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1. Introduction

Cosmic rays (CR) have a random walk in the ISM as they propdggtiveen the sources and
the Earth. The CR mean free path in the GeV energy domain ddduem the observations of
secondary to primary ratio in the CR local flux is about onesgarand increases with the energy
as a power-law with an index still not completely constrdiibeit likely in the range 0.3-0.6. Un-
fortunately the solar modulation prevents any direct olz@ns of the low energy part of the CR
spectrum which concentrates most of the energy density assily has a strong but still over-
looked effect on the dynamical structures in the ISM. Inti@bservations start to provide us with
some hints about the properties of this part of the CR spectianisation, effect on interstellar
dust. The high energy part of the spectrum is probed by die@nd gamma-ray observations
of both source and diffuse components using modern satelihd ground-based telescopes. But
a better understanding of the multi-wavelength source dffiusd emissions requires theoretical
inputs (see the early work of [1]). Beyond the previous plmegological estimates, the descrip-
tion of the particle transport in magnetized turbulence v&ry complex problem as it involves a
set of fully non-linear implicit integro-differential eqtions (see for instance [2]). The joined de-
velopments of heuristic turbulence models and refinedglartiiansport calculations have recently
end on the problem of cosmic ray confinement in our Galaxypjtears that the most advanced
description of incompressibfemagnetohydrodynamic (MHD) turbulence [4] thought to pdava
good description of the interstellar magnetized turbudeiscvery inefficient in scattering charged
particles. This drawback is directly connected with thehhiganisotropic nature of the cascade
that develops along the mean magnetic field. As the partaresadly scattered they are badly
confined in our Galaxy especially in the TeV-PeV energy raffige [6]). Several remedies have
been proposed to address this problem. They will be disdustsartly in sections 2 and 3. Another
difficulty in the modelling of particle transport in the ISMmes from the multiple sources of tur-
bulent motions. This is expected to be the case in regionsaskive star clusters where a network
of MHD perturbations and shocks provide supplementarycesuof free energy and turbulence
(see [7], [8], [9]). Their associated structures (supebbes) are thought to cover a large fraction
of the volume of the galactic disc and hence are importanvisider in the modelling of the local
cosmic ray spectrum. Around isolated or groups of supermernaants the inherent cosmic ray
escape should also modified the local turbulent spectrunrdiging self-generated waves [10].
These two important aspects will be discussed in sectiomnalliF only few theoretical work have
addressed the propagation of low energy cosmic rays atrreSection 5 will discuss this regime
and shall provide some perspectives.

2. Modelling particle transport in stochastic magnetic fietls

The random walk character of the cosmic ray (CR) transpatiénSM is inherently associ-
ated with the stochastic nature of the magnetic fields thataple it. A diffusive transport is also
expected to occur especially at low energy in the energyesfsee the review [11] and the refer-

1In a plasma the incompressible regime is obtained in the biigh beta; ie for large ratio of the sound speed
to the Alfvén speed. The interstellar medium is known to bepessible although the incompressible description is
thought to provide trends of the basic properties of the MidBcade (see [3]).
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ences therein). The correlation between the stochastinetiagfluctuations induces on average a
non-vanishing pitch-angle scattering of the particlesglthe mean field line. The wandering of
the field lines due to chaotic turbulent motions contributea transport perpendicular to the mean
field lines. There are two ways to characterize the corrélafiects of magnetic field fluctuations:
either by considering a particular turbulence model or leyrttean of a fully numerical approach.
In the former case, the turbulent spectrum is calculatedrgan analytical model that aims at re-
producing the physics of the turbulent cascade: it involestime evolution of the turbulence
(dynamical models), the wave number spectrum, the geonoéttlye cascade (see for instance
[12], [16]), the degree of imbalandeand possibly intermittency properties. In the latter céise,
turbulent spectrum is calculated from a numerical solutiat formally can be derived from first
principles (as it is the case in particle-in-cell simulagh Considering a non-exhaustive list of
turbulent spectra we can first distinguish among their dbfié geometry properties in the wave
number space: isotropic or anisotropic. In the latter aatetall spectra like the Goldreich-Sridhar
model [4], the composite 2D/slab model [17] invoked in thiaswind and the Alfvén wave turbu-
lence spectrum [18] which should be applied in case of weaknmeagnetic field. The anisotropy
geometry of the GoldreichSridhar has been successfullgdesing numerical simulations [19].

There is a wide literature discussing the calculations ettansport coefficients under various
assumptions: dynamic or magnetostatic models, quasiflimpproximation or non-linear calcu-
lations. Dynamical models include a time dependent funciiothe magnetic correlation tensor
(see [20]) constructed to reproduce the damping of the kembdiluctuations. In the quasi-linear
calculations the diffusion coefficients are constructethwhe assumption of unperturbed particle
orbits around the mean magnetic field. The quasi-linearyhieave some well-known drawbacks.
The first one is the 90 degrees scattering problem that isivieeggnce of the spatial particle mean
free path once its pitch-angle is approaching 90 degreessd@tond one is the perpendicular diffu-
sion that is a difference in the type of transport betweertyéinal estimates and calculations (see
for instance [21]). These problems have motivated auttwreléix the hypothesis of unperturbed
orbits in different non-linear models. The reader is indite report to the monograph of [12] for a
more detailed description of these models.

Concerning the transport of CRs in our galaxy probably onthefmost advanced analytical
work has been proposed by [13] where a resonance broaderoogdure (see [14]) is adopted.
This provides a hon-linear correction to the particle thjey. The authors considered a Goldreich-
Sridhar turbulence. It has been shown here the importanteeaflow modesin the estimations
of the CR mean free path. The lack of scattering efficiencyigdes by the resonance with Alfvén
waves is compensated (especially at 90 degrees) by théttiams damping (the resonance with
the mirror magnetic field of the wave) due to the slow modesthéncompressible limit the fast
magnetosonic waves play an important role but their inolusequires are careful treatment of

2The balancing of a turbulent cascade driven by the intemaaif oppositely moving wave packets is given by the
fraction of forward (or backward) to the total number of wave

3The MHD model has three distinct magnetic modes: the Alfvédenand the slow and fast magnetosonic modes.
The latter are the magnetized limits of the sonic mode. Ininkhempressible limit the fast mode turns to be a sound
wave while the slow modes turns to be a magneto-acoustic ifseeg3]).
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wave damping, highly depend on the ISM phase under consicdierdarallel mean free paths can
then be reduced to values of a few parsecs, thus providingudmoto the confinement problem
discussed above. Issues are under debates concerningrpiemdieular transport. [13] showed
the perpendicular transport is highly dependent of thel l8daénic Mach number (ratio of the
turbulent velocity to the Alfvén velocity). Using a semiadytical approach [15] found a ratio of
the perpendicular to parallel diffusion coefficients in taage 10 — 10~* (from 10 to 16 GeV)
and an energy independent perpendicular diffusion coefficit high energy in the case parallel
diffusion is obtained from secondary/primary ratio in tlesmic ray flux. The perpendicular mean
free path deduced at energies beyond G@V is less than one parsec.

3. Numerical simulations

Considering more closely numerical derivation of the tpams coefficients the usual tech-
niques consist in a statistical estimation of the large timnét of the mean square displacement
of the particles either using a plane wave approximatioreld@ment [21], [22] or fast-Fourier
transforms [22]. The calculations have been undertakeriffereht turbulence models: isotropic
Kolmogorov turbulence [22], [23], composite slab-2D tudmce [24], anisotropic wave turbulence
and Goldreich-Sridhar models [25]. The results are thuklhigependent on the model of turbu-
lence under study. A second approach now is being underajaweint. It involves the calculation
of particle transport in a turbulent field that results froiredt simulations of the turbulent spec-
trum; ie without assuming a particular model for the turbtileascade. This kind of simulations
have been recently proposed by [26]. The authors have detiietime evolution of the particle
mean square displacement using a MHD code. The latter is tasprbvide the magnetic field
fluctuations spectrum. The results are compared with thigtaos solutions obtained in [13]. The
simulations show a relative insensitivity to the degreenabalance of the turbulence. The spa-
tial parallel diffusion coefficient is found to be considtarith analytical estimations. Considering
perpendicular transport conclusions appear more limitgaressent since the simulations did not
included large scale perturbations.

4. Sources effects: Cosmic-Ray streaming

Cosmic Rays especially at high energies are expected to ahémhomogeneous distribution
which should peak close to the sources. The spectrum is afscked to be harder since high
energy particles have not escape yet (see the case of edhzentiele distributions in the galactic
center [27]). The cosmic ray escape process is poorly knowdniravolves a 3D time dependent
investigation of the particle accelerators. In supern@marants high energy particles should es-
cape first likely at the beginning of the Sedov ph&sélowever, the exact dynamics of energetic
particle escape in supernova remnants depends on seviedbethe time evolution of the mag-
netic field strength generated at the shock front by the acateld particles, the time dependence
of the turbulence properties at the shock, the density oaithbient medium and the fraction of
neutrals in this medium, the time history of particle injentat the shock front, etc. What can be

4The Sedov expansion phase occurs during once the mass ofvéeted interstellar material is similar to the ejecta
mass of the progenitor star.
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probably say is that due to the high efficiency of the partadeeleration process and in order to
obtain a prolonged effect of particle acceleration at tliekhescape has to occur to alleviate shock
smoothing [28]. Also at a given time, particles escapingstheck front should drift at velocities
larger than the Alfvén speed of the ambient medium (althdbghassertion has to be verified, see
[29]). This drift motion must produce the generation of resat Alfvén waves that propagate in
the opposite direction to the drift. The wave growth can blarzed with non-linear effects that
lead to a saturated spectrum [10]. The self-generated whagasontribute to the self-confinement
of high energy cosmic rays around the sources over timest@iger than those produced in case
of free streaming. This cosmic-ray halo and the modifiedidiin coefficient (with respect to typ-
ical galactic estimations) can interact with nearby mdkcualouds and hence can be probed by
gamma-ray instruments [30], Gabici et al in preparation.

5. Propagation of low energy cosmic rays

Low energy cosmic rays (LECRS); ie protons and ions with M&% energies and electrons
with keV-MeV energies are of particular interest in astrggibs. This part of the CR spectrum har-
bours the dominant contribution to the cosmic ray energwgitierf CRs would have any impact on
the structures in the ISM it should come from this part of thectrum. LECRs contribute also to
the ionization of the ISM gas, a process at the very basiseadyhthesis of molecules (see [31] and
the references therein). As it has been advocated;byneasurements towards téeéPersei diffuse
cloud [32] the ionization impact of LECRs has been confirmiadesby several studies (see [33]
and the references therein). Dense clouds show a disperfdiba ionization rate over two order of
magnitude as reported by [34]. The ionization rate deperitisadly on the hardness of the LECR
spectrum, which is unknown and likely not homogeneous. #l$® mandatory to estimate with
a good accuracy the rate of cosmic ray exclusion from dermalsl The exclusion mechanisms
usually invoked are found to be uneffective except for pbas with energies< 50 MeV/N [35]
contributing to an enhancement of the ionization rate aetlge of the molecular clouds. Hence,
the question of the CR penetration and ionization (and hggtate in dense clouds in still under
debate (see the discussion in [36]).

Finally another problem related to the propagation of LEGRbe detection of the galactic
diffuse annihilation line by INTEGRAL satellite (see [3#cthe review by [38]). The positrons
which annihilate in flight cannot have an energy that excéel&eV in order to prevent the an-
nihilation line to be too broad [39]. A detailed analysis Isaswn the difficulty to confine these
low energy particles in our Galaxy invoking the mechanisinsaaly considered for the transport
of the high energy CRs. Especially the collisionless prsegsnvoked in section 2 are not efficient
enough in confining the MeV positrons relaxed in the ISM [40].

6. Conclusion

The propagation of CRs in the sources and from the sourcesrdeviEarth has benefit from
a lot of recent analytical and numerical calculations imvproents. One the ground of turbulence
modelling, refined anisotropic turbulence cascade degmmgphave been proposed and sucessfully
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tested by MHD simulations. In this anisotropic cascade ¢eyenergy is left to the wave number
parallel to the local magnetic field. This produces very finieht scattering by gyroresonance
with Alfvén modes. A way to cure this confinement model hasmb@®posed by considering the
effect of the magnetic mirror present in magnetosonic wavég parallel mean free path of TeV
CRs can then be reduced to a few parsecs. These calculatwrsalthough to be fully tested

by diverse numerical approaches. These include eitherstiived turbulence model or direct
MHD simulations. The first results show some consistent \iehes especially with respect to
the parallel mean free path calculations. Now, large sealsutent motions are certainly not the
only source of free energy. The impact of injection of strie@mymmodes by particles escaping from
the accelerators remain to be fully estimated. Anotherissualy rarely consider up to now is the
propagation of low energy CRs. These particles have a stalagn the dynamics of the structures
in the ISM as well as its ionization. A better understandifighe transport properties in these
energy regimes are also strongly required in the underistgraf the diffuse galactic annihilation

line.
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