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Abstract: Several independent pieces of information have recently hinted at a prominent role of
cosmic rays in controlling their own transport, within and around the sources as well as throughout
their propagation on Galactic scales and even possibly during their escape from the Galaxy. I will
discuss this topic with special attention to the theoretical implications and possible additional
observational evidence that we may seek with upcoming experiments.
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1. Introduction

The bulk of cosmic rays (CRs) is made of fully ionized light nuclei, moving at speeds close to
the speed of light. In all cases of astrophysical interest, these particles propagate diffusively through
magnetized media, with the possible exception of CRs at the highest energies, which might propagate
quasi-ballistically. The diffusive ansatz seems appropriate to both acceleration regions and transport
through the Galaxy. However, many aspects of this ansatz are somewhat less clear than one would
think. Here, I will list just some of the issues that arise when one attempts to write down a theory
of CR diffusion: (1) the well established theory of resonant scattering off Alfvén waves (see [1] for a
recent review, and references therein) describes the diffusive transport parallel to the ordered magnetic
field well, but it is all but clear that the escape of CRs from the Galaxy is actually related to such
parallel diffusion, as discussed from the very beginning [2,3]; (2) for quite some time, the nature of the
Alfvén waves responsible for CR scattering has been associated with some kind of turbulent cascading
from large scales, but it has been recognized that such cascade proceeds anisotropically, favoring the
perpendicular direction [4,5], so as to make effective resonant scattering hard to achieve; (3) diffusive
motion close to shock fronts, most notably associated with supernova explosions, is usually considered
as a crucial ingredient of diffusive shock acceleration, but as first recognized by [6,7], the interstellar
turbulence can only account for acceleration up to a few GeV, orders of magnitude short of the observed
CR energies. Hence, CRs have long been suspected of generating waves upstream of shocks so as to
shorten the acceleration time and increase the maximum achievable energy. Progress keeps happening
in this area (see for instance [8]); (4) The best fit to the low energy part of the Boron/Carbon ratio
seems to require either effective CR reacceleration on plasma waves or steep energy dependence of
the diffusion coefficient. It has been argued that the reacceleration scenario might run into energetic
problems [9] and the steep energy dependence of the diffusion coefficient should result in excessive
large scale anisotropy [10,11].

To make the situation even more interesting, recent data collected by PAMELA [12] and
AMS-02 [13,14] show that the spectra of CR protons and helium nuclei are characterized by a break at
rigidity of ∼200–300 GV, which most likely reflects a change in the transport properties of CRs [15].
AMS-02 has recently showed that a similar break exists in the spectra of all primary nuclei [16].
Moreover, the recent measurements carried out by AMS-02 of the spectra of secondary elements
such as boron, lithium and beryllium [17] shows that their hardening is stronger than for primaries,
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thereby supporting the hypothesis that the phenomenon is associated with CR transport rather than
with the accidental proximity of a source to the solar system or to phenomena related to acceleration
in the sources.

All these results stimulated an enhanced interest in the investigation of the physics of CR transport
in the Galaxy and have led to several interesting results put forward in the last few years. One of the
most interesting topics in this context is the self-controlling action of CRs, namely their role in changing
the environment in which they propagate, both inside the acceleration region and during Galactic
transport, so that the diffusive properties are no longer independent of CRs themselves but rather
determined by them. This interaction is mediated by the excitation of plasma instabilities associated
with the current of CRs that develops in any situation in which CRs are not homogeneously distributed
in space (which reflects in local anisotropy). Depending on the conditions, different types of instabilities
may develop and result in a diverse range of interactions between CRs and the environment in which
they move. This phenomenon is generally referred to as nonlinear transport and will be the main focus
of this article.

The paper is organized as follows: In Section 2, I will emphasize the effects of the excitation of
streaming instability on Galactic scales, as due to the global gradient of CRs escaping the Galaxy. Such
gradients may be much larger, though time dependent, close to sources, while accelerated particles
are turning into CRs. The enhanced self-confinement close to sources, such as supernova remnants
(SNRs), will be described in Section 3. In Section 4, I will describe the implications of self-excitation of
non resonant streaming instability on the escape of CRs from the Galaxy and the challenges that these
findings pose for the interpretation of CR escape into the intergalactic medium. I will summarize these
topics and highlight future developments in Section 5.

2. Nonlinear Effects in CR Galactic Transport

The role of CRs in creating their own scattering centers was first highlighted immediately after
the theory of CR transport in hydromagnetic waves was developed [18–21]. The gradient of CRs inside
the Galaxy can be easily calculated in a simple model of diffusive transport: if particles escape freely at
the edge of the magnetized halo of size H, and f0(p) is the phase space particle distribution function
at the disc of the Galaxy (assumed to be infinitely thin), the gradient is of the order of f0(p)/H. This
induces a diffusive current of CRs directed outward:

JCR(p) = 4πp3e f0(p)vD = eD(p)4πp3 f0

H
, (1)

where vD = D/H is the drift velocity. When CRs drift at speed larger than the Alfvén speed vA,
a streaming instability is excited on scales k−1 that are resonant with the Larmor gyration of the
particles making the current. The instability of modes with wavenumber k grow at a rate that is
proportional to the CR gradient calculated at the resonant momentum p = qB0/kc:

ΓCR(k) =
16π2

3
vA

FB2
0

[
p4v(p)

∂ f
∂z

]
p=qB0/kc

, (2)

where F (k) is the dimensionless power in modes of wavenumber k per unit logarithmic scale.
There are two algebraic handlings of Equation (2) that help clarify its physical relevance. We first

notice that the quasi-linear expression for the diffusion coefficient (parallel to magnetic field lines) can
be written as:

D(p) ≈ 1
3

rL(p)v(p)
1

F (kres)
, (3)

where kres = 1/rL(p). After a few steps, one can rewrite Equation (2) in the form:

ΓCR(k) ≈
vD
vA

Ωc
n0(> p)

ni
vD > vA, (4)
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where n0(> p) = 4πp3 f0(p) is the number density of CRs with momentum > p, ni is the gas density
and we introduced the cyclotron frequency Ωc = eB0/mpc. A few considerations are in order: the best
fit to the transport of CRs in the Galaxy made with very diverse approaches return the same basic
conclusion, namely that assuming a diffusion coefficient in the form D(R) = D0(R/3GV)δcm2/s,
data are best described by adopting D0/H ∼ 1 if D0 is in units of 1028 and H is in units of kpc.
Keeping in mind the discussion above, this translates to a minimum drift velocity vD = D/H ∼
3× 106(R/3GV)δcm/s. Adopting a gas density in the halo (where CRs spend most of the time) of
ni ≈ 10−2 cm−3 and a magnetic field B0 ∼ 3µG, the Alfvén speed is vA = 6× 106 cm/s, which implies
that vD > vA for rigidities R > 10 GV for typical values δ ∼ 1/3− 1/2. Using the observed density
of CRs at 10 GV as measured by AMS-02 [13] in Equation (4), one obtains a typical growth time for
CRs of rigidity 10 GV of about one thousand years, very short compared with the typical escape time
from the Galaxy, as inferred from the measurements of secondary/primary ratios. It follows that the
phenomenon is potentially very important for high energy CRs.

Let us look at Equation (2) from another point of view: if we introduce the magnetic energy
density UB = B2

0/4π and the CR pressure Pcr(> p) = 4π
3 p4v f0(p), one can rewrite Equation (2)

as follows:

ΓCR(k) =
PCR(> p)

UB

vA
HF (k) . (5)

The instability is usually assumed to be quenched by the onset of some type of damping mechanism. If
the medium where CRs propagate were filled with neutral hydrogen, Alfvén waves would be mainly
damped due to ion-neutral damping [19] and the damping rate is so high that diffusive transport
would be hard to justify. On the other hand, the standard picture of CR Galactic transport is based on
the existence of a large, under-dense, ionized gas halo, with a size of several kpc, where CRs spend
most time before escaping the Galaxy. In such halo, the main damping process is expected to be
nonlinear Landau damping [22] (NLLD), which proceeds at a rate:

ΓNLL(k) ≈ kvsF (k), (6)

where vs ' 3× 106 cm/s is the sound speed. The saturation of the streaming instability occurs when
the rate of growth equals the rate of damping, a condition that allows for estimating the power
spectrum F (k). Imposing equality between Equations (5) and (6), one gets:

F (k) =
[

PCR(> p)
UB

vA
vs

rL(p)
H

]1/2

, (7)

where we imposed the resonance condition k = 1/rL(p). For the sake of simplicity, let us adopt the
expression PCR(> p) ≈ 8.3× 10−2(E/10GeV)−0.7 eVcm−3 for the CR pressure normalized at 10 GeV
and UB = 0.44 eVcm−3 for the magnetic energy density corresponding to B0 = 3 µG. Since we will
be dealing with relativistic CR particles, in the following, we will use energy E, momentum p and
wavenumber k = 1/rL(p) as referring to the same physical quantity. Hence, from Equation (7):

F (k) ≈ 1.8× 10−5
(

E
10GeV

)0.15 ( H
4kpc

)−1/2
, (8)

and using the quasi-linear expression for the parallel diffusion coefficient (justified by the fact that
F � 1), one gets:

D(E) ≈ 1
3

rLv
1
F (E)

= 6× 1027
(

E
10GeV

)0.85 ( H
4kpc

)1/2
cm2s−1. (9)

Interestingly, this estimate of the self-generated diffusion coefficient agrees, within a factor ∼2, with
the diffusion coefficient inferred from phenomenological fits to CR and gamma ray data, suggesting
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that streaming instability is likely crucial in determining the scattering properties of CRs in the Galaxy.
On the other hand, the energy dependence derived from imposing the balance between wave growth
and NLLD seems to be too steep, although, in more realistic models, this slope does not reflect directly
onto observable quantities such as the secondary/primary ratios (see for instance Ref. [23]).

The above discussion highlights the crucial role of damping processes for the determination of
the saturation of streaming instability. The NLLD rate given in Equation (6) was calculated in Ref. [22]
and other articles as well, but a critical assessment of the role of this mechanism, perhaps using PIC
simulations, is still missing. In fact, a change in the functional form of this damping rate might lead
to a substantially different normalization and energy dependence of the diffusion coefficient of CRs.
Interestingly, however, both the inclusion of NLLD and turbulent cascading seem to imply a very
similar power spectrum of the excited waves, and hence similar diffusion coefficients [24], close to the
one derived from phenomenological fits to observations.

Magnetic fluctuations in the Galaxy are also produced by other phenomena, not directly related to
CR streaming: for instance, supernova explosions and stellar winds also stir the interstellar plasma on
large scales. Such perturbations cascade to smaller spatial scales as it is usually the case for turbulence.
The competition between perturbations that are self-generated through CR streaming and cascading
turbulence has been the subject of dedicated investigation [23–25]. However, magnetic perturbations
cascade toward smaller scales while becoming anisotropic [4,5], which makes the problem of particle
scattering rather tricky: the power in the modes parallel to the local magnetic field appears to be
too small to justify the resonant scattering at the level needed to interpret CR observations of stable
secondary nuclei.

Aside from these unclear aspects, it is interesting that the shape of the power spectrum of
perturbations generated through cascading and through CR streaming instability have different
k-dependences, hence a transition between the two regimes should be expected, as also discussed
in Ref. [26]. In [24], it was argued that the transition should appear in the form of a change in the
energy dependence of the diffusion coefficient for CR energies around ∼TeV, which in turn reflects
into a CR spectral break. Such breaks have been measured by the PAMELA [12] and AMS-02 [13]
experiments and are commonly attributed to new phenomena associated with CR transport [15].
The recent measurements of the spectra of stable secondary CR nuclei, such as boron and lithium, by
the AMS-02 experiment have confirmed that these features are most likely connected with a change
of regime of CR transport at rigidity ∼ 300 GV [17]. On the other hand, whether this change is to
be attributed to the onset of nonlinear CR transport or more mondane explanations remains to be
seen. For instance, it has been proposed that a diffusion coefficient with energy dependence that is a
function of the height above the Galactic disc also leads to a CR spectrum at the Earth with a break
in the TV rigidity range [27], provided that the spatial and energy dependences are suitably chosen.
In this sense, the attractiveness of the model based on nonlinear effects in CR transport is based on
the fact that the spectral break is expected in the right energy region without much freedom of choice
of the parameters. It should be emphasized that the effect of waves excited in the Galactic disc and
advected away from the disc and into the halo naturally leads to a spatial dependence of the diffusion
coefficient [28] and these models also provide a good description of the data, combining nonlinear
effects and the consequent spatial dependence of the diffusion coefficient.

The production of waves able to scatter CRs resonantly have also been invoked in models
of CR driven winds, where the waves provide the coupling between CRs and the interstellar gas.
The launching of an outflow (in special conditions even a wind) depends on the local balance between
the pressure exerted by CRs and the gravitational pull dominated by the action of dark matter.
A magnetohydrodynamic semi-analytic approach to these CR driven winds was first developed in
Ref. [29], where CRs were treated as a fluid with given diffusivity and the geometry of the outflow
was fixed based on a physical picture of a 1D outflow. By construction, these approaches lack
information about the spectrum of CRs, which is affected by the presence of the wind both because
of the different coupling with waves (diffusion) and because of the advection with the wind (and
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the waves), unavoidable in CR driven winds. A recipe to infer the asymptotic (low energy and high
energy) shape of the CR spectrum in the Galactic disc was put forward in [30]. More recently, MHD
simulations of the development of CR driven winds have been developed [31–33], in which a realistic
geometry of the outflow is derived. However, such approaches either treat CRs as a fluid, thereby
lacking information about their spectrum, or assume a given diffusion coefficient, thereby lacking the
treatment of particle transport in self-generated waves.

The equations of conservation of mass, momentum and energy including CRs and waves
generated through streaming instability have recently been solved together with the CR transport
equation [34,35]. This approach showed how most of the wind solutions that may be found in fact
lead to CR spectra in the Galactic disc that are quite unlike the ones observed at the Earth. It is likely
that, in Nature, winds are launched preferentially in some regions of the Galaxy rather than from the
whole disc. This would, however, lead to the conclusion that the CR spectrum may be quite different
in different parts of the Galaxy. It remains to be seen whether such scenarios are compatible with the
remarkable homogeneity of the CR distribution that gamma ray observations show.

3. From Accelerated Particles to CRs: Nonlinear Effects around Sources

Nonlinear effects in CR transport are more prominent in the presence of large CR gradients, as can
be inferred from Equation (2). This condition is most easily verified in the proximity of Galactic CR
sources, such as supernova remnants and clusters of young stars. The CR acceleration history of a SNR
typically lasts for .105 years, when the shock produced by the explosion enters the radiative phase.
In the case of stellar clusters, the CR production may be considered quasi-stationary if it is associated
with collective acceleration in stellar winds and the lifetime of the massive stars in the clusters is of
order ∼107 years.

The cloud of accelerated particles moving away from the source is mainly made of low energy
particles, namely particles with gyroradius much smaller than the coherence scale of the Galactic
magnetic field in which the source is located, which is typically assumed to be∼Lc ∼ 10–100 pc. In fact,
the local field might retain its approximate direction on scales larger than Lc if δB/B0 � 1. In this
situation, diffusion occurs mainly in the direction of the ordered local field, and can be approximated
as one-dimensional. At distances larger than Lc, diffusion becomes three-dimensional and eventually
the cloud of particles originated at the source merges into the diffuse CR background. It is clear,
however, that the CR density around the source may stay much larger than that of the background
(diffuse Galactic CRs) for approximately a diffusion time.

Assuming that the diffusion coefficient outside the source is of the same order as the one derived
from secondary/primary ratios (for instance B/C), one concludes that the cloud of CRs stays close to
the source (within a distance Lc) for a time:

τ ≈ L2
c

Dgal(E)
≈ 2000L2

c,10E−δ
GeV years, (10)

where Lc,10 = Lc/10 pc. The assumption of diffusive transport is clearly applicable only for energies
such that τ � Lc/c, namely E� 200 TeV L3

c,10, where we used δ = 1/3 for the numerical estimate.
The gradient established by CRs diffusing away from the source is large enough to induce

streaming instability in the region around the source, as discussed in Refs. [36–40]. The level of
self-generated turbulence of these particles depends rather critically on the amount of neutral hydrogen
present in the region around the source because of the strong ion-neutral damping that is induced
by such gas. If the assumption is made that the gas is fully ionized in a region of 50–100 pc around
the source, which typically corresponds to very low densities (n ∼ 10−2–10−3 cm−3), the effect of
self-generated waves can be very important in lowering the diffusion coefficient and increasing the
residence time in the same region to several hundred thousand years instead of the short time suggested
by Equation (10). However, the grammage accumulated in the near source region is negligible, unless
a dense, concentrated cloud is present in a small portion of the volume around the source. The effects
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of self-generation and damping on the grammage accumulated by CRs in the near source region have
been discussed by [38–40].

The CR self-confinement also has implications on the intensity and morphology of the diffuse
gamma ray emission from the Galactic disc. As discussed by [41], along some lines of sight the diffuse
emission due to the overlap of numerous near source regions where diffusion is suppressed by the
same particles may be comparable with the expected diffuse emission as derived in the assumption
that CRs diffuse on Galactic scales. As mentioned above, the importance of these effects depends
rather dramatically upon the presence of neutral hydrogen and/or the occasional presence of a dense
localized cloud of gas in the near source region. The latter case may not be unusual since massive stars
that type II SN explosions originate from are often located close to dense molecular clouds.

One of the most important potential implications of the nonlinear effects in CR diffusion in
the near source regions is the modification that they imply on the global picture of CR diffusion in
the Galaxy, especially in the aftermath of the recent AMS-02 observations of antiprotons [42] and
positrons [43].

It was noticed [44] that (1) the spectrum of observed protons, positrons and antiprotons have
very similar shapes, contrary to what is expected based on the standard picture of CR transport in
the Galaxy. Moreover, (2) the ratio of fluxes of positrons and antiprotons is about the same as the
ratio of their production cross sections. These two empirical facts were then interpreted as hints that
both positrons and antiprotons could simply result from CR inelastic interactions in the interstellar
medium, with no need for additional sources of positrons, such as pulsar wind nebulae (PWNe) [45,46]
and old SNRs [47]. These alternative scenarios (see [48] for a review of conventional and alternative
models of CR transport) represent radical changes to the pillars of the paradigm for the origin of
Galactic CRs, as it is clear from the fact that the standard indicators of CR transport, such as the B/C
ratio, has a behaviour that is qualitatively consistent with what is expected based on the standard
picture [49], while positrons and antiprotons do not. A possible implementation of an alternative
view of CR transport is the so-called nested leaky box model (NLB) [50], based on the idea that CRs may
accumulate an energy dependent grammage around sources rather than on Galactic scales. The energy
dependence is such that CRs with energy > 100 GeV escape the near-source regions in too short a
time and end up accumulating grammage while propagating in the Galaxy, perhaps in an energy
independent manner, as speculated in Ref. [50].

These considerations are of crucial importance to understand why the B/C ratio drops with
energy as expected, while antiprotons and positrons behave differently. Boron nuclei from spallation
reactions have the same energy per nucleon as the parent C or O nuclei; hence, for energy per nucleon
below ∼100 GeV/n, one should expect the ratio to reflect the near source grammage, which in the
NLB model is postulated to drop with energy. For a positron or an antiproton, the situation is different,
in that they are typically produced in inelastic collisions of protons with energy ∼20 times larger.
A positron at &10 GeV is produced by a proton with energy &200 GeV, for which the grammage is
dominated by the energy independent Galactic grammage, hence the spectrum of such secondary
positrons (or antiproton) would be expected to be the same as that of protons. It must be clear that this
class of alternative models is not problem free: they require that the role of energy losses is marginal
for electrons and positrons with energy .1 TeV, otherwise the positron spectrum is modified with
respect to that of protons. Moreover, the spectrum of protons that we observe on the Earth is required
to be the same as that at the source, since the Galactic grammage is assumed to be energy independent.
Finally, electrons and protons in the sources, whatever they might be, are required to be different, so as
to explain why the observed electron spectrum is different from that of protons.

Despite these difficulties, these alternative models are attracting some attention. The analogy
between the cocoons of the NLB model and the near source regions due to the nonlinear CR transport
is tantalizing, hence some efforts are being devoted to understanding whether CRs may accumulate
some level of grammage in such regions. In addition, it is worth recalling that some recent observations
of diffuse gamma ray emission around SNRs [51] and around PWNe [52] have provided clear evidence
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for a diffusion coefficient in such regions that is 10–100 times smaller than the one inferred from the
measurements of the B/C ratio. In the case of PWNe, the nonlinear effects induced by electron–positron
pairs escaping the pulsar environment seem to be insufficient to explain the observations [53].

4. Escape from the Galaxy

The escape of CRs from our Galaxy (or from any galaxy for that matter) is as unclear as the escape
from sources such as SNRs in our Galaxy. The spectrum of CRs on the Earth is typically calculated by
solving the transport equation (including advection, diffusion and energy losses) with a free escape
boundary condition at the edge of the halo. Such edge is inserted in the problem by hand and only
sparse attempts to provide a physical explanation of it have been made through the years.

In a basic approach to this problem, in which we only account for CR protons and we consider
diffusion as the dominant process of CR transport, the current of CRs crossing the free escape boundary
is given by D∇nCR(z = H) and this quantity equals the flux of particles injected at the disk through
SN explosions. This current is only weakly model dependent and can be considered as a very reliable
piece of information. In a one-dimensional model with diffusion only, the escape flux can be easily
calculated by integrating the transport equation, and reads:

φCR(E) = −D(E)
∂ngal

∂z
= D

ngal

H
=

LCR

2πR2
dΛ

E−2 , (11)

where we have assumed that CRs are injected in the Galactic disc of radius Rd, with a luminosity
LCR and a spectrum ∝ E−2 extending between Emin and Emax, and Λ = ln(Emax/Emin). Equation (11)
clearly shows that, as expected, the spectrum of escaping CRs is the same as the injected spectrum.

The condition of free escape mimics the ballistic motion of CRs outside the halo, which implies
that the number density drops dramatically after escape, nCR,ext(E) = 3φCR/c, where the ballistic
motion is assumed to occur at the speed of light. However, the flux of particles diffusing out toward
the free escape boundary is exactly the same as the flux of particles moving ballistically away from the
halo: the conserved current carried by CRs with energy > E is then given by JCR = eEφCR(E). The
question arises of whether this current is able to perturb the circumgalactic medium and thereby affect
the ballistic motion of CRs. This issue was addressed in detail in a recent work [54].

The magnetic field of the Galaxy is expected to drop down exponentially on spatial scales of a
few kpc away from the Galactic disk. A qualitative expectation is that this drop would reflect in a
corresponding increase of the diffusion coefficient. Such a trend implies that at some point the motion
of the particles can be well approximated as ballistic: the location where this happens is, in good
approximation, to be identified with the free escape boundary. The magnetic field eventually reaches
the value corresponding to the intergalactic magnetic field Bigm, for which very weak upper limits
exist [55]. A lower limit, of order ∼10−17 G, has been recently inferred based on the non detection of
low energy gamma rays from distant sources [56]. The magnetic field in the circumgalactic medium,
B0, is expected to be somewhat higher than the intergalactic medium field because of the effect of
gravitational collapse that gave rise to our Galaxy.

As discussed in [8], a non-resonant instability is induced by the current of CRs escaping the
Galaxy, provided the following condition is fulfilled:

E2φCR
c

>
B2

0
4π

. (12)

The instability is excited on scales that are initially much smaller than the Larmor radius of the particles
dominating the current, namely at wavenumber:

kmax =
4π

cB0
JCR =

4π

cB2
0

E2φCR
rL(E)

, (13)
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and with a growth rate γmax = kmaxvA, where vA = B0/
√

4πρ is the Alfvén speed in the unperturbed
field and the density ρ is written as δGΩbρcr, where Ωb is the baryon fraction in the universe and ρcr is
its critical density. The parameter δG & 1 accounts for the overdensity of baryons around the Galaxy.

The condition for the excitation of the non-resonant instability, Equation (12), translates into a
condition on the background magnetic field:

B0 ≤ Bsat ≈ 2.2× 10−8L1/2
41 R−1

10 G, (14)

where L41 is the CR luminosity of the Galaxy in units of 1041 erg s−1 and R10 is the radius of the galactic
disk in units of 10 kpc.

When the instability is excited, its growth proceeds at a rate

γmax = kmaxvA ≈ 2 yr−1 δ−1/2
G E−1

GeVL41R−2
10 . (15)

For values of δG appropriate to our Galaxy, the growth is extremely fast and the field rapidly grows.
Finite temperature effects in the background gas might change this simple result, but, as discussed in
Ref. [54], the main conclusions should not change for typical values of the parameters of the problem.

Since k−1
max is initially much smaller than the Larmor radius of the particles dominating the current,

the current is not affected much by the growth of the field. The Lorentz force ∼JCRδB/c displaces the
background plasma by an amount ∆r ∼ δBJCR/cργ2

max. The instability eventually saturates when the
scale ∆r becomes of the same order of magnitude of the Larmor radius, which implies

δB ≈ Bsat ≈
√

2LCR

c R2
dΛ

. (16)

It is worth stressing that this recipe for saturation might be complicated by numerous effects, such as
thermal effects (see for instance [57]). As discussed in Ref. [54], due to such effects, a dependence of
the conclusions on the original field B0 might appear, especially for very low values of B0.

For a spectrum N(E) ∝ E−2, δB is the same on all scales, so that the diffusion coefficient that
results from the amplification processes is expected to be Bohm-like, D(E) ∝ E. Moreover, δB is
independent of the initial magnetic field strength and the density of background plasma. In [54],
the authors discuss how the small diffusion coefficient induced by this chain of phenomena leads
to a CR density gradient that corresponds to a force active on the background plasma that is large
enough to set it in motion with a velocity that is approximately the Alfvén speed in the amplified field
ṽA = δB/(4πρ)1/2 ∼ 10–100 km/s. The transport of CRs then becomes advective and the CR density
outside the halo can be written as:

nCR(E) =
φCR
ṽA

. (17)

The assumption of free escape of CRs from the Galaxy leads us to conclude that the strong instability
induced by the CR current outside the halo brings the cloud of CRs to a stop and this sets the
background plasma in motion with the local Alfvén speed in the amplified field. As a consequence,
a large overdensity of order ∼c/ṽA ∼ 104 − 105 with respect to the case of free escape is established
in a region of a few times Rd around the Galaxy, where a magnetic field ∼δB ∼ 2× 10−8 G is also
created due to the action of CRs. The occasional interactions of CRs with the circumgalactic gas leads
to production of gamma rays and neutrinos. The flux of neutrinos can be estimated as follows:

Fν(Eν)E2
ν ≈

LCR

2πR2
dΛṽA

E2
ν

E2
dE
dEν

δGΩbρcr

mp

cσppRd

2π
. (18)
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Calculating ṽA in the magnetic field δB from Equation (16), we obtain

Fν(Eν)E2
ν ≈

(
LCR
Λ

) 1
2
(

cδGΩbρcr

2π

)3/2 ησpp

mp
=

5× 10−12δ3/2
G GeVcm−2s−1sr−1, (19)

where we assumed that the neutrino energy is related to the energy of the parent proton by Eν = ηE,
with η ∼ 0.05. For simplicity, we neglected the weak energy dependence of the cross section for
neutrino production, which is known to increase slowly with energy. The estimated flux of diffuse
neutrinos depends on the overdensity δG. If the overdensity of baryonic gas in the circumgalactic
medium is of order ∼100, then the expected neutrino flux is comparable with the one measured
by IceCube [58,59]. The same interactions also lead to the production of gamma rays through the
decay of neutral pions. The comparison of such emission (including the effect of absorption due
to pair production [60]) with the Fermi diffuse gamma ray background [61] and with upper limits
from other experiments at higher energies may lead to additional constraints on the required values
of the overdensity δG. It is worthwhile to mention that the virial radius of our Galaxy, which is of
order ∼100 kpc, is defined as the radius inside which the mean overdensity is 200. Hence, a value of
δG ∼ 100–200 appears to be quite well justified on scales of ∼10 kpc.

Models in which astrophysical neutrinos are assumed to be of Galactic origin have been previously
put forward, with neutrinos produced in hadronic interactions in the halo [62]. Notice, however, that
the CR transport in the halo is severely constrained by measurements of the secondary/primary ratios
(such as B/C). It is not clear if the properties of CR transport invoked to explain neutrino fluxes in
such models are compatible with the observed B/C ratio. This potential issue is absent in the scenario
discussed above, in that CR transport in the region outside the halo does not affect the properties of
CRs observed on the Earth.

It is worth keeping in mind that a physical process similar to that outlined above is expected
to also take place around more luminous galaxies, potential sources of ultra high energy cosmic
rays and leads to confinement of the lower energy part of such particles around the galaxies hosting
the sources [63].

5. Conclusions

CR diffusion is often described in phenomenological terms by introducing a diffusion coefficient
(function of energy). Although useful, this approach misses the well known fact that CRs may generate
their own scattering centers through the excitation of streaming instability. This instability, depending
on the conditions, may proceed in a resonant or non-resonant manner, leading to different spectra of
waves and in turn different energy dependence of the diffusion coefficient. Diffusion in self-generated
waves is intrinsically nonlinear, in that the spectrum of particles is related to the diffusion coefficient,
which is in turn determined by the particle spectrum and density. Non linear transport is of utmost
importance for diffusive shock acceleration (see [1,64] for recent reviews), in that in its absence the
maximum energy of particles accelerated at SNR shocks is exceedingly low. Nonlinear transport may
however also be crucial to shape the spectrum of CRs on Galactic scales, close to the acceleration sites
of CRs or during CR escape from their host galaxies. In this article, I discussed these three cases and
the possible phenomenological implications that may follow.

In the Galaxy, it is the large scale gradient of CRs that is responsible for the excitation of resonant
streaming instability. The interplay between scattering on self-generated waves and on pre-existing,
perhaps Kolmogorov like turbulence, may induce spectral breaks in the observed CR spectra [23–25,28],
which compare well with the features recently observed by AMS-02 and previously by PAMELA.
Although this is not the only explanation of such features (see for instance [27]), it is definitely
one with a well established physical foundation. A series of implications for secondary nuclei and
secondary-to-primary ratios have been widely investigated in recent years. The main difficulty
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in testing this picture in a reliable way is that the AMS-02 data on nuclei show many anomalous
behaviours that require many adjustments, not all well motivated (see for instance [65]). Discriminating
among models responsible for the spectral breaks is then rather difficult at present.

The rate of growth of the resonant streaming instability is faster when the CR density and its
gradients are more prominent. This is the case close to sources of CRs, such as SNRs, on distance scales
comparable with the coherence length of the local Galactic magnetic field in the near source region,
typically ∼50–100 pc. The growth of magnetic perturbations in this situation was recently investigated
in Refs. [36–40] for the cases of fully and partially ionized interstellar medium around the source.
In the fully ionized case, the growth of waves resonant with particles escaped from the SNR causes an
enhancement of the confinement time in the near source region, up to several hundred thousand years
at GeV energies. The effect becomes negligible at energies & TeV. The presence of a small amount
of neutral hydrogen leads to the onset of ion-neutral damping that limits considerably the growth
of waves. The fully ionized gas is expected to have density ∼10−2–10−3 cm−3, hence the enhanced
confinement time does not lead to a relevant grammage accumulated near the source. On the other
hand, the occasional presence of a dense localized gas cloud in the near source region may change this
conclusion, while not affecting the confinement time.

The issue of the grammage accumulated in the near source regions may have important
implications for the overall picture of CR transport in the Galaxy, as recently discussed by [50],
although not in connection with nonlinear transport near sources. The near source grammage also
leads to appreciable effects on the diffuse gamma ray emission in the Galactic disc, which may be
dominated, at least along some lines of sight, by the contribution of pp interactions in the near
source regions [41].

When the electric current transported by CRs becomes large enough (Equation (12)), a non
resonant branch of the streaming instability gets excited, characterized by a large growth rate [8].
While this instability has been mainly invoked close SNR shocks, where CRs are expected to be
accelerated, its applicability is wider. In this article, I discussed the growth of the non resonant
instability induced by the current of CRs escaping our Galaxy, following the investigation of Ref. [54].
In this situation, the growth occurs on time scales of the order of years and the magnetic field grows
to the level of ∼2× 10−8 G. Particles that, in the absence of this effect, would be streaming freely,
instead start diffusing by scattering on the self-generated waves and create a density gradient (a force)
that sets the circumgalactic medium in motion, with a speed of the order of the Alfvén speed in the
amplified field (typically 10–100 km/s). This chain of events causes CRs to be advected away from our
Galaxy and to develop an overdensity in a region of the order of a few galactic disc radii, several tens
of kpc. In this region, the occasional interactions of accumulated CRs with the gas in the circumgalactic
medium lead to the production of neutrinos (through the decay of charged pions) and gamma rays
(through the decay of neutral pions). The neutrino flux compares well with the observations of IceCube,
provided there is an overdensity of ∼100–200 in the gas, compatible with what is expected inside the
virial radius of a structure such as our Galaxy. Interestingly, a diffuse gamma ray emission has recently
been measured by Fermi-LAT from a large region around the Andromeda galaxy [66]. Whether
such emission is due to the phenomenon described here or to a CR driven wind (see Section 2), or
to some yet unknown phenomenon, remains to be seen, based on additional investigation that is
currently ongoing.
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