficiency of acceleration, such as that obtained in the case of hot events (Table 1) with regard to
the events of Tables 2 and 3. This low efficiency is also related to the relatively large character-
istic length- scale of the magnetic field, so that the acceleration time of particles up to high
energies is relatively long. A second kind of solar event may be distinguished from the
previous one, when the temperature is not so high (warm events in Table 3 and Figure 4) and
thus expansion of the source material does not take place, at least during the time of the
particle acceleration process. The temperature being lower and the characteristic magnetic
field length shorter than in hot events, the acceleration efficiency is higher and consequently
the acce1eration time is relatively shorter. In these events or in hot events a low flux of high
energy gamma rays generated by nuclear collisions of highly energetic protons is expected,
because these fast particles spend very short time in the source before they escape. On the other
hand, conditions in solar flares may be such that energy losses of protons are negligible during the
acceleration process, because particles are generated by a very efficient process in a shorter acceler-
ation time. This kind of events are assumed to occur when the acceleration region is associated

Cosmic Rays152

with a relatively cold plasma, such that below a certain critical temperature, a compression of the
sunspot field lines takes place and thus particles are more efficiently accelerated because the
characteristic magnetic field length scale is reduced. Moreover, adiabatic heating of protons into
the compressed plasma may occur within the short acceleration time of these events raising the net
energy exchange rate. Since the energy loss rate is negligible by rapport to the energy gain rate in
these events, particles may practically be accelerated regardless of their energies, so that a prefer-
ential acceleration of heavy nuclei as suggested by [48, 49], must be expected when acceleration
occurs in a region of low temperature regime. Either by assuming that in cold events particles are
picked up from a thermal plasma or that inwarm and hot events the preliminary heating is of quasi-
thermal nature, a very small fraction (N0�10�11-10�18) of plasma particle of the source volume
need to be picked up by the acceleration process in order to explain the experimental spectra.

The most important parameters concerning the source and acceleration process of solar particles
deduced under the assumptions made in in this work may be summarized as follows: accelera-
tion efficiency α = 0.1 – 1.5 s�1, characteristic magnetic field length in the acceleration volume ι = 3
� 104–106 cm, linear dimension of the acceleration volume L = 109 cm, field strength of magnetic
field inhomogeneities �500 G, hydromagnetic velocity Va = 3.5 � l07cm s�1, medium density
n�1013 cm�3, mean confinement time of particles within the acceleration volume τ � 0.1–4 s,
average acceleration time of individual protons t = 12 s, medium temperature T�104–108�K.
Finally, we add that whatever the approach may be in developing flare models, an expansion
and compression of the source material (e.g. [96]) local modulation of particles after the acceler-
ation processes and a plausible absorption of secondary radiation from nuclear collisions in the
solar environment must be considered.

Epilogue

Wewould like to emphasize that this work is to some extent with the aim to pay homage to the
forefathers-founders of solar cosmic ray physics and space physics.

Acknowledgements

We are very grateful to the B.S. Alejandro Sánchez Hertz for his valuable help in the prepara-
tion of the figures.

A. Appendix

Energy spectrum of energetic particles accelerated in a plasma by a stochastic type-Fermi
acceleration process (� αβW) while losing energy simultaneously by collisional losses
according to the general expression of [10], operative throughout all the range from
suprathermal to ultrarelativistic energies, given in Eq. (2.1) in Section II. In this case, the
equation to be solved when only collisional losses are competing with acceleration is

Exploration of Solar Cosmic Ray Sources by Means of Particle Energy Spectra
http://dx.doi.org/10.5772/intechopen.77052

153



dW
dt

¼ αβW � k
β
ln k1β2
� �

R4H χeð Þ þ R5H χp

� �h i MeV
seg

� �
(A.1)

where all the factors appearing in (A1) were defined below Eq. (2.1) in Section II

Now we proceed to a variable change, in terms of γ ¼ 1
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Therefore, Ec. (A.1) as a function of γ can be rewritten in the following form
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For integration of (A.5) we have assumed the case when b2 > 4ac
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Now, according to Eq. (8.1) in Section IV the differential spectrum in terms of γ is,
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in such a way that Eq. (A.7) can be rewritten
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which is the differential spectrum as a function of gamma.

To obtain the integral spectrum we resort to Eq. (9) of Section IV,
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Introducing A.8 in A.10 we obtain the integral spectrum
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Eqs. A.9 and A.12 may become very important for the study of all the entire range of particle
energy of solar particles, particularly low energy protons measured by satellites in the
interplanetary space, that presumably they have been affected in their sources. Eventually this
approach could be used at laboratory scale for experiments of particle energization in plasmas.
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Eqs. A.9 and A.12 may become very important for the study of all the entire range of particle
energy of solar particles, particularly low energy protons measured by satellites in the
interplanetary space, that presumably they have been affected in their sources. Eventually this
approach could be used at laboratory scale for experiments of particle energization in plasmas.
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