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What did we learn so far?

1) Dark matter is out there!

2) A good DM candidate is a massive, 
neutral, cold (or not too warm),  
stable (or very long-lived), feebly 
interacting particle (both with itself 
and with ordinary matter). No SM 
particle can fulfill these requirements.

3) The WIMP paradigm is a widely 
studied framework. WIMPs are 
expected to annihilate into standard 
model particles
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• We have a flux of standard model particles from outer space 
carrying very high energies: we call them cosmic rays (CRs)

• We also have a significant gamma-ray emission from our Galaxy 
and other galaxies, mostly originating from CR interactions

• How to disentangle this emission from  a DM signal?
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CR discoveryCR discovery
Domenico Pacini (1910)

Victor Hess (1912)

Domenico Pacini 
(1910)
observed a 
decrease of the 
ionization level in 
the water with 
increasing depth

Victor Hess 
(1912)
observed an 
increase of the 
ionization level in 
the atmosphere 
with increasing 
height
(similar studies by 
Theodor Wulf in 
1910, on the Eiffel 
tower)

Let’s learn more about CRs! Flash of history



5

  

Some reasons why CR physics is important

At the beginning of 20th century many new particles were 
discovered looking at CRs: e.g. positron (1932), muon (1936), 
pion (1947). 

These particles are produced by 
the interactions of CRs with the 
atmosphere and were detected 
at ground level.

  

How CRs are measuredHow CRs are measured

Low and 
intermediate 
energies (from 
GeV to TeV): the 
flux is large, 
experiments are 
in space.

AMS experiment 
mounted on the 
ISS

Low energy (GeV-TeV):
Large fluxes
1 particle/m2/s @100 GeV
mostly measured by
balloon-borne and 
space-based 
experiments

High energy (TeV and beyond):
Low fluxes
1 particle/km2/y @1018 eV
Ground-based experiments measure the air 
shower that CRs generate in the 
atmosphere

Question 1: how do 
we distinguish 
particles from 
antiparticles? can 
we do it for all 
energies?

A glimpse on detection techniques
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Cosmic rays: a (almost isotropic) 
flux of high-energy particles from 
outer space

Huge energy range, 11 decades in 
energy!

from ~1 GeV to ~10 20  eV

(remember: 1 eV = 1,6  * 10-19 J)

Largest energy ~ 50 J (like a 
baseball traveling at ~ 100 km/h)
Lorentz factor γ ~ 1011

(“Oh-my-god particle” recorded in 
1991 at Fly’s Eye CR detector)

“Non-thermal” spectrum: a power-
law in momentum

Properties of the CR flux at Earth
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• The all-particle CR 
Spectrum is roughly 
consistent with a single 
power law of slope -2.7 
spanning from GeV to 
a few PeV

Properties of the CR flux at Earth
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Zooming in: new features start to appear

• Possible signature of a 
single nearby 
accelerator?
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• The knee is a relevant 
steepening that corresponds with 
a progressive change in 
composition. 

• Below the knee: the CR 
composition is largely dominated 
by protons 

• Larger energies: the presence of 
heavier elements becomes 
important. 

• The spectral steepening observed 
above the knee corresponds to a 
reduced efficiency of Galactic CR 
sources in accelerating particles 
up to such energies.

Spectral features: The knee
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• The ankle is a hardening 
in the all-particle spectrum 
at ≈ 5000 PeV (5 EeV)

• It is believed to result from 
the emergence of the 
extra-Galactic component 
of CRs above the Galactic 
one

Question 2: how 
can we estimate the 
maximum energy 
associated to 
Galactic 
confinement?

Spectral features: The ankle
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• The ankle is a hardening 
in the all-particle spectrum 
at ≈ 5000 PeV (5 EeV)

• It is believed to result from 
the emergence of the 
extra-Galactic component 
of CRs above the Galactic 
one

Hint: 

 
RLarmor [pc] =

E[PeV ]
B[μG]

Spectral features: The ankle
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• Complicated puzzle in the region from the knee to the 
ankle. Precise location of Galactic - extra-Galactic 
transition unclear!

Zooming in on the highest energies

arXiv:1903.07713
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• 89% are protons
• 10% are He nuclei
• All nuclear species are present
• Over-abundance of Li, Be, B (by 

5-7 orders of magnitude at 1 GeV) 
with respect to Solar System 
abundances

• 1-2% are electrons

Composition



14

• A very small fraction of 
CRs are antiparticles 
(positrons and anti-
protons)

• Production channel: 
Spallation from heavier 
nuclei

• Ongoing search for 
anti-deuteron and anti-
helium

Composition
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1) Where do they come from? How do they reach these large 
energies?

2) How do they propagate in the interstellar space before reaching 
us?

• The answers are still under debate, after more than 100 years since the 
discovery!

• An interdisciplinary research field: It requires deep knowledge of particle 
physics, astrophysics, plasma physics…

The “big questions”



16

Pillar 1) The bulk of the energy of cosmic rays originates from 
Supernova Explosions in the Galactic disk (other sources may be at work)

• Measured local energy density of CRs is approximately equal to the 
other components of the ISM (magnetic field, photon field): 1 eV / cm3  

• Energy budget is compatible with energy injected by SNae

• We have a theory that explains CR acceleration at SN shocks: 
Diffusive Shock Acceleration (DSA) (other mechanisms may be at 
work as well)

The “Orthodox picture”
arXiv:1903.11584
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Pillar 2) Cosmic rays are diffusively confined within an extended, 
magnetized Galactic halo

The “Orthodox picture”
arXiv:1903.11584
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Zwicky and Baade 

  

Hot topics regarding CR accelerationHot topics regarding CR acceleration

    
As you remember from yesterday, SNRs are believed to be the sites As you remember from yesterday, SNRs are believed to be the sites 
where CR acceleration takes place.where CR acceleration takes place.
  

● The original idea of SNRs accelerating CRs is due to Zwicky and Baade (1934)

● “1st order Fermi mechanism” proposed in 1970s (Krymsky 1977, Bell 1978, 
Blandford & Ostriker 1978). It was inspired by a different previoused idea by E. 
Fermi 

● The “smoking gun” of hadronic acceleration up to TeV and PeV 
energies (TeVatrons, PeVatrons) has been one of the main topic of 
research in the latest decades!

  

Hot topics regarding CR accelerationHot topics regarding CR acceleration

    

The “smoking gun” of hadronic acceleration up to TeV and PeV The “smoking gun” of hadronic acceleration up to TeV and PeV 
energies (TeVatrons, PeVatrons) has been one of the main topic of energies (TeVatrons, PeVatrons) has been one of the main topic of 
research in the latest decades!research in the latest decades!

Many evidences of hadronic CR acceleration is actually taking place in SNRs Many evidences of hadronic CR acceleration is actually taking place in SNRs 
were collected through the years.were collected through the years.
Morlino & Caprioli 2011Morlino & Caprioli 2011 about Tycho SNR) about Tycho SNR)
Fermi-LAT collaboration paper: Fermi-LAT collaboration paper: Ackermann et al. 2013Ackermann et al. 2013

This discussion has been going on for 80 years!This discussion has been going on for 80 years!

1934

The energy supplied by all Supernova explosions in the Galaxy is enough to sustain 
the CR flux in the GeV-PeV range (with efficiency of order 1-10%)! 

question 3: how can we prove this with a rough order-of-magnitude 
estimate?

Useful numbers:  CR energy density is  ~1 eV/ cm3  —  CR residence time is ~10 
Myr —  SN rate is ~3/century in our Galaxy — Volume of the Galaxy?

1) A primer on CR acceleration



19

• SNRs are structures resulting from explosions of supernovae

• Energy released in a type II SN ~1053 erg (1046 J) (99% in neutrinos!)

• A shock (density and pressure discontinuity) expands in the interstellar 
medium: v ~ 1000 km/s in the first phase

• Typical SNR lifespan: ~10-100 kyr

Tycho SNR; d = 7500 ly; type Ia; exploded in 1572
CasA SNR; d = 10000 ly; type II; exploded in 17th century; 

last SN recorded in the Galaxy
(more recently, SN1987 in the Large Magellanic Cloud)

A primer on CR acceleration: SNRs
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• Shock front —> a discontinuity in pressure and temperature travelling in the 
interstellar medium

• Shocks behave as efficient heating machines —> a large fraction of 
incoming kinetic energy is converted into internal energy of the gas behind the 
shock front

• This mechanism was not proposed by Fermi

proposed by T.Bell (1978), 
Blandford&Ostriker (1978),  
Axford et al. (1977), 
Krymskii (1977)

Much of the pioneering work in calculating the details of first-order
Fermi acceleration in astrophysical situation was done by Prof Tony
Bell who is now in A&L in the Clarendon.

A primer on CR acceleration: DSA



21

• Charged particles interact with the shock front propagating in the 
interstellar medium

• Turbulent magnetic field —> particles are deflected in random way both 
upstream and downstream the shock

The “lucky” particles that, after the 
random deflection, go back to the 
shock, gain energy

After a while, they 
can be lost 
downstream

A primer on CR acceleration: DSA

 ΔE/E ~ 4/3 ( v1 - v2  ) = U
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Can supernova remnants accelerate protons up to PeV energies?

S. GABICI1, D. GAGGERO2, F. ZANDANEL2

1APC, Univ. Paris Diderot, CNRS/IN2P3, CEA/Irfu, Obs. de Paris, Sorbonne Paris Cité,
75013 Paris, France

2GRAPPA Institute, University of Amsterdam, 1098 XH Amsterdam, The Netherlands

Supernova remnants are believed to be the sources of galactic cosmic rays. Within this frame-
work, diffusive shock acceleration must operate in these objects and accelerate protons all the
way up to PeV energies. To do so, significant amplification of the magnetic field at the shock
is required. The goal of this paper is to investigate the capability of supernova remnants to
accelerate PeV protons. We present analytic estimates of the maximum energy of accelerated
protons under various assumptions about the field amplification at supernova remnant shocks.
We show that acceleration up to PeV energies is problematic in all the scenarios considered.
This implies that either a different (more efficient) mechanism of field amplification operates
at supernova remnant shocks, or that the sources of galactic cosmic rays in the PeV energy
range should be searched somewhere else.

1 Introduction

The Hillas criterium is very often invoked in order to estimate the maximum energy Emax of
Cosmic Rays (CRs) that can be accelerated within a given astrophysical object. For a SuperNova
Remnant (SNR) shock of radius Rs, shock velocity us and downstream magnetic field Bs, the

Hillas criterium reads 1:

Emax = ε

(

Rs

pc

)(

us
1000 km/s

)(

Bs

µG

)

TeV (1)

where ε is a parameter of order unity. A possible way to estimate the numerical value of ε has
been presented, among many others, by Ptuskin and Zirakashvili2, and is based on the fact that
the diffusion length ahead of a shock of a particle of energy E is of the order of D/us, where
D = Ec/3qBup is the Bohm diffusion coefficient upstream of the shock (q is the elementary
charge). When the diffusion length becomes comparable to some fraction (typically 5 to 10%)
of the shock radius, particles are assumed to escape. From these considerations one can then
derive Emax and by comparison with Equation 1 obtain ε ∼ 1/3. Other approaches give similar

values 1,3.
The dynamical evolution of a young SNR shock in the ejecta dominated phase can be de-

scribed by the self-similar expressions derived by Chevalier4. For a type Ia supernova, exploding
in a uniform insterstellar medium of density n, the shock radius and velocity depend on time
tkyr = t/(1000 yr) as:

Rs = 5.3

(

E2
51

Mej,!n

)1/7

t4/7kyr pc (2)

us = 3.0× 103
(

E2
51

Mej,!n

)1/7

t−3/7
kyr km/s (3)

The “lucky” particles that interact with the shock many times can reach very large 
energies:

D
us

∼
rLc
us

∼
p c Bs

us
∼ Rs

In supernova remnants, if the magnetic 
field is large enough:
 
—> CR Protons can reach energies as 
large as ~ PeV = 1015 eV

—> CR Nuclei can reach energies as 
large as Z Emax (protons)

highly turbulent because the mean random field is of the order of the mean regular
field. Moreover, since there are reversals in the orientation of the regular field, this
implies the existence of regions with negligible regular fields in which the turbulence
prevails.

Perturbative studies for low turbulence have been developed since long ago [5,
6, 7], but these analytic methods cease to be applicable for high turbulence levels,
and only recently the parallel and transverse diffusion coefficients were calculated
numerically for regimes with high turbulence [8, 9]. The aim of this work is to
provide a thorough and more systematic calculation of these coefficients, and to
parametrize the results in order to make them useful in a variety of different kinds
of applications. Moreover, we present here also a numerical evaluation of the Hall
diffusion coefficient that is responsible for the drift effects, which so far has never
been evaluated quantitatively under highly turbulent conditions. It should also be
remarked that, while in [8, 9] only the Kolmogorov spectrum of fluctuations in the
random magnetic field was considered, in this work other types of turbulence are
studied as well (namely, the Kraichnan and Bykov-Toptygin turbulence spectra,
which bracket a wide range of possible turbulence spectra).

A relativistic particle of charge Ze propagating in an uniform regular magnetic
field B0 describes a helical path characterized by a pitch angle θ and a Larmor
radius given by

rL ≡ pc

ZeB0
" E/Z

1015 eV

(

B0

µG

)−1

pc . (1)

The component of the velocity parallel to B0 is v‖ = c cos θ, while the radius of
the helical trajectory is rL sin θ. In the presence of a random magnetic field Br

with a maximum scale of turbulence Lmax, the particles scatter off the magnetic
irregularities and change their pitch angle, but not their velocity. The pitch angle
scattering proceeds mainly in resonance (i.e., the scattering is dominated by the
inhomogeneities with scales of the order of rL), and hence it is an effective mechanism
of isotropization as long as rL < Lmax. For instance, for the galactic magnetic field,
with strength B0 " few µG and maximum scale of turbulence Lmax " 100 pc, the
pitch angle scattering leads to a diffusive regime for protons with energies up to
few 1017 eV.

In general, the diffusion tensor Dij can be written as

Dij =
(

D‖ − D⊥

)

bibj + D⊥δij + DAεijkbk (2)

where b = B0/B0 is a unit vector along the regular magnetic field, δij is the Kro-
necker delta symbol, and εijk is the Levi-Civita fully antisymmetric tensor. The
symmetric terms contain the diffusion coefficients parallel and perpendicular to the
mean field, D‖ and D⊥, which describe diffusion due to small-scale turbulence, while
the antisymmetric term contains the Hall diffusion coefficient DA.

2

Maximal energy: Hillas criterion
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Evidence for CR confinement: 

1) Isotropy of the arrival direction

2) Bright diffuse emission in gamma rays at GeV-TeV energies

3) Over-Abundance of light elements such as Lithium, Beryllium, Boron

Resulting picture:

- CRs are confined for a long time (> 10 Myr) in the Galaxy
- CRs interact with the intestellar gas
- Heavier species produce lighter ones (secondaries) via spallation

Pillar 2) Cosmic-ray are diffusively confined in the 
Galactic halo
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Resulting picture:

- CRs are confined for a long time (> 10 Myr) in the Galaxy
- CRs interact with the intestellar gas
- Heavier species produce lighter ones (secondaries) via spallation

Pillar 2) Cosmic-ray are diffusively confined in the 
Galactic halo

H'

2h'
Rd'

disc 

Halo 
Particle escape 

All sources are assumed to be in the disc and are assumed to be SNRs  

which explode in the Galaxy at a rate R  per unit time 

h ~100 pc
n ~1 cm-3

4-10 kpc
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Resulting picture:

- CRs are confined for a long time (> 10 Myr) in the Galaxy
- CRs interact with the intestellar gas
- Heavier species produce lighter ones (secondaries) via spallation

Pillar 2) Cosmic-ray are diffusively confined in the 
Galactic halo

heavy CR

proton

lighter CRs
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Resulting picture:

- CRs are confined for a long time (> 10 Myr) in the Galaxy
- CRs interact with the intestellar gas
- Heavier species produce lighter ones (secondaries) via spallation

Pillar 2) Cosmic-ray are diffusively confined in the 
Galactic halo

Given the cross section and the relative abundance of 
secondaries and primaries, we can estimate that CRs 
cross a column density ~3 g/cm2
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The basic picture: Quasi linear theory of pitch angle 
scattering

Prologue: Regular and turbulent magnetic field in the Galaxy

7

varying elevation. In the constant elevation region, the
field strength is bX(rp) rp/r, where

rp = r � |z|/ tan(⇥0
X). (8)

In the region with varying elevation angle the field
strength is instead bX(rp)(rp/r)2, and the elevation angle
and rp are given by

rp=
rrcX

rcX + |z|/ tan(⇥0
X)

, (9)

⇥X(r, z)= tan�1

✓
|z|

r � rp

◆
. (10)

Altogether, the out-of-plane component has 4 free pa-
rameters: BX, ⇥0

X, r
c
X and rX.

5.2. Striated random fields

We include the possibility of striated magnetic fields
by adding a multiplicative factor to the calculation of
PI, such that when this factor is equal to unity the model
describes a purely regular field. We parametrize striated
and purely random fields as B2

stri = �B2
reg. We let the

factor be a free parameter in the large-scale GMF model.
We originally performed the analysis allowing the disk,
toroidal halo, and X-field each to have a separate amount
of striation (see appendix A). We did not find a signifi-
cant improvement in �2 using this added freedom, so for
the final parameter optimization used a single � value
for all components. This means the striated field is ev-
erywhere aligned with the local large-scale field and has
the same relative magnitude everywhere in the Galaxy.
When the striated field is aligned with the regular field,

there is an obvious degeneracy between the strength of
the striated magnetic field component and the relativis-
tic electron density: if we write the multiplicative fac-
tor as � = ↵(1 + �), we can interpret ↵ as being a
rescaling factor for the relativistic electron density, with
B2

stri = �B2
reg. The distribution of relativistic electrons

in the Galaxy is not well enough known to permit this de-
generacy to be disentangled at present. Of course, since
� � 0 it follows if � is found to be less than unity we can
conclude that ↵ < 1, and that ncre has been underesti-
mated.

5.3. Parameter Estimation

As noted in JFWE09, avoiding false �2 minima when
optimizing a model is very di�cult, and we have devoted
considerable e↵ort to exploring the very large parame-
ter space available for the model outlined in the previ-
ous section. The model optimization is done using the
PyMC package by Patil et al. (2010), and uses an adap-
tive Metropolis MCMC algorithm. To achieve good mix-
ing and convergence of the Markov chain, we continue
to sample the parameter space until the Gelman-Rubin
convergence and mixing statistic, R̂ (Gelman & Rubin
1992), satisfies the condition R̂ < 1.03 for all parame-
ters. The final Markov chain has 100k steps, and the
Monte Carlo standard error for any given optimized pa-
rameter is at least an order of magnitude less than the
estimated confidence range of the same parameter.

6. RESULTS

Figure 5. Top view of slices in the x-y-plane of the GMF model.
Top row, from left, slices at z = 10 pc and z = �10 pc. Bot-
tom row, slices at z = 1 kpc and z = �1 kpc, respectively. The
color scheme shows the magnitude of the total regular field, with
negative values if the azimuthal component is oriented clockwise.
The location of the Sun at x = �8.5 kpc is marked with a circle.
From the top panels it is clear that the magnetic field just above
and below the mid-plane are very similar, but not identical, due
to the superposition of the z-symmetric disk field component with
the z-asymmetric toroidal halo component. At |z| = 1 kpc the field
is dominated by the halo component, but still exhibits signs of the
superposition with the X-field, and even the disk field.

Figure 6. An x � z slice of the galaxy showing only the out-of-
plane “X” component. The black lines crossing the mid-plane at
±4.8 kpc traces the boundary between the outer region with con-
stant elevation angle, and the inner region with varying elevation
angle. The black arrows show the direction of the field.

6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��
confidence intervals.

6.1.1. The disk field

The best-fit field in the disk is shown in the top panel
of Figure 5. The innermost arrow refers to the molecular
ring region; consecutive arrows are positioned in spiral

Regular field:
- Galactic Plane component 
(follows spiral arms)
- Vertical X-shaped component
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6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��
confidence intervals.

6.1.1. The disk field

The best-fit field in the disk is shown in the top panel
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arXiv:1204.3662
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The basic picture: Quasi linear theory of pitch angle 
scattering

Prologue: Regular and turbulent magnetic field in the Galaxy

Turbulent field:
- Superposition of MHD waves
- Power-law power spectrum 
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The basic picture: The Quasi-Linear Theory (QLT) of 
pitch-angle scattering

Assumptions:

1) CRs scatter off magnetic inhomogeneities. The inhomogeneities are 
Alfvénic. They are isotropic and their energy density is characterized 
by a power-law spectrum as a function of the wavenumber k

2) The inhomogeneities are small, at the scale of interest, with respect  to 
the coherent large-scale magnetic field B0

- Ginzburg&Syrovatskii 
“The origin of cosmic 
rays”, 1964

- Berezinskii et al., 
“Astrophysics of 
Cosmic Rays”, 1990Recent review: P. Blasi, arXiv:1311.7346



Key results:

1) CRs diffuse mainly along the regular field

2) Resonant process: the Alfvén wavepackets that contribute to the 
process have a wavelength comparable to the gyroradius of the particle 

3) The parallel diffusion coefficient as a function of the particle rigidity can 
be written in terms of the turbulent power at the resonant scale as:

30

The basic picture: The Quasi-Linear Theory (QLT) of 
pitch-angle scattering

12 of 64

observations are typically very small compared to the size of a galaxy, and to the scale of
injection of turbulence (10-100 pc). For instance, GeV particles resonate with fluctuations with
wavelength of the order of few AU.

The resulting scattering rate can be written as [1,136,146]:

n =
p

4
kresP(kres)

B2
0/(8p)

Wg

where Wg = qB0/(gmc) is the gyration frequency and the resonant wavenumber is kres =
Wg/vk (vk is the velocity component along the coherent magnetic field B0).

Starting from this expression, it is possible to obtain a (parallel) spatial diffusion coeffi-
cient of this form:

D(p) =
v2

3Wg

B2
0/(8p)

kresP(kres)
.

It is useful to recast this expression into:

D(p) =
1
3

rLv
F (kres)

where rL = p?/qB0 is the Larmor radius of the particle and we have defined

F (k) ⌘
kP(k)

B2
0/(8p)

.

This expression shows that a larger power in magnetic fluctuations at a certain scale is
associated to a lower diffusion coefficient for the resonating particles, hence a more effective
confinement. The dependence on the Larmor radius, both direct and indirect via the resonant
wavenumber kres, and the empirical power-law dependence on wavenumber of the magnetic
turbulence spectrum observed at large scales drive a dependence of the diffusion coefficient on
particle rigidity R. Standard implementations for the Milky Way feature a diffusion coefficient
D(R) = O(1027) b (R/1 GV)1/3 cm2 s�1 in reasonable agreement with a reference estimate of
the random field at the injection scale and extrapolation down to the resonant scale.

We emphasize that the theory is typically built on an isotropic picture of turbulence.
However, the resulting process is highly anisotropic. We will elaborate more on these key
concepts in the next Section.

Diffusive confinement is certainly a key feature characterizing CR propagation. However,
all CR species interact in many different ways with the different components of the ISM, and
a variety of other processes occur during their random walk across the parent galaxy. Let us
briefly recap the most relevant ones.
• Reacceleration: This process is intimately connected to spatial diffusion. In fact, the

random walk in space is expected to be accompanied by a diffusion in momentum
space, since the scattering centers (namely, magnetic fluctuations) are not static. They are
instead in random motion themselves, with characteristic velocities of the order of the
Alfvén speed. The importance of this process hence depends on the large-scale average
of this quantity over the galaxy, and has been the subject of a long debate. We refer to
[147] for a critical look at this issue in the case of the Milky Way, in connection with the
total energy budget available in the Galaxy.

• Advection: This is a rigidity-independent process that can significantly contribute
to the vertical escape of CRs and is associated to the existence of so-called galactic
winds. This phenomenon consists in a powerful outflow that may extend for hundred of
parsecs, possibly more relevant in the inner part of galaxies, and induce a relevant mass
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It is convenient to recast the expression in this way, in terms of the 
turbulence strength at the resonant scale: 

< Δx > = DΔt
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Limitations of QLT

1) Possible important role of non-linear effects at low energy: CR self-
confinement due to Alfvén waves generated by the CRs themselves!

2) Anisotropy of the Alfvénic cascade. Most of the power is transferred to 
perpendicular scales —> the Alfvénic waves may actually be highly 
inefficient in confining CRs —> pitch-angle scattering onto 
magnetosonic modes may play the dominant role 
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and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
51]:
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where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by

2See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.
3For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX
4A technical documentation will be released during 2017.
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The main ingredient is 
spatial diffusion

⌧i, while �i is the spallation cross-section with the interstellar gas. In this paper
we do not consider these latter nuclear processes, and we postpone a detailed
description to a forthcoming publication. The CR macroscopic current ~J(~r, p) is de-
termined by the spatial di↵usion tensor Dij , as Ji = �DijrjN .

These quantities can be either inferred from independent observations (e.g. the gas
distribution, the magnetic field entering the loss term) or fitted to the data (e.g. the di↵usion
coe�cient, the Galactic wind velocity). For all of them, di↵erent parameterizations are
provided in literature and can be used to estimate the systematic uncertainty a↵ecting the
corresponding process. We therefore implement in DRAGON2 several options for the relevant
transport quantities, as extensively described in Appendix C; in most cases, the quantities
are position-dependent.

As discussed in the Introduction, one of the main novelty of our code with
respect to other existing codes is the possibility to implement inhomogeneous
transport5 (e.g., advection, momentum and spatial di↵usion).

In particular, assuming di↵usion as inhomogeneous and anisotropic has a very natural
motivation. In fact, the presence of a large scale Galactic magnetic field (GMF) clearly
breaks isotropy and introduces a preferred direction, so that charged-particle di↵usion should
be expressed in terms of a di↵usion tensor with components given by:

Dij =
�
Dk � D?

�
bibj +D?�ij + ✏ijk DAbk , (2.2)

where ~b is a unit vector along the mean (large scale) GMF. With this choice of versors,
Dk and D? are the components of the di↵usion tensor parallel and perpendicular to the
mean magnetic field and describe di↵usion due to small-scale turbulent fluctuations. The
coe�cient DA gauges the anti-symmetric component of the di↵usion tensor: It is usually
identified as the drift coe�cient since it describes a macroscopic drift orthogonal to both ~b
and the gradient of the CR density, ~rN [52, 53]. In this paper we always assume DA = 0
since the associated drifts are negligible up to ⇠PeV energies as shown, e.g., in [54].

Although the physics behind CR di↵usion is far from being understood (see e.g. [55]
for a comprehensive review), some basic aspects may however be clarified starting from
the weak-turbulence approximation where GMF random fluctuations are treated as a small
perturbation over the regular one. Under this assumption it is possible to treat analytically
the problem of resonant CR interactions with the random-phase Alfvén wavemodes. This
framework is known as quasi-linear theory (QLT) [56, 57]. The classical result for QLT gives
that di↵usion coe�cients are described by a power-law in rigidity with di↵erent slopes for
the parallel and perpendicular components (see also [58]). Moreover, these coe�cients are
spatially inhomogeneous since they are determined by local properties of the turbulent and
regular fields. In this perspective, for the di↵usion coe�cients Dk and D? we adopt several
phenomenological parameterizations as proposed in recent works based on local fluxes and
gamma-ray data (see Appendix C.8).

DRAGON2 can work either in a (2+ 1)-dimensional (2D) or in a (3+ 1)-dimensional (3D)
configuration. In the 2D case we use cylindrical coordinates defined by the radial distance r
and the height form the Galactic disk z and we assume azimuthally symmetry. For the 3D case
we consider Cartesian coordinates x, y, z. The quantities defined as function of cylindrical
coordinates are consistently mapped in Cartesian coordinates by the relation r =

p
x2 + y2.

In the next Sections, we will specify the transport equation in these two configurations.

5Not necessarily separable in a spatial and an energy term.
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Source terms: 
— supernova remnants
— pulsars?
— dark matter?

Phenomenological models
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Secondary species (further steepening):

Primary species (steepening of the spectrum):

A simple way to capture the effect of diffusion: Leaky-box model

A commonly adopted approach (inspired by QLT) is to consider a power-
law in momentum for the diffusion coefficient
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How diffusion shapes the spectrum
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Figure 1: The propagated spectra computed with our reference model of (a) protons, (b) Helium,
Carbon and Oxygen (Oxygen flux is divided by 10 for clarity) are compared with AMS-02 [36, 37]
(accounting for solar modulation) and Voyager [39] (interstellar) data. For Voyager C and O data,
data points may overlap due to measurements coming from di↵erent telescopes and modes (denoted
as TT in the reference). In (c) the B/C ratio is computed for the same model and is plotted against
AMS-02 experimental data [38]. (d) Primary and secondary e

� and e
+ spectra computed with DRAGON

accounting only for the contribution of distant SNRs and secondary production in the ISM. The red
and blue dots are AMS-02 experimental data [4, 47]. The silver band accounts for the solar modulation
h�modi = 0.54 ± 0.10, estimated according to [41, 42] for the whole period of data taking.

It should be noted that an approximate degeneracy holds between the di↵usion coef-
ficient normalization and the di↵usive-halo height-scale H since the CR escape time, hence
the secondary/primary ratio, only depends on the ratio D0/H. In this paper we use H = 4
kpc. We notice that a di↵erent choice of H within a wide range of allowed values has no
significant e↵ect on the electron spectrum and may a↵ect the positron spectrum only below
⇠ 10 GeV (see Figure 4 in [48]) with no impact on the results of this analysis.

Similarly to the results reported in [49], and — more recently — in [50, 51], the B/C
ratio is nicely matched for a value of � close to 0.45. Performing a statistical analysis aimed
at the determination of the uncertainties in the propagation parameters, involving the full
set of secondary/primary ratios, is beyond the aims of this work. We mention however that
varying the main parameters in the small allowed ranges found in [51] would have no relevant
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Now let’s go back to Dark Matter searches…
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Looking for anomalies in charged CR flux
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We can look at the “anomalies” in charged particles, in order to search a 
potential DM signal.  
Anomalies with respect to what? 
Which ones?

AMS02

Looking for anomalies in charged CR flux
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

41

POSITRONS

We can look at the “anomalies” in charged particles. Which ones?

Looking for anomalies in charged CR flux

ANTIPROTONS

arXiv:1610.03071
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We can look at the “anomalies” in charged particles. Which ones?

L ⇠ MDM· < �v > · 1

M2
DM

·
Z Rmax

d3x ⇢2NFW (r)

Hint: Compare the power injected by DM 

With the power injected by SNae into CRs (see previous exercises)

LDM ~ 1037  erg/s
LCR ~ 1041  erg/s

Looking for anomalies in charged CR flux
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…antiparticles seem a very interesting channel for DM-related 
anomalies!

Looking for anomalies in charged CR flux
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What kind of signal do we expect from DM annihilation into charged 
particles? It depends on the final state!

Exotic signals
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Figure 7: Comparison of the electron (left) and proton (center) fractions and photon

(right) fluxes produced by possible DM annihilation channels, for M = 1TeV.

is sometimes considered as favored, but we do not attach a statistical meaning to this
sentence.

Marginalizations over nuisance parameters and other statistical operations are per-
formed as described in Appendix B of [37]. We will show plots of the �

2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to �

2
< �

2
min + n

2, irrespectively of the number of data points. We will not report
the value of �2

/dof as it is a poor statistical indicator; furthermore the number of dof
is not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are e↵ectively irrelevant.

5 PAMELA positron data

We start our data analysis considering only the PAMELA e
+
/(e+ + e

�) observations (16
data points) [3].

Taking into account the DM distribution and positron propagation e↵ects in the
Galaxy, the energy spectra of the positron fraction originating from di↵erent DM an-
nihilation channels is plotted in the left panel of Fig. 7 for the DM mass M = 1 TeV.
As expected, the most energetic positrons come from the pure leptonic channels and the
softest spectra are produced in quark annihilation channels.

Fitting data as described in the previous section, Fig. 8 shows how well the possible
DM annihilations into two SM particles can fit the PAMELA positron excess. Fig. 9
shows the boost factor Be (with respect to the cross section suggested by cosmology,
�v = 3 10�26 cm3

/sec) and Be · �v that best fits the PAMELA excess. We see that DM
annihilations into e, µ, ⌧,W can reasonably well reproduce the data for any DM mass,

14

What kind of signal do we expect from DM annihilation into charged 
particles? It depends on the final state!

Exotic signals
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What kind of signal do we expect from DM annihilation into gamma 
rays?

1. “Prompt” emission

2. “Secondary” emission: SM particles in the final state diffuse in 
the Galaxy and emit gamma rays (mainly due to IC and 
bremsstrahlung)

Types of gamma-ray spectra

2 photons (or Z+photon): 
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monochromatic lines
internal bremsstrahlung (FSR + VIB)
continuum from secondary decay
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

47

Case study: The antiproton anomaly. Role of CR 
physics

arXiv:1610.03071
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

An indication for a DM signal in the 
antiproton flux, compatible with the 
DM interpretation of another claim (the 
Galactic center gamma-ray GeV 
excess)?



Under debate!
Crucial role of uncertainties associated 
to:

- Cross sections
- CR propagation parameters (within 

global phenomenological models)
- Solar modulation
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Case study: The antiproton anomaly. Role of CR 
physics

AMS-02 ANTIPROTONS’ CONSISTENCY WITH A … PHYSICAL REVIEW RESEARCH 2, 023022 (2020)

FIG. 1. AMS-02 errors for p̄ data. Statistical (Stat.) and total
systematic (Tot. syst.) lines correspond to the errors provided in
Ref. [76]. Individual contributions in the systematic errors, namely
rigidity cutoff (Cutoff), selection (Sel.), template fitting (Templ.),
cross sections (XS), unfolding (Unf.), rigidity scale (Scale), and
acceptance (Acc.), built from information provided in Ref. [32] are
shown (coloured lines) before (thin) and after (thick) the rescaling
applied to match the total systematic error.

In the context of the B/C analysis, we stressed the impor-
tance of using a realistic covariance matrix of the data errors
to avoid misleading conclusions [60]. We anticipate that the
same is true for p̄’s. However, since this matrix is not directly
provided by the AMS-02 collaboration, we build it from the
published systematic errors and associated description of their
physics origin, in the same spirit as in Ref. [60].

The various contributions to the AMS-02 systematics are
broadly described in Ref. [32]. For instance page 5, the text
“[t]his [selection] uncertainty amounts to 4% at 1 GV, 0.5%
at 10 GV, and rises to 6% at 450 GV” is interpreted as a
piecewise power-law behavior, and is shown as an orange
thin line in Fig. 1. Thus, we build the seven sources of
systematics quoted by the AMS-02 collaboration (colored thin
lines), where the quadratic sum of all contributions leads to
the black thin line. In order for the sum to match the total
systematic errors provided in Ref. [32] (black thick line), we
rescale for each rigidity point our separate contributions by
the ratio of the thick to the thin black lines. This leads to our
model for the AMS-02 p̄ systematics (colored thick lines).
The covariance matrix associated with these systematics is
then built based on a choice of their correlation length, !.
More details on this procedure are given in SM Sec. III [54]
and, for the B/C analysis, in Ref. [60]. For p̄’s, we take
as educated guesses for the correlations lengths (in unit of
energy decade) !Acc. = 0.1 (acceptance), !Cut = 1.0 (rigidity
cutoff), !Scale = 4.0 (rigidity scale), !Templ. = 0.5 (template
fitting), !XS = 1.0 (cross sections), !Unf. = 1.0 (unfolding),
and !Sel. = 0.5 (selection).

III. RESULTS

The top panel of Fig. 2 shows our baseline p̄ flux prediction
(not a fit) obtained from the best-fit values for the p̄ production

(a)

(b)

(c)

FIG. 2. Comparison of p̄ model and data (a), along with residuals
and 68% total confidence interval for the model (gray) together
with the transport (blue), the parents (red), and the cross section
(green) contributions (b). The residuals of the eigenvectors of the
total covariance matrix as a function of the pseudorigidity R̃, as well
as their distribution are shown in panel (c) and in the inset.

cross sections, the transport (BIG), and the associated parents’
fluxes, compared with AMS-02 data with errors taken as
the quadratic sum of systematic and statistical errors (black
crosses). The “standard” residuals with respect to the baseline
model are displayed in the middle panel. Note that the points
do not include the model uncertainties, nor correlations in
the data uncertainties. We also show on the same plot the
68% total confidence band for the model (gray band). This
band could release the tension with the data, even before
accounting for the information on the correlations in rigidity
bins. The respective contributions of parents, cross sections,
and transport are also plotted. At tens of GV, the errors
from transport and cross sections are almost constant and
close to 10%. At larger rigidities, the errors from transport
and parents increase because of the increasing experimental
uncertainty in the B/C ratio and parent fluxes, respectively.
At low rigidity, the error from transport grows for the same
reasons and encompasses the uncertainty in the prediction of

023022-3

Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the di↵erent contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di↵erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a↵ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a↵ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �F , expressed in GV. As already mentioned in the introduction, the value taken by �F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �F vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F (analo-
gously to what done in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p

F ± 50% �p
F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6
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Case study: The positron anomaly
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Figure 1: Three examples of fits of e
+
(left), e

+ + e
�
(center), p̄ (right) data, for M =

150GeV (upper row, excluded by p̄), M = 1TeV (middle row, favored by data), M =
10TeV (lower row, disfavored by the current e

+ + e
�
excess). Galactic DM profiles and

propagation models are varied to provide the best fit. See Sec. 4 for the discussion on the

treatment of the uncertain astrophysical background.

4

arXiv:0809.2409

• Rise at high energy in the positron fraction originally discovered by PAMELA in 
2009, and subsequently confirmed by Fermi-LAT and AMS-02 collaborations, is a 
substantial deviation from the standard prediction

• Many DM scenarios were invoked: The tough challenges for model building are:
•  The large annihilation cross section required to sustain the measured positron flux
•  The strong constraints originating from other channels (gamma rays, CMB, and 

antiprotons)
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Figure 3: Fit to the positron flux for two classes of injection scenarios, where intrinsic features are
added. (a) Burst-like injection with cuto↵, (b) constant-luminosity injection with cuto↵, (c) burst-like
injection with broken power-law, (d) constant-luminosity injection with a broken power-law.

burst-like injection we consider the age and distance of the Monogem pulsar, while for the
constant-luminosity we use the age and distance of Geminga. This is in accordance to what
is shown and discussed in Appendix C, where all the high-energy nearby (within 1.3 kpc)
sources are plotted in both injection scenarios, and the dominant contribution is assessed in
both cases.

The resulting plots are shown in Figure 3, where the source terms entering each fit
function are shown inside each canvas, and the Maximum-a-Posteriori (MAP) parameters of
the fits — (i.e. the maximum values of the posterior distribution functions obtained as an
output in the fitting procedure)— are listed in Tables 2 and 3.

We notice that each of the four combinations is compatible with the positron data.
Nonetheless, comparing the numerical values on the tables, relevant physical aspects have to
be noticed:

• Even though we set a prior for the injection indices to be hard, data seem to favorite

– 13 –

arXiv:1907.03696

• However: Natural explanation in terms of nearby 
astrophysical accelerators of primary 
electron+positron pairs, e.g. pulsar wind nebulae

• Important: Gamma-ray observatories may now allow to 
identify the emission from the leptons leaving nearby 
known pulsars. A detection of a TeV halo around 
Geminga has recently been reported.
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Thank you for your attention!
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A primer on CR acceleration: Power-law spectrumThe first-order Fermi mechanism

Eventually, we get a power law spectrum:

Let’s look at Fermi acceleration more generally

I Define E = �E0 as the average energy of the particle after a
collision

I Define P as the probability that the particle remains in the
acceleration region after a collision

I After k collisions there are N = N0Pk particles with energies
E = E0�k

Relating the spectrum to energy gain and loss probability

I Eliminating k yields

ln(N/N0)

ln(E/E0)
=

lnP

ln�
(29)

)
N

N0

=

✓
E

E0

◆lnP/ ln�

(30)

I The power spectrum is then

N(E) dE / E
�1+(lnP/ ln�) dE (31)

I From second order Fermi acceleration, this means that

lnP

ln�
⌘ �(↵⌧esc)

�1 (32)
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• Two types of SNae

• SN type II are mostly distributed in the Galactic disk (scale height ~ 100 pc) 
where star formation is going on. 

(remember 1 pc = 3.26 light years)

A primer on CR acceleration: SNRs
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however, the head-on collisions dominate upon tail-on collisions and the mo-
mentum vector of the charged particle performs a random walk in momentum
space, in which the length of the vector increases on average by an amount
⇠ �E/E = (4/3)(V/c)2, where V/c is the modulus of the velocity of the
clouds in units of the speed of light. The scaling with the second power of V/c
is the reason why the mechanism is named second order Fermi mechanism. In
the ISM the role of the magnetized clouds is played by plasma waves, most no-
tably Alfvén waves, which move at speed vA = B/

p
4⇡⇢i = 2Bµni,cm�3 km/s,

where ⇢i = nimp is the mass density of ionized material. Given the smallness
of the wave velocity it is easy to understand that the role of second order Fermi
acceleration is, in general, rather limited. However the revolutionary concept
that it bears is still of the utmost importance: the electric field induced by the
motion of the magnetized cloud (or wave) may accelerate charged particles.
Given the importance of this phenomenon, not only for particle acceleration
but for propagation as well, in this section I will illustrate some basic concepts
that turn out to be useful in order to understand the behavior of a charged
particle in a background of waves.

The motion of a particle moving in an ordered magnetic field B0 = B0ẑ

conserves the component of the momentum in the ẑ direction and since the
magnetic field cannot do work on a charged particle, the modulus of the mo-
mentum is also conserved. This implies that the particle trajectory consists of a
rotation in the xy plane perpendicular to ẑ, with a frequency ⌦ = qB0/(mc�)
(gyration frequency) and a regular motion in the ẑ-direction with momentum
pz = pµ where µ is the cosine of the pitch angle of the particle (see Fig. 5).
The velocity of the particle in the three spatial dimensions can therefore be
written as:

vx(t) = v? cos (⌦t+ �) (22)

vy(t) = �v? sin (⌦t+ �) (23)

vz(t) = vk = vµ = constant, (24)

where � is an arbitrary phase and vk and v? are the parallel and perpendicular
components of the particle velocity.

Let us assume now that on top of the background magnetic field B0 there
is an oscillating magnetic field consisting of the superposition of Alfvén waves
polarized linearly along the x�axis. In the reference frame of the waves (vA ⌧
c) the electric field vanishes and one can write the individual Fourier modes
as

�B = �Bx̂ sin(kz � !t) ⇡ �Bx̂ sin(kz), (25)

where the z coordinate of the particle is z = vµt. The Lorentz force on the
particle in the z� direction is

mv�
dµ

dt
= �q

c
�Bvy ! dµ

dt
= ⌦

�B

B0
(1� µ

2)1/2 sin (⌦t+ �) sin(kvµt), (26)

which can also be rewritten as
dµ

dt
=

1

2
⌦
�B

B0
(1� µ

2)1/2 {cos [(⌦ � kvµ)t+ �]� cos [(⌦ + kvµ)t+ �]} . (27)
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Fig. 5 Trajectory of a charged particle moving with a pitch angle ✓ with respect to an
ordered magnetic field B0, along the ẑ axis.

From this expression it is clear that for µ > 0 (particles moving in the positive
direction) ⌦ + kvµ > 0 and the cosine averages to zero on a long time scale.
The first cosine also averages to zero unless ⌦ = kvµ, in which case the sign
of �µ depends on cos(�) and it is random if the phase is random. The average
over the phase also vanishes, but the mean square variation of the pitch angle
does not vanish:

h�µ�µ

�t
i� = ⇡⌦

2

✓
�B

B0

◆2 (1� µ
2)

µ
�

✓
k � ⌦

vµ

◆
. (28)

The linear scaling of the square of the pitch angle cosine with time is indicative
of the di↵usive motion of the particles. The rate of scattering in pitch angle is
usually written in terms of pitch angle di↵usion coe�cient:

⌫ = h�✓�✓

�t
i� = ⇡⌦

2

✓
�B

B0

◆2 1

µ
�

✓
k � ⌦

vµ

◆
. (29)

If P (k)dk is the wave energy density in the wave number range dk at the
resonant wave number k = ⌦/vµ, the total scattering rate can be written as:

⌫ =
⇡

4

✓
kP (k)

B
2
0/8⇡

◆
⌦. (30)

The time required for the particle direction to change by �✓ ⇠ 1 is

⌧ ⇠ 1/⌫ ⇠ ⌦
�1

✓
kP (k)

B
2
0/8⇡

◆�1

(31)
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so that the spatial di↵usion coe�cient can be estimated as

D(p) =
1

3
v(v⌧) ' 1

3
v
2
⌦

�1

✓
kP (k)

B
2
0/8⇡

◆�1

=
1

3

rLv

F , (32)

where rL = v/⌦ is the Larmor radius of the particles and F =
⇣

kP (k)
B

2
0/8⇡

⌘
.

It is interesting to notice that the escape time of CRs as measured from
the B/C ratio and/or from unstable elements, namely a time of order 107

years in the energy range ⇠ 1 GeV, corresponds to require H
2
/D(p) ⇠ 107

years, where H ⇠ 3 kpc is the estimated size of the galactic halo. This implies
D ⇡ 1029cm2

s
�1, which corresponds to require �B/B ⇠ 6 ⇥ 10�4 at the

resonant wave number. A very small power in the form of Alfvén waves can
easily account for the level of di↵usion necessary to confine CRs in the Galaxy.
The requirements become even less demanding when higher energy CRs are
considered.

The simple treatment presented here should also clarify the main physical
aspects of particle scattering in the ISM, not only in terms of CR confinement
in the Galaxy, but also in terms of particle transport inside the accelerators.
Alfvén waves in proximity of a shock front can lead to a di↵usive motion of
particles on both sides of the shock surface. This apparently simple conclusion
is the physical basis of di↵usive shock acceleration, that will be discussed
in the sections below. However, it is also important to realize the numerous
limitations involved in the simple description illustrated above.

First, the perturbative nature of the formalism introduced here limits its
applicability to situations in which �B/B ⌧ 1. Second, as discussed already
by Jokipii and Parker (1969a) and Jokipii and Parker (1969b), when �B/B

becomes closer to unity, the random walk of magnetic field lines may become
the most important reason for particle transport perpendicular to the back-
ground magnetic field. The combined transport of particles as due to di↵usion
parallel to the magnetic field and perpendicular to it is not yet fully under-
stood, and in fact it is not completely clear that the overall motion can be
described as purely di↵usive. In other words, the mean square displacement
hz2i may not scale linearly with time (see for instance (Giacalone, 2013) and
references therein). The particle transport perpendicular to the background
field most likely plays a very important role in terms of confinement of CRs
in the Galaxy, especially when realistic models of the galactic magnetic field
are taken into account (DeMarco et al, 2007; E↵enberger et al, 2012).

Third, as discussed by Goldreich and Sridhar (1995), the cascade of Alfvenic
turbulence from large to small spatial scales proceeds in an anisotropic way,
so that at the resonant wavenumbers relevant for particle scattering, small
power might be left in the parallel wavenumbers. The CR transport in these
conditions might be better modeled as di↵usion in a slab plus two dimensional
turbulence and the di↵usion of particles in such turbulence can de described
by the so-called non-linear guiding center theory, first developed by Matthaeus
et al (2003). The main physical characteristic of this theory of CR transport is
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remember the question: where is the 
transition between Galactic and 
extra-Galactic CRs?

A glimpse on very high energy CRs
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20 Mpc

200 Mpc

A glimpse on very high energy CRs
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20 Mpc

200 Mpc

A glimpse on very high energy CRs


