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Discovery of cosmic rays (Pacini, Hess, Kolhorster)

(April - August 1912)
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ViktorF.Hess(Wien), Uber Beobachtungen (1 91 1-1 91 3)

der durchdringenden Strahlung bei sieben
Freiballonfahrten.

Im Vorjahre habe ich bereits Gelegenheit

gehabt, zwer Ballonfahrten zur Erforschung
der durchdringenden Strahlung zu unterneh-
men; uber die erste Fahrt wurde schon auf
der Naturforscherversammlung in Karlsruhe
von mir berichtetl). Bel beiden Fahrten er-
gab sich keine wesentliche Anderung der Strah-
lung gegentber der am Erdboden beobach-
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: Hohenstrahlung

Nobel Prize 1936

- Natural
radioactivity

/

Die Ergebnisse der vorliegenden Be-
obachtungen scheinen am ehesten durch
die Annahme erklart werden zu kdnnen,
daBl eine Strahlung von sehr hoher
Durchdringungskraft von oben her in
unsere Atmosphdare eindringt, und auch
noch in deren untersten Schichten einen
Teil der in geschlossenen GefidBBen be-
obachteten Ionisation hervorruft. Die
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Cosmic rays as new energy frontier  fober mikar ﬁ
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The birth of high-energy particle physics

Movabie Fiston TR

i 1932: discovery of positron by Anderson
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1936: discovery of muon

- — — e
P e

]' T, (T | (initially mistaken as pion)
!; ‘1 N0 | Jiniocamii & by Anderson and Neddermeyer
pRlE pULAH
pmmc—T - Mcuum | : | 1947: discovery of pion by
vatve c |( = : i Lattes, Murihead, Occhialini
. : and Powell
W almosphere ol o b ‘

1911: cloud chamber by Wilson

1947 discovery of kaon,
the first strange particle, by Rochester & Butler

Lo 4 s

1951: discovery of A, e e
the first strange baryon, by Armenteros et al. B T e R e Ry T A

e
v 5 ’l'-
y S e v % o Fon wu - '
* 2 _ A .. . e - e e M 3 ’
7 CHY VRPN i e b R ST VRN T | SR Yk % oo S i,
. - - x - i SN . e . - o —_— - .
s o e 7 S iin et ;-.q‘“m-.

Fig. 1. OBSERVATION BY MRS, I. ROBERTS. PHOTOMICROGRAPH WITH COOKE X 45 ‘FLUORITE’ OBJECTIVE. JLFORD ‘NUCLEAR RESEARCH’,

BORON-LOADED (2 EMULSION. m,; IS THE PRIMARY AND 7, THE SECONDARY MESON. THE ARROWS, IN THIS AND THE FOLLOWING

PHOTOGRAPHS, INDICATE POINTS WHERE CHANGES IN DIRECTION GREATER THAN 2° OCCUR, AS OBSERVED UNDER THE MICROSCOPE. ALL
THE PHOTOGRAPHS ARE COMPLETELY UNRETOUCHED



Extensive cosmic ray showers (Auger et al. 1936)

Cascade in a cloud chamber
at 3027 m altitude (~10 GeV)

Pierre Auger

Paul Ehrenfest

o

= 0

I
|
G2:
l

MG
o

Fig. 12-1 Air-shower experiments by Auger and his collaborators in 1938
were made with the counter arrangement shown here. Counters G; and G
were placed one above the other, with their axes 22 cm apart. The third counter
G; was moved horizontally to various distances d ranging from 15 centimeters
to 75 meters.
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Coincidences per hour

0 1 | 1 ] | | | 1
0 10 20 30 40 50 60 7075

d, meters

Fig. 12-2 Air-shower data obtained by Auger with the counter arrangement
shown in Fig. 12-1. The horizontal scale gives the horizontal distance d
between counter G; and the pair of counters Gi and Gs; the vertical scale, the
number of coincidences per hour. (From a paper in Le Journal de Physique et
Le Radium, vol. 10, p. 39, 1939.)



Particle accelerator development

Cyclotron (1931)
Ernest Orlando Lawrence
(Nobel prize 1939)

Acceleration by 2kV
max. energy 80 keV
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1952: Cosmotron: 3 GeV (Brookhaven)
1954: Bevatron: 6 GeV (Berkeley)

1957: Synchrophasotron: 10 GeV (Dubna)
1960: Brookhaven AGS: 33 GeV

1967: U-70: 70 GeV (Serpukhov)




Cosmic rays of ultra-high energy — 1020 eV

VorLuME 10, NUMBER 4 PHYSICAL REVIEW LETTERS 15 FEBRUARY 1963 Cascade of secondary particles:
extensive air shower

EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 10% evT

John Linsley
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts :
(Received 10 January 1963) 20

E =1020 ¢V

15

10

Energy conservation:
1.6 GeV / charged particle,
overall estimate robust

AGASA event, E ~1.7 - 2.6 1020 eV
(AGASA, PRL 73 (1994) 3491)

aupal OMG event, E ~3.2 1020 eV
1 (Fly’s Eye, ApdJ 441 (1995) 144)

Amaterasu event, E ~2.4 1020 eV
(TA, Science 382 (2023) 903)

v
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Ultra-high-energy cosmic rays — 1020 eV

Particle on circular orbit

woll

Magnetic field

T &er, 2006)

Large Hadrc!1’ Colli (LHC

-~

27 km circumference,” h Mercury to reach 1020 eV with LHC technology

Need accelerator of size of the orbit of the planet




Fixed target vs. collider setup 1 EeV

>
5 100 PeV
o
Beam 1 Beam 2 C>U\ 10 PeVv
E 1 PeV
-
o 100 TeV
@)
@
-
<D
C 1 TeV
=
-
O 100 GeV
LLI
Egm 10 GeV
Elab ~ > —
Synchrotron energy loss Mp 1 GeV
o 63 V4 1 4 100 MeV
U() — X 1
€y P pm 10 MeV

1 MeV
Fixed target: Forward direction (beam fragmentation) covered by detectors

I l I I l I

A “Livingston plot” showing the evolution
of accelerator laboratory energy from 1930
until 2005. Energy of colliders is plotted in
terms of the laboratory energy of particles
colliding with a proton at rest to reach the
same center of mass energy.
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Colliders: Beam direction measurements very challenging (if not impossible) 1930 1950 1970 1990



Flux of cosmic rays
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Flux of cosmic rays

Flux approximately power law
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Power laws are common in nature (i)

Power laws, Pareto distributions and Zipf’s law

M. E. J. Newman

0 2 4 0 2 4
10 10 10 10 10 10
T Department of Physics and Center for the Study of Complex Systems, University of Michigan
citations ’ ’
word irequency MI 48109. U.S.A.
(d) 4 ., (f) When the probability of measuring a particular value of some quantity varies inversely as a power
10 "0.. of that value, the quantity is said to follow a power law, also known variously as Zipf’s law or the
e, Pareto distribution. Power laws appear widely in physics, biology, earth and planetary sciences,
3 ".. economics and finance, computer science, demography and the social sciences. For instance,
10 '-.. the distributions of the sizes of cities, earthquakes, solar flares, moon craters, wars and people’s
% personal fortunes all appear to follow power laws. The origin of power-law behaviour has been
5 ".. a topic of debate in the scientific community for more than a century. Here we review some of
. 10 e the empirical evidence for the existence of power-law forms and the theories proposed to explain
- o '-.. them.
1 — DG ey
6 7 0 2 4 6
10 10 10 10 10 10 2.3 4 5 6 7
books sold telephone calls received earthquake magnitude (M. Newman cond-mat/0412004)
23 » (2) 10* (h) 100 = (1)
10 ..o 5 s\
..o. 3 :
O ® 10 i )
10 . \,
: 5 10 — ..
2 ~ R 10 E ®e .
10 - : 3
1 ] .
y . . 10 |
10 T T T 1 AR ™ ’
0.01 0.1 1 10° 100 10° 10° 1 10 100

crater diameter in km peak intensity intensity



Power laws are common in nature (ii

f\-.,.. ) 10°4 . . (k)
100 \
E N 10°
10_5 ‘.‘ °

: . .

| 1 e

10° 10" 100 100 10°

net worth in US dollars name frequency population of city

FIG. 4 Cumulative distributions or “rank/frequency plots” of twelve quantities reputed to follow power laws. The distributions
were computed as described in Appendix A. Data in the shaded regions were excluded from the calculations of the exponents
in Table I. Source references for the data are given in the text. (a) Numbers of occurrences of words in the novel Moby Dick
by Hermann Melville. (b) Numbers of citations to scientific papers published in 1981, from time of publication until June
1997. (c¢) Numbers of hits on web sites by 60 000 users of the America Online Internet service for the day of 1 December 1997.
(d) Numbers of copies of bestselling books sold in the US between 1895 and 1965. (e) Number of calls received by AT&T
telephone customers in the US for a single day. (f) Magnitude of earthquakes in California between January 1910 and May 1992.
Magnitude is proportional to the logarithm of the maximum amplitude of the earthquake, and hence the distribution obeys a
power law even though the horizontal axis is linear. (g) Diameter of craters on the moon. Vertical axis is measured per square
kilometre. (h) Peak gamma-ray intensity of solar flares in counts per second, measured from Earth orbit between February
1980 and November 1989. (i) Intensity of wars from 1816 to 1980, measured as battle deaths per 10 000 of the population of the
participating countries. (j) Aggregate net worth in dollars of the richest individuals in the US in October 2003. (k) Frequency
of occurrence of family names in the US in the year 1990. (1) Populations of US cities in the year 2000.

(M. Newman cond-mat/0412004)
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Power laws are common in nature (ii

1™ ® 10 -, (k)
100 \
f .
] \\ 102
10 = . %
] ~...
minimum exponent -
quantity Tmin o 10° 10° 10’
(a) frequency of use of words 1 2.20(1) population of city
(b) number of citations to papers 100 3.04(2)
: : ties reputed to follow power laws. The distributions
(C) number of hits on web sites 1 2‘40(1) re excluded from the calculations of the exponents
(d) COpieS of books sold in the US| 2000 000 3.51(16) ers of occurrences of words in the novel Moby Dick
. shed in 1981, from time of publication until June
(e) telephone calls received 10 2-22(1) ne Internet service for the day of 1 December 1997.
- and 1965. (e) Number of calls received by AT&T
(f) magnltUde of earthquakes 3.8 3'04(4) 3 in California between January 1910 and May 1992.
(g) diameter of moon craters 0.01 314(5) the earthquake, and hence the distribution obeys a
, , , on the moon. Vertical axis is measured per square
(h) Intensity of solar flares 200 1°83(2) ond, measured from Earth orbit between February
i intensitv of wars 1. as battle deaths per 10000 of the population of the
() Y . 3 80(9) lividuals in the US in October 2003. (k) Frequency
(j) net worth of Americans $600m 2.09(4)  f US cities in the year 2000.
(k) frequency of family names 10000 1.94(1)
() population of US cities 40000 2.30(5) (M. Newman cond-mat/0412004)
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Cosmic ray flux and interaction energies

p p
—)<\\f/'/7
Equivalent c.m. energy \s,, (GeV) (/l N T
10? 10° 10* 10° 10°
‘ f\ 1019§||Hf |¢ i |*||||| f | |||*|||¢ — ||||||* T T TTIrT Center'Of'massenergy
> —
P o . HERA (y-p) Tevatron (p-p) 7 TeV 13 TeV 100 TeV
» 108 RHIC (p-p) LHC (p-p) FCC (p-p)
oA =
“ AP s
E o7 ¥
107 E * Telescope Array
m = e Pierre Auger Obs.
:; -
Q10
Lu =
% B
)
— 1015 — .tt“'
IS — 113 ,
Lo = “‘*’:ffﬁ*
O — o
D otk * ATIC = KASCADE (SIBYLL 2.1) ~,ﬂ Il
= = PROTON *  KASCADE-Grande ‘*
— ¢ RUNJOB *  Tibet ASg (SIBYLL 2.1) *
108 = = |ceTop |
: | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| [ T 1III TI L LIIIn

10" 10" 10" 10'° 10" 10'® 10" 10% 10?"
Energy (eV/particle)

P
Laboratory energy ~—m0———

/l\\

ar N



Outline of lectures

- Cosmic rays below the knee — direct measurements
- Physics of extensive air showers
- Discussion and exercises (topics to be decided)

- Cosmic rays of very high energy — indirect measurements
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National Scientific Balloon Facility

FLOAT ALTITUDE: 120,000-130,000 FEET
PAYLOAD WEIGHT: 6,000 POUNDS
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Flux at low energy

Cosmic ray particle

Remaining atmosphere
above detector (5 g/cm?)
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Geomagnetic cutoff and East-West effect

Lorentz force F; = qvB
v2 p East-VWest effect
Inertial force Frp = mR_ — VR_ Coamiy
L L Ray Y
Charge q — Ze Geomagnetic Field
Lamor radius P JE Trajectory . oy
R, = —— *
Z@B © GFY Pof§dam,N999 (MNG
Earth's magnetic field
Vicinity of poles: B = 60 uT
Equator: B= 30 uT
atmaosphere
. o g E T
Rigidit p L _ 3 (L) (HL
\sIaity R=—~— Ry =3x10 GeV 7B km Radius of curvature
Ze Ze smaller than radius of Earth
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Flux at low energy

Particles with energy
greater than cutoff energy

Remaining atmosphere
above detector (5 g/cm?)

Secondaries
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Galactic
Cosmic Rays
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Solar modulation of cosmic flux
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Solar modulation — observations

Monthly averages -- SILSO data, Royal Observatory of Belgium, Brussels
N Solar Cycle Number

HELIOSPHERE FROM VOYAGER 1. AND 2
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Neutron Monitor Data
. . X Thule, |
Bartol Research Institute, University of Delaware ule, Greenland
Monthly averages through August 2024 Newark, DE, USA
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Relative abundance (Si = 10°)

Fluxes of individual elements

Direct measurement of cosmic rays
by balloon-borne detectors or satellites

Power law also found for individual elements,
index of power law almost identical
(but important differences like p/He)

Similar to solar element abundance, but important differences

10"
—— Solar system (Lodders, ApJ 591, 1220 (2003))
109 4 Cosmic ray flux at Ej,, = 20 GeV/n
O
T ©
10 LB \f 1\16 gSi
o [N W
107~ L
103 -
F
n Te XeBa
101 - CdSn'T \;\feNdSmGdDyErYbeVVCB Pb
10_1 N By, TP CSLav va AuTlB Th
CRDB e
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Z

(Review of PDG, 2022 & 2023)
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Galaxy and galactic magnetic fields

s ' | pc=3.26ly = 3.08 10'¢ m

-

Carina-Sagittarius Arm
ey, . i

N.c.)rma Arm | halo
.
Sun Galactic
Crux-Scuttm .Arm / Ce nter
- ¢ : disk
L 2 2(')000 , t \ : : . _‘\- , A._f 300 pC ¢ )
Perseus Arm . /= : ' . 15 kpC
: ' % <- Our Solar System : < >
J0 OO' ' .
- “ = Local or Orion Arm — 2.4 kpC 8.9 kpC
(astronomy.stackexchange.com)

E uG
Coherent and turbulent magnetic fields Magnetic field not well known, Ry ~ 1PC X 1015 eV ﬁ

(of similar strength) B=3uG =30nT close to Solar System


http://astronomy.stackexchange.com

Galaxy and galactic magnetic fields

d e

o f
@@5@\ »

C 9

W»EE{@\ |

a h

Coherent and turbulent magnetic fields
(of similar strength)

| pc=3.26ly = 3.08 10'6 m

Magnetic field not well known,
B=3puG=30nT close to Solar System

Diffusion: random walk,
distance scales ~ (time)?
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Galactic and extragalactic sources

= Galactic magnetic field: ~3 uG (3.1010 T)
s (QGyroradius:

@B
B =3uG @
~ 90

<> G > o >
1 pc 1 kpc 1 Mpc
halo
105 eV 1018 eV 1021 eV
SUN Galactic
Supernova remnant Disk + Galactic halo >> galaxy / Center
¢ disk
N o
f
300 pc
b - 15 kpc
No diffusion in Galactic mag. field at very high energy 2.4 Kpe 8.5 kpc




Power needed to maintain cosmic ray flux

Assumption: entire galaxy homogeneously filled with cosmic rays

Density of particles for given flux sotropy /dQ — A

e

dN B 47 dN
dEAV ¢ dEdQdAdt

PsNR & 104zerg /s
Total cosmic ray energy @ dV
>

dN
E.. — EE.
tot / dV/ d dEdV

Kinetic energy released in SN expl

c dt

Mean escape time Tese ~ 1()761

Required power of cosmic ray sources Pire = Eiot / Tese = 104lerg / S (I erg = 0.1 p))
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Cosmic rays from supernova remnants

COSMIC RAYS FROM SUPER-NOVAE

By W. BAADE AND F. ZWICKY

MOoUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

A. Introduction.—Two important facts support the view that cosmic
rays are of extragalactic origin, if, for the moment, we disregard the
possibility that the earth may possess a very high and self-renewing
electrostatic potential with respect to interstellar space.

If interest in these questions still prevails at that future time, science will
therefore be able to test the correctness of our hypothesis some time
during the next thousand years or so, as the occurrence of a super-nova
in our own system would multiply the intensity of the cosmic rays by
a factor one thousand or more. It also seems quite possible to observe
with cosmic-ray electroscopes the flare-up of a super-nova in one of the
nearer extragalactic nebulae, as for them » = 1000 =, and

Ao = 0.01/%n? ergs/cm.? sec., (10)

where 7 is a number of the order one. It might in this connection be of
interest to follow up the causes for Regener’s* curious balloon observation

of March 29, 1933.

Observed galactic SN explosions:

1604 (Kepler)

1572 (Tycho)

| 181 (Chinese astronomers)

1054 (Crab nebula)

1006 (Chinese and Arabian records)

SN remnant 1006

> Estimates:
20 pc ~3 SN explosions / 100 yrs

Kinetic energy of ejecta: ~10°! erg

Distance ~ 2.2 kpc

PsNR & 1()4zerg /s

Kinetic energy released in SN explosions
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Diffusive shock (Fermi) acceleration




Lot
W)
~J

- FURTHER REPRODUCTION PROHIBITED st =y u u
e Fermi’s original work:
, T | — |

) gl i atinsiapet - second order acceleration

X RN X, .
Y e ety e

Particles scatter on

moving magnetic clouds

PHYSICAL REVIEW VOLUME 75, NUMBER 8 APRIL 15, 1949

— ‘ On the Origin of the Cosmic Radiation

= ENRrRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

— , — ' o . A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
! ' - [N P ol o f ' A and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-

febicdlon bt b o | I O - L Lo i metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
NN spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
- EEEEEEEEENEEEE forward way the heavy nuclei observed in the primary radiation.




Stochastic acceleration on SN shock fronts

Density

Ejecta
Compressed

gas (ISM)

Radius
4,OISM ~ Pshock
Compression ratio follows
from physics of ideal gases
(Hillas, 2008)

E,
E, - |
_D: & &— V:-al-i-az WLr J
upstream 3 downstream /

SN remnant 1006

Pcle acceleration

N

Hot compressed external gas

/

Interstellar gas

(Type Ia)

OR

Wind from exploded star,
with compressed gas shells

(Type Ib/ 1)

Hot compressed SN ejecta

33



First order Fermi acceleration

Assumption:
particles scatter elastically on turbulent mag. fields

1 1
AE = im(v—l— (U] —un))* — Emv2

~ ) (l/tl - I/tz) vertical crossing,
15 V non-relativistic shock speed

(in rest frame of shock front)

— Energy-independent relative energy gain

Factor from averaging over all angles
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Expected energy distribution

Assumption: energy-independent escape probability Pesc per cycle
Energy gain per complete cycle of crossings — = é

Energy after k cycles E = E, E_\k

Number of particles available for further acceleration

N =Ny (1 =P )

Flux of particles

N(>E)=const E~*
Numerical values depend on many details

Ideal diffusive shock acceleration yields dN/dE ~ E-2

o= —1In(1—Pes)/Ing

(see Longair’s textbook)
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Comparison to particle acceleration in heliosphere

(Mewald, AIP Cof. proc 598, 2001) soono 7L e | 1wes | aoe0 |
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Maximum particle energy

Classic acceleration by electric field

E

vVVvyyvyy

@
< » [

Astrophysical plasmas: no static electric fields (charges are free to travel)

Faraday’s law: changing magnetic fields produce electric field

L orentz transformation

Hillas criterion

U
E, max = qL;B = BsqLB

(after S. Gabici, KSETA 2024)

Epmax = qL|E]

%-E:4np:O

1 0B

V x E =
c Ot

Electric field
X B in lab. frame

— ﬁ —
E=--
C

PO WO DRl e tee 8 Lo b b,

f B U L
b E —3x 1027 = ~ eV 1
P <uG> (10001<m/ S> <p0> -
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Maximum particle energy (ofer 5. Gabicl KSETA 2024

Classic acceleration by electric field

S S I |
i
o St
{Q.”}A"

S
454 o
A
e
IR

@
< » [

Astrophysical plasmas: no static electric fields (charges are free to travel)

vVVvyyvyy

Faraday’s law: changing magnetic fields produce electric field =

Lorentz transformation —_— 1/

(Hillas, Ann. Rev. Astron. Astrophys. 1984)

Hillas criterion Ep =gl u B — Bs gLB Very general result, broad application,
’ C further restrictions apply (energy losses)
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Leaky Box model

Leaky Box

Source @

Cosmic particle

0 0

realistic density

distribution Leaky Box model

Number of particles that escape from box
proportional to number of particles in box

Sources uniformly distributed
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Effect of cosmic ray confinement in galaxy

Simplification: only one particle type considered, no energy losses
diffusion limit

(isotropic arrival direction)

A
dN(E) 1 log(Flux)
— N(E) —|— Q(E) observed flux
Assumption: equilibrium reached, flux independent of tme | e -
~~~~~ free streaming limit
1 ~~~~~~~ (anisotropy?)
0= NE)+QE) Ty ~
Tesc
>
log(E)
N(E) = Tesc Q(F)
/ Theory: ~E—
Observation: ~E-27
—0
Has to be energy-dependent! Tesc ~ £ 0~0.6...0.7
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Cross check of model with secondary elements

Interstellar medium in galaxy: ~1 atom /cm3

1B
Spallation of nuclei
_— — @
o — @
~~
12C ISM Q
Re-write in terms of grammage and add interactions ISM
0= —— ' Np—— Ng+0c 5(E)
T Mese(E) A hese (E) = Bepisy Tese (E)
1
Oc—B(E) = fcp X 5——Nc(E)
C.int

]E _ fC%B 7\B,esc (E)
NC 7‘~C,int 1 + 7‘~B,esc (E)/kB,int

Caution: here always energy per nucleon used

41



New detectors — CALET and DAMPE

CALET - Calorimetric Electron Telescope

,’."'-' - ’Q'» :
B .4

rJ Calorimetric
L7
>y Electron

{ Telescope

Launched Aug. 19,2015

Mounted at ISS
Aperture ~ 0.1 m2 sr

DAMPE - Dark Matter Particle Explorer

Launched Dec. 17,2015

Orbit at about 500 km
Aperture ~ 0.3 m2 sr

Plastic Scintillator Detector
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Abundance relative to Carbon = 100

Cross check of model with secondary elements

Total column depth traversed ~10 GeV
NB fC%B KB ,ESC (E)

—0
NC 7‘~C,1nt 1 ‘|‘7¥B esc( )/7‘«B int 7Lesc(E) ~ FE X NSg/sz
2
M~ 1g/cm
Old data inconclusive 0,30
. L ! ! oo ! ! oo ! ! L
Nuclear abundance: cosmic rays compared to solar system o 1 Og SAMS ~ O 3 3
I I I I I = B CREAM-I 0.20+F D%j%ﬁ\k
o
\He O .
10* | Cosmic ray - 1]
Solar system o D &4
- © 0.10 iﬁ% q
10° - R/ 1 » ' HEAO-C2 e 7
WA AW 'V' S e 5 008 : TC
i £ | il = | o CRN-Spacelab? N é -~ _
2 Ti Cr 10 i ® i ATIC-2 %1 E}] S~ A A
0L X ‘ i 0.06 J -
10 AI . X U : E CREAM'I \\ I Sd -
| Na o , - ! ' TRACER ¢-.
2 P | b\ o [Mn Y ! 0.04 PAMELA
102 - T I A NUCLEON l .
| B 003F © AMS-02
L Y e DAMPE | ML
104 - C i Total (stat.+syst.) uncertainties \\
-2 1 Ll Lol Ll '-"'."b|| 002 BEm— I EE— I ] I B
' 10 10 10°  10° 10 10’ 10
Be, ' ' ' ' Kinetic energy (GeV/n)
0 5 10 15 20 25 30 Energy (GeV/n)

Nuclear charge

(DAMPE, Science Bulletin 67 (2022) 2162)



'Be/°Be

Cosmic ray clocks — energy-dependent escape time

Tiop, = 2.0 X 10°yr

. . 0.7
Required by observations Y ® AMSO2 ;
E ’ 0.6 SOMA) MW Balloon
Only rigidity, i.e. Tesc < Z — elloen ® ACE-CRIS
energy/charge important & o.a-
S
0.3
= ¢ + ®oe® ” ® +
06 T T TTT] 02- ' ‘ ‘ ‘ ‘ ¢
- @® |SOMAX TOF 6AMS ~ (.33 0.1+ 1
0.5 M [SOMAX CK 0.0
O ACE
04 L O Ulysses ’Be decays only by electron capture
L Voyager 1, 2 0.8 - X
- ”
031 istes 2 o *®
- Ce0ece e
QD
0.2 1 2 8 0.4-
&@ﬁ’ — L ® AMSO02 B
0.1 |- = B — Diffusive halo model _ o SEE: B Ulysses-HET
L -~ Leaky box model ' MP7&8 ® IMP7&8
o) ‘ Ballc
0 | II| | | | I I | II| | | 1 1 1 11 I| O 0
102 10~ 100 10’ | 10° 10°
E,_ (GeV/n) Ewn [GeV/n]

Tese ~ 2 X 10’ yT

Energy dependence not confirmed by new AMS data
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Non-linear diffusive shock acceleration

“~ 3 0m s e - e 10°
I_
. . . U1 DR <C | e Bo=3.0e-06 G Fermi LAT SNR |
Ideal diffusive shock acceleration r= L _F2 < i Oe o G e :
(%) P1 L _ . 20— US _ 10
- 2.8
. T s 10t
flp)~p~% q m 3
r—1 S 10
et =
= L o
% 10 3&
D 100
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% 10"
Q— 20' L L
O 10
)
Correction term ~ .
: L8 10
O t(yr)
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£6 : 1000
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- X
9 2 - - 800
0 —— =
1000 0000 1l -0
(Caprioli, Haggerty & Blasi 202 1) :




Unexpected structure of energy spectrum
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Unexpected structure of energy spectrum
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Flux x E27(m2sr's™'GeV'7)

Unexpected structure — check with secondaries
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Flux x E>"(m2sr's ' GeV'7)

Unexpected structure — check with secondaries
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Electron and positron spectra

+G.)
+
o |® +o.> Io
E P4t AMS02
- CALET
B 'y 1 [F)AMPI]JEAT (Blasi, PRL 103 (2009) 051104,
: N Metrsch et al, PRD 104 (2021) 10, 103029)
% ¢{ HE.S.S.
<] ttt PAMELA
= Diffuse term
= E*
= ®,+ (E) = ﬁ[cd(F/Eﬂ”d +C, }
= 1. 25
’ e 7% .
. C Rg 3 g:g . AMS.02 Positron Spectrum
v _m
E |GeV] 0
@
~ Dark Matter . ’ / A e NE
. .9 / - . . %J Source term ¢
/ V\ . S 10
g / - Dark Matter . 20
Positrons, Antiprotons, ... W ;

, from Dark Matter

(Bergstrom et al., PRL 103 (2009) 031103,
Chilis & Hooper, PRD 88 (2013) 02301 3)

Energy [GeV]
1 10 100 ~ 1000 50



Backup slides
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Neutral (secondary) particles as messengers

Two source classes

- Interaction in dense source regions
with photon field or gas

- Interaction during propagation with
photons of CMB and other backgrounds

§ /S, and similar interactions of nuclei,
4 as well as dissociation of nuclei
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