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1. Introduction

In a very well known (and beautiful) review article published in 2005, Hillas [1] reported on
the status of the research on Galactic cosmic rays. Figure 1 on that review showed the spectrum
of cosmic rays as measured by various experiments. In commenting that plot, Hillas wrote that
a single component of cosmic rays appears to extend from below 1010 eV to at least 1016 eV in
proton energy. To a good approximation a uniform spectrum in rigidity, 𝑅−2.69, consistent with the
expectations of a simple (‘test particle’) shock acceleration model, is quite acceptable.

The observed spectrum of cosmic rays 𝑛𝐶𝑅 (𝑅) is shaped by the interplay of acceleration at
sources (i.e. injection of cosmic rays in the interstellar medium) and transport in the interstellar
turbulent magnetic field (i.e. escape from the Galaxy). The former determines the rate at which
cosmic rays are released by Galactic cosmic accelerators and their energy (or rigidity) spectrum,
𝑞𝑖𝑛 𝑗 (𝑅), while the latter determines the confinement time of cosmic rays in the Galaxy, 𝜏𝑒𝑠𝑐 (𝑅).
At equilibrium, one would expect 𝑛𝐶𝑅 (𝑅) ∼ 𝑞𝑖𝑛 𝑗 (𝑅) × 𝜏𝑒𝑠𝑐 (𝑅) (see [2] for a more extended
discussion). If 𝑛𝐶𝑅 (𝑅) ∝ 𝑅−2.69 is a pure power law and one wants to avoid excessive fine tuning,
then also 𝑞𝑖𝑛 𝑗 (𝑅) and 𝜏𝑒𝑠𝑐 (𝑅) must both be power laws. As diffusive shock acceleration theory
suggests that 𝑞𝑖𝑛 𝑗 ∝ 𝑅−𝛼 with 𝛼 ≳ 2 (e.g. [3]), the escape time will scale as 𝜏𝑒𝑠𝑐 (𝑅) ∝ 𝑅−𝛿 with
𝛿 ∼ 2.69− 𝛼 ≲ 0.69. This is a very remarkable result, with important consequences. Indeed, if the
escape time scales with rigidity/energy as a single power law then, very likely, the same mechanism
is responsible for the confinement of cosmic rays of all energies from below 1010 eV to at least
1016 eV.

This rather straightforward scenario based on pure power laws turned out to be inadequate to
fit the precision cosmic ray data collected by PAMELA [4] starting from 2006 and then by AMS-02
since 2011 [5]. The new picture that emerged from such data, and was later corroborated by data
from other missions such as CALET [6], DAMPE [7], and ISS-CREAM [8], revealed that the
spectra of cosmic ray nuclei cannot be described by pure power laws, but exhibit a sequence of
spectral breaks. These observational findings will be reviewed in Section 2 below, together with
possible theoretical interpretations.

The discovery of breaks in the spectra of nuclei [9–17], together with the difference in the
observed slope of the proton and helium spectra [10–12], the rise of the positron fraction with
particle energy [18], the surprisingly hard spectrum of antiprotons [18], the prominent break
observed in the electron spectrum at ∼ 1 TeV [19], the flattening of the B/C ratio at large particle
rigidities [20, 21], and the unexpected flatness of the 10Be/9Be isotopic ratio [22] are probably the
most surprising results obtained in the past ∼15 years of direct studies of the cosmic radiation.
However, it is not clear yet whether some adjustments to the standard picture for cosmic ray origin
will suffice to explain all of these data, or if a radical change of paradigm is required (see [2] for an
extended discussion). Therefore, both options must be explored.

After discussing breaks in the spectra of nuclei in Sec. 2, I will review isotopic studies (Sec. 3),
measurements of electrons/positrons/antiprotons (Sec. 4), studies on low energy (∼MeV) cosmic
rays (Sec. 5), and a number of other findings that do not fit in any of the previous Sections (Sec. 6).
I will then conclude in Sec. 7.
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Figure 1: Spectrum of cosmic ray protons (a) and helium (b) as a function of the kinetic energy per nucleon
measured by various experiments. Figure from [10].

2. Nuclei

2.1 Protons and helium nuclei: how to explain the different spectral slopes?

Figure 1 shows a compilation of measurements from various experiments of the proton and
helium spectrum of cosmic rays. Above particle energies of ∼ 20 GeV/nucleon, where the effects of
solar modulation are negligible, spectra are clearly not single power laws, but exhibit two spectral
breaks. For protons, a spectral hardening appears at ∼200 GeV, and a steepening at ∼1 TeV (see
left panel of Fig. 1). The same qualitative behaviour is observed also in the energy spectrum of
helium (right panel of Fig. 1), but in that case the breaks are observed at slightly different (lower)
values of the energy per nucleon. This is indeed not surprising, as the acceleration and transport of
relativistic particles depend uniquely on how charged particles move in a magnetic field of strength
𝐵, i.e., on their Larmor radius, which is defined as 𝑟𝐿 = 𝑅/𝐵. Therefore, spectral features present
in the spectra of different species are expected to align when spectra are plotted as a function of
particle rigidity rather than energy per nucleon. This is illustrated in Fig. 2.

Before discussing the possible origins of such breaks, it is interesting to compare the slopes of

Figure 2: Spectra of cosmic ray helium (top) and protons (bottom panels) measured by DAMPE and plotted
as a function of energy per nucleon (left panels) and rigidity (right panel). Figure from [10].
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Figure 3: Ratio of the proton over helium spectrum as a function of rigidity as measured by AMS-02 after
11 years of data acquisition. Figure unpublished and presented at ICRC by [11].

the spectra of protons and helium nuclei. This can be done with the help of Fig. 3 (from [11]), which
shows that the ratio of the proton-over-helium spectra is a mildly decreasing function of rigidity.
Explaining why the proton spectrum is slightly steeper than the helium one is still an open issue.
Various possibilities have been suggested (see [23] for a review), but all of them face difficulties.
At least three scenarios can be envisaged:

1. One might invoke a physical process that affects helium nuclei and not protons (or vice-
versa). A natural candidate is spallation of helium nuclei in the interstellar medium. The
problem with this scenario is that the effectiveness of spallation increases with the atomic
mass number. Therefore, the amount of spallation required to modify the helium spectrum
would likely result in an excessive amount of spallation of heavy nuclei.

2. Another possibility is to assume that proton and helium nuclei are accelerated in a dif-
ferent way. This, however, would conflict with the well motivated belief of universality of
acceleration mechanisms (for example, spectra of particles accelerated via diffusive shock ac-
celeration are invariably power laws with hslope close to ∝ 𝑅−2, regardless of environmental
conditions).

3. Finally, protons and helium nuclei might be accelerated in different places, characterised
by different metallicities (e.g. helium rich versus helium poor environments) or different
atomic ionisation states (e.g. helium can be mainly ionised in some phases of the interstellar
medium and mainly neutral in others, and in the latter case it would not be accelerated being
insensitive to the presence of magnetic fields). Environmental effects might slightly change
the slope of spectra of particles accelerated at shocks, and this might explain the different
slopes. The need of fine tuning is the weak point of such scenario.

2.2 A break (hardening) at 200 GV: two regimes of cosmic ray transport

Let us now discuss cosmic ray nuclei heavier than H and He. Remarkably, the spectral feature
observed at 200 GV is present also in the spectra of heavies. This is shown in Fig. 4, were spectra
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Figure 4: Renormalised spectra of He, C, O, and Ne, Mg, Si as a function of rigidity as measured by AMS-02
after 11 years of data acquisition. Figure unpublished and presented at ICRC by [11].

of several primary species are shown as a function of rigidity. After being rescaled, all spectra
roughly overlap and follow the same behaviour. They invariably show the hardening at 200 GV.

There are two possibilities to explain the hardening: either a break is present in the spectrum of
cosmic rays injected in the Galaxy, 𝑞𝑖𝑛 𝑗 (𝑅), or a break is present in the cosmic ray confinement time
in the Galaxy, 𝜏𝑒𝑠𝑐 (𝑅). The measurement of the spectrum of secondary1 light nuclei, such as Li,
Be, and B, can be used to distinguish between these two scenarios [15, 24]. Such spectra are shown
in Fig. 5, together with the spectra of some primaries. Remarkably, also the spectra of secondaries
hardens at a rigidity which is similar to that where also the spectra of primaries hardens. However,
the hardening is twice more pronounced for secondaries, and this makes it possible to distinguish
between the two possible interpretations of the break.

Consider first the case where the injection spectrum of cosmic ray primaries (for example C)
is characterised by a break at a rigidity 𝑅𝑏, while the cosmic ray confinement time in the galaxy
is a pure power law in rigidity. For rigidities below 𝑅𝑏 the injection spectrum is 𝑞𝑖𝑛 𝑗 (𝑅) ∝ 𝑅−𝛾 ,
while for larger rigidities it is 𝑞𝑖𝑛 𝑗 (𝑅) ∝ 𝑅−𝛾+Δ, where 𝛾 and Δ are both positive. On the other
hand, the confinement time is 𝜏𝑒𝑠𝑐 ∝ 𝑅−𝛼 for all rigidities, with 𝛼 > 0. As seen in Sec. 1, the
equilibrium spectrum of cosmic ray primaries in the Galaxy is 𝑛𝐶𝑅 ∼ 𝑞𝑖𝑛 𝑗 × 𝜏𝑒𝑠𝑐. Secondary
species (such as B) will be produced via spallation and their spectrum will be very close to that
of primaries, 𝑞𝑠𝑒𝑐

𝑖𝑛 𝑗
(𝑅) ∝ 𝑛𝐶𝑅 (𝑅), which gives an equilibrium spectrum in the Galaxy equal to

𝑛𝑠𝑒𝑐
𝐶𝑅

∼ 𝑞𝑠𝑒𝑐
𝑖𝑛 𝑗

× 𝜏𝑒𝑠𝑐. Therefore, the equilibrium spectrum of primaries (secondaries) scales as
𝑛𝐶𝑅 ∝ 𝑅−𝛾−𝛼 (𝑛𝑠𝑒𝑐

𝐶𝑅
∝ 𝑅−𝛾−2𝛼) and 𝑛𝐶𝑅 ∝ 𝑅−𝛾+Δ−𝛼 (𝑛𝑠𝑒𝑐

𝐶𝑅
∝ 𝑅−𝛾+Δ−2𝛼) in the low and high

rigidity regime, respectively. One can see that the spectral index decreases above the break by the
same amount Δ for both primaries and secondaries, and therefore this scenario is falsified by data.

Let us now repeat exactly the same reasoning for the scenario where the injection spectrum is
a pure power law 𝑞𝑖𝑛 𝑗 (𝑅) ∝ 𝑅−𝛾 and the escape time hardens from 𝜏𝑒𝑠𝑐 ∝ 𝑅−𝛼 to 𝜏𝑒𝑠𝑐 ∝ 𝑅−𝛼+Δ

above a rigidity 𝑅𝑏. Under these conditions, the equilibrium spectra of primaries and secondaries
scales exactly as in the previous case in the low rigidity domain, while at large rigidities they

1Cosmic ray particles are named primary if they are accelerated out of the interstellar medium, and secondary if they
are the result of spallation of heavier cosmic ray nuclei following their collisions with interstellar matter.
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Figure 5: Spectra of primary (He, C, and O) and secondary (Li, Be, and B) nuclei measured by AMS-02
and plotted as a function of rigidity. Figure from [15].

scale as 𝑛𝐶𝑅 ∝ 𝑅−𝛾+Δ−𝛼 and 𝑛𝑠𝑒𝑐
𝐶𝑅

∝ 𝑅−𝛾+2Δ−2𝛼, respectively. The hardening in the spectrum of
secondaries is twice more pronounced (2Δ instead of Δ) than that in the spectrum of primaries, in
agreement with observations. This demonstrates that the spectral break at ∼200 GV is due to the
properties of particle transport.

The change in the slope of the cosmic ray confinement time is interpreted as a transition
between two regimes of transport. At low energies, where most particles reside, the stream of
cosmic rays escaping the Galaxy triggers a plasma instability (called streaming instability) that
amplifies pre-existing magnetic turbulence. This in turn enhances the efficiency of the scattering
of cosmic rays off (self-generated) magnetic irregularities and decreases their confinement time
in the Galaxy. At large energies, the scarce number of cosmic rays reduces the effectiveness of
the instability, and cosmic rays scatter off the pre-existing (external) turbulence. Even though no
prediction for the spectrum of cosmic rays was made, such change in the regime of transport was
hypothesised in the very early days of cosmic ray transport studies [26]. Remarkably, the transition
from scattering off self-generated to external turbulence was expected to take place at O(100 GV),
which is very close to what has been observed! A modern and elegant discussion of this issue can
be found in [25].

2.3 A break (softening) at 10 TV: which origin?

A spectral steepening is observed in the cosmic ray proton and helium spectra at a rigidity of
∼ 10 TV (see Fig. 1, 2, and [9, 10, 12, 27]). To date, its presence in the spectrum of heavier elements
cannot be established due to poor statistics at high energies. A striking feature of the break is its
sharpness (see left panel of Fig. 6), which is difficult to be reproduced by models (see curves in the
right panel of the same figure).

As for the break at 200 GV, also the origin of the steepening at 10 TV can be ascribed either
to a break in the injection spectrum of cosmic rays (see e.g. [29]) or to transport/escape in/from
the Galaxy (see e.g. [30]). Unfortunately, at the moment, it is not clear which scenario provides a
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Figure 6: Spectrum of cosmic ray protons as measured by CALET (left) and various experiments (data
points in the right panel). In the right panel, model fit to data are also shown (black and red lines). Figures
from [9] (left) and [28] (right panel).

better explanation of data.
The recent detection of this additional spectral feature confirms that the spectrum of cosmic

rays, as well as the explanation of its origin, is more complex than we thought.

2.4 Primaries versus secondaries: three groups of cosmic rays

Numerical codes aimed at modelling the transport of energetic particles in the Galaxy (e.g.
[31, 32]) are customarily used to fit the observed spectra of different cosmic ray species. The results
obtained running these codes can be used to determine if a given element is primary or secondary.
In fact, the output of the fit provides the fraction of each element abundance having a primary or
secondary origin.

Approximate estimates of such fractions can be obtained without running propagation codes,
but simply combining spectral measurements of different cosmic ray species. To do that, the
spectrum of a given element 𝑖 can be written as the sum of a primary contribution plus a secondary
one:

Φ𝑖 (𝑅) = 𝑐𝑝 ×Φ𝑝 (𝑅) + 𝑐𝑠 ×Φ𝑠 (𝑅) (1)

where Φ𝑝 (𝑅) and Φ𝑠 (𝑅) are proxies for the spectra of pure primary (𝑝) and pure secondary (𝑠)
elements, respectively, and 𝑐𝑝 and 𝑐𝑠 are fit coefficients. In order for this method to work, the
primary element 𝑝 should not be too far from the element 𝑖 in the periodic table, and should be
characterised by a primary fraction very close to 1. For light elements, oxygen is a good choice
as a reference primary, because of its large abundance, while for secondaries one may take boron.
By using these proxies, it was possible to show, for example, that a small fraction of Carbon (at
the 10-20% level) is of secondary origin [16], in broad agreement with more accurate estimates
obtained using transport codes. For heavier elements, a convenient choice is Silicon as a proxy for
primaries, and Fluorine for secondaries.

For a number of elements, such as for example Nitrogen, Sodium or Aluminum, the primary
and secondary components are found to be of comparable magnitude (see Fig. 7). This shows
that cosmic rays can be divided into three categories: elements which have a (predominantly)
primary, secondary or mixed origin. This is illustrated in a very convincing way in Fig. 8, where the
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Figure 7: Spectrum of cosmic ray Nitrogen (left), Sodium (center), and Aluminum (right). The yellow and
green shaded regions show the primary and secondary component for each element. Figure from [17].

(renormalised) spectra of many different elements are shown. The spectral similarities are evident,
and allow to classify He, C, O, Fe, Ne, Mg, Si and S as primaries, Li, Be, B, and F as secondaries,
and N, Na, and Al as mixed origin elements. Of course, this simplified approach cannot replace
accurate studies based on transport codes, but shows that a lot of information can be extracted from
data based only on very simple and reasonable assumptions.

2.5 The B/C (and B/O) ratio

The measurement of the B/C ratio plays a central role in cosmic ray physics. Cosmic ray Boron
is entirely secondary, and is predominantly produced by spallation of cosmic ray Carbon (Oxygen
is also a major contributor), which has a number density in the Galaxy equal to 𝑛𝐶 , with atoms
in the interstellar gas of density 𝑛𝐼𝑆𝑀 . The rate at which Boron is produced in these interactions
is 𝑞B ≈ 𝑛𝐶𝑛𝐼𝑆𝑀𝜎C→B𝑣 where 𝜎C→B is the spallation cross section and 𝑣 the velocity of Carbon
nuclei. The equilibrium density of cosmic ray Boron is then 𝑛𝐵 ∼ 𝑞𝐵 × 𝜏𝐼𝑆𝑀 , where 𝜏𝐼𝑆𝑀 is the
time spent by cosmic rays in the interstellar medium before leaving the Galaxy. The amount of
matter traversed by cosmic rays in a time 𝜏𝐼𝑆𝑀 is called grammage and is 𝜆 ∼ 𝑚𝑝𝑛𝐼𝑆𝑀𝑣𝜏𝐼𝑆𝑀 . It

Figure 8: Renormalised spectra of (mostly) primary (upper data points: He, C, O, Fe, Ne, Mg, Si, S),
secondary (lower data points: Li, Be, B, F), and mixed origin (intermediate data points: N, Na, and Al)
cosmic rays. Figure from [17].
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Figure 9: B/C and B/O ratios as measured by CALET. Figure from [21].

follows that the grammage is tightly connected to the cosmic ray B/C ratio that can be expressed as:
𝑛𝐵

𝑛𝐶
≈ 𝜆

𝜎C→B
𝑛𝐶

(2)

The expression above is a brutal oversimplification (see [2, 47] and references therein for
a more accurate approach) but illustrates how the measurement of the B/C ratio can be used to
infer the grammage and therefore the residence time of cosmic rays in the Galactic disk. In fact,
considering the Galaxy (disk and halo of thickness ℎ and 𝐻, respectively) as a box of mean gas
density �̄� = 𝑛𝐼𝑆𝑀 (ℎ/𝐻), and reminding that the cosmic ray diffusive escape time is 𝜏𝑒𝑠𝑐 ∼ 𝐻2/𝐷
(𝐷 is the cosmic ray diffusion coefficient) one can see that the grammage can be expressed as:

𝜆 ≈ 𝜎𝐼𝑆𝑀𝑣

(
𝐻

𝐷

)
(3)

where 𝜎𝐼𝑆𝑀 = 𝑚𝑝𝑛𝐼𝑆𝑀ℎ is the surface density of the gas in the disk of the Galaxy. Measuring the
grammage is equivalent to measuring the ratio between the cosmic ray diffusion coefficient and the
height of the Galactic cosmic ray halo.

The declining behaviour of the grammage (roughly a power law in energy per nucleon 𝜆 ∝ 𝐸−𝑠

for energies smaller than ≈ 1 TeV/n) shows that higher energy cosmic rays are less confined than
lower energy ones. The DAMPE and CALET collaboration reported on measurements of the
B/C ratio at very high energies (beyond 1 TeV/n) [20, 21]. The B/C (as well as the B/O) ratio
clearly flattens at the highest measured energies and the corresponding grammage can be tentatively
described by a scaling 𝜆 = 𝑎𝐸−𝑠 + 𝜆0, with 𝜆0 ≳ 1 g/cm3.

The additional (flat) component in the grammage can be explained in (at least) two ways: either
the transport of cosmic rays becomes energy independent at energies larger than ∼ 1 TeV, or cosmic
rays accumulate the grammage inside (or in the vicinity of) their sources. The first scenario would
require that the spatial diffusion of cosmic rays of all energies exceeding ∼ 1 TeV is characterised
by a constant mean free path of:

𝑙𝑚. 𝑓 .𝑝. =
3𝐷
𝑣

≈ 30
(

𝐷

1030cm2/s

)
pc (4)
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where 𝐷 is the cosmic ray diffusion coefficient at multi-TeV energies. Remarkably, the mean free
path is of the same order of magnitude of the coherence scale of the turbulent magnetic field in the
interstellar medium. On the other hand, the latter scenario would require cosmic rays to remain
trapped within sources for a time:

𝜏𝑡𝑟𝑎𝑝 ≈ 2 × 105
(

𝜆

1 g/cm3

)−1 ( 𝑛𝐼𝑆𝑀

1 cm−3

)−1
yr (5)

where I assumed that the density inside the cosmic ray sources is equal to 4 × 𝑛𝐼𝑆𝑀 (which is
appropriate for a gas compressed at a strong shock). It is interesting to note that such a timescale
is roughly comparable to the lifetime of a supernova remnant. At the moment, both scenarios are
possible and appealing, and should be further investigated.

3. Isotopic studies

The abundance of the short lived radionuclide 10Be in cosmic rays carries precious information
about the transport of cosmic rays in the halo (see e.g. [2] and references therein). 10Be is produced
in spallation of cosmic rays with interstellar matter and, thanks to its short lifetime (𝜏𝑟𝑎𝑑 is about 2
Myr) is an ideal cosmic ray clock. The ratio between the abundance of 10Be and its stable companion
9Be provides the most stringent constraint on the cosmic ray confinement time in the Galaxy. A
brutal way to understand why this is the case consist in ignoring all (sometimes important, indeed)
complications and consider only the main difference between these isotopes: one is stable and the
other is not. 10Be and 9Be are produced in the Galactic disk at a rate 𝑞10 and 𝑞9, respectively. These
rates can be computed as we measure spectra of heavier cosmic ray nuclei (the most relevant being
C and O) as well as nuclear cross sections. Then, stable isotopes of 9Be leave the Galaxy after an
escape time 𝜏𝑒𝑠𝑐, while 10Be isotopes decay in a time 𝜏𝑟𝑎𝑑 . It follows that the abundance ratio can
be written (very brutally!) as:

𝑛(10Be)
𝑛(9Be)

≈
(
𝑞10
𝑞9

) (
𝛾𝜏𝑟𝑎𝑑

𝜏𝑒𝑠𝑐

)
(6)

where 𝜏𝑟𝑎𝑑 has been multiplied by the Lorentz factor of 10Be 𝛾 to account for time dilation effects.
Most remarkably, the combined measurement of the 10Be/9Be and the B/C (see Equations 3 and
2) ratios can be used to constrain both the cosmic ray diffusion coefficient 𝐷 and the height of the
cosmic ray halo 𝐻 (and not only their ratio).

The AMS-02 collaboration presented recent data (still unpublished) that extend the measure-
ment of the 10Be/9Be ratio up to an energy of ≳ 10 GeV/n, which is about one order of magnitude
larger than what was available before [14]. The energy dependence of the ratio was found to be
much flatter than expected (see data points in Fig. 10). When data are compared with the prediction
of the transport models by Evoli and collaborators [33], it is found that a good fit would require
a surprisingly large value of the cosmic ray halo, i.e., 𝐻 significantly larger than 12 kpc. A large
value of 𝐻 implies that also 𝐷 should be quite large (in order to fit the B/C ratio), in tension with
the (lower) values required to explain the low level of anisotropy of cosmic rays up to very large
energies.

A possible solution for this tension was presented in [34], where a scenario was investigated
where the cosmic ray diffusion coefficient in the Galactic disk 𝐷𝑑 is smaller with respect to that

10
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Figure 10: 10Be/9Be ratio as measured by AMS-02 (data points) compared with models assuming that the
cosmic ray diffusion coefficient in the disk is smaller than that in the halo (curves). Figure from [34].

in the cosmic ray halo 𝐷ℎ. A possible reason for that is that pockets of reduced cosmic ray
diffusivity might exist around cosmic ray sources (which are located in the disk), due to a plasma
instability (streaming instability) triggered by the streaming of cosmic rays escaping from their
sources. Whether such pockets play or not a role in cosmic ray transport on Galactic scales is a
matter of debate [35]. A good fit to a preliminary set of AMS-02 data is obtained when 𝐷𝑑 is
suppressed by a factor of about 5 with respect to 𝐷ℎ (see Fig. 10). The ratio 10Be/9Be is sensitive
to the diffusion coefficient especially at low particle energies, as for large energies 10Be behaves as
a stable isotope due to time dilation (see Eq. 6).

Finally, other isotopic anomalies were discussed, including:

1. Recently, claims on the presence of a primary component in the spectrum of Lithium (7Li)
where made [36]. However, as noticed by Maurin and collaborators [37], the need for primary
Lithium disappears when revised spallation cross sections are adopted. Finally, the AMS-02
collaboration reported a preliminary measurement of the cosmic ray 7Li/6Li ratio whose
explanation does not require the presence of primary Lithium.

2. Anomalies were also reported for the ratios D/3He [38] and 3He/4He [39]. Most of deuterium
and 3He isotopes are produced in spallation of 4He, which is characterised by a comparatively
small cross section. As a consequence, D and 3He are generated within a correspondingly
large distance from the Solar system, and explaining the anomalies might require a spatially
inhomogeneous behaviour of cosmic ray transport [40].
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Figure 11: Cosmic ray positron spectrum as measured by AMS-02 (yellow data points). A prediction of
AMS-02 observations extrapolated to 2030 is also shown (cyan data points). Predictions have been computed
by assuming a dark matter scenario for positron production (magenta line), plus a secondary contribution
coming from cosmic ray collisions in interstellar matter (green line). Figure from [18].

4. Electrons, positrons, antiprotons

One of the most debated issues in cosmic ray physics is the origin of the so called positron
excess. Positrons are naturally produced in inelastic interactions between cosmic ray protons and
interstellar matter. This is a guaranteed source of positrons whose intensity can be estimated with
good accuracy from the knowledge of the spectrum of cosmic ray protons. It is represented as
a green curve in Fig. 11. Data points (the yellow ones) in the same figure clearly show that an
additional component is required. The two scenarios which are most often invoked ascribe to origin
of the excess either to positron acceleration in astrophysical sources (sometimes referred to as new
sources) or to dark matter decay [18].

In fact, a long time ago Harding and Ramaty [41] (in a proceeding paper from the ICRC that
took place in Moskow in 1987) speculated on the existence of a pulsar contribution to the cosmic
ray positron intensity, when only vague hints of a possible rise in the positron spectrum could be
derived from data.

A possible way to distinguish between the pulsar and dark matter scenario would be to extend
the measurements of positrons to larger energies. The cyan (simulated) data points in Fig. 11 show
what AMS-02 will be able to do after collecting data until 2030. Data points have been simulated
by assuming that the positron excess is due to dark matter decay (magenta line in the figure), i.e., the
spectrum terminates quite abruptly with an exponential cutoff. If this is indeed the case, AMS-02
might be able to se the recovery in the spectrum at multi-TeV energies due to the positron component
produced in cosmic ray interactions in the interstellar medium (see Fig. 11). It would be interesting,
however, to simulate also the alternative scenario, as the spectrum of positrons produced by pulsars
is expected to be a broken power law rather than a power law plus cutoff. In that case, the spectrum
of the positrons making the excess would extend to much larger energies and, as a consequence, it
would be most likely impossible to identify the interstellar component of positrons.

The total electron spectrum (total meaning electrons plus positrons) has been measured up
to the TeV and multi-TeV domain by CALET [19], DAMPE [7], and H.E.S.S. [42]. A spectral
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Figure 12: Cosmic ray electron spectrum as measured by various instruments, including CALET (red data
points). Figure from [19].

steepening (a break) is observed at a particle energy of about 1 TeV. Beyond that the spectrum
continues as a power law in the H.E.S.S. energy domain. This is the most prominent feature
observed in cosmic ray spectra.

Electrons of energies exceeding 1 TeV lose rapidly energy due to synchrotron and inverse
Compton radiation in the interstellar magnetic and radiation fields in a time ≲ 105 yr. The
synchrotron loss time further decreases at larger energies as 1/𝐸 . A consequence of that, noticed
already in [43], is that the very high energy electrons observed at the Earth must originate from
young (age smaller than the electron energy loss time) and nearby accelerators, located within a
diffusion length of the order of

√
6 𝐷 𝑡𝑎 ≈ 4 × 102(𝐷/1029cm2/s)1/2(𝑡𝑎/105yr)1/2 pc, where 𝐷 is

the cosmic ray diffusion coefficient and 𝑡𝑎 the age of the source (how long ago cosmic ray electrons
were released in the interstellar medium). Therefore, depending on the adopted value of the cosmic
ray diffusion coefficient and on the spatial density of cosmic ray sources, scenarios can be envisaged
where multi-TeV electrons are mostly produced by a single (or very few) source(s) [44], or by many
sources [45]. Unfortunately, it is not even clear whether cosmic ray nuclei and electrons originate
from the same sources or not, and therefore the problem is still open.

Further puzzling behaviours have been found in the spectra of cosmic ray antiparticles. The
excess in the anti-proton/proton ratio with respect to the predictions of standard transport models
(left panel of Fig. 13) let to the speculation on the existence of a primary component of anti-
protons. On the other hand, the same rigidity dependence observed in the spectra of anti-protons
and positrons (and protons as well, but they are not shown in the right panel of Fig. 13) has been
sometimes quoted in support of a secondary origin of both particles (though this would require
non-standard scenarios for cosmic ray transport in the Galaxy see e.g. references in [2]). However,
a model based on cosmic ray self-confinement (streaming instability) has been shown to provide a
good fit to data without invoking a primary component of anti-protons [40].

One can see from Fig. 13 that while the measurements of the spectrum of positrons extends
up to an energy of roughly 1 TeV, the spectrum of anti-protons is known up to an energy a factor
of a few smaller. Extending the measurements of the spectrum of anti-protons to larger energies is
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Figure 13: Left: Cosmic ray anti-proton/proton ratio as measured by AMS-02 and PAMELA. Figure from
[46]. Right: Cosmic ray anti-protons and positrons spectra. Figure from [18].

important to probe to which extent the similar rigidity dependence persists.

5. Low energies

As cosmic ray spectra of all species are invariably steep, most particles are found in the low
energy domain (broadly defined here as the MeV domain or below). This is then the energy domain
which determines the abundance of different cosmic ray species (see e.g. [48]). Low energy cosmic
rays are also studied by astronomers, as they play a key role in regulating the dense and cold phase of
the interstellar medium. They are the only ionising agents able to penetrate large column densities
of gas (UV photons are more easily absorbed), and therefore they set the ionisation and the heating
rate in the interior of molecular clouds (for a review see [47]). This in turn determines the level
of coupling between gas and magnetic field and regulates the cloud dynamics, impacting on the
process of star and planet formation.

The ionisation rate inside interstellar clouds can be measured by means of observations of
molecular lines, such has those of protonated molecular Hydrogen, H+

3 , which are observed as
absorption lines in the infrared spectrum of background stars which happen to be locate behind
(or inside) molecular clouds. This is because H+

3 is formed following the ionisation by low energy
cosmic rays of molecular Hydrogen, in a very fast ion-neutral reaction (H+

2 + H2 → H+
3 + H). In

diffuse clouds, H+
3 is destroyed due to dissociative recombination. The simplicity of the reaction

network that determines the abundance of H+
3 in interstellar clouds makes it an ideal tracer of the

cosmic ray ionisation rate [49].
A puzzling outcome of observations is the fact that the ionisation rates derived by the measured

abundances of H+
3 are much larger (a factor of 10-100) than what is expected based on the observed

local spectra of cosmic rays (obtained combining Voyager and AMS-02 data). This could be
due to the existence of large spatial fluctuations in the intensity of MeV cosmic rays (the most
effective ionising particles). The fluctuations are indeed expected, as cosmic rays are believed to
be accelerated at discrete and stochastic sources (the remnants of supernova explosions). This,
combined with the fact that MeV particles lose rapidly energy in the interstellar medium due to
ionisation or Coulomb losses, might induce both spatial and temporal fluctuations in the intensity
of low energy cosmic rays. In other words, the intensity of low energy cosmic rays will be large
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Figure 14: Cosmic ray ionisation rate inside molecular clouds as a function of the cloud column density.
Available data points and upper limits are compared with model predictions for a ballistic and diffusive
transport model for cosmic rays. Predictions are shown for clouds located in an interarm (left panel) and
spiral arm (right panel) region. Figure from [50].

(smaller) at locations which are closer (farther away) from supernova remnants that released MeV
particles in recent times.

The magnitude of this effect is shown in Fig. 14 (from [50]), where the measurements of the
cosmic ray ionisation rate in a number of interstellar clouds are compared with predictions from
models. Predictions are based on the assumption that cosmic rays (both nuclei and electrons)
originate in supernova remnants (whose spatial distribution and explosion rate is known). Many
different realisations of the Galaxy have been simulated. A Monte Carlo has been adopted to
simulate the position and time of supernova explosions, and thenthe transport of cosmic rays in the
interstellar magnetic field and into clouds has been modelled. The dashed and solid lines show the
ionisation rates predicted using the median cosmic ray intensities computed in this way, while the
shaded regions show the 95% uncertainty bands. Both a ballistic (straigth-line-propagation) and
a diffusive model have been considered to describe the transport of cosmic ray inside interstellar
clouds (while outside them the normal diffusion/advection Galactic transport has been adopted).
Predictions have been made for an inter-arm (local) region (left panel in the figure) and spiral arm
region (right panel). The number of cosmic ray sources is larger inside spiral arms, and this explains
why predicted cosmic ray ionisation rates are larger in the right panel of Fig. 14. The presence of
spatial fluctuations might dramatically reduce the disagreement between data and expectations (and
also imply that the Solar system is located in a region where the cosmic ray ionisation rate is quite
small).

Observations of H+
3 spectral lines have also been performed in the Galactic centre region, and in

particular in the Central Molecular Zone, the most massive molecular cloud complex in the Galaxy,
located in the inner ∼ 100 pc of the disk. Results from such observations are even more puzzling,
as the derived cosmic ray ionisation rates are in this case three to four orders of magnitude larger
than expectations based on the local observed cosmic ray spectra (see [47] for a review).

The intensity of comic rays in the Central Molecular Zone can be inferred from gamma ray
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observations. In order to explain the very large values of the ionisation rates without overshooting
the gamma-ray emission, one is forced to postulate the existence of an “hidden” population of
cosmic rays. The energy spectrum of such cosmic rays will have to be very steep, in order to have
plenty of ionising (≈ MeV) cosmic rays and not too many cosmic rays able to produce gamma rays.
The problem with this scenario is that MeV cosmic rays cool very fast due to ionisation losses in
the very dense gas that constitutes the Central Molecular Zone. Cosmic rays of lower energy cool
even faster. Therefore, the effect of severe energy losses must be compensated by the acceleration
of many particles. This makes the required energy budget unreasonably large. In order to sustain
the hidden cosmic ray component at the level required to explain the measured ionisation rate, such
particles should be continuously injected inside the Central Molecular Zone at a rate of ≈ 1040 erg/s.
This is indeed a very large power, corresponding to about 10% of the total power of cosmic ray
sources in the entire Galaxy. This very large amount of energy should be injected in a very small
region (the inner 100 pc of the Galaxy) and should be visible uniquely through its effect on the gas
ionisation rate. This seems a quite unreasonable scenario, and led to the conclusion that most likely
competing ionising agents, such as UV and/or X-ray photons, must play a main role in ionising the
gas in the Central Molecular Zone [51].

Finally, measurements of low energy cosmic rays are used to determine the chemical abundance
of cosmic particles. It is a very well known fact that the composition of cosmic rays differs from
that of the Solar system (which is often adopted as a proxy for interstellar composition). In fact, the
composition of cosmic rays can be better reproduced assuming that they are accelerated out of a
mixture of interstellar matter and massive star material, the stellar component being comparatively
smaller [52] (see also [53]).

There are two ways to explain that, and both rely on the assumption that most cosmic rays
originate from stellar clusters. Indeed, most stars form in clusters. The most massive among them
blow very powerful winds, and eventually explode as supernovae. As a result of the combined effect
of stellar winds and explosions, large cavities are inflated around clusters. Such cavities are called
superbubbles. The diffuse gas present inside superbubbles is a mixture of interstellar and massive
star material. Therefore, the shocks resulting from supernova explosions sweep and accelerate
particles with a mixed (interstellar plus stellar) composition (see e.g. [54] and references therein).
However, another scenario has been shown to provide a better fit to data [48]. In this scenario,
cosmic rays are accelerated not only at supernova remnant shocks but also at the wind termination
shocks that form around stars, and this explains the mixed composition of such particles.

In fact, the acceleration of particles at stellar winds termination shocks was already investigated
in the early eighties in a number of pioneer papers and was found to be a possible solution to the
problem of isotopic anomalies observed in the composition of cosmic rays [55]. In recent times,
the detection of gamma-rays from a number of stellar clusters revived the interest in such objects as
particle accelerators (see e.g. [56] and references therein). A model for particle acceleration at the
collective wind termination shock that is expected to form around star clusters (and not individual
stars) has been presented in [57].
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6. ...and everything else

A large number of other topics were discussed during the conference. A brief list of selected
contributions is provided below.

1. Theoretical studies on the formation of the Galactic cosmic ray halo [30, 58], and simulation
of particle acceleration at shocks [59] and of particle transport in turbulent magnetic fields
[60].

2. Accurate measurements of cross sections performed at the NA61/SHINE facility at CERN
[61] (but see also [62, 63]).

3. Presentation/discussion of a number of future missions devoted to cosmic ray measurements
and more.

(a) The Trans-Iron Galactic Element Recorder for the International Space Station (TIGERISS)
will measure the intensity of ultra heavy cosmic rays (planned launch date: 2026) [64].

(b) The High Energy cosmic-Radiation Detection facility (HERD) will be installed on the
China Space Station with the aim of performing the first direct measurements of cosmic
rays up to the energies of the knee (the beginning of operations is expected to take place
in 2027) [65].

(c) The High Energy Light Isotope eXperiment (HELIX), a balloon-borne instrument, will
measure the chemical and isotopic abundance of light cosmic rays, most notably the
abundance of 10Be (first long duration flight expected in 2024) [66].

(d) The X-Ray Imaging and Spectroscopy Mission (XRISM) will measure the thermal
emission from supernova remnants and possibly constrain the cosmic ray acceleration
efficiency in such objects (launched shortly after the end of ICRC2023!) [67].

4. A number of presentations at the interface between the Cosmic Ray Physics (Direct, CRD)
and Solar/Heliospheric Physics (SH) sessions [68–73].

5. Finally, it is somewhat surprising that none of the oral contributions was devoted to studies
of the cosmic ray anisotropies. See however the poster presentations [74, 75].

7. Conclusions

Some years ago (in 2019, so about two ICRCs ago), together with some colleagues, we identified
a number of open issues in cosmic ray physics [2]. It is interesting to see how many of those have
been solved and how many still do not have an answer.

First of all, we now know that the cosmic ray spectrum is even more structured than we
thought. In 2019, the hardening observed in the spectra of nuclei at ∼200 GV was known, but not
the softening at 10 TV. While we now know that the hardening is due to a variation of the rigidity
dependence of the cosmic ray diffusion coefficient, we still don’t know why spectra steepens at
10 TV.
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Despite many proposals have been advanced, it is still not clear (as in 2019) why cosmic ray
proton and Helium nuclei have different spectra, which is the origin of the prominent break observed
at 1 TeV in the electron spectrum, and why protons, positrons, and anti-protons have roughly the
same spectra.

The origin of the positron excess is still debated. However we know now that it is of paramount
importance to extend measurements to large particle energies, in order to know whether the peak
visible in Fig. 11 is due to a spectral cutoff or a break. In the former case, a dark matter origin of
positrons would be favoured, while in the latter a pulsar origin would better fit data.

Finally, gamma-ray observations of star clusters revived the idea that this class of sources might
contribute significantly to the intensity of cosmic rays. There is little doubt that the study of these
objects will be central in future research on cosmic rays.

In conclusion, we keep advancing, slowly but steadily, towards a better comprehension of the
origin and behaviour of Galactic cosmic rays.
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