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The acceleration of particles to the high energy is one of the key issues of solar physics, cis-lunar irradiations, as-
trophysics, and astroparticle physics. With the development of space astronomy, people started to realize that plasma
disturbances in solar flares, Earth’s magnetosphere, and interplanetary space can also produce a large population of
non-thermal particles. Cosmic ray promotion i.e. selective energization of matter in the cosmos requires, as on earth,
three distinct stages: ionization, injection and acceleration to high energy. Supernova remnants and stellar winds of
massive stars grouped in associations appear to be excellent celestial accelerators or re-accelerators through the
shock waves they induce in their superbubbles. The injection of ions seems devoted to stars, except the smaller ones.
In cosmic several mechanisms lead charged particle acceleration. Electrons are accelerated in direction of Earth’s
poles by long train of electric double layers of small amplitudes. Charged particles are accelerated by the pondermo-
tive force of electromagnetic radiation. Also, in a nonequilibrium current plasma or a plasma with particle flows, a
strong electric double layer can be formed, which accelerates charged particles to high energies. The reconnection of

the magnetic field lines also leads to the acceleration of charged particles.

PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

There are several mechanisms of charged particle ac-
celeration which can be important in cosmic plasmas. In
particular, charged particles can be accelerated by indi-
vidual bursts of field, excited in current-carrying plasma
or in plasma with particle beam (see [1, 2]). Electrons are
accelerated in direction of Earth’s poles by long train of
electric double layers of small amplitudes (see [3 - 8]).
Charged particles are accelerated by the pondermotive
force of electromagnetic radiation. Electromagnetic radia-
tion fluxes and beams of charged particles due to the de-
velopment of self-modulation instability can be broken
into a chain of particle bunches (see [9 - 11]) or a chain of
electromagnetic pulses (see [12]), which excite a wake-
field in the plasma, which effectively accelerate charged
particles (see [13 - 16]). Also, due to the development of
self-modulation instability, electromagnetic radiation can
be broken down into a chain of electromagnetic pulses
that excite a wakefield in the plasma, which effectively
accelerates charged particles, and they can continue to
excite the wakefield and accelerate charged particles to
even higher energies (see [17, 18]). Also, in a nonequilib-
rium current plasma or a plasma with particle flows, a
strong electric double layer can form (see [8]), which
accelerates charged particles to high energies. Under cer-
tain conditions, in a strongly inhomogeneous cosmic
plasma, the synchronism of the accelerating field and
accelerated particles can be maintained for a sufficiently
long time. When active satellite of planet with its own
ionosphere moves across the strong magnetic field of the
planet, it can lead to the emergence of a large electric
field and acceleration of the particle beam by this field. In
the vicinity of the satellite lo, an electron beam is formed,
which is injected towards Jupiter and, as a result, leads to
the formation of a strong double layer near Jupiter (see
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[19 - 21]). The reconnection of the magnetic field lines
also leads to the acceleration of charged particles (see
[22, 23]).

1. PARTICLE ACCELERATION
IN THE COSMOS

Whereas the expansion of the universe has been ex-
traordinarily accelerated “in the beginning” by a neutral
(scalar) field called inflaton and still accelerated today,
more modestly, by a weaker avatar of this primordial
field, called dark energy, charged particles in astrophys-
ical plasmas can be accelerated to relativistic energies
by electric fields. Particle acceleration is a ubiquitous
process throughout the Universe, observed in environ-
ments as diverse as stellar coronae, active galactic nu-
clei, the coronae of accretion discs around black holes,
the magnetospheres of neutron stars and planetary at-
mospheres (including our own) interacting with the
wind of their star. It operates both in very dynamic and
explosive situations and in more steady phenomena
where steep gradients, turbulence and instabilities exist.

Natural elitist energization of charged particles in
the cosmos requires, as the artificial one at the LHC,
RHIC and other accelerators several phases: ionization,
injection and acceleration to high energy via strong en-
ergy (electrical) sources. Supernova remnants and stel-
lar winds from Wolf-Rayet stars [24], through their
shock waves, and the diffuse acceleration they produce
[25], appear to be excellent accelerators or re-
accelerators through the shock waves they induce in the
surrounding medium. All the mystery condenses in the
injection mechanism, through first ionization potential
[26] or grain sputtering [27].

In very strong accelerating fields, for example, in
wakefield acceleration methods, bunches of charged
particles can be self-injected up to relativistic energies
(see [28]) in a relatively short time interval.
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2. SHOCK ACCELERATION

It is generally accepted that most of the observed
high-energy particles originate from energization of
charged species in astrophysical plasmas, through sto-
chastic acceleration by turbulent electromagnetic fields,
diffusive shock acceleration and magnetic re-
connections (Fig. 1). High-energy astrophysical obser-
vations shed light on the underlying physical processes
in violently evolving celestial environments and cosmic
ray abundances play an essential role in exploring the
underlying physical processes. For a pure, hydrodynam-
ical, strong shock, the ratio of upstream and downstream
speed, or compression ratio r = 4, determines the spec-
tral index of  cosmic ray  nuclei as
7= (r+2)/(r—1), thus resulting in the canonical E?
spectrum. It is set by the opposition between the relative
momentum increment to the probability of diffusive
escape downstream of the shock. However, this calcu-
lated index does not match with measured cosmic ray
spectra above the atmosphere with intensities propor-
tional to (Rigidity) %%, A rigidity-dependence of the
diffusion coefficient proportional to R power 0.3 to 0.5
as inferred from measurements of nuclear secondary-to-
primary ratios, e.g. boron-to-carbon, improves the
agreement between expectations and observations [29].
Note that the discrepancy gets worse if the feedback of
CR pressure on the velocity profile is considered, since
the predicted spectrum is even harder in this case.

Fig. 1. Gamma ray skymap (from Fermi-LAT) Image
credit: NASA/DOE/Fermi LAT Collaboration. The all-
sky image drawn by gamma ray photons (E>1 GeV)
shows us how the cosmos would look if our eyes could
detect radiation 150 million times more energetic than
visible light. Associations of massive stars in the galac-
tic disk would be conspicuous since their combined
wind and explosions enhance greatly —through their
induced shock waves —the energy of encountered fast
protons and nuclei. Continuum diffuse gamma-ray
emission is produced in our Galaxy by interactions of
high-energy cosmic rays with interstellar matter and
low-energy radiation fields. The Larmor radius of these
particles, in the typical magnetic field of few uG found
in the ISM, is of the order of ~ 10* cm, which is many
orders of magnitude smaller than any typical Galactic
length scale (e.g. coherence length of the ISM magnetic
field, radius of the Galactic disk, etc.). This fact fits
nicely with a scenario where CRs are accelerated within
the Galaxy and effectively confined there. This is deter-
mined by the ratio of the energy acquired inside and the
degree of magnetization of charged particles
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3. SOLAR COSMIC RAYS AND CORONAL
ABUNDANCES

Solar Energetic Particle (SEP) events are transient
exhalations (fragrances) of high-energy particles from
the Sun (Fig. 2). Our star provides us with an exceptional
celestial laboratory for understanding the fundamental
process of particle acceleration. These events are broadly
classified into gradual and impulsive [30]. Gradual
events, associated to solar flares, typically last a few
hours and are generally confined to field lines connected
to the flare site. At variance, impulsive events are strik-
ingly rich in*He and in heavy elements such as iron, i.e.
too rich compared to Cosmic Ray Source abundances
(Fig. 3).
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Fig. 2. Ratio of SEP to slow solar wind normalized
to O and SEP/ SSW abundances relative to the photo-
sphere both with respect to the first ionization potential
of the diverse elements (from [31])
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Fig. 3. Cosmic ray source and coronal abundances
with respect to that of the solar photosphere versus
ionization potential
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https://fermi.gsfc.nasa.gov/science/eteu/diffuse/figure1.jpg

The abundance ratio of Solar Energetic Particles to
photospheric ones shows a dependence on the first ioni-
zation potential (FIP) of the chemical species. The low
FIP elements, like Mg, Si, Fe, are those that can be pre-
dominantly photoionized in the chromosphere, while the
high FIP elements (He, O, Ne, Ar) remain mostly neu-
tral. A mechanism involving ion-neutral separation in
the solar chromosphere is clearly identified. A steady
flow of photospheric material possibly channeled by
tangled magnetic fields feeds the corona where particles
are energized. The ion-neutral separation caused by the
ponderomotive force must compete with mixing caused
by turbulence. Turbulence, magnetic reconnection, and
shocks produce explosively unstable plasmas, forming a
new electromagnetic environment, favorable to large
energy gain by a minority of ions [32]. The heating and
the acceleration of particles is the result of the synergy
of stochastic (second order Fermi) and systematic (first
order Fermi) acceleration inside fully developed turbu-
lence. Stellar coronae also exhibit this effect as well as
the inverse [33]. The anomaly of S, P in C in the solar
wind absent in Galactic Cosmic rays seems to indicate,
if this feature is generic, that flare particles are more
efficiently accelerated by passing shock waves than
slow wind particles.

The correlation of coronal abundances with the first
ionization potential breaks down for M stars (red
dwarf), the lighter of them, leaving room to an anticor-
relation. So, empirically, they are excluded as cosmic
ray injector. This seems indicates that cosmic rays are
accelerated in OB (massive star) associations.

CONCLUSIONS

The similarities between the composition of galac-
tic cosmic rays at their sources (i.e. corrected for spalla-
tion in the course of propagation) and solar energetic
particle/ coronal composition suggest that stars serve as
cosmic injectors and supernovae as cosmic accelerators.
The mapping of the Milky Way through high energy
gamma rays corroborates this proposal. Acceleration of
matter by shock, magnetic reconnection, negative pres-
sure or otherwise is a superb subject of research but not
yet a mature field. With all reserve in mind we dare to
suggest that massive and intermediate stars are the in-
jectors of galactic cosmic rays. More details, namely on
the key element germanium and on the anti-FIP correla-
tion are postponed to a future article. In cosmic several
mechanisms lead charged particle acceleration. Charged
particles can be accelerated by long train of electric
double layers of small amplitudes or by single quasi-
stationary or nonstationary strong double layer. Charged
particles are accelerated by the pondermotive force of
electromagnetic radiation. The reconnection of the
magnetic field lines also leads to the acceleration of
charged particles.
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JKEPEJIO KOCMIYHUX TIPOMEHIB TA COHAYHI EHEPTETUYHI YACTUHKHA
M. Cassé, B.I. Macnoe

[IpuckopeHHs YacTHHOK IO BICOKOi €HEpTii € OJHUM i3 KIIFOYOBUX MUTaHb Qi3uku COHIISL, acTpOQi3UKH Ta acT-
podi3uKK YaCTHHOK. 3 PO3BHTKOM KOCMIYHOI aCTPOHOMIi JIFOAM MMOYAIX YCBiIOMITIOBATH, IO IUTa3MOBI 30ypeHHS
COHSIYHMX cliayiaxiB, MarHirocdepn 3emiri Ta MDKIUIAHETHOTO MPOCTOPY TaK0X MOXYTh ITOPOPKYBAaTH BEJIUKY T10-
MYJIALII0 HETEIJIOBUX YaCTUHOK. [IpocyBaHHSI KOCMIYHOT'O BHUIIPOMIHIOBaHHS, TOOTO BUOIpKOBa aKTUBI3allis Marepii
B KOCMOCIi, BUMarae, sik i Ha 3emiii, TphOX Pi3HHUX €TalliB: 10Hi3allil, IHXEKIIil Ta MPUCKOPEHHS 10 BUCOKOI eHepril.
3aJMIIKKM HATHOBUX 1 30psIHI BITPYM MAaCUBHHUX 31pOK, sIKi 3rPYyNOBaHi B acowiallii, BUSIBISIOTBCS 4y JOBUMH HEOECHH-
MU [IPUCKOPIOBaYaMH ab0 MOBTOPHUMH MPUCKOPIOBaYaMH 4epe3 ylapHi XBHJI, sSKi BOHH BUKJIMKAIOTh y CBOIX CY-
nepOynpOamkax. [HKeKiis i0HiB, 3Ma€THCS, IIPUCBSUCHA 3ipKaM, 32 BUHSATKOM MalluX. ¥ KOCMOCI KiJJbKa MEXaHi3MiB
TIPU3BOJATE IO MPUCKOPEHHS 3aps/KEHNX YaCTHHOK. ENEKTPOHN MPHCKOPIOIOTHCS B HAIIPSMKY ITOJIFOCIB 3eMili 10-
BrOIO CEpi€r0 MOABIHHUX €JIEKTPUYHHX IIapiB MAJIMX aMILTITY[. 3apsAKeHl YaCTUHKH IPHCKOPIOIOTHCS MTOHAEPMO-
TOPHOIO CHJIOIO €JIESKTPOMArHiTHOTO BUIIPOMiHIOBaHHA. KpiM Toro, y HepiBHOBaXKHIH T1a3Mi 31 cTpyMoM abo mmia3mi
3 NOTOKAaMH YaCTHMHOK MOXE YTBOPIOBATHCS CHJIBHUI MOJBIMHUN €NEKTPUYHHUHN IIap, SKUH MPUCKOPIOE 3apsKeHi
YaCTHHKH /10 BUCOKUX eHepriil. [lepes'eqHaHHs CHIIOBUX JIiHIH MarHiTHOTO TIOJISI TAKOXK MPU3BOJMTH JI0 MIPUCKOPEH-
HSI 3apsI[DKEHUX YaCTHHOK.
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