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Outline

Cosmic rays: messengers from the Cosmos

Direct measurements: 

Space (AMS, CALET, DAMPE, ISS-CREAM)

Balloons (CREAM, HELIX)

Link to higher energies, multimessengers
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CR production, Galactic propagation
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Secondary production
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C nucleus

Nuclear collision in ISM

Be nucleus

Secondary nuclei track propagation effects:   

B/C ratio, 
10Be vs 9Be isotopes

(also antimatter production)
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CR all particle spectrum

11 orders of magnitude in energy;
31 orders of magnitude in intensity...

Trick:
Fluxes rescaled by E2

E-2.65

E-3
Knee

Ankle

The knee: 
Limit to supernova acceleration in the Milky Way?

E-2.6

The ankle: 
Transition to extragalactic sources?

Direct measurements
possible with balloons and
satellites

Indirect
techniques
(ground arrays)

Atomic nuclei (H-Fe)
but also electrons, 
antimatter, isotopes, 
ultra-heavy nuclei
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NASA/Columbia Scientific Balloon Facility (CSBF)
multi-week exposure possible in Antarctica since 1987 (up to 56 days!)

Direct measurements: balloons
(2004 CREAM LDB flight)
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Direct measurements: rockets
(2017 SpaceX12 launch of ISS-CREAM)
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AMS

Kibo
module

ISS as a science platform
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ISS-CREAM

CALET

AMS  Č

plus free flying
NUCLEON, DAMPE

ISS as a science platform
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Complex instruments!
ISS-CREAM 2017
0.24 m2sr

DAMPE 2015 
0.3 m2sr

CALET 2015 
0.12 m2sr

AMS 2011
0.82 m2sr
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Elemental abundances

Charge resolution ~0.2e (0.35 for Fe)

Ahn H.S. et al., ApJ 714, L89 (2010)

Stable nuclei produced in stellar nucleosynthesis

H and He most abundant 
(primordial)
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Ahn H.S. et al., ApJ 714, L89 (2010)

C comes from the primary 
acceleration sites, but B is 
from spallation reactionsé

B/C (3 ï30%) tracks the 
history of Galactic 
propagation (over ~15 Myrs)

Be isotopes also 
have a story to tell
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Elemental abundances

Charge resolution ~0.2e (0.35 for Fe)



S. Coutu

B/C ratio

B/C energy dependence has sensitivity to Galactic diffusion parameter ŭ;

also explains shape of the observed cosmic ray spectrum at source vs Earth.

Ahn H.S. et al., Astropart. Phys. 30, 133 (2008)
A. Oliva et al., 34 th ICRC (2015)

ŭ~ 0.6
ŭ~0.7

ŭ~0.33
E-2.65 observed at Earth might have been E-2 at the 
source, with steepening by E-ŭdue to diffusion.
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B/C ratio ïAMS late 2016

High precision achieved in the measurements now;

awaiting results from CALET, DAMPE, ISS-CREAM, 
NUCLEON;
Å could push to higher energies;
Å but shape well constrained by AMS.
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Elemental spectra

Measurements getting close to the knee;

Very high statistics at low energies (hundreds of 
GeV) from magnet spectrometers: BESS, PAMELA, 
AMS (CALET, DAMPE, ISS-CREAM coming);

Balloon experiments agree at hundreds of GeVto 
~100 TeV (ATIC, TRACER, CREAM);

Hard to see the details...

Warning! Plot vs E, E/n, R, with or
without rescaling by E3, R2.75, (E/n) 2.6, 
with or without rescaling by 10 -8 or
something... 
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Each component can be fitted to a 
single power law (CREAM only to 
avoid different systematics):

ÅH:   dN/dE ~ Eī2.66± 0.02

ÅHe: dN/dE ~ Eī2.58± 0.02

ÅC:   dN/dE ~ Eī2.61± 0.07

ÅO:   dN/dE ~ Eī2.67± 0.07

ÅNe:  dN/dE ~ Eī2.72± 0.10

ÅMg: dN/dE ~ Eī2.66± 0.08

ÅSi:   dN/dE ~ Eī2.67± 0.08

ÅFe:  dN/dE ~ Eī2.63± 0.11

He × 10ī2

C × 10ī4

O × 10ī6

Ne × 10ī8

Mg × 10ī10

Si × 10ī12

Fe × 10ī14

p  

Probably from the same source and 
acceleration mechanism. 
The components do add up to the all-
particle spectrum!

Ahn et al., ApJ 707, 593 (2009), 
Ahn et al., ApJ 715, 1400 (2010),
Yoon et al., ApJ 728, 122 (2011)
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Elemental spectra
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p vs He

CREAM measures a statistically different energy spectral 
index for the first time beyond a few TeV/nucleus:
ÅH:   dN/dE ~ Eī2.66± 0.02

ÅHe: dN/dE ~ Eī2.58± 0.02

Origin could be non-linear DSA effects in the sources:
ÅH: reverse shocks in Type II SNRs;
ÅHe: reverse shocks in Type I SNRs;
Åboth: forward shocks in all SNRs.
(Ptuskin et al., ApJ 763, 47 (2013))

Could be due to non-linear effects in CR transport through 
the Galaxy;
(Aloisio et al., arXiv:1507.00594)

Could be due to young nearby sources;
(Thoudam & Hörandel, MNRAS 435, 2532 (2013))

Yoon et al., ApJ 728, 122 (2011)

Spectral hardening at 100 ï200 GeV/n
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p vs He ïPAMELA + AMS updates

2011 PAMELA and 2015 AMS results do see p and He hardenings, but shape still to be understood

Kounine et al. 2017: 35th ICRC, Busan, South Korea
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Hardening spectra

Ahn et al., ApJ 714, L89 (2010)

CREAM heavy element spectra (2010):
ÅHe to Fe all seem to have similar spectra, same 
index as He (ī2.58± 0.02);
ÅProbably from the same source and acceleration 
mechanism.

ÅBut at the 4ů level better fit with a broken 
power law (index change at ~200 GeV/n
2.77± 0.03 Č 2.56± 0.04);


