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The Cosmic-Ray Spectrum

2



Michael Korsmeier - 2022/11/21

The Cosmic-Ray Spectrum

2

1 m−2s−1



Michael Korsmeier - 2022/11/21

The Cosmic-Ray Spectrum

2

1 m−2s−1

1 m−2y−1



Michael Korsmeier - 2022/11/21

The Cosmic-Ray Spectrum

2

1 m−2s−1

1 m−2y−1

1 km−2y−1



Michael Korsmeier - 2022/11/21

The Cosmic-Ray Spectrum

2

1 m−2s−1

1 m−2y−1

1 km−2y−1

 My expertise! 



Michael Korsmeier - 2022/11/21

Detection Strategies Today

• Modern particle detectors  
in space  
(spectrometers, calorimeters, …)


• Individual particle identification
3

https://home.cern/news/news/experiments/ams-decade-cosmic-discoveries https://physics.aps.org/articles/v9/125

• Air Shower observation  
(water-Cherenkov detectors, 
fluorescence telescopes)


• Very large energies
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Acceleration Mechanism
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• Cosmic Rays gain energy from head-on 
collisions with Alfvèn waves  
(2nd order Fermi acceleration) 

       not efficient enough⟨ ΔE
E ⟩ ∼ β2
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Observer from the shocked medium

Observer from the unshocked medium

• At every crossing of the shock front  
the CR gains energy 
(Fermi shock-acceleration)  

        explains observations⟨ ΔE
E ⟩ ∼ β →
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Acceleration Mechanism
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• Cosmic Rays gain energy from head-on 
collisions with Alfvèn waves  
(2nd order Fermi acceleration) 

       not efficient enough⟨ ΔE
E ⟩ ∼ β2

A →

• At every crossing of the shock front  
the CR gains energy 
(Fermi shock-acceleration)  

        explains observations⟨ ΔE
E ⟩ ∼ β →

• Shock fronts are observed at SNRs


• CRs accelerated by SNRs are called 
primaries 

https://solarsystem.nasa.gov



Michael Korsmeier - 2022/11/21

Primary and Secondary Cosmic Rays
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Primary and Secondary Cosmic Rays
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Sun-like Stars Heavier Stars

[Wikipedia]

• The secondaries (like Li, Be, 
and B) are not produced  
by nuclear fusion in stars


• Secondaries are produced 
during CR propagation
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Gramage
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NB

NC
=

σC→B

σinel,C − σinel,B [exp( σinel,C − σinel,B

mp
X) − 1]

Gramage
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NC = N0 exp( −
σinel,C

mp
X)

σC,inel ∼ 250 mb
σB,inel ∼ 220 mb
σC→B ∼ 80 mb

X = ℓ ⋅ ρ
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Gramage
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Phys.Rev.Lett. 117 (2016) 23, 

 


CRs traverse the Galactic disc for a few thousand times  diffusion! 

B/C ∼ 0.3 (at 10 GV)
X10 GeV ∼ 6 g/cm2

XGalactic disc ∼ 2 × 10−3 g/cm2

→
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Cosmic-Ray Clocks
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Cosmic-Ray Clocks
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Cosmic-Ray Clocks
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Cosmic-Ray Clocks
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v mp n

X + v n σ10 + 1
γτdec,10

Galactic disc

The Leaky Box Model
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Cosmic-Ray Clocks
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10Be/9Be Galactic disc
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Cosmic-Ray Clocks
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10Be/9Be

CRs spend a significant time outside the Galactic disc! 

Galactic disc
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CRs spend a significant time outside the Galactic disc! 
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Modeling Cosmic-Ray Propagation
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Modeling Cosmic-Ray Propagation

8



Michael Korsmeier - 2022/11/21

Diffusion Equation of Cosmic Rays
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CR propagation is described by diffusion equations.

We use the GALPROP code to solve them.
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Specific fit setup
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Monte Carlo Scans 
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Next to the parameters 
shown here we include 
nuisance parameters to 

consider systematic 
uncertainties for example in 

the fragmentation cross 
sections. 

[ MK, Cuoco, 2021]
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Secondary-to-Primary ratios constrain propagation
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Cosmic-Ray Clocks constrain the Halo Size

13

[ M
K,

 C
uo

co
, 2

02
1]

Best-fit DIFF.BRK

3 £ 10°1

4 £ 10°1

B
e/

B

AMS-02

B

AMS-02

B

100 101 102 103

R [GV]

°0.1

0.0

0.1

da
ta

°
m

od
el

da
ta



14

Part II 
Connection of Cosmic Rays and  Gamma-Rays
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[ arXiv: 2208.11704 ]
Fermi-LAT: Gamma-Ray Sky

Weighing the Local Interstellar Medium using Gamma Rays and Dust

Axel Widmark,1, ⇤ Michael Korsmeier,2, † and Tim Linden2, ‡

1
Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Jagtvej 128, 2200 Copenhagen N, Denmark

2
Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics, Alba Nova, 10691 Stockholm, Sweden

Cold gas forms a significant mass fraction of the Milky Way disk, but is its most uncertain baryonic com-
ponent. The density and distribution of cold gas is of critical importance for Milky Way dynamics, as well as
models of stellar and galactic evolution. Previous studies have used correlations between gas and dust to ob-
tain high-resolution measurements of cold gas, but with large normalization uncertainties. We present a novel
approach that uses Fermi-LAT �-ray data to measure the total gas density, achieving a similar precision as pre-
vious works, but with independent systematic uncertainties. Notably, our results have sufficient precision to
distinguish between the tension in current world-leading experiments.

Measuring the gas content of the Milky Way and local uni-
verse is crucial for many fields in astronomy. Cold gas is the
most uncertain baryonic component in Milky Way mass mod-
els, hampering the precision of dynamical mass measurements
of dark matter [1, 2]. It is also essential for our theoretical un-
derstanding of star and galaxy formation [3, 4].

The dominant gas species of the interstellar medium (ISM)
are atomic and molecular hydrogen (HI and H2), where es-
pecially the latter is difficult to observe directly as it lacks a
permanent electric dipole moment. CO observations are often
used as a tracer [5]. However, the CO-to-H2 ratio is uncertain
and depends on the temperature and density of their environ-
ment [6]. A significant fraction of H2 is known to be CO-dark,
but the precise amount is poorly constrained [7–10].

Gas is additionally traced by dust [11], which is typically
easier to observe and serves as a useful proxy for a galaxy’s
gas content [12–17]. Dust is also of direct physical impor-
tance for a number of complex thermal and chemical pro-
cesses of the ISM, affecting star and planet formation [18]. In
the Milky Way, the dust-to-gas ratio has been estimated using
gas observations coming from stellar sight-line UV absorp-
tion [19–21], soft X-ray scattering [22], or 21 cm emission
[23–25] (see Appendix A for further details).

In this letter, we develop a novel method for measuring
the Milky Way gas content using �-ray data from the Fermi-
LAT telescope. The diffuse �-ray flux is produced primarily
by the hadronic interactions of cosmic rays (CRs) with inter-
stellar gas. Because CR measurements (e.g., by AMS-02),
strongly constrain the local cosmic-ray density, �-ray mea-
surements can, in turn, be used to strongly constrain the gas
density. Importantly, the hadronic interactions that produce
�-ray emission are entirely agnostic as to the temperature,
spin, or ionization-state of the gas targets, making our gas den-
sity calculations highly complementary to the techniques de-
scribed above. Furthermore, we use a new dust map [26] that
was recently produced from observations by the astrometric
Gaia mission [27], and has the novel quality of being three di-
mensional and (unlike most previous studies) observed in the
optical rather than the far infra-red.

⇤ axel.widmark@nbi.ku.dk, ORCID: orcid.org/0000-0001-5686-3743
† michael.korsmeier@fysik.su.se, ORCID: orcid.org/0000-0003-3478-888X
‡ linden@fysik.su.se, ORCID: orcid.org/0000-0001-9888-0971

FIG. 1. Ratio between E(B � V ) dust reddening and gas, as deter-
mined by our �-ray analysis. The three panels depict total hydrogen
(H), and its atomic (HI) and molecular (H2) species. The inner error
bars of our results correspond to the uncertainty of our fit, while the
outer errors bars include a 10% systematic uncertainty on the �-ray
cross sections added in quadrature. Our results are consistent with
Refs. [21, 25], but in tension with Refs. [23, 24].

Figure 1, shows the results of our study, the details of which
we describe below. Our measurements of the dust-to-gas ratio
have a similar precision as previous work, but are affected by
an independent set of systematic uncertainties. Excitingly, our
results are precise enough to probe the tension between state-
of-the-art measurements. We obtain results that are consistent
with Refs. [19, 20, 22, 25], but inconsistent with Refs. [23,
24]. Furthermore, our study produces a novel and accurate
model for high-latitude diffuse �-ray emission from the Milky
Way, with many applications to studies of extragalactic �-ray
emission and extended �-ray sources.
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Sources of Gamma-Rays
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Fermi-LAT: Gamma-Ray 

• Hadronic interactions (  )


• Bremsstrahlung (  )


• Inverse Compton (  ) 


• Point sources (blazers, pulsars, SNR, … )


• Isotropic (mostly unresolved point sources)

π0 → γγ

e− + p → e−′ + γ

e− + γ → e− + γ
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Fermi-LAT: Gamma-Ray 
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• Isotropic (mostly unresolved point sources)

π0 → γγ

e− + p → e−′ + γ

e− + γ → e− + γ



 
|b | > 16∘

| l | > 60∘

[ W
id

m
ar

k,
 M

K,
 L

in
de

n,
 2

02
2]



Michael Korsmeier - 2022/11/21

Connection to Gas Maps
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Fermi-LAT: Gamma-Ray 
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Gas Tracers 
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Connection to Gas Maps
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[ Widmark, MK, Linden, 2022]
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Template Fit 
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[ Widmark, MK, Linden, 2022]
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Template Fit 
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[ Widmark, MK, Linden, 2022]
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Dust reddening  H density→ 21 cm Intensity  HI density→ CO  H2 density→

Results for the Gas Components
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[ Widmark, MK, Linden, 2022]
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[ Widmark, MK, Linden, 2022]
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Summary

Cosmic rays are provided with 
unprecedented precision by AMS-02 

Diffusion models explain spectra of  
cosmic-ray nuclei and electrons/

positrons 

We can study our local environment using 
the combination of cosmic rays and 

gamma-rays

22
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Summary
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Thank you for 
your attention!
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Why High Latitudes?
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• Focus on the local Galaxy   
reduces systematics from CRs


• Avoid Galactic point sources 


• Exclude Fermi Bubbles  

Fermi-LAT: Gamma-Ray 


