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I1l.  INTERACTIONS BETWEEN COSMIC PARTICLES AND INTERSTELLAR MEDIUM
A. Introduction

This is taken from [2]
The environmental density of targets and their energy distribution are crucial in determining the mean-free-path
(mfp) * and the associated collision rate of a particle. If is the cross-section of the interaction process, is the

particle velocity (associated to the Lorentz factor = 1 2 1= ), its mean-free-path and interaction rate are

Over an in nitesimal distance interval d s, the dimensionless optical depth associated to the process having mfps
d =ds=". Knowing the di erential cross-section with respect to the energy transferredW, d =dW, one can de ne
moments of the energy loss; for instance, the rst moment, known as stopping power, is

Z
de. 1 dE _ djpj d .
™ @ a " WWaw!
Loss rates are useful to estimate the stopping time or range over which the particle of masa loses its energy via the
process:

Zg Zg

t dE® E 4 dE® E
oss T dE%dt  dE=dt’ °®° dE%dx  dE=dx

Collision are dubbed catastrophic when the particle of interest disappears or the fraction of its initial energyE
transferred to other particles, E=E, is sizeable. In this casetgss 1 and dioss *, and typically Monte Carlo
methods must be used for a detailed description. If the primary particle retains its nature and most of its energy in
each elementary process, losses are dubbed continuous. In this caggss L and diss

In a collision, the square of the center-of-momentum (CoM) energy is a relativistic invariant:

x 2
s= P =m2+ mZ+2E,Ep(1 4 bCOSH)

where the last equality is speci c for a two-body collisiona+ b! X, with # the angle between the two momenta.
If equated to the square of the sum of masses of the nal state, this allows one to estimate threshold energies. For
instance, the minimum energy in the Lab frame to produce one antiproton in a collision of a CR proton with a medium
proton at rest can be inferred applying s-conservation topp! pppp(process of the typepp! pX with the lightest X
compatible with charge and baryon number conservation), with the nal state particles at rest in the Lab frame; eq.
(4) reduces to 2nJ + 2E,m, = (4 mp)z, i.e. Ep,> 7mp ' 6:6GeV. For antideuteron production instead the threshold
is 17 times the proton mass.

Another useful invariant in a+ b! a’+ B’ is the (square) of the momentum transferred

?=(pa PD’=(p P’

For the case of a particle of massn and momentum p scattering with another particle, indicating with a prime the
outgoing momentum and# the angle between incoming and outgoing momentum, one has

®=(p pH°=2m? 2EE°(L  Ocos#)!  4jpj?sin’#=2

where the last step is valid forE = E°or in any case in the relativistic limit 2 . This variable helps us illustrate a
key di erence between processes of interest for CR and collider studies. The reader is familiar with the strong angular
dependence of Rutherford scattering (if not, appendix A provides a reminder) describing the elastic de ection of a
particle of charge Zp,e and massm with momentum jpj (velocity ) impinging on a heavy target at rest of charge
Z.e. Its (relativistic) di erential cross section is

oz o4 _4zgze i
d ,  4jpj? 2sin*#=2 d o



where the RHS gives the manifestly Lorentz-invariant form. Note how the process is dominated by small-angle
scatterings (low ¢ ) 2 ). On the other hand, if one wants to produce a particle of massM in a collision, a
rough criterion must be ¢ > M 2. So, the bulk of the cross-section (what is most relevant for CR physics in the
atmosphere, for instance) is dominated by the so-called forward (i.e.j# ' 0 ) physics; machines like LHC largely
(but not exclusively! See e.g. [5]) focus instead on large-angle scatterings, which are associated to large exchanged
momenta. Together with the relative rarity of very energetic CRs, which makes hard to study processes with largs,

this is the main reason why CRs and high-energy collider physics have largely complementary targets.

B. lonisation losses

This is taken from [9]

Relativistic charged particles moving through a material medium interact with electrons belonging to atoms in
that same material: the interaction thus excites or ionises the atoms. lonization losses thus occur when a charged
particle interacts inelastically with electrons in an atom, transferring enough energy to eject the electron from the
atom (ionization). This process applies to both hadrons and leptons.

- For ionisation losses su ered by hadrons, a general formula derived from [134] can be taken:

dE 3 Tcmc2 2 18— 2 n;j Aj 1
—— = ——7 i Aj 764 1 Z _— V ; 1
dt 4 , MiAil 764 10 _ cm 3eV Gevs = @)
s=H ;He s=H ;He
where
" ! #
2mec? 2 2
A= I NS Onaxc 52
r_—2

Here, Iy denotes the geometric mean of all ionisation and excitation potentials of the atom: in DRAGON2, we used
M =19eV and Iye = 44eV. Also, Ognax IS the largest possible energy transfer from the incident particle to the atomic
electron, as de ned by kinematics:

1+[2 m=M]

ax

where M me is the nucleon mass.
- If the incoming relativistic particle is an electron previous equations are no longer valid and the ionisation losses
is given by:
n #
2MeC?E max 2 1 1

=
=
N

dE 3 2 X 1 1
- 2 Tom Zini In ——— - = In2+ =+

dt 4 212 2 28
i=H ;He

wherel; is the ionisation potential, for which we usely = 13:6eV; |4 = 24:59eV, andE nax = % is the maximum

kinetic energy which can be transferred to the stationary electron. A simpli ed expression of previous equation is:
" 4
dE X n; 2E 2 1 12
— 764 10 ¥GeVs ! Zi—— In ——— = S In2+ S+ 1 = 3
dt i=H ;He cm 3 221+ ) 2 2 3)

QI =

C. Coulomb scattering

This is taken from [9]

Coulomb losses occur when a charged particle interacts elastically with other charged particles (like free electrons
or nuclei) through the Coulomb force. Coulomb collisions in a completely ionised plasma are dominated by scattering
o the thermal electrons.

- The corresponding expression for hadronic particles is given by [134]:

dE 3 1
— = 2 1cmeC®Z%neIn ZW, —
dt 2 T e e e e
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where we de ne:

r_—
2k Te

MeC2

e

Here, T, is the electron temperature, and the functional form of We is given by:

Me X2

2
We(x) =erf(x) p= 1+Amp xe

The Coulomb logarithm, In in the cold plasma limit has been derived, e.g., in [135]:

1 m2c2  Am, 2 4

In =1In
2 I e~2Ne AMp +2 m C?

A numerical approximation of eq. (C.41) is provided by [134]:

dE 51 gg 72 M ’

Gevs!t
dt cm 3 x3 + 3

where

. Te
Xm 00286 5o

- Concerning electrons and positrons the previous equations are inadeguate and one should evaluate the cross sections
related to the relevant e e scattering in QED described by the Moller cross section. The Coulomb energy loss rate
in the fully ionised medium (with electron density ne ), can be written in the following way:

4 _ 3 mecne In _Emec 3
a4 e 4r o~2¢2ne 4
or, in numerical form,
dE E
T 764 1018 Ty In —'°_ 4+73:57 GeVs !
dt cm 3 MeC? cm 3

D. Inverse Compton scattering

This is taken from [2{4, 9]
The IC process involves the up-scattering of background photons by high-energy (HE) electronee¢ | €°+ 9).
It is a signi cant energy loss mechanism for electrons if their energy exceeds that of the photons. To derive the

power emitted during IC scattering, we initially approach from a classical perspective before discussing quantum
interpretations.

1. Classical treatment

In the classical view, an electromagnetic wave strikes an electron, causing it to oscillate and thus radiate power due
to acceleration. The Poynting ux (S) of a plane wave incident on an electron is:

c c
S= ~E B! S= _jEj?
2 2 JE]
The Lorentz force acting on the electron is:

F=q E+ VE B ' qE
assumingjvj  c¢. The oscillating electric eld of the wave is:

E=Ep sin(it + )
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FIG. 1: One of the two QED tree-level diagrams for (Inverse) Compton scattering, with labelled momenta. The other channel
is the t-channel one.

leading to an average acceleration:

o E
m2

onN

I a° =

3|
3
N

where we used

N
4

2
T

1 T, 1
— | - _
T sin“(!t )dt >

Thus, the average power radiated by the electron is:

.2k’ _ 2 a®Eo_ 1 o _,

3 c 3c8m2 2 3m2c
This is the Larmor formula used to calculate the total power radiated by a nonrelativistic point charge as it accelerates.
The classical cross-section associated to this process is the ratio between the power radiated and the impinging ux

1 ¢ _,8 1 8 @ ?

3m2c® °c EZ” 3 mc?

Pi= thsSji! 1=

where we use the average Poynting uxhSi = S-EZ2. This is known as Thomson cross-section and its numerical value

IS

c
8

' 6:652 10 % cm?

In other words, the electron will extract from the incident radiation the amount of power owing through the area +
and reradiate that power over the doughnut-shaped pattern given by Larmors equation. The time-averaged scattered
power by a single particle is:

P= tcUag

whereU;oq = S=cis the energy density of the incident radiation. Incidentally, the Thomson optical depth, representing
the probability of a photon undergoing Thomson scattering (notice this is the opposite process!) is:
A

e = Ne tds

2. Relativistic treatment

The Compton scattering process , involving the interaction of photons with electrons, can be e ectively de-
scribed using quantum mechanics. We start by imposing the energy and momentum balance in the scattering process:

K, +P, =K, +P
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FIG. 2: Kinematics related to the Compton scattering with the electron at rest.

wherePZ = m2 and KZ =0 (for photons). Contracting the nal momentum gives:

PPt =(Pi+Ki Kf) (Pi+Ki Ki) ! mi=m2+2(PKi PK¢ KiKy)

e

In the frame where the electron is initially at rest P; = (mg;0), and assuming the x -axis is aligned with the
incoming photon (see Fig. 2), we have:

Ki= i(1;2,0,0) and K; = ¢(1;cos; sin; 0)
Substituting these into the equation, we get:
2 _

mZ=mZ+2(Mei Mg if+ ifcos)! me(i )= if(l cos)

Leading to the relation for the nal photon energy:
i
1+ ﬁicz(l cos )

=

The fractional energy change of the photon is:

£ 1 i mec? i
— = = 1+ _ ! ——(1 cos
i 1+ ﬁlcz(l cos ) mecz( )
This equation describes Compton scattering , Where a photon scatters o an electron, which is at rest, and

transfers energy, resulting in a decrease in photon energy. Notably, unless the photon's energy is comparable to or
larger than the electron mass in the electron's rest frame, the photon energy is only slightly altered.

Thomson scattering accurately describes the regime where the incident photon energy is much less than the
electron rest energy ; mec® . In this regime, energy transfer is minimal, ; ' ¢, indicative of quasi-elastic
scattering. However, as ; approaches or exceedm.c?, the energy transfer becomes signi cant, marking a transition
to deeply inelastic scattering. This regime is governed by the Klein-Nishina (KN) cross-section. The full Klein-Nishina
cross-section, derived using Quantum Electrodynamics (QED), is given by:

3 1+x 2x(1+ x) 1 1+3x
= - In(L+2x) + —In(1+2x —_—
KN4 T 73 1+2x ( )+ I ) (1+2x)2
wherex = ;=meC2. In the limit of x 1, the equation converges to the Thomson limit

xX)" (@ 2x+::)
while in the extreme KN limit ( x 1), it approaches

3 1 1
X)' = 1= In2x+ =
(x) 8 x 2
Therefore, the principal e ect of the KN regime is a reduction in the cross-section relative to the
classical Thomson value as the photon energy increases.
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3. Inverse Compton scattering

When the electron involved in Compton scattering has a velocity in the laboratory (LAB) frame, the scattering
dynamics change. The relationship in the electron's rest frame (that we indicate with the primed frame) remains
valid:

0
i

0
1+ iz (1 cos?9

0
f

where 9 is the angle between incoming and outgoing photon directions in the primed frame. Applying Lorentz
transformation:

°= ;@ cos)
where is the angle between the photon and electron in the LAB frame. To express? in the LAB frame and account
for the emission angle °in the comoving frame:
0
f= (1+ cos 9 2= (1+ cos 9 —
1+ 7z (1 cos 9

or
_ » (1+ cos 91 cos )
ro b1+ me?cz (1 cos?9
In the limit ;  me (or equivalently ;| mec or Eq;  m2c* in the LAB frame):
' 2,1+ cos %@  cos)

For isotropic incident and outgoing radiation in the electron's comoving frame, the average nal energy
is approximately

eV GeV

While the scattering angle is arbitrary in the comoving frame, in the LAB frame, the outgoing radiation is beamed in
the forward direction with an angle L. In the Thomson regime (°  mg), the maximum nal photon energy, when

1,cos © 1, and cos 1,is:
f42
In the KN limit, the typical energy of the outgoing photon is:

2i 2i 2i
£ e —gMe’ me ' Ee
1+ = i i

Me

This implies that in the extreme KN regime, the scattering becomes less frequent, but when it occurs, the scattered
photon carries away a signi cant fraction of the electron's energy.

In summary, in the LAB frame:

- In the Thomson regime: ' 2 for ;| mec®

-Inthe KN regime: ' mec®for ;| mec?

4. Single particle power radiated in IC scattering

In the Thomson regime , namely P mec?, the power re-emitted by scattering is ‘fj—'f " tcUag. We con-

sider now radiation scattering by an ultrarelativistic electron. This expression is still valid in the primed frame
instantaneously moving with the electron
o 7CUpg
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and we want to transform in the LAB frame. We recall that the power is Lorentz invariant as it is the ratio of two
time-like components, thereby

dE _ dE°
ot - o - T
The photon density can be seen as the number density of photon of energy that is
Z

Uga © n°(D) 7(%)d?

where n® ( 9d %is the number density of incident photons with energy °! 9+ d ° Similarly, the phase-space

distribution is LI as f (x;p) = dg‘)’('j,% = f9(x%p9, therefore n( )d = fd3p transforms asd®p which transforms as an
energy, follows

n()d _n (9d?°
0

nally, reminding that in Thomson 2' 9 (we are in the electron frame!)
z z z
Ut (9 0= eitas Fra eos et

Assuming isotropic incident radiation eld
z 1 z 1

1 (1  cos )?dcos =

2

2
1 2 cos + 2co¥ dcos =1+ 5

NI =

1
) 2
U, = 1+ 5 Urad

therefore the angle-averaged Compton scattered power (in the LAB frame) is

dE 2
ot o TcU% = tcC? 1+§ Urad

We are not done yet! The energy lost by the electron and gained by the photons is the up-scattered power (power
in the nal photon eld) minus the scattered power (power in the initial photon eld)

dE. _
dt

This leads to the energy losses which is the same as the IC power as

0
T CUrad T CUrad

dE 22 4
Pic dte = 7€ 2+ 3 1 Unag = 3 7C 2 2Urad

where | used 2 1= 2 2, This is the net inverse-Compton power gained by the radiation eld and lost by the
electron. The similarity of the inverse Compton and synchrotron equations shouldnt be too surprising: they both
describe the interaction of an electron with an electromagnetic eld. Note that synchrotron and inverse-Compton

losses have the same electron-energy dependence, so their e ects on spectra are indistinguishable. Dividing by the
corresponding synchrotron power

PIC _ Urad

Ps Us

which is valid if no absorption and no KN e ects are relevant. What is the average energy increase in the Thomson
regime? The number of photons scattered per unit time are

st f T CUrad
dt hii
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The average energy increase can be written as

. dNg Pic 4, , 4,

! | = = — P — ;

Pe'h Gt " Ne=a-3 ' 3 !
If the energy transfer in the K° frame is not neglected ( KN regime)
" #
dEe _ _ _ 4, , 63 2
dr C e Tyt T boqgn e
R d
where hji = =D (D41 “\which is obtained for incident isotropic photon distribution (see Blumenthal and Gould,

n ( i)d i
1970). Notice that in this regime the photon- eld distribution is relevant (not only the total density as before).

5. Complete treatment of energy losses and emission power

Instead, if one wants to nd the complete expression of inverse Compton energy losses and emission power, you can
use the following.

The derivation of E(E;r) and P ( 1; E;r) requires some e ort, but is straightforward in terms of known Compton
kinematics. The total energy loss rate for an electron of energy¥ is given by

ZZ
dNE.
E;r)= —dd

E(E;r) y f)( £ ) atd | 1
in terms of the rate of scatteringsdNg. =dtd ; on photons of energy into photons of energy 1, times the energy lost
in a scattering ( ¢ ) and integrated over all initial and nal photon energies. The quantity dNg. =dtd ; is more
conveniently computed by moving to the frame of the center of masg as

dNg. 2z dNE. dt®d ?

dtd 1 (o0 dtd?d 9dOdtd
with dt®dt=1= andd 9=d ;' 1=[ (1 cos ?)], having denoted the Lorentz factor of the electron (always assumed

to be highly relativistic) as = E=m 1. In the new frame, the rate of scatterings is given by

dNg,.  _ dn%(%) d
did ?d 9d° d° dod ¢

Here the last term is just the dierential Compton cross section, and dn°( % )=d © expresses the (di erential)
density of photons within d © due to photons that are within d in the photon gas frame. This quantity, in turn, is
to be determined on the basis of the density of photons in the original reference frame, which can be done by using
proper relativistic invariants. One obtains [31]

dn®( % )d°= %n( ;r)dd(cos )*0

where nally n(;r) is indeed the photon distribution in the photon gas frame. The last formula holds if one neglects
possible anisotropies in the spatial distribution of the target photons. This is of course precisely true only for CMB
photons while it is an approximation for starlight and infrared photons.
The Compton cross section is given, in full generality, by the Klein-Nishina formula
1 O 1
0
sif ¢ @Y A

+ 1
"0 o
1+ - 1 cos;

d _3 7
dod 9 16 ' O

"‘O‘ o
o"”o

where 1 =8 r 2=3 = 0:6652 barn is the total Thomson cross section in terms of the classical electron radius. In
the Thomson limit (of eq.(10)), it simpli es to
d 3

"= 1 1+cos? ? o 0 Thomson limit
d9d 9 16 ' bt [ ]
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It is now possible, by solving the integrals in the electron rest frame, to compute the rate of scattering as:

" #
dNe, _, n(r)d ., 1( 9
dtdf —3 TT 2q|nq+q+1 2q+§1+ q(l q)
in terms of
5 . 4 f . 1
= . h - - - 7! l
q a9 wit et B T |n42 0 ¢
In the Thomson limit, the same expression holds with | 0 (so that the last addend vanishes) and, since
= 19! y= z%. So nally, plugging this result into (6) one obtains explicitly 3
n #
E(E:r)=3 Zld i gy 9 e arr ape 2D g )
’ T 1=4 2 ant 1+ q° anard T 214 q .
In the Thomson limit it reduces to the particularly compact expression

4 Za
E(E;r) = 3T 2 dn(;r) [Thomson limit].
0

that shows that the total energy lost is proportional to the second power of the electron energyE = m and to the
energy density of the photon bath.
The computation of P ( 1; E;r) proceeds in the same way, apart from the fact that no integral over ; is involved
(by de nition of P ). One has in fact
Z

dNEg.
PHEN= (1 ) g,
from which
3, 41 1 n((q)'r)" 1 i
ey O T ; 2, + % )
P(f,E,r)—42f 1:42dq 1 970 5) 2qlng+ gq+1 2q+21 7(1 Q : (5
In the Thomson limit
Zl .
P(¢:;E;r)= i—;f . dyn((;/)'r) 2ylny+y+1 2y?>  [Thomson limit].

We show in Fig. 3 the ICS power calculated on the three di erent components of the ISRF. We show the total
calculated assuming a blackbody spectrum or using the complete spectrum of the ISRF. This has been calculated for
a 100 GeV ray. ltis clearly visible in the gure that the ICS power for a VHE photon is dominated by the scattering
on the CMB. This is due to the fact that the Klein-Nishina cross section is much smaller for more energetic ambient
photons, i.e. star light and infrared, with respect to low-energy photons of the CMB.

We show in Fig. 30 the energy loss (both for the Galactic center and local position) due to ICS with the approxi-
mation of the ISRF as composed by a superposition of black body distributiondd ;,=d ; given by

da 8 i’ R !
—_ % = - a 1 :
di “2 ~0? &

where the normalizations N, and temperatures T, of the ISRF components for the local position in the Galaxy are
reported in table 3. Fig. 30 shows also a comparison between synchrotron and ICS energy losses: the contributions
to ICS losses due to di erent components of ISRF are shown.

E. Synchrotron radiation

This is taken from [3]
Synchrotron radiation, denoted by the processe+ B! e+ + B, is emitted by relativistic charged particles as
they undergo acceleration in a static magnetic eld. In the nonrelativistic regime, this is known as cyclotron emission.
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FIG. 3: Left Panel: ICS power calculated on the three di erent components of the ISRF. We show the total calculated assuming
a blackbody spectrum or using the complete spectrum of the ISRF. This has been calculated for a 100 GeV ray. Right panel:
Ratio P=P™ between the inverse Compton power P (E¢; E ) and its maximum value P™ | varying E  Ee. The colors (in
logarithmic scale) indicate the P=P™® values. The maximum of P=P™® corresponds to white regions in the plot. This gure
is taken from [10].

1. Classical treatment

In classical electromagnetism, the in nitesimal power dP per unit solid angle carried by waves across the in nitesimal
surface dX (its direction being the normal i to the surface) can be written as

dP =S dA=S AR (6)
R being the distance from the radiating source, in terms of the Poynting vectorS de ned as
_E B _JE]
S=—;—=7 S ()

The Poynting vector thus represents the power per unit solid angle carried by waves across the surface normal to
their propagation direction. In the non-relativistic limit, the radiated power P (which is a dE=dt ) of a chargeq
accelerating with accelerationa is described by the Larmor formula
dP _ qfa®sin’
d 4
being the angle between the normal to the surface and the acceleration vector. In fact, the previous equation is
also valid in the relativistic case, provided that a® is now replaced by the four-acceleration (or, four-force over mass)
squared,a’! a a ;ma =dp =d . Itis important to remember that the radiated power is a Lorentz-invariant, as
one can infer from the fact that dE and dt are both the 0 -th components of (parallel) four-vectors.
Starting with the basic Larmor formula, the total power emitted by an accelerating or decelerating electron (or any
charged particle) in c.g.s. units is:

) P=iqa ®

2
P-gQg )

where a = kak is the acceleration. The heuristic derivation of this formula includes: a) Radiative processes are
proportional to ¢?, as the cross-section is the square of the amplitude which for e.m. process it q, b) Consistency
with relativity requires dependence only on acceleration, not velocity, since power is a relativistic invariant being the
ratio of two time-like components, and c) Dimensional analysis justi es the a® term.

2. Relativistic treatment

In relativistic scenarios, the Larmor formula is valid if a? is replaced bya a , the invariant square of the four-
acceleration. {Problem. Demonstrate that a a is a relativistic invariant.{
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FIG. 4: In the top left (right) panel the electron energy loss in the Galact centre (local region) due to ICS on the ISRF and
to synchrotron radiation with the Galactic magnetic eld. In each gure we display the energy loss for ICS on CMB (dashed
green dashed line), IR (dashed red line), SL (dashed blue line), for synchrotron radiation (solid brown line) and the total ICS
energy loss (dotted black line). This gure has been taken from [9]. In the bottom panel the energy loss rate b(E) = dE=dt
(multiplied by E?2 ) for ICS o the ISRF photons composed by CMB (green lines), dust emission (red lines) and starlight
(blue lines), for e energy E. The total rate is shown with black lines. We report three cases: black body approximations of
the ISRF and approximated Klein-Nishina calculation as in (dotted lines), black body approximations of the ISRF and full
numerical Klein-Nishina calculation (solid lines), Vernetto2016 ISRF model and full numerical Klein-Nishina calculation (no
approximations, dashed line).

Considering the Lorentz force, the acceleration is perpendicular to velocity:
v
a= —=— — B 10
. (10)
leading to:

q2
a’= — 2 ?2B?gin? ; (11)
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FIG. 5: Feynman diagram for synchrotron radiation, with an interaction with a virtual photon associated to an external B- eld.

where denotes the angle of the velocity with the magnetic eld. This is also typically called pitch angle The power
emitted by synchrotron radiation in the limit ! 1 is then:

_2¢B? ,
© 3m2cd

Notably, synchrotron radiation is predominantly signi cant for leptons rather than nuclei, as Ps/ 1=m*. For an
isotropic particle distribution, the average emitted power becomes:

Ps sin? (12)

. 4('B? 4 Me 2
Psi= ——— 2= _c —= 2y 13
2
using Ug = 2—2 and 1 = % mq—zcz , and the average over the angle
VA zZ, Z
1 1772 2
ia2 — a2 — 1a2 H —
sin = — dsin = — sin© sind = — 14
4 4 0 3 (14

The electron energy loss timescale, important for understanding cooling rates, is:

E meczz§mec 1 / 1 (15)

oss( )" fiE=dg -~ Wi 4 1 Us E

leading to the notable result that more energetic particles have shorter lifetimes.

Synchrotron radiation is emitted by an ultra-relativistic particle interacting with a magnetic eld. The emitted
power is/ m 4, therefore this process is relevant only for leptons, due to their relatively small mass. A detailed
description of the synchrotron radiation theory can be found in.

The average loss rate for relativistic electrons in an isotropic magnetic eld is:

dE 4 2 2 18 B 2 E 2 1
— == 2: 1 — — V 1
gt 3 tcUg 53 10 G GeV GeV s (16)
2 2
where 1 is the Thomson cross section andJs = B, + B; =8 is the total energy density of the magnetic

eld.

F. Bremstralhung

Su ciently energetic particles tend to radiate a photon under the braking action of the nuclear and electronic
electric elds see Fig. 6. This process, also called braking radiation, is particularly relevant when an electron or a
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FIG. 6: One of the QED tree-level diagrams for bremsstrahlung..

positron is accelerated by the electric elds associated with interstellar ions or nuclei. Bremsstrahlung due to hadronic
CRs is then neglected, since because of the heavy masses involved accelerations are very small.

The nature of Bremsstrahlung losses depends on the type ISM. In particular, it changes according to the scattering
on neutral or ionized gas. In ionized gas (plasma), the electrons interact primarily with bare nuclei (ions) and free
electrons. Since there are no bound electrons in ions, the primary interaction involves the Coulomb eld of the
nuclei. The absence of electron screening around the nuclei (due to ionization) means the electric eld is stronger,
leading to a more e cient de ection of the electron and more intense Bremsstrahlung emission. Therefore, the process
takes into account the interactions with the protons in the nuclei and with free electrons. The interactions with the
nucleus is stronger due to the larger Coulomb force. In neutral gas, electrons interact with whole atoms, where the
atomic electrons \screen" the nucleus. This reduces the e ective electric eld strength experienced by the incoming
high-energy electron. Also in this case the interaction happens with the nucleus and the electrons. However, in this
case the scattering with the electrons is even smaller than the ionized case because they are bound in the atom.
The interaction is weaker because the nucleus is partially shielded by the surrounding electron cloud, reducing the
de ection and, consequently, the intensity of the emitted Bremsstrahlung radiation. To conclude:

" In ionized gas, Bremsstrahlung is stronger and more e cient due to the absence of electron screening, leading
to harder (higher-energy) photon emission.

" In neutral gas, the radiation is less e cient and produces softer photons because the nucleus is partially shielded
by atomic electrons.

The relevant di erential bremsstrahlung cross section for an electron of initial energyE to produce a photon of
wavenumberk (ending up with energy Ef = E k) impinging onto the target i can be written as
n ! #

d; _ 3 1+Ef2 i 2Bt @ .

Ar T 2L =2 1 a e 2 ’

dk  mik E2 3 E
a result due to Bethe and Heitler which relies on Born perturbation theory (plane waves for the incoming/outgoing
electron), on whose general form we will comment below. If the target is an unshielded chargée, one has
2EEs 1 |
mek 2 7
while more complicated expressions hold e.g. for partially shielded nuclei.

For a neutral plasma of electrons and a single nucleus, summing previous equation over the two species yields
(scattering on electrons and nucleus):

1= 2:ZZ us u=4 In

" #
dyo 422+2 3 E? 2E

. 2 | 2EE; 1
dk m2k E2 3E mek 2
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For scattering on a target of density n;, we thus derive

z
dE =nE P¢; a1 "kl
dx Brems t t E o dk

with 2 O 3 and almost independent onE.
- lonised gas and weakly-shielded (WS) neutral gas. The total bremsstrahlung losses in the ionized gas is the sum of
the electron-electron and electron-proton terms. A good approximation gives the expression (Ginzburg 1979, p.408)

E 1 X
€ 3¢t czme) L Zi(Zi +1) n,
dt ws 2 3 i=H ;He
E 1 n n '
355 10 2% ——  In(2 =z 2 " 46 He  Gevs't
GeV n@ ) 3 cm 3 cm 3 evs

This expression applies to the interaction with ionised gas at all energies. In the case of interaction with neutral gas,
the formula only applies for < 100, also denominated weak-shielded regime on neutral gas. In particular, for neutral
gas,n; is the density of neutral gas andZ is replaced withZ, the reduced e ective charge due to shielding by atomic
electrons. For example in helium neutral gasZ, 1:34.

- Strong-shielded (SS) neutral gas [132].

dE X niM;

— = cE
dt ss i=H;He

E NH NHe
8 10 ¥Gevs'!? +2:7
T GeV cm 3 cm 3

where M; is the atomic mass, andT; is the radiation length with Ty 62:8 g=cm? for H and Tye 931 g=cm? for
He. This expression holds for neutral gas in strong shielding case (800 ).

- Intermediate-shielded neutral gas. This regime holds for 10& < 800 and it's given by a linear interpolation of
the strong and weak shielding in previous equations.

A few comments worth making:

" Compared to the expression for ionization and coulomb scattering, the one for bremsstrahlung is suppressed
by a factor , which nds an obvious interpretation in QED since the elementary diagram for bremsstrahlung
contains an extra vertex associated to the radiated photon.

The bremsstrahlung stopping power grows in importance with respect to lonization and Coulomb wherkE grows,
with the stopping timescale for bremsstrahlung, which is nearly independent oE (increase with log(E) for the
ionized one).

The analogous of the electron losses for CR nuclei of masa = Am, and chargeZe would lead to a cross
section suppressed bZ*A 2(me=m,)*" 10 7 Z4=A? , which immediately shows how much more ine cient
electromagnetic radiative processes are expected to be for nuclei; energy losses of CR nuclei at intermediate and
high- E are in fact dominated by hadronic interactions.

G. Nuclei cosmic-ray interactions

This part is taken from Evoli [3].

Understanding interactions between nucleons (protons and neutrons) and nuclei is critical for high-energy astro-
physics. These interactions are primarily governed by the strong nuclear force, a fundamental interaction responsible
for binding protons and neutrons within atomic nuclei. This force is characterized by being short-ranged as it operates
only over distances comparable to the size of a nucleus (fewfm). Unlike point-like elementary particles such as
leptons (e.g., electrons) or photons, nucleons and nuclei have an extended spatial structure. The e ective size of a
nucleus can be approximated by its radius, given by:

Ry  L2A3fm

where A is the mass number (the total number of protons and neutrons). The geometrical cross-section is a measure
of the probability of interaction between two colliding nuclei or nucleons, based on their physical size: geom ' R 2.
Substituting Ry~ 1:2A'"3fm, we nd:

2
geom 12AT8  fm?' 45A%73mb
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where 1mb = 10 27 cm?. This result implies that larger nuclei (higher A) have signi cantly larger cross-sections,
increasing their likelihood of undergoing interactions. This approximation provides a useful rule of thumb for esti-
mating nuclear interaction cross-sections. The interaction timescale is the average time a high-energy particle will
travel before interacting with the ambient medium. For a particle propagating through a gas of target particles with
number density neget , the timescale is inversely proportional to the product of the cross-section and the speed of the
particle:

1
Ntarget geom C
For CR protons interacting with hydrogen gas (ny in cm 2 , this becomes:

NH 1

1 25A 2=3
cm 3

Myr

This equation highlights that in regions with enhanced gas density, such as the inner regions of starburst galaxies

or galactic molecular clouds, this interaction timescale becomes comparable to or shorter than other competing
processes, such as cosmic-ray escape or energy losses. Moreover, heavier nuclei have shorter timescales due to their
higher cross-sections. Let's keep in mind that the typical timescale for the di usion process of nuclei is of the order

of 100 Myr for a 10 GeV proton.

1. Pion production in p p collisions

When high-energy protons collide with other protons, the energy in the collision can generate new particles, in-
cluding pions ( ), the lightest mesons. These collisions are the main source of rays and neutrinos in astrophysical
environments. The primary interactions of high-energy protons with ambient protons produce the following outcomes
involving pions:

8
< p+p+ O
p+p!  ptn+ 7
p+p+ T+

These are the most frequent production channels, which depend on the energy of the incoming proton. Other

production channels involve kaons and hyperons, for example. See Fig. 7, which is taken from [11] for a complete

list of processes producing rays. Pions ©9; *: are unstable and decay rapidly, leading to secondary particles:
- Neutral pions ( %) decay into 2 rays:

0 I +
- Charged pions () decay into muons () and neutrinos:

AL S VA Y - U S VAR R VN
! + Vv I e +V + Ve

Thus, each charged pion decay produces three neutrinos, while each neutral pion decay produces tweays. This
simultaneous production of rays and neutrinos is a distinctive feature of hadronic interactions.

For pion production to occur, the colliding protons must supply enough energy to create the mass of the pion and
satisfy conservation laws. In the LAB frame, the energy threshoIdElgh is determined by considering the process an
incoming proton with an energy E, colliding against another proton and producing a pion and 2 other protons at
rest:

— 2
2m3+2E'my = (2mp + m o)
wherem, and m o are the masses of the proton and neutral pion, respectively. Solving foIEE)h , we nd:

2m, + m o)? 2m3
2mp

th —
Ep =
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FIG. 7: This diagram shows the -ray production channels from p+ p collisions considered in our analysis. We report here
only the channels that produce at least 0:5% of the total yield (see the main text for further details). Figure taken from [11].

Using mp ' 0:938 GeV andm o ' 0:135 GeV, this yields:
EN ' 122GeV
The corresponding kinetic energy threshold is:

T =El my' 280MeV

2. Cross-Sections for Proton-Proton Collisions

The Lorentz-invariant cross sections for the production of pions are typically taken to be proportional to the total
inelastic proton proton cross section:

pp! X (Xr:pT;pE)/ inelF(Xr;pT;pg);

where F (X;; pr; P s) is an analytic function that control the dependence of the invariant cross section with di erent
kinematic variables.

The inelastic cross-section i for proton-proton collisions quanti es the probability of interactions where the
colliding protons undergo a transformation that produces additional particles, such as pions, in the nal state. These
interactions typically involve the redistribution of a signi cant fraction of the initial proton energy among the newly
created particles. Experimental measurements indicate that the inelastic cross-sectioni, increases rapidly near
the pion production threshold (T, 280MeV) as new particle production becomes possible. It reaches a plateau at
several tens of millibarns ( 30mb ) for proton energies in the GeV range. Beyond a few TeY i grows more
gradually, approximately doubling to  60mb at proton energies on the order of a few PeV . A useful expression for
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FIG. 8: The energy dependence of the inelastic cross-section for proton-proton collisions, based on the parameterization by
Kelner and Aharonian.

inel , valid for T, & 1GeV, is given by:

2 13
th'42

E
inel = 343+1:88L +0:25.2 41 Ei 5 mb
p

where L = In( E,=TeV). Typically, the analytic function for the inelastic cross section is taken as the di erence of
the t to the total and the total elastic cross sections for which the data are quite more abundant.

3. Inclusive Cross-Sections for Pion Production

Instead, of considering the Lorentz invariant cross section, which depends on three kinematic parameters, e.g.
(Xr;p1;  S), the incluve cross section can be considered. This depends only anor the incoming CR proton energy
or momentum of kinetic energy T,. To describe pion production in proton-proton collisions, Ref. [12, 13] provides
parameterizations for the inclusive cross-sections of*; , and © production as functions of the kinetic energy of
the incoming proton, Tp, in the LAB frame (in GeV). These parameterizations are expressed as follows:

logT, N 0:162 *

ool +x = 0:00717 + 0:0652 T T mb
0:0846 0577
i logT, 03 !
pt ox = 0:007 +0:1 Tp" + T2 mb

These equations provide approximate ts to experimental data and are particularly useful for modeling pion production
in astrophysical scenarios. The term inclusive cross-section refers to the total probability of a speci ¢ outcome in a
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reaction, summed over all possible accompanying nal states. In the context of proton-proton collisions, an inclusive
cross-section for pion production, such as p, -+ x , represents the cross-section for producing a* meson, regardless
of what other particles (X) may also be produced in the nal state. This is in contrast to exclusive cross-sections,
which describe the probability of a very specic nal state, such asp+ p! p+ n+ *. Exclusive cross-sections
require detailed knowledge of all the nal particles and their properties, whereas inclusive cross-sections provide a
comprehensive description of a particular secondary particle's production. A key feature of the parameterized cross-
sections is their threshold behavior. The production of charged pions, such as* and , requires a minimum proton
kinetic energy, T,, to satisfy conservation of energy and momentum. For example, the threshold for * production

is T, " 289 MeV. Notably, the threshold for  production is higher, T, ' 600MeV, due to the presence of two new
particles in the nal state (e.g., and *). This di erence in thresholds leads to a consistently larger cross-section
for *compared to at all energies above the threshold. Neutral pions ° , which decay into gamma rays, have a
cross-section p,  ox that satis es the approximate relationship:

pp! ©°X 2 pp! *+X

This relationship is a re ection of the isospin symmetry of the strong interaction, which predicts a balanced
production of charged and neutral pions at high energies. The asymmetry in the production cross-sections of and
has signi cant astrophysical consequences. Charged pion decays ultimately lead to the production of secondary
leptons, as * ( )decays produce positrons (electrons) via * ( )decay. Because * production dominates over
production, CR interactions result in an excess of secondary positrons compared to electrons. This excess is an
important diagnostic for understanding hadronic processes in astrophysical environments.

4. Pion Emissivity and Gamma-Ray Spectrum

The pion emissivity, g (E ), represents the number of pions produced per unit volume, time, and energy in a given
astrophysical environment. In a medium with a target number density ny, the emissivity can be expressed as:

Z
g (E )= cny (T K Tp) pp(Ep)Np(Ep) dEp

whereN, (Ep) is di erential number density of protons as a function of energyE,. The factor K is a dimensionless

constant called the inelasticity. It quanti es the average fraction of the initial proton's energy lost during the
interaction and transferred to the produced pions. For pion production in proton-proton collisions in the GeV TeV
range, the inelasticity is approximately K ' 0:17. The delta function, (T K Tp), is used to approximate the
relationship between the energy of the outgoing pion T ) and the energy of the incoming proton (T,) assuming
that the kinetic energy of the outgoing pion is a xed fraction (K ) of the kinetic energy of the incoming proton:
T ' K Tp. Performing the integration in the previous equation yields:

, ¢n T
q (E) Jpp ——+tmp Np

+
K K Mo

T
K
In the high-energy limit, where the energy of the pion signi cantly exceeds its rest massk m )and E T,

the contribution of the pions mass can be neglected. In this regime, the expression for the pion emissivity simpli es
to:

, Ccny E E
9 E) —mw 1 No

From the above result, it becomes evident that the spectrum of the produced pions closely resembles the spectrum
of the parent protons, but with a characteristic energy shift by a factor of K .
This behavior can be summarized as:

" The pion energy is proportional to the proton energy, scaled byK .

" If the proton spectrum follows a power-law form, N, (Ep) /' E, , the pion spectrum will also follow a power
law with the same spectral index asq (E )/ E
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5. The © Gamma-Ray Spectrum

The decay of a neutral pion © into two gamma photons is an essential process in high-energy astrophysics, as
it provides a direct link between hadronic interactions and observable gamma-ray spectra. The decay occurs via the
reaction:

0 I +

This decay is extremely fast, with a mean lifetime of approximately 84 10 '’ seconds, meaning the pion e ectively

decays immediately after production. In the CoM frame of the pion, momentum conservation ensures that the two
photons are emitted in opposite directions (back-to-back). Energy conservation dictates that the energy of each
photon is half the rest energy of the pion:

wherem 135 MeV is the rest mass of the neutral pion. In theLAB frame, where the pion is moving with velocity

= v =¢ the energies of the photons are modi ed due to relativistic e ects. The photon energy in the LAB frame,
E , depends on the angle ° between the photon direction in the CoM frame and the direction of the pion's motion.
Using relativistic energy transformations, we nd:

E = — 1+ cos 9

where = 1 2 s the Lorentz factor of the moving pion, and Cis the angle of emission in the pions CoM
frame. This equation captures the fact that photons emitted in the direction of the pion's motion (cos °= +1) are
blueshifted, while those emitted in the opposite direction (cos °= 1) are redshifted. To nd the range of photon
energies in the LAB frame, we vary cos® from -1 to +1 . This gives the extreme photon energies as:

in = m
Emin=max — 1
> @)
In the non-relativistic limit, the pions motion is negligible (' 1), and the photon energies converge to the same
value
: m
Emm [l Emax 1 o
2
Conversely, in the ultra-relativistic limit, the pion moves close to the speed of light, and 1. In this case the

maximum photon energy approaches the total pion energye ™ ' E , while the minimum photon energy becomes
arbitrarily small E™" * 0. The relationship between the photon energy and the emission angle in the LAB frame
can be further analyzed. From the LAB-frame energy, we can compute the di erential relationship between photon
energy and the cosine of the angle:

m

dE = — dcos ©
2
Since the pion is a scalar particle (spin-0), its decay products are emitted isotropically in the pions rest frame. This

isotropic emission is expressed mathematically as:

where ddN— represents the probability distribution of photon emission over solid angled . Thus, the isotropic photon
distribution becomes

dN

1
d 40
and the di erential number of photons emitted in a given angular range dcos ©is:

— 1 0.
dN = édcos ;
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FIG. 9: In 2013 FERMI detected a feature compatible with the pion-bump in two old SNRs in interaction with Molecular
Cloud [14].

where we used the relationd = sin dd and averaging over the azimuthal angle , the solid angle simpli es to
hd i =2 d cos .. Combining the derivative of E with respect to cos © with the isotropic emission result, the
photon energy distribution can be expressed as:

dN 1 _ 1

dE ~ m (E2 m2)2

Thus, for xed pion energy, dN=dE = constant the photon energies are uniformly distributed betweenE™" and
EM® leading to a box-like spectrum of rays. To characterize this box-like distribution, we calculate the central
energy in logarithmic space:

HOgE i = %OOQE;min +|Og E;max)

Using 2 1= 2 2 we nd:

2 1=2

HogE i =log ET 1 =log

m
2

This result shows that the logarithmic central energy of the spectrum is xed at half the pion mass fn =2' 67:5MeV),
independent of the pion's energyE .

Assuming a distribution of pion energies, the resulting gamma-ray spectrum is composed of a weighted sum of
individual box-like distributions. Each box-like distribution is symmetrically centered in logarithmic space around
m =2, which corresponds to the logarithmic central energy of the photons produced in the pion's rest frame. As
a result, the combined gamma-ray spectrum exhibits a clear peak at log log %5~ (see Fig. 9). This spectral
feature, often referred to as the pion bump, is a prominent characteristic of gamma rays originating from hadronic
processes. The bump appears at 70MeV, followed by a decline at higher energies, and is largely independent of the
underlying pion spectrum or the spectrum of the parent protons.

Such a bump-like structure in the gamma-ray spectrum, combined with its distinct position and shape, provides a
strong diagnostic tool for identifying gamma rays resulting from hadronic interactions (see 1.8).

6. -Ray Emissivity

The -ray emissivity, q (E ), describes the production rate of rays with energy E per unit time, volume, and
energy. It is derived from the pion emissivity, @ (E ), by summing the contributions from all pions capable of
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producing gamma photons with energyE . This is expressed as:
z 1

dN
q(E)=2 - dE q (E )E

where the factor of 2 accounts for the two photons emitted in each © decay, E. min is the minimum pion energy
required to produce a photon of energyE , and cfEl represents the energy distribution of photons from a pion of

energyE . To determine the minimum pion energyE . min needed to produce a photon of energf , we notice that
2

the photon energies in the LAB frame are bounded byE . nin + E . max = E , and E . min E . max = T_ . These two

T
relations can be combined to express the pion energy in terms & . jax :

2

E =E.min+*E:max = 2E .
; max

+E;max

For a photon of energyE , the minimum pion energy E; min o0ccurs whenE . max = E , as this corresponds to
the highest-energy photon being emitted directly along the pions direction of motion. Therefore, we nd:
m2
E.mn=E + IE
Using this, the gamma-ray emissivity becomes:
YA 1 E m Z 1
g (E)=2 ZdEL)l:Z ' 2 diq(E)
E +— (E2 m?2) e E
where the nal expression holds true at high energies where the pion mass can be considered negligible. This simpli ed
expression highlights an important feature of the -ray spectrum at high energies! The -ray spectrum q (E ) is
directly linked to the pion spectrum, retaining the same spectral index. Since the pion spectrum itself mirrors the
parent proton spectrum at high energies, the -ray spectrum ultimately inherits the spectral index of the CR protons,
E . The only modi cation is a shift in energy due to the inelasticity factor, with rays appearing at an energy
scale approximatelyK = K =2 times the energy of the parent protons.

This behavior contrasts sharply with that of rays generated by IC scattering, where the spectral index of the
rays re ects a di erent scaling relative to the parent electron spectrum. In particular, for IC scattering, the gamma-
ray spectrum tends to exhibit a comparatively atter dependence on energy, scaling approximately as Cerl)=2
where ¢ is the spectral index of the electron spectrum.

This distinction is crucial for disentangling the origin of high-energy gamma rays in astrophysical observations.
While gamma rays from hadronic processes closely mirror the spectral index of cosmic-ray protons, those produced
via IC scattering from relativistic electrons typically show a softer or atter spectrum.

7. Diuse Galactic Gamma-Ray Emission

In this section, we explore a signi cant application of the gamma-ray emissivity calculation by addressing the di use
gamma-ray emission resulting from galactic CRs interacting with interstellar matter. Cosmic rays, primarily protons,
traverse the interstellar medium and interact with ambient gas, producing pions that decay into gamma rays. By
moving beyond the delta-function approximation, we calculate the pion emissivity as follows:

z 1 z 1

d d
a(E )=cnw  dEpNp(Ep) s (EpiE ) =4 nw  dEplp(Ep) = (EpiE )
E

where % (Ep; E ) is the dierential pion production cross-section, and N (Ep) is the proton density per unit of
energy. We conveniently convert the proton density N, (Ep) to the proton intensity 1, (Ep) dened as I, (Ep) =
2Ny (Ep) as this is the quantity typically provided by measurements. The di erential cross-section % for pion

production in proton-proton interactions can be parameterized in terms of the total inclusive cross-section ,, and a
normalized auxiliary function f (Ep; E ), designed to t experimental data:

d f(Ep;E ), f (EpE
f(Ep;E)= pp (Ep) (é ) 0 (é )
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The function f (Ep; E ) describes the energy distribution of the produced pions, and it has been observed that it
primarily depends on the ratio x = E =E,. A widely used parameterization off (x) is given by [7]:

f(x)=0:67(1 x)*°+0:5exp( 18)

where x 2 [0; 1]. Finally, we approximate the inelastic cross-section as a constant, using its plateau value & GeV
energy: pp o' 30mbarn.
The observed proton intensity in cosmic rays,|, (Ep), is generally well-represented by a power-law spectrum:

E
lp(Ep)= 110 —2>
p(Bp)= o £ -

where | 19 is the proton intensity at a reference energyE o = 10GeV, and 2:7 is the spectral index. Substituting
this form and the parameterization for ddE— into the expression forq(E ), we obtain:

“roE E

f (x
e E E1o ()

q(E )" 4nuylio o
Changing the integration variable to x = E =E,, the emissivity simpli es to:
z 1

Q(E ):4 nHllo 0 EEi dxx 2f(X)
10 |0 {Z }

Y()

where Y ( ) is the spectrum-weighted yield of pions produced from a proton population with a power-law spectral
index . The photon emissivity q (E ) can now be calculated from 1.36:

Z,
dE E
E)=8n Y()I P —
q (E) HO()lOEE Exo

Performing the integration yields:

8
E?q (E )= —nu oY( )Eflwo £
10
Using the gamma-ray emissivityq (E ), we can estimate the di use gamma-ray intensity arising from proton-
proton interactions in the Galactic plane. Assuming a uniform distribution of cosmic rays and interstellar gas, the
gamma-ray intensity along a line of sight (los) is given by:

I(E):4i dsq (E )

los

R
Substituting g (E ) and de ning the gas column density asNy = | . dsny, we nd:

2

2
E?l = =Nu oY( )Eflp (E1o) E
10

To estimate the gamma-ray intensity at E = 1GeV we adopt: - The gas column density along the Galactic
plane is approximately Ny ' 1072 cm 2 [?]. - The observed proton intensity at E, = 10GeV is EZl, (E1o) '
0:2GeVem ?'s tsr 1 [?]

-For ' 27, we compute the yieldasy( )' 4 10 2,

Substituting these values, we nd:

E2l ' 10 GeVcm 2s sr !

This value aligns well with observations of the di use gamma-ray emission measured by Fermi-LAT along the
Galactic plane (bj<5) at E ' 1 GeV. This result strongly supports the hypothesis that the di use galactic
gamma-ray emission originates from the interactions of the (approximately uniform) cosmic rays with interstellar
gas, predominantly through proton-proton collisions, with a spectrum re ecting the underlying cosmic-ray proton
spectrum.

Problem. Compute the shape ofq (E ) using the tting formula of Eq. (1) in 1302.3307 and using the -function
approximation. Plot g (E ) in linear scale andE2q (E ) in log-log one.
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FIG. 10: Left Panel: -ray horizon for di eren EBL models. Right Panel: Redshift binned optical depth measurements derived
from the stacking analysis using Fermi-LAT data are shown compared to the optical depth templates reported by this work.
The shaded regions signify the 1 and 2 con dence regions of our best- tting EBL reconstruction. These gures has been
taken from [15].

H. - absorption

Extra-galactic rays undergo absorption during intergalactic propagation by interacting with photons in the di use
radiation eld, producing electron-positron pairs ( + ! €" + e ). This process depends on the energy threshold
condition for opacity.

The square of the center-of-mass (COM) energys, is a relativistic invariant:

S=(Pa+ Pp)?=m2+ m2+2(EsEp Ppa Pp)= M2+ M2+2E,Ep(1 4 pCOS) (17)
For head-on collisions in the pair-production process + ! €'e , the threshold energy in the LAB frame is:
2 2 m3
S=2E (1+1)=(2mg)°! 4E =(2me“! E > & (18)

For instance, a 1 TeV photon (E = 1012 eV) interacts at the threshold with infrared photons ( & 0:26 eV). The
cross-section for pair-production, (), is given by:

_ 3 2 2 4 1+
()=g51 1 2 2+ 3 n 3

(19)

where s the velocity of the electron (or positron) in the CoM frame. The velocity  is determined by comparing
the CoM energy with the energy in the CoM frame:

S
2ma2ct
2E (1 cos )=4EJ2! = 1 ———er 20
where | used
r——
E.= md= — m= 1 2MeC 1)

@ 3y x
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The cross-section reaches a maximum at = 4mec*, correspondingto (x)' 1=4. A1 TeV photon most e ciently
interacts with  1eV photons. In the high-energy limit, the cross-section becomes inversely proportional to the energy
product:

.3 1, 1
()§7T2|n42 11 =" (22)
That means that -rays can interact with all photons above the threshold but the crosssection decreases as
increases (near threshold process). The optical depth for absorption, (E ), takes into account all photons
above the threshold:

ZrZ Z,
(E )= d(1l cos) dn (; ;x) (E ;;cos) (23)
0 4 "
I.  Nuclei- interactions

In the vicinity of astrophysical sources, there is often a high density of photons spanning a range of wavelengths,
including radio, infrared, visible, and ultraviolet. While the cross-section for -proton interactions is typically two
orders of magnitude smaller than that of pp interactions, in certain astrophysical environments, secondary meson
production via photoproduction can be substantially higher than that from pp interactions. This increased probability
is due to the much greater number density of ambient photonsn compared to the number density of matter in the
environment.

In the interaction of nuclei with radiation elds, the dominant mechanism is photo-pion production, as exempli ed
by the following processes:

0
+

+ 1 o p
p ! ! na

The subsequent decay of these pions follows the same pattern as previously discussed. At very high energies,
multi-pion production becomes signi cant, represented by:

+

p+ ! p+al’+hb +

where a and b are multiplicities... For UHECRs, a competitive process for energy loss is pair production:
p+ ! p+e +e
The thresholds for these two processes can be calculated as:

m2+2m mp

=— = P+ 7 10V
P 2@ cos)

E

and

4m2 + 8mem
Egf= 5 =——-2' 6 10'eV
2@ cos)

Notice that both energy thresholds are inversely proportional to . This implies that a lower energy threshold
corresponds to interactions with a photon eld of higher energy. For pion production, the typical cross-section as
measured in laboratory is:

. 340 b 200MeV. E°. 500MeV
P 120 b E° & 500MeV

The inelasticity for the photo-pion production process is approximately K,
associated with this process can be readily estimated as follows:

0:2. Then, the cooling timescale

. E E E 1 _ 1
t(B)" — - =
E E=t KpEnc, Kpnecy
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J. Secondary anti-particles

In this section we focus on the secondary production of antiparticles, such as positrons and antiprotons. A similar
calculation can be also performed for determining the secondary production of neutrinos and rays.

The source term for the production of secondary antiparticles () is computed as the convolution between the
primary CR ux ( ), the density of the ISM (n sy ) and the energy-di erential cross section for antiparticle production
(d =dT ). In particular, the total source term is calculated as the sum of all the possible combinations of thé-th CR
species with thej -th ISM components as:

X Z d
oT) = 4ngv; dT, i(Ti)d%(Ti;T); (24)
ij

where T is the antiparticle kinetic energy, ; is the CR ux at the kinetic energy T;, nismj is the number density of
the ISM j-th atom, and d j; =dT is the energy-di erential production cross section for the reactioni+j ! +X. The
factor 4 corresponds to the angular integration of the isotropic CR ux. We note that, in general, the source term
depends on the position in the Galaxy because both the CR gas density and the CR ux are a function of the position.
Almost the entire ISM (99%) consists of hydrogen and helium atoms [16]. CRs share the same hierarchy with most
of the ux given by protons and helium nuclei. Therefore, the main channels for the production of secondary are
p+ p, ptHe, He+ p and He+He.

High-energy experiments typically provide measurements of the fully di erential production cross section usually
stated in the Lorentz invariant form:

) 3
n' = E ddp;J : (25)
HereE isthe total energy andp its momentum. The fully di erential cross section is a function of three kinematic
variables. We choose them to be the center of mass energys, the transverse momentum of the particle pr, and
the radial scaling xg. The latter is de ned as the energy divided by the maximal energy in the center of mass
frame, xg = E =E™® | where the asterisk denotes the center of mass reference frame.

After modeling the Lorentz invariant cross section, the energy-di erential cross section for production as required
in Eq. (24) is obtained by rst transforming the kinetic variables into the x-target frame, i.e. the frame where the
ISM target atom is at rest, and then by integrating over the solid angle :

Z Z .
9 rory=p d U)(TT:)=2p dcos W17 )
dT ' inv I ’ 1 inv i v )
where is the angle between the incident projectile and the produced in the LAB frame. Data for the production
cross sections are typically provided for the Lorentz-invariant cross section and thus the Eg. 26 should be performed
before calculating the source term.

The Lorentz-invariant cross section is not known from rst principles. The main reason for this is that the production
of hadrons from p p decay is complicated to calculate theoretically. It would involve taking into account the
fragmantation functions of quarks and integrating them consider the quark content in hadrons. Instead, the Lorentz-
invariant cross sections are typically taken to be analytical and tted to the available data. There are a few key
principles are which the analytic models are built aroud. First, at a rst approximation there is a scaling of the
pr and xg dependence of the cross section with respect to the center of mass energy. A violation of this scaling
is introduced at low and high energies. Moreover, a power okg or Xg is considered together with decreasing
exponantional factors ofpr. For example, for the antiproton production cross sections the following two are the usual
parametrizations. BcHh formulae are given for the Lorentz invariant cross section in the CM frame as a function of
the kinetic variables = s; xr, and pr. Param. | depends on 8 t parametersC= fC;:::Cgg

p_ p_ p_
W SIXRiPr = (L xr)“'exp( Caxg)  Ca(' S)“exp( Cspr) +Ce(' 5)°7exp Cgp? (26)

The pre-factBr in IS the total inelastic pp cross section. We note that this parametrization allows freedom for the
scaling with © s and pr. Especially, it includes an increasing normalization i, (s) which is determined by a separate
t to data. Param. Il depends only on 6 parameters C= fC;:::Cgg and is given by

w P Exaipr = nRC1(1  xg)“? 1+4§—(m mp) i 27)
inv S XR:PT = in 1 R Gey \MT p
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FIG. 11: Left Panel: hyperon to prompt production of antiprotons in proton proton collisions as measured by several experi-
ments. The t with a parameterization and the corresponding uncertainty band are also shown. Right Panel: Constraints on
the isospin factor derived from experimental data. Also shown is the t and the uncertainty band.
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describes the scaling violation of the cross section at Iovg S, and Xgr:min = mp:Eg‘ax . As before, i, is the total
inelastic cross section, whose form is determined to be

n = Gt * Gnizlog( §)+ cnislog?(" ),

with Cpn.1 = 30:9mB; Cn:2 = 1:74mb, andciy.3 = 0.71 mb . Finally, the last factor of Eq. (8) describes the scaling
violations at large = s. This factor contains the parameter
Ps

X = C4 |ng R
p

The scaling violation at large energies a ects the cross section parametrization in two ways. Firstly, the total
inelastic pp cross section rises and, secondly, ther shape is changed as described by the last factor.

Secondary antiprotons can be produced directly from the interactions between CRs and ISM atoms. This process
is called prompt production and involves hadronization or resonance decays. Both these processes occur at a typical
distance of the order of a few femtometer from the vertex. Therefore, via the strong force. As for the resonance
decay, the main source are the resonances. Hadronization and resonance decays are typically labeled as the prompt
production that occurs at experimentaly short range. Particle physics experiments are not able to disentangle between
hadronization and resonance decay.

It is also possible to have a secondary production of antiprotons that occurs at much larger distances from the
vertex because of weak decays of particles, i.e. after at least cm distances. The main production of antiprotons from
particle decay comes from the decay of the antihyperons and . As hyperons have a macroscopic decay length
c cm in the detector it is not obvious that the daughter antiprotons contribute to the cross section measured at
an accelerator experiment. Indeed, most present collider experiments apply a feed-down correction to their data, i.e.
they use precision tracking techniques to reject antiprotons from hyperon decay. The situation is further complicated
by the fact that older experimental data from the 1970s and 80s do not contain such a feed-down correction and,
hence, a comparison is not straightforward. In the left panel of Fig. 11 we show the relative contribution from hyperon
decay with respect to the prompt one as found in Ref. [17]. Hyperon contribution increases with energy and can be
as small as 30% and reach about 60% at high-energies.

About half of the antiprotons in CRs stem from the decay of long-lived antineutrons. Due to the lack of experimental
data on antineutron production this contribution can only be estimated from symmetry arguments. While in older
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CR studies equal production of antiprotons and antineutrons was assumed [18], a possible asymmetry was considered,
e.g. in Ref. [19]. Such an asymmetry follows from underlying isospin e ects. Proton and neutron can be identi ed
as doublet under an SU(2) isospin group. Baryon number conservation dictates pair production of baryons, either
as pn; pp;nn or np. The asymmetric pairs pn and np carry opposite isospin. Quantum number conservation in the
microscopic processes may then lead to a preferred production of eithgm or np depending on the isospin of the
colliding particles. D

In [20] proton proton and neutron proton scattering data at a collision energy ™ s = 17:2 GeV were compared.
It was found a higher antiproton multiplicity with neutron compared to proton projectiles. This suggests that - at
this energy - np nal states are preferred over pn nal states in the case of proton projectiles and vice versa for
neutron projectiles. Isospin e ects disappear at higher energies due to very e cient charge exchange reactions which
interconvert protons and neutrons. This argument is supported by measurements of the antiproton-to-proton ratio
at midrapidity. The latter is observed to approach unity in proton proton collisions at LHC energies implying equal
production of pn and np pairs. Moreover, the presence of an isospin asymmetry of the production of antineutrons with
respect to antiprotons is also suggested by the di erent multiplicies at low energies of , % and *. In particular,
at low energy there are many more positive pions produced than neutral and negative ones. This di erence reduces
going at higher energies.

The possible isospin e ects in proton proton scatterig can be modeled with the isospin factor s = fr?:fg 1
which measures the enhancement of antineutron over antiproton production. This factor has been conservatively
estimated to stay in the range s =0 0:43. In [17bthey go one step further and estimate the energy-dependence of
the isospin factor.They take s to be a function of = s, but otherwise phase-space independent. The result is shown
in the right panel of Fig. 11. We see that the isospin factor is around 10% at low energy and it becomes consistent
with O at center of mass energies above 1 TeV.

To summarize the antiproton production cross section is calculated as:

v = iv(2+ 1s+2 ); (28)

Instead, secondary positrons and electrons are not produced directly in the proton-proton (or nuclei) collisions but
rather by the decay of intermediate mesons and hadrons. In Fig. 12, we show a sketch of all the production channels
for " that are considered in this analysis. The channels that produce are the same as in Fig. 12, but all particles
have to be replaced by their antiparticles (e.g. * ! and * ! ). We neglect production or decay channels
that contribute less than 0:5% to the total positron production. One example is the production of positrons (electrons)
from the decay of antineutrons (neutrons).

The steps used for the calculations of the source term start from the production cross sections of pions and kaons.
After production, pions rst decay into muons with a branching ratio of 99.99 %, and then the muons decay into
positrons. This discussion shows that the derivation of the di erential cross section for the production of positrons is
split into two steps. First, we must model the pion production cross section and then the decays of the pion to the
positron. The positron production cross section is calculated from the pion production cross section as follow:

i (1.7 —ZdT i 1.7 yp(r 7T 29
g (TiTe )= (TiT )P iTe) (29)

dT
where T  is the kinetic energy of the pion that decays into ae with kinetic energy T, . P(T ;T ) is the
probability density function of the process which can be computed analytically. These are the main steps to determine
P(T ;Te ). We rst consider the case where the pions are in their rest frames. This simpli es signi cantly the
kinematics. Then, we perform two Lorentz transformations, rst from the rest frame to the rest frame and
then from the rest frame to the LAB frame (i.e. the rest frame of the Galaxy). Finally, we integrate over all the
possible directions of the  and all the directions of the e . This step is not necessary for the antiprotons coming
from hyperon decays because their masses are of the same order and the mesons and lepton produced have a mass
which is much smaller than those particles. Therefore, the energy of the hyperon is basically the same of the produced
antiproton.

In contrast to the pion decay, the pion production cross section cannot be derived from rst principles. It rather
has to be modeled and tted to experimental data.

In Fig. 13 we show the list of data that are typically used to model the Lorentz-invariant cross section. We can see
that most of the relevant data have been measured by NA49 and NA61. These are the experiments that reported the
data that are the most relevant for the antiproton and positron and electron cross section because a center of mass
energy between 5 and 30 GeV convers incoming proton energies of the order of the ones that produce the particles
measured by AMS-02. Moreover, the typical errors of these data is at the level of 510%. This permits to have models
for the antiproton and positron production cross section at the level of the AMS-02 data. We show the uncertainties
obtained in the source term for the promptp p channel in Fig. 14. We see that the source term of antiprotons have
an uncertainty of the order of 10% while the one of positrons between 5 8%.
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FIG. 12: This diagram represents the e" production channels from a p + p collision considered in our analysis. The same
scheme holds fore production under charge conjugation (except for the initial p+ p state). We report here only the channels
that produce at least 0.5% of the total yield (see the main text for further details).

FIG. 13: Summary of all pp data sets for the production of pions and kaons (right panel) and antiprotons (left panel) with
their available CM energies, and references.

The largest uncertainty for the production cross sections come from the interactions of heavier nuclei. We show in
Fig. 15 the contribution to the seconday antiproton source term coming from di erent CR and ISM atom elements.
We can see that thep p interactions make about 50 60%. Instead, the channels involving helium pHe, Hep
and HeHe) make 30 40% of the total. The result is similar for the e production cross sections. The current
issue is that thepHeIium related cross sections are very scarce in literature. For antiprotons there is only the LHCb
measurement at s = 110 GeV, which is quite above the relevant energies for AMS-02. Moreover, there is the possible
isospin asymmetry for the production of particles from the antineutron decays. These two elements make the nal
uncertainties for the source term of secondary antiprotons uncertain at a level of about 20 30% while the one of
positrons reach 10%.

Similar analysis have been performed also for the production cross section ofrays and neutrinos. As for rays
there are no data for the Lorentz invariant cross section. The main production mechanisms is the production of ©,
which subsequently decay into two photons. However, neutral pions are quite di cult to detect experimentally. This
explain the scarcity of data. In Ref. [23] the authors have taken multiplicity data to calibrate an average of the *
and production cross sections. This technique permitted to derive the production cross section of® and in turn
the one of rays.
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FIG. 14: Source term for the production of antiprotons (left panel) and positrons (right panel) from pp collisions and its
uncertainty induced by the cross section ts. We show for antiproton source term the result that comes from using two
di erent parametrization. We display the results obtained from di erent papers. These gures are taken from [21, 22].

IV. COSMIC RAYS
A. History of cosmic-ray detection
1. lonization of ambient air

In the late nineteenth century, the only source of radiation known by scientists was due to the natural radioactivity
generated from the ground. The biggest source of natural background radiation is airborne radon, a radioactive gas
that emanates from the ground. The rst evidence of radioactivity was discovered by Henri Becquerel. In 1896 he was
using naturally uorescent minerals to study the properties of X-rays, which had been discovered in 1895 by Wilhelm
Rentgen. The term radioactivity was actually coined by Marie Curie, who, together with her husband Pierre, began
investigating the phenomenon recently discovered by Becquerel.

Ernest Rutherford, who did many experiments studying the properties of radioactive decay, hamed these alpha,
beta, and particles, and classi ed them by their ability to penetrate matter. When the air from the chamber was
removed, the alpha source made a spot on the photographic plate. When air was added, the spot disappeared. Thus,
only a few centimeters of air were enough to stop the alpha radiation. Because alpha particles carry more electric
charge, are more massive, and move slowly compared to beta and gamma particles, they interact much more easily
with matter. Beta particles are much less massive and move faster, but are still electrically charged.

The history of cosmic rays (CRs) can be collocated at the end of 19th and the beginning of 20th centuries when
physicists got interested in the source of the constant, though weak, ionization of the ambient air caused by X-rays
and radioactive radiation. Around 1900 the study of those ionizing radiations stimulated the study of the atmospheric
electricity. The measurements of air ionization were done using a tool called electroscope, consisting of a pair of thin
gold leaves suspended from an electrical conductor that leads to the outside of an insulating container (see Fig. 16).

In particular Charles Coulomb found in 1785 that electroscopes can spontaneously discharge by the action of the
air and not by defective insulation, despite the precautions undertaken for maintenance of good isolation. In 1835
Faraday con rms the observation by Coulomb, with better insulation technology. Application of this theory to an
explanation of the dispersion of electricity phenomenon in air was the result of two German scientists working in
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FIG. 15: Channels to the total secondary antiproton source spectrum. The four dominant channels pp, pHe, Hep, and HeHe
are given individually. We group heavy CR nuclei scattering o hydrogen and helium in the ISM: CNO, NeMgSi, Fe, and
LiBeB. By heavy ISM we denote CR proton and helium scattering o the rare ISM components CNONeMgSiFe. This gure is
taken from [21].

FIG. 16: Left Image: Image of an electroscope and its functionality (taken from https://byjus.com/physics/electroscope/ ).
Right Image: Electroscope created by Theodore Wulf in 1909 [24].

Berlin: J. Elster and H. Geitel (1900). They came to the conclusion about the existence of radiation constantly
ionizing the air surrounding us. It became clear that the gradual discharge of an electroscope could be explained by
the presence of an insigni cant number of ions in air. But then, there was a pressing question about the nature of
the unknown source of ions.

In 1907 Father Theodore Wulf of the Institute of Physics of Ignatus College in Valkenburg, Holland, invented a
new electroscope, which was portable and easy to set up (see Fig. 16). He replaced gold lea ets with two thin metal
wires tensed by means of an easy quartz thread. Wulf's electroscope enabled scientists to carry the search for the
origin of mysterious radiation out of the laboratory. By noting the distance change between the wires, measured by a
microscope with an ocular micrometer of F, it was possible to judge speed of a discharge of electrometer. Over the next
two years, using this sensitive portable device gave the possibility to x changes of speed of ionization very precisely
(with errors of not more than only several ions cm 3 s ). With this device, a series of worthwhile experiments
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FIG. 17: Variation of ionization rate with altitude. Left { data of Hess in 1912 of two chambers, right { data of Kolhorster in
1913 and 1914. From [25].

were performed on the observation of ionization of air over seas, lakes and glaciers. The thought that led to these
observations was simple: if the radiation causing the discharge of the electroscope is emitted by a terrestrial surface,
it should be much less over water containing less radioactive impurity. Measurements of many scientists showed,
however, that though the speed of ionization in this case considerably decreases, it nevertheless remains equal to
several ions cm 3 s 1. In the same time, the rst attempts began to de ne how the speed of ionization changes with
height. Wulf (1910) lifted the device to the top of the Ei el tower (a height of 330 m) and found out that the speed
of ionization decreases with height much more slowly than it was expected: at the bottom of the tower it equaled to 6
ionscm 3s ! and attop { 3.5 ions cm s 1. For an explanation of the received results, Wulf saw two possibilities:
either radiation absorption in the atmosphere is much less than was estimated earlier, or iron parts of the tower
radiate, being an additional source of ionization. Unfortunately, the decrease in speed of ionization appeared to be
insigni cant; it was impossible to draw any exact conclusions.

Italian meteorologist Domenico Pacini from Rome, made systematic studies of air ionization on mountains, on the
shoreline and at sea between 1906 and 1911.

2. Balloon experiements

Balloon experiments had been widely used for studies of atmospheric electricity for more than a century and it
became evident that they might give an answer to the problem on the origin of the penetrating radiation. In 1909{1911
the Swiss meteorologist Alfred Gockel (1911) made three ights on balloons, reaching heights of 4500 m. \It is
revealed, { he wrote, { the ionization reduction, however is far not in that measure as it would be possible to expect
in the assumption of the radioactivity proceeding from the earth ground". Gockel understood that \recalculation of
observable ionization on initial pressure can give even increase in ionization with height", so he does not exclude the
possible presence of \kosmische Strahlung" (or \cosmic radiation”). However, any de nitive conclusions could not be
made.

In 1911 and 1912 Austrian physicist Victor Hess made a series of ascents in a balloon to take measurements of
radiation in the atmosphere. He was looking for the source of an ionizing radiation that registered on an electroscope
{ the prevailing theory was that the radiation came from the rocks of the Earth. The seventh and Victor Hess's most
well-known, famous ight began on August 7, 1912 at 6 o'clock 12 min in the morning about the city of Aussiga in
Austria. In the balloon's gondola, there was a pilot, the meteorologist and Victor Hess. At this time the balloon was
lled with hydrogen (earlier Victor Hess lled balloons with warmed-up air) and record at that time the height of
5350 m. At midday the balloon landed near the German city of Piskov, 50 km to the east of Berlin, having own 200
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km. As the balloon lifted to 1000m, insigni cant reduction of the ionization rate caused by absorption of radiation
of radioactive substances, which are in the earth's crust, was observed. After that, the air ionization rate started
to increase gradually with height as though the balloon came nearer to a radiation source, instead of father away
from it. In the range of heights from 4000 to 5200 m, the ionization rate became much higher than at sea level.
In the left panel of Fig. 17 we show the variation of ionization with the altitude. Hess made following sensational
conclusion: \Results of the presented observations are better can be explained by the assumption that radiation of
the big penetrating ability is coming into our atmosphere from above and even in its bottom layers makes a part of
the ionization observed in closed vessels" (Hess, 1912).

3. First Particle physics discoveries with Cosmic rays

The great importance of CRs for particle physics became clear after discovery of the rst antiparticle predicted by
the quantum electrodynamics, developed by Dirac in 1930. In the summer of 1930, Millikan and his young employee
Charles Anderson, designed in a laboratory of the Californian Institute of Technology, a Wilson's vertical chamber.
As it was supposed that the basic part of radiation comes from above, vertically ying particles should leave in
the chamber traces of bigger lengths, and it gave the chance to nd out and approximately to measure even their
insigni cant curvature. The chamber in the size 17 17 4 cm® was located between poles of a powerful magnet on
which winding the current in 2000 A was passed (the generator was necessary for production of such current almost
on 1000 horsepower).

At the maximum intensity of magnetic eld, it was possible to measure curvature of trajectories of particles in
installation with radius up to 7 m. The energy of such particles (if their weight is equal to weight of electron) makes
5000 MeV that in 250 times exceeds values of energies, accessible to measurements before. In the summer of 1931,
Anderson has received the rst results). He obtained trajectory photos of many particles in the wide energy range up
to several GeV. Besides, Anderson has noticed that approximately half of trajectories of particles in a magnetic eld
deviate in one direction, and the second half { in another. Assuming that the charged particles of CR y from top to
down, C.D. Anderson has drawn a conclusion that half of particles has a negative charge, and half { positive.

On August 2, 1932, Anderson has received a photo to which existence of a positive particle with the weight close to
weight of an electron has been proved (see Fig. 18). The direction of movement of a particle in this case was obvious,
as the trace over a plate has considerably smaller radius of curvature, than under a plate, i.e. energy of a particle has
decreased after plate passage. Therefore, the particle has come from below, and on a deviation in a magnetic eld, it
was possible to conclude that it has a positive charge. If the particle had weight of electron its energy in the beginning
was 63 MeV, and after plate passage equaled 23 MeV. If the particle was a proton, after pas- sage of a lead plate
a proton had a kinetic energy only of 0.3 MeV, and the density of ionization along its trace should be many times
more than observed. Besides, such proton would have run in the chamber gas, only 5 mm while observable length of
a trace of a particle in a photo more than 5 cm, i.e. in 10 times more.

The Nobel Prize in Physics was shared by Victor Hess, for the discovery of cosmic rays, and Carl Anderson, for the
discovery of the positron.

Muons were discovered by Carl D. Anderson and Seth Neddermeyer at Caltech in 1936 while studying cosmic
radiation. Anderson noticed particles that curved di erently from electrons and other known particles when passed
through a magnetic eld. They were negatively charged but curved less sharply than electrons, but more sharply than
protons, for particles of the same velocity. It was assumed that the magnitude of their negative electric charge was
equal to that of the electron, and so to account for the di erence in curvature, it was supposed that their mass was
greater than an electron's but smaller than a proton's. Thus Anderson initially called the new particle a mesotron,
adopting the pre x meso- from the Greek word for "mid-". The existence of the muon was con rmed in 1937 by J.

C. Street and E. C. Stevenson's cloud chamber experiment.

B. Cosmic ray spectrum, composition and propagation

The cosmic radiation incident at the top of the terrestrial atmosphere includes all stable charged particles and
nuclei with lifetimes of order 10° years, i.e. 1 Myr, or longer. Cosmic particles are typically divided into \primary"
particles, which are those particles accelerated at astrophysical sources, and \secondaries" those particles produced in
interaction of the primaries with interstellar gas atoms. Therefore electrons, protons and helium, as well as carbon,
oxygen, iron, and other nuclei synthesized in stars, are primaries. Nuclei such as lithium, beryllium, and boron (which
are not abundant end- products of stellar nucleosynthesis) as well as part of electrons and antimatter, positrons and
antiprotons and antinuclei, are mainly of secondary origin. In particular for positrons, antiprotons and antinuclei,
whether a small fraction of these particles may be primary is a question of current interest.
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FIG. 18: Anderson obtained this photo of great scienti ¢ and historical signi cance, at August 2, 1932. This photo had been
proved the existence of the rst antiparticle { positron.

At the low-energy end of the spectrum, cosmic particles are mainly produced by the Sun. In particular, the Sun is
responsible for particles emitted between a few tens of keV to a few GeV. The main process which generates particles
from the Sun below a few GeV are solar ares. Above a few GeV, instead, the cosmic radiation comes from outside the
solar system. The incoming charged particles are \modulated" by the solar wind, the expanding magnetized plasma
generated by the Sun, which decelerates and partially excludes the lower energy Galactic CRs from the inner solar
system. There is a signi cant anticorrelation between solar activity (which has an alternating eleven-year cycle) and
the intensity of the cosmic rays with rigidities below about 10 GV. In addition, the lower-energy CRs are a ected
by the geomagnetic eld, which they must penetrate to reach the top of the atmosphere. Thus the intensity of any
component of the cosmic radiation in the GeV range depends both on the location and time. We will talk more about
the solar modulation in Sec. IV M.

There are two main ways to describe the spectra of the components of the cosmic radiation.

" By particles per unit rigidity. Propagation (and probably also acceleration) through cosmic magnetic elds
depends on gyroradius or magnetic rigidity, R, which is gyroradius multiplied by the magnetic eld strength:

pc
R= - =r_B; 30
Ze L= (30)
where p is the particle momentum, Ze the electric charge, B the Galactic magnetic eld and r_ the Larmor

radius.

" By particles per energy-per-nucleon. Fragmentation of nuclei propagating through the interstellar gas depends
on energy per nucleon, since that quantity is approximately conserved when a nucleus breaks up on interaction
with the gas.

Demonstration Eq. 30
The motion of a charged particle in a magnetic eld is governed by the Lorentz force:F = qvB, where F is the
force on the particle, v is the velocity of the particle perpendicular to the magnetic eld. Here we have assumed that

the electric eld is zero. For circular motion, the Lorentz force provides the centripetal force: F = “:‘: 2, wherem
: . . P— : .
is the rest mass of the particle, is the Lorentz factor =1= 1 v2=¢ . Equating the two expressions forF:
qvB = - ® . We can simplify to solve forr, :
mv
L= MV (31)

gB



41

The relativistic momentum is given by p= mv , so:

p[GV] .
B[ Gla’

_ b _.. 6
= —=1; 1
r. B 08 10 °pc

(32)

This derivation con rms the inverse dependence ofri. on B. For example a proton with a rigidity of 1 TeV in a
Galactic magnetic eld of 1 G, the Larmor radius is approximately 10 2 pc. Therefore, given the de nition of the
de nition of the rigidity as R = pcHZe) one nds Eq. 30.

The integral intensity | (> E ) of CRs is de ned as the number of particles with energy> E crossing an unit area per
unit time and unit solid angle. Thus its units are [I]=cm 2s !sr ! while [I (E)] = GeV cm 2s lsr 1. Instead,
the (di erential) intensity | (E) and the integral intensity are connected by

z 1
I(>E)= dEQ (E9: (33)
E

The (di erential) number density of CRs is connected to the di erential intensity through the velocity v as:
4
n(E)= I (E): (34)

We show in Fig. 19 thel (E) separately for the most important elements and for primary and secondary particles.
First, one recognizes that the main component of CRs are protons, with additionally around 10% of helium and an
even smaller admixture of heavier elements.

Looking to Fig. 19 we see that the spectra above a few GeV are compatible with a power-law shapes, practically
without any spectral features. In particular, when plotting the spectra in log-log the spectra do not show particular
change of slope or other features. As we will show later, is very important to show the spectra rescaling it fdg%’ or
for secondary CRs forE 3. The total cosmic ray spectrum is:

I(E) 1.8 (E=1GeV) particles:cmzzs:sr:GeV (35)

in the energy range from a few GeV to 100 TeV with 2:7.

It is widely believed that the bulk of CRs up to about 107eV (10 GeV or 10° TeV or 100 PeV) are Galactic,
produced and accelerated by the shock waves of SuperNova Remnants (SNR) expanding shells, and that the transition
to extra-Galactic CRs occurs somewhere between 10 10'° eV. The primary CR all-particle energy spectrum (namely
the number of nuclei as a function of total energy) exceeds #8 eV showing a few basic characteristics (see Fig. 19
and 20):

a power-law behaviour E 27 until the so-called "knee", a small downwards bend around few PeV ;

a power-law behaviour E 3! beyond the knee, with a slight dip near 137eV, sometimes referred to as the
"second knee";

a transition back to a power-law E 27 (the so-called "ankle") around 10%eV;

a cuto probably due to extra-galactic CR interactions with the Cosmic Microwave Background (CMB) around
10?°eV (the Greisen-Zatsepin-Kuzmin e ect).

In particular, we see that only by rescaling properly the CR spectrum all these features are visible (see Fig. 20). All
these features are believed to carry fundamental information that sheds light on the key question of the CR origin.
In particular, understanding the origin of the \knee" is the key for a comprehensive theory of the origin of CRs up
to the highest observed energies. In fact, the knee is clearly connected with the issue of the end of the Galactic CR
spectrum and the transition from Galactic to extra-galactic CRs. If the knee is a source property we should see a
corresponding spectral feature in the -ray spectra of the CR sources. If, on the contrary, this feature is the result of
propagation, we should observe a knee that is potentially dependent on location, because the propagation properties
depend, in principle, on the position in the Galaxy. To understand the origin of the knee we need to deepen our
understanding of acceleration, escape and propagation of the relativistic particles, the main pillars that constitute
the SuperNova paradigm for the origin of the radiation. We need to identify the sources and the mechanisms able to
accelerate particles beyond PeV energies (the so-called "PeVatrons"). We need to understand how particles escape
from the sources and are released into the ISM. Finally, we need to understand how particles propagate through the
Galaxy before reaching the Earth.
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