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Multi-Messenger Astronomy
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Example: GW 170817

3The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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Binary neutron star merger GW170817 observed in gravitational waves and
electromagnetic emission.[Astrophys.J. 848 (2017) no.2, L13]

Markus Ahlers (NBI) IceCube Results July 16 & 17, 2018 slide 82[LVD, Fermi & INTEGRAL, ApJ 848 (2017) no.2, L13]
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Cosmic Rays
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• Cosmic rays (CRs) are 
energetic nuclei and (at a 
lower level) leptons. 

• Spectrum follows a power-
law over many orders of 
magnitude, indicating a 
non-thermal origin. 

• Direct observation with 
satellite and balloon-borne 
experiments up to TeV  

• Indirect observation as air 
showers above 10-100 TeV 1 103 106 109 1012
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Space-Based Detectors

AMS-02  

onboard the  

International Space 

Station (ISS)

PAMELA detector attached to Russian commercial satellite

• Spaced-based cosmic ray 
observation allows for good 
particle identification due to 
magnetic spectrometers. 

• Expensive and limited in size!

5
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larger than those in previous years, recent experiments have
yielded unprecedented observations of cosmic rays over a wide
range of energies and species. These new results address key phys-
ics of cosmic ray origin, acceleration, and propagation.

2. Searches for antimatter and dark matter

The Galactic halo may not be as empty as it appears, but rather
filled with weakly interacting massive particles (WIMPs) like the
neutralino, a dark matter candidate. When neutralinos interact
they would behave like their own antiparticle to annihilate and
produce normal particles, such as electrons and positrons. A contri-
bution from dark matter annihilation would appear as an excess
flux in the positron, antiproton, anti-deuteron, and/or gamma-ray
spectra predicted by conventional cosmic ray propagation models
(e.g. 3).

The balloon experiment with a superconducting spectrometer
(BESS) and other prior balloon payloads, like the cosmic anti-
particle ring imaging Cherenkov experiment (CAPRICE) and the
high energy antimatter telescope (HEAT), employ superconducting
magnets with a suite of particle detectors to identify antiparticles.
Being exactly the same as particles except for their opposite charge
sign, antiparticles are readily distinguished as they bend in oppo-
site directions in the magnetic field. See Fig. 2a for the BESS instru-
ment cross sectional view, which illustrates a negative particle

trajectory. Fig. 2b illustrates how well different particles are sepa-
rated in BESS. Particles with positive rigidity and positive beta are
downward moving positive particles, i.e., low mass Z = 1 particles
(electrons, muons, and pions), protons, deuterons and tritium from
the top band to the bottom. Particles with negative rigidity and po-
sitive beta are downward moving negative particles. The low mass
particle band is clear, showing no antiproton in this small sample
of data. Particles with negative beta, i.e., albedo protons and low
mass particles, are also clearly shown.

BESS had nine conventional !1-day balloon flights in Canada
and the U.S. between 1993 and 2002 with the objective of measur-
ing the spectra of light nuclei, including anti-particles. An 8–1/
2 day Antarctic flight carried out in 2004 and a 30-day flight
launched in 2007 continued the search for a possible exotic matter
signature in low-energy antiproton data. The low geomagnetic cut-
off in the polar region extended antiproton measurements to lower
energies, and the long duration flights increased the statistics sig-
nificantly. Most of the existing antiproton data come from BESS,
which has not shown any features, implying that the observed
antiprotons are secondaries produced by cosmic ray interactions
with the interstellar medium.

These magnet spectrometers simultaneously probe the exis-
tence of antimatter. Equal amounts of matter and antimatter were
produced at the beginning of the universe as described by the Big
Bang scenario, but there now seems to be only matter around us.

Fig. 1. (a) CREAM ballooncraft with the launch vehicle while a !1 MCM balloon is being inflated at the launch site, Williams field near McMurdo, Antarctica; (b) Balloon
trajectory of a 37 day flight of CREAM, which was launched on December 1, 2009 and terminated on January 8, 2010 during about 3 rounds of the South Pole.

Fig. 2a. A cross sectional view of the BESS instrument with a particle trajectory.

Fig. 2b. A scatter plot of beta vs rigidity showing bands of particles with different
charge sign, velocity and mass. Dotted curves represent particles with proton,
deuteron and tritium mass.

E.S. Seo / Astroparticle Physics 39–40 (2012) 76–87 77

Balloon-Borne Experiments
• Stratospheric balloon-borne 

experiments are more cost 
efficient and allows for 
somewhat larger payloads. 

• Limited in observation time of 
weeks per flight.

Upper TRD

Cerenkov 

Calorimeter
Silicon Det.

Lower TRD

Scintillator

10 cm

Fig. 1. A Schematic view of the CREAM instrument for the first flight.

2 CREAM Instrument and Flight

The CREAM instrument was first launched from Williams Field near Mc-
Murdo Station in Antarctica on December 16th, 2004. The payload circled the
South Pole three times in a flight which lasted nearly 42 days[7]. The mean al-
titude during the flight was 38.6km, corresponding to an average atmospheric
overburden of 3.9 g/cm2. The data for the present study were provided by a
trigger scheme designed to tag heavy nucleus events (charge Z!3). We term
these triggers “Hi-Z” events, around 15 million of these events are used in the
present analysis.

The instrument configuration used for this flight is shown schematically in
Figure 1. A much more detailed description of the instrument, along with a
discussion of calibration processes, detector performance, and general archi-
tecture is given in a recent instrument paper [8]. Here we briefly review only
those detector elements used for the Hi-Z analysis.

The detector system consists of a stack of horizontal components resting on a
solid base plate. Importantly, there is no pressure gondola shell for CREAM.
Not only does this significantly decrease the mass of the payload, it reduces
the material overburden of the instrument, limiting the probability of local
interactions of cosmic-ray nuclei. Such interactions can cause backgrounds of
secondary particles via charge-changing nuclear processes.

At the base of the detector stack is a hadronic calorimeter (CAL) which has
been described in detail elsewhere [9]. The calorimeter is designed to measure
particles at the highest energies and is not used in the present analysis. Above
the CAL is a silicon charge detector (SCD) consisting of 2912 individual pixels,
each with an area of 1.55×1.37 cm2[10]. The pixels overlap slightly to provide
full coverage over a total area of 78×79 cm2. The dynamic range of the readout
system can accommodate nuclei from Z = 1 to Z = 28. Over this range the
detectors have a remarkably linear response.

4

launch of CREAM 
balloon-borne 
experiment

flight path of 
CREAM-V 

December 1, 2009 -  
January 8, 2010

detector 
schematics
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Cosmic Ray Composition

3 Galactic cosmic rays

(Z = 21 − 25) group are much more abundant in
cosmic rays than in the solar system. We explain
this later as a propagation effect: The elements
from the Li-Be-B group are produced as secondaries in cosmic rays interactions in the Galaxy.

Figure 3.2: Abundance of elements mea-
sured in cosmic rays compared
to the solar system abun-
dance, from Ref. [5].

Second, the spectra shown in Fig. 3.1 are above
a few GeV power-laws, practically without any
spectral features. The total cosmic ray spectrum
is

I(E) ∼ 1.8E−α particles

cm2 s st GeV
(3.5)

in the energy range from a few GeV to 100 TeV
with α ≈ 2.7. Around 1015 eV (the “knee”), the
slope steepens from α ≈ 2.7 to α ≈ 3.0. The spec-
trum above 1018 eV will be discussed in Chap-
ter 6.

The power-law form of the cosmic ray spec-
trum indicates that they are produced via non-
thermal processes, in contrast to all other radi-
ation sources like e.g. stars or (super-) novae
known until the 1950’s.

Third, small differences in the exponent α of
the power-law for different elements are visible:
The relative contribution of heavy elements increases with energy.

The kinetic energy density of cosmic rays is

ρCR =
∫

dE Ekn(E) = 4π
∫

dE
Ek

v
I(E) . (3.6)

Extrapolated outside the reach of the solar wind, it is

ρCR ≈ 0.8 eV/cm3 (3.7)

compared to the average energy density ρb ≈ 100 eV/cm3 of baryons in the Universe, of star
light ρlight ≈ 5 eV/cm3 in the disc, and in magnetic fields ρmag = 0.5 eV/cm3 for B = 6µG.
If the local value of ρCR would be representative for the Universe, 1% of the energy of all
baryons would be in the form of relativistic particles. This is rather unlikely and suggests
that cosmic rays are accumulated in the Galaxy.

Solar modulations When cosmic rays enter our Solar System, they must overcome the
outward-flowing solar wind. This wind impedes and slows the incoming cosmic rays, reducing
their energy and preventing the lowest energy ones from reaching the Earth. This effect is
known as solar modulation. The Sun has an 11-year activity cycle which is reflected in the
ability of the solar wind to modulate cosmic rays. As a result, the cosmic ray intensity at
Earth is anti-correlated with the level of solar activity, i.e., when solar activity is high and
there are lots of sunspots, the cosmic ray intensity at Earth is low, and vice versa.

Since the number of cosmic rays increases with decreasing energy, most cosmic rays are not
visible to us. This suppression effect at energies below a few GeV is clearly visible in Fig. 3.3,
where the intensity of oxygen is shown for three different periods.

16

• Individual isotopes follow similar 
power-law spectra. 

• Relative abundance differs from 
solar system. 

• CR spallation on gas significant 
source of ,  & .Li Be B

7

3 30. Cosmic Rays

Figure 30.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–13] The inset shows the H/He ratio as
a function of rigidity [1, 3].

1st June, 2020 8:29am

Li-Be-B
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Cosmic Ray Air ShowersUltra-High Energy Cosmic Ray Observations

• Cosmic rays interact in the upper atmosphere

• Cascade of particle production and repeated interactions produce a shower

‹ Particle number (electrons/positrons, muons/anti-muons, gamma-rays) grows exponentially

• Observation by fluorescence light (nitrogen excitation) and by surface detectors (Cherenkov light).

Markus Ahlers (WIPAC) Particle Astrophysics Madison, April 20, 2015 slide 26

shower front

surface detectors 

(scintillators / 

water Cherenkov)

air fluorescence 
detectors

1938: Auger discovers extended  
air showers by coincident  

measurements in ground arraycosmic ray

particle cascade

8
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Example : Auger Observatory

9

Auger Observatory covering 3000 km2 with 1660 
surface detectors and 4 fluorescence detectors

water Cherenkov detector

fluorescence detector
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What is the Origin of Cosmic Rays?

10
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Highlights from 2019
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Cosmic Ray Gyration
• CR momentum and energy:  

• CR motion under Lorentz force: 

• Larmor frequency: 

• Larmor radius:

p = γmβc p0 = γmc

·p = qβ × B = p × ( qB
γmc ) = p × Ω

ΩB =
qB
γmc

=
2π
T

RL =
βc
ΩB

=
|p |c
qB

=
ℛ
B RL

FL

p

⊙ B
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Highlights from 2019
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Note: Maxwell's Equations
• We will work in Gaussian units (EM fields have same units). 

• Maxwell's equations:  

• Lorentz force: 

• Elementary charge unit: 

F = q(E +
v
c

× B)
e2

ℏc
= α ≃

1
137

∇ ⋅ B = 0
Gauss′￼s law

∇ × E = −
1
c

∂
∂t

B

Faraday′￼s law

∇ ⋅ E = 4πρ

Gauss′￼s law

∇ × B =
4π
c

j +
1
c

∂
∂t

E

Ampere′￼s law
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Highlights from 2019
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Conversion between Metric Systems
• Gaussian (G) to SI units (recall relation ): 

• Gaussian to Heaviside-Lorentz (HL) units (common in particle physics): 

• Elementary charge unit:  

• In addition, natural HL units further use . 

ϵ0μ0 = c−2

ℏ = c = 1

ρSI = 4πϵ0 ρG jSI = 4πϵ0 jG ESI =
EG

4πϵ0
BSI =

μ0

4π
BG

ρHL = 4π ρG jHL = 4π jG EHL =
EG

4π
BHL =

BG

4π

e2
G =

e2
SI

4πϵ0
=

e2
HL

4π
≃

ℏc
137
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Highlights from 2019
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Natural Units
• In natural units, the speed of light  and Planck's reduced constant  are: 

• Time, length, mass and momentum are now expressed in units of energy: 

• Conversion back to standard (SI) units can be done via the identities:  

• It is also convenient to set Boltzmann's constant  with conversion:

c ℏ

kB = 1

c = ℏ = 1

c ≃ 3 × 108 m/s ℏc ≃ 200 MeV fm

kBT
300 K

≃
1
40

eV

x̃ ≡
x

ℏc
t̃ ≡

t
ℏ

p̃ ≡ pc m̃ ≡ mc2
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Highlights from 2019
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Cosmic Ray Gyration

Pitch angle  between  and  remains constant in time. 

Path is a superposition of circular motion in the plane 
perpendicular to  and linear motion along  with velocity: 

.

α v(t) B0

B0 B0

v∥ = cos αv ≡ μv

=
v⊥

ΩB
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Highlights from 2019
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Magnetic Turbulence
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Highlights from 2019
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Resonant Scattering

=
v⊥

ΩB

k δB

Consider now a magnetic perturbation in form of a plane wave: 

δB = δBex cos(kz + α)

↑ ↑ ↑ ↑ ↑ ↑ ↑↓ ↓ ↓ ↓ ↓ ↓
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Highlights from 2019
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Resonant Scattering

=
v⊥

ΩB

k δB↑ ↑ ↑ ↑ ↑ ↑ ↑↓ ↓ ↓ ↓ ↓ ↓

The time-averaged Lorentz force  along the path 
has the strongest contribution at the resonance:  

δFL = qβ × δB

kv∥ = ± ΩB
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Highlights from 2019
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Resonant Scattering
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Highlights from 2019
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Diffusion Approximation
• Treating the effect of magnetic turbulence as a collision term with rate 

 that isotropizes the PSD, we arrive at the diffusion equation: 

• For background field the diffusion tensor can be approximated: 

• For instance, parallel diffusion in Kolmogorov turbulence: 

ν∥

B0ez

∂tn − ∂i (Kij∂jn) = 0

K ≃
β2

3

ν−1
⊥ ν−1

A 0
−ν−1

A ν−1
⊥ 0

0 0 ν−1
∥

ν⊥ ≃ ν∥ + Ω2
B/ν∥

νA ≃ ΩB + ν2
∥ /ΩB

ν∥ ∼ ΩB [ k𝒫(k)
UB0

]
kres ≃ Ω/β

∼ Ω2− 5
3

B ∼ R− 1
3

L
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Highlights from 2019
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Cosmic Ray Transport
∂ni

∂t
=

∂
∂ra [Kab

∂
∂rb

ni] (spatial diffusion)

+
∂

∂p [p2K̃
∂

∂p ( ni

p2 )] (momentum diffusion)

−
∂

∂ra
(uani) (convection)

−
∂

∂p [ ·pni −
p
3 ( ∂ua

∂ra )ni] (continuous energy loss)

−Γdec
i ni (CR decay)

−cρbgrσini (loss from CR collisions)

+cρbgr ∑
j

∫ dEj
dσj→i

dEi
nj (gain from CR collisions)

+Qi (source term)
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Galactic Cosmic Rays

22

• Standard paradigm: 
Galactic CRs accelerated 
in supernova remnants 

• diffusive shock 
acceleration: 

• rigidity-dependent escape 
from Galaxy: 

★ Cosmic-ray arrival 
directions are randomized.

[Baade & Zwicky'34] 
[Ginzburg & Sirovatskii'64]

nCR ∝ E−Γ

nCR ∝ E−Γ−δ

illustration of Milky Way 
[Credit: NASA]

CR
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Highlights from 2019
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Leaky-Box Model

1.2 Historical remarks

disc h = 300pc

✈
Sun

8 kpc

gas/CR halo

globular clusters

Figure 1.2: Schematic picture of the Milky Way with a gas and dust disc, an extended halo
of gas and cosmic rays, surrounded by globular clusters. Everything is immersed
in a halo of dark matter.

1.2 Historical remarks

1912: Victor Hess discovered on a balloon flight that ionizing radiation increases with altitude.
As he wrote “The results of the present observations are most easily explained by the
assumption that radiation with very high penetrating power enters the atmosphere from
above; even in its lower layers, this radiation produces part of the ionization observed
in closed vessels. . . Since there was neither a decrease at night or during solar eclipse,
the Sun can hardly be considered as the source. . . ” [2].

1929: Skobelzyn observed first cosmic rays with a cloud chamber. Bothe and Kolhörster
showed that the tracks are curved by a magnetic field. This proved that the observed
cosmic rays on ground are charged particles—now we know that these are mainly muons
produced as secondaries in cosmic ray interactions in the higher atmosphere.

28/29: Clay observed the “latitude effect”: The cosmic ray intensity depends on the (geomag-
netic) latitude. Bothe and Kolhörster provided first the correct interpretation of this
effect as an anisotropy induced by the magnetic field of the Earth, providing in turn
evidence that (the primary) cosmic rays are charged.

1932: Anderson discovered the positron in cosmic rays. This was just the start for a series
of new particles detected in cosmic rays: The muon 1936 again by Andersen, charged
pions in 1947, and strange particles 1947–50.

1932: Raged debate in the US about sources and primary type of the new radiation. Millikan
and Compton favored gamma rays and coined therefore the name ”cosmic rays.”

1934: The sign of the east-west asymmetry showed that the cosmic ray primaries are positively
charged particles.

34/38: Rossi and independently Auger discovered through coincidence measurements ”exten-
sive air showers,” showers of secondary particles caused by the collision of high energy
cosmic rays with air nuclei.

7

[from Kachelriess'08]

NCR ≡ ∫
Vbox

d3r nCR
·NCR ≃ −

NCR

τloss
≡ − ∫

∂Vbox

dA ⋅ K ⋅ ∇nCR
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• Abundance of Galactic CRs in the Li-Be-B group is larger than observed 
from solar system measurement. 

• Phenomenon is related to production of secondary CRs ( ) in primary 
CR ( ) collisions in background molecular gas: 

• Steady-state solution ( : 

• Secondary-to-primary ratio: 

•

Ns
Np

∂tNs = ∂tNp = 0)

Highlights from 2019

24

Secondary-To-Primary Ratio

3 Galactic cosmic rays

(Z = 21 − 25) group are much more abundant in
cosmic rays than in the solar system. We explain
this later as a propagation effect: The elements
from the Li-Be-B group are produced as secondaries in cosmic rays interactions in the Galaxy.

Figure 3.2: Abundance of elements mea-
sured in cosmic rays compared
to the solar system abun-
dance, from Ref. [5].

Second, the spectra shown in Fig. 3.1 are above
a few GeV power-laws, practically without any
spectral features. The total cosmic ray spectrum
is

I(E) ∼ 1.8E−α particles

cm2 s st GeV
(3.5)

in the energy range from a few GeV to 100 TeV
with α ≈ 2.7. Around 1015 eV (the “knee”), the
slope steepens from α ≈ 2.7 to α ≈ 3.0. The spec-
trum above 1018 eV will be discussed in Chap-
ter 6.

The power-law form of the cosmic ray spec-
trum indicates that they are produced via non-
thermal processes, in contrast to all other radi-
ation sources like e.g. stars or (super-) novae
known until the 1950’s.

Third, small differences in the exponent α of
the power-law for different elements are visible:
The relative contribution of heavy elements increases with energy.

The kinetic energy density of cosmic rays is

ρCR =
∫

dE Ekn(E) = 4π
∫

dE
Ek

v
I(E) . (3.6)

Extrapolated outside the reach of the solar wind, it is

ρCR ≈ 0.8 eV/cm3 (3.7)

compared to the average energy density ρb ≈ 100 eV/cm3 of baryons in the Universe, of star
light ρlight ≈ 5 eV/cm3 in the disc, and in magnetic fields ρmag = 0.5 eV/cm3 for B = 6µG.
If the local value of ρCR would be representative for the Universe, 1% of the energy of all
baryons would be in the form of relativistic particles. This is rather unlikely and suggests
that cosmic rays are accumulated in the Galaxy.

Solar modulations When cosmic rays enter our Solar System, they must overcome the
outward-flowing solar wind. This wind impedes and slows the incoming cosmic rays, reducing
their energy and preventing the lowest energy ones from reaching the Earth. This effect is
known as solar modulation. The Sun has an 11-year activity cycle which is reflected in the
ability of the solar wind to modulate cosmic rays. As a result, the cosmic ray intensity at
Earth is anti-correlated with the level of solar activity, i.e., when solar activity is high and
there are lots of sunspots, the cosmic ray intensity at Earth is low, and vice versa.

Since the number of cosmic rays increases with decreasing energy, most cosmic rays are not
visible to us. This suppression effect at energies below a few GeV is clearly visible in Fig. 3.3,
where the intensity of oxygen is shown for three different periods.

16

Li-Be-B

∂tNs = −
Ns

τloss
+ cρσp→sNp

Ns = τlosscρσp→sNp

Ns

Np
= τloss(E)cρσp→s ∝ E−δdiff
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and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.

Rigidity [GV]
10 210 310

∆

0.6−

0.4−

0.2−

0

0.2

FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.
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FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].
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FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333% 0.014ðfitÞ % 0.005ðsystÞ.
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Borton-To-Carbon Ratio

E−1/3
k

NB
NC

∝ τlossβnbgrσB→C

[AMS'16]
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Radioactive Isotopes
• Secondary isotopes produces in CR interactions can be unstable, e.g. 

 with a lifetime  years: 

• Steady-state solution is now: 

• Beryllium is dominated by secondary CRs, so ratio of isotopes is: 

• For  we get  years.

10Be τdecay ≃ 1.5 × 106

E ≃ 100 MeV τloss ≃ 15 × 106

∂tNs = −
Ns

τloss
−

Ns

τdecay
+ cρσp→sNp

Ns =
cρσp→s

τ−1
loss + τ−1

decay
Np

N10Be

N9Be
≃ (1 +

τloss

τdecay )
−1 σp→10Be

σp→9Be
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Be10-to-Be9 Ratio

values of L and D0xx allowable (between the dashed lines) [9] by using CR B flux measurements 
(specifically the proportion of B to C) and Be isotope measurements (specifically 10Be/9Be), as 
available prior to precision measurements of these secondary nuclear fluxes. Using GALPROP 
calculations constrained by (here putative) high-statistics measurements of the energy evolution 
of the CR B/C and 10Be/9Be ratios, the degenerate band of the available phase space can be shrunk 
appreciably to the elliptical region.  

Figure 1. Left: parameter space of available values of CR Galactic halo scale height L as a 
function of Galactic diffusion parameter D0xx. The dashed lines represent a degenerate parameter 
region [9] allowable by the measured Be and B secondary nuclei fluxes prior to high precision 
measurements by the current generation of instruments. With new high-precision measurements 
of the energy evolution of B/C and 10Be/9Be ratios, the phase space becomes constrained to a 
region such as illustrated by the ellipses. Right: mass-resolved measurements of the 10Be/9Be ratio 
as a function of energy [10], as used in producing the parameter-space band in the left-hand plot. 
Three model predictions of the rise of the ratio with energy are indicated, but are not constrained 
by the available data. 

 
Beryllium isotopes play a special role in assessing the physics of CR secondary production 

and propagation. Once generated, 9Be nuclei are stable, while 10Be will b decay with a half-life 
of 1.39 Myr. Given that the propagation times of CRs confined by Galactic magnetic fields, are 
typically on the order of 7-10 Myrs, the beryllium isotopes provide a suitable propagation clock. 
Additionally, the energy evolution of the 10Be/9Be ratio is expected to show an increase between 
1 GeV/n and 10 GeV/n, owing to Lorentz time dilation becoming significant in this energy region. 
Thus while 1 GeV/n isotopes can reach the Earth from a region largely confined to the disk of the 
Galaxy, at higher energies the Galactic halo becomes progressively more highly sampled. Fig. 1 
(right) shows mass-resolved measurements of the 10Be/9Be ratio as a function of energy [10], 
along with three model curves illustrative of the rise caused by the Lorentz time-dilated survival 
lifetime of 10Be with increasing energy, allowing the secondary isotopes to reach Earth from a 
progressively larger volume of the Milky Way’s halo. At present the available measurements do 
not constrain the models; this is the prime motivation for the HELIX program of light-isotope 
measurements.  

 
  

N10Be
N9Be

≃ (1 + τloss(E)
τdecay(E) )

−1
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Energy Budget of Galactic CRs
• Energy density of observed CRs: 

• Diffusion volume in leaky-box:  

• With  years we can estimate the required luminosity of 
Galactic CR sources: 

• Galactic core-collapse supernovae release gravitational binding energy 
at the level of . 

• Can account for  if % of  is converted to CRs.

V ≃ 10kpc × π(15kpc)2 ≃ 7000kpc3

τloss ≃ 15 × 106

Wkin ≃ 3 × 1051 erg

ℒCR 𝒪(10) Wkin

wCR = ∫ dEEnCR(E) ≃ 1
eV
cm3

ℒCR =
VωCR

τloss
≃ 5 × 1053 eV

s
≃ 7 × 1041 erg

s
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Supernovae

29

Crab Nebula (SN 1054)
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Diffusive Shock Acceleration

u∂z f
⏟

− ∂z (K∥∂z f) −
1
3

du
dz

p∂p f = Q

convection compressiondiffusion

u1 u2

upstream downstream

shock ( )z = 0

z
1 2



Markus Ahlers (NBI) ISAPP Paris-Saclay 2026

Highlights from 2019

31

Diffusive Shock Acceleration

CR injection at shock ( ):z = 0

Q(p, z) = 𝒩u1δ(p − pinj)δ(z)

u1 u2

upstream downstream

shock ( )z = 0

z
1 2
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Diffusive Shock Acceleration

Integration of diffusion equation (DE) in the shock vicinity:

[K∂z f]2
− [K∂z f]1

+
1
3

(u2 − u1)p∂p f0 + 𝒩u1δ(p − pinj) = 0

u1 u2

upstream downstream

shock ( )z = 0

z

−ϵ +ϵ

1 2
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Diffusive Shock Acceleration

In upstream region  for  , so integration of DE yields:f → 0 z → − ∞

∂z [uf − K∂z f] = 0 → [K∂z f]1
= u1 f0

u1 u2

upstream downstream

shock ( )z = 0

z
1 2
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Diffusive Shock Acceleration

In downstream region , so DE in shock vicinity becomes:∂z f = 0

f0 =
u2 − u1

3u1
p∂p f0 + 𝒩δ(p − pinj)

u1 u2

upstream downstream

shock ( )z = 0

z
1 2
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Diffusive Shock Acceleration

Solution is power-law in momentum:

f0(p) = θ(p − pinj)
γ𝒩
pinj ( p

pinj )
−γ

γ ≡
3

1 − u2/u1

u1 u2

upstream downstream

shock ( )z = 0

z
1 2
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Hadronic Emission
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cosm
ic ray

neutrino

gam
m

a ray

absorption

magnetic 
deflection

multi-
messenger

source

gravitationalwaves

Acceleration of cosmic rays (CRs) - 
especially in the aftermath of 

cataclysmic events, sometimes visible 
in gravitational waves (GW).

Secondary neutrinos and gamma-rays 
from pion decays:

cosmic ray 
nucleus

ambient 
matter

pions

(…)

⇡` Ñ µ` ` ⌫µ

ë e` ` ⌫e ` ⌫̄µ

⇡0 Ñ � ` �

Markus Ahlers (NBI) Deciphering Cosmic ⌫s with MM Astronomy March 2, 2018 slide 1

e++νe + νμ

π0 → γ + γπ+ → μ++νμ

2nd 
CRs
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Proton-Photon ( ) Interactionspγ

15 52. Plots of Cross Sections and Related Quantities

Figure 52.11: Total and elastic cross sections for »p, total cross section for À≠p, and total
hadronic cross sections for “d, “p, and ““ collisions as a function of laboratory beam momentum
and the total center-of-mass energy. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

1st June, 2020 8:30am

[Particle Data Group; pdg.lbl.gov]
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Proton-Proton ( ) Interactionspp
10 52. Plots of Cross Sections and Related Quantities

Figure 52.6: Total and elastic cross sections for pp and pp collisions as a function of laboratory
beam momentum and total center-of-mass energy. ‡el is computed using the nuclear part of the
elastic scattering amplitude [126]. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

1st June, 2020 8:30am

[Particle Data Group; pdg.lbl.gov]
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Pion Production Efficiency
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• Pion production depend on target opacity  

• Bolometric pion production efficiency (with inelasticity ): 

• Inelasticity per pion:  

• Bolometric relation of the production rates : 

• Charged-to-neutral pion ratio : 

τ = ℓσn

κ

κπ = κ /⟨Nπ⟩ ≃ 0.17 − 0.2

Q

Kπ

E2
πQπ± ≃

⟨Nπ±⟩
⟨Nπ0⟩ + ⟨Nπ±⟩ [fπE2

NQN(EN)]EN=Eπ/κπ

E2
πQπ± ≃

Kπ

1 + Kπ
[fπE2

NQN(EN)]EN=Eπ/κπ
Kπ =

⟨Nπ±⟩
⟨Nπ0⟩

= {2 pp
1 pγ

fπ = 1 − e−κτ



Markus Ahlers (NBI) ISAPP Paris-Saclay 2026

19
7 2

A
pJ

. .
 .1

77
 . 

.3
4I

K
 

354 W. L. KRAUSHAAR ET AL. Vol. 177 

Csl layers to the number initiated in the plastic layers was 10 ± 1 for the more 
frequent atmospheric events, and 10 ± 4 for the few sky events recorded during the 
brief period. We consider both values to be consistent with the conclusion that most 
of the atmospheric and the sky events were electromagnetic in nature. 

c) Celestial Distribution of Sky Events 
The celestial distribution of all of the sky events is shown on an equal-solid-angle 

projection in figure 7 together with the relative exposure as indicated by the distribu- 
tion of the random events (to avoid crowding, only one in 10 of the random events 
used in the numerical analysis is displayed). Evidently some of the nonuniformity in 
the celestial distribution of sky events merely reflects the nonuniformity of the exposure. 

Fig. 7.—Summary maps of the distributions of (a) the real and (b) one-tenth of the artificial 
events over the sky in galactic coordinates. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Orbiting Solar Observatory (OSO-3) (Clark & Kraushaar’67)

1967
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2.3. Localization

The position of each source was determined by maximizing
the likelihood starting from the seed position, using gtfindsrc.
We used gtfindsrc rather than pointlike (used in 3FGL) in order
to benefit from the full power of PSF event types introduced
in Pass 8. The gtfindsrc tool works in unbinned mode,
automatically selecting the appropriate PSF for each event as a
function of its event type and off-axis angle (the PSF broadens
at large off-axis angles). The gtfindsrc run was integrated into
the main iterative procedure (Section 2.4), starting with the
brightest sources. This ensures that the surrounding sources
were correctly represented. The main drawback is that gtfindsrc
provides only a symmetric (circular) error radius, assuming a
Gaussian distribution, not the full TS map and an ellipse as
pointlike does. There is no reason to believe that this is a
serious limitation. For example, in 3FGL the average ratio
between the two axes of the error ellipses was 1.20, so most
ellipses were close to circular. At higher energies (1FHL) this
ratio was even smaller, 1.12.

The systematic uncertainties associated with localization
were not calibrated on 3FHL itself, but on the larger (and more
precise) preliminary source list derived from an analysis over
all energies greater than 100MeV. The absolute precision at the
95% confidence level was found to be 0°.0075 (it was 0°.005 in
3FGL, but the statistical precision on localization was not
good enough to constrain the absolute precision well). The
systematic factor was found to be 1.05, as in 3FGL. We
checked that the 3FHL localizations were consistent with the
same values. Consequently, we multiplied all error estimates by
1.05 and added 0°.0075 in quadrature.

2.4. Significance and Spectral Characterization

The framework for this stage of the analysis was inherited
from the 3FGL catalog analysis pipeline (Acero et al. 2015). It
splits the sky into regions of interest (RoIs), each with typically

half a dozen sources whose parameters are simultaneously
optimized. The global best fit is reached iteratively, by
including sources in the outer parts of the RoI from the
neighboring RoIs at the previous step. Above 10 GeV the PSF
is narrow, so the cross-talk is small and the iteration converges
rapidly. The diffuse emission model had exactly one free
normalization parameter per RoI (see the Appendix for details).
We used unbinned likelihood with PSF event types over the
full energy range, neglecting energy dispersion. Extended
sources (Section 2.5) were treated just as point sources, except
for their spatial templates. Whenever possible, we applied the
new RadialDisk and RadialGaussian analytic spatial templates
for the likelihood calculation. They are not pixelized and hence
are more precise than the map-based templates used in 3FGL.
Sources were modeled by default with a power-law (PL)

spectrum (two free parameters, a normalization and a spectral
photon index). At the end of the iteration, we kept only sources
with TS> 25 with the PL model, corresponding to a
significance of just over 4σ evaluated from the χ2 distribution
with 4 degrees of freedom (position and spectral parameters,
Mattox et al. 1996). We also enforced a minimum number of
model-predicted events Npred� 4 (only two sources were
rejected because of this limit, and only two have Npred< 5).
We ended up with 1556 sources with TS> 25, including 48
extended sources.
The alternative curved LogParabola (LP) spectral shape

dN
dE

K
E
E

1
E E

0

log 0

=
a b- -⎛

⎝⎜
⎞
⎠⎟ ( )

( )

was systematically tested, and adopted when
Signif_Curve= 2 ln LP PL 3L L >( ( ) ( )) , corresp-
onding to 3-σ evidence in favor of the curved model (the
threshold was 4σ in 3FGL). Among 1556 sources, only 6 were
found to be significantly curved at the 4σ level. Lowering the
threshold to 3σ added 26 curved sources, whereas an average

Figure 1. Adaptively smoothed Fermi-LAT counts map in the 10 GeV–2 TeV band represented in Galactic coordinates and Hammer–Aitoff projection. The image has
been smoothed with a Gaussian kernel whose size was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic and the
units are counts per (0.1 deg)2 pixel.

4

The Astrophysical Journal Supplement Series, 232:18 (23pp), 2017 October Ajello et al.
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Fermi-LAT gamma-ray count map

2017
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Diffuse Galactic Gamma-Rays

diffuse gamma-rays from  

pion production

– 67 –

Fig. 17.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5 using Pass

7 clean photons. The dip between 10 and 20 GeV is greatly reduced compared to Figure 15. See

Figure 12 for legend.

– 62 –

Fig. 12.— Spectra extracted from the local region for model SSZ4R20T150C5 (top) and model
SOZ8R30T1C2 (bottom) along with the isotropic background (brown, long-dash-dotted) and the

detected sources (orange, dotted). The models are split into the three basic emission components:

⇡0-decay (red, long-dashed), IC (green, dashed), and bremsstrahlung (cyan, dash-dotted). All com-

ponents have been scaled with parameters found from the �-ray-fits. Also shown is the total DGE

(blue, long-dash-dashed) and total emission including detected sources and isotropic background

(magenta, solid). The Fermi–LAT data are shown as points and the error bars represent the sta-

tistical errors only that are in many cases smaller than the point size. The gray region represents

the systematic error in the Fermi–LAT e↵ective area. The inset skymap in the top right corner

shows the Fermi–LAT counts in the region plotted. Bottom panel shows the fractional residual

(data�model)/data.
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⇡0-decay (red, long-dashed), IC (green, dashed), and bremsstrahlung (cyan, dash-dotted). All com-

ponents have been scaled with parameters found from the �-ray-fits. Also shown is the total DGE
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the systematic error in the Fermi–LAT e↵ective area. The inset skymap in the top right corner

shows the Fermi–LAT counts in the region plotted. Bottom panel shows the fractional residual
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isotropic background (brown, long-dash-dotted), detected sources (orange, dotted), 
-decay (red, long-dashed), inverse-Compton (green, dashed) 

 & bremsstrahlung (cyan, dash-dotted)  
π0

[Fermi-LAT'12]
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Pion "Bump" in SNR Spectra

 production in CR collisions with gas: . 

-ray in the rest-frame of the pion takes . 

Kinematics of the interaction produces a break at .

π0 p + p → π0 + X

γ E*γ = mπ /2 ≃ 67.5 MeV

Eγ ≃ 200 MeV

Direct & Indirect Evidence

• direct evidence from “pion bump”
signatures [Fermi’13]

• pion production in CR-gas interactions

p + p ! p0 + other particles

• g-ray energy in rest frame of pion:

Eg =
1

2
mp0 = 67.5MeV

• kinematics of the interaction produces a
break at about Eg ' 200 MeV

• indirect evidence of Galactic CRs via
di↵use hadronic emission from the
Galaxy
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c�1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

[Fermi’13]
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Direct & Indirect Evidence

• direct evidence from “pion bump”
signatures [Fermi’13]

• pion production in CR-gas interactions

p + p ! p0 + other particles

• g-ray energy in rest frame of pion:

Eg =
1

2
mp0 = 67.5MeV

• kinematics of the interaction produces a
break at about Eg ' 200 MeV

• indirect evidence of Galactic CRs via
di↵use hadronic emission from the
Galaxy
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c�1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

[Fermi’13]
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pion-bump feature in -ray spectra  

of Galactic supernova remnants
γ

[Fermi-LAT'13]
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• Neutrino emission from charged pion decay: 

• Gamma-ray emission from neutral pion decay: 

• Multi-messenger relation between neutrino and -ray emission: 

• Note: Observable -ray emission is attenuated in sources and, in particular, 
in extragalactic background radiation.

γ

γ

π0 → γ + γ

Gamma-Ray vs. Neutrinos

44
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