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What cosmic rays are
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What cosmic rays are
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What cosmic rays are
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What cosmic rays are: energy density
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What cosmic rays are: energy density
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What cosmic rays are: energy density
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What cosmic rays are: energy density
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What cosmic rays are: total energy
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Wha1' cosmic rays are: total energy
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What cosmic rays are: total energy
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What cosmic rays are: total energy
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Flux (m* sr = Gav)™

Something is often missing...
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Something is often missing...
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My favourite plot on cosmic rays
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Interstellar CR spectrum down to 3 MeV
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What CRs are: interstellar particles?
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What CRs are: interstellar particles?
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What CRs are: interstellar particles?
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What CRs are: interstellar particles?
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What CRs are: interstellar particles?
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What cosmic rays do



The four energy variables

Energy []]

<°°df°'”> 10-10 108 107 1074 1072 1 102

_ & AMS-02 |
AUCER "

| energy

EfOt || par"rlcle Specfr- 10°

CALET
CREAM
DAMPE
FERMI
HAWC
HESS

101

E? Intensity [GeVm 25! sr

LHC
10-7 L 4 | l |

1 10° 108 10% 1012
Energy [GeV]



The four energy variables
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The four energy variables
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The four energy variables
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What we know




Tatischeff & SG 2018

Atomic abundance, Si = 10°

Striking anomalies in CR composition
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The CR power of the Milky Way
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Diffusive shock acceleration
at supernova remnant shocks
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Diffusive shock acceleration
at super'nova remnant shocks
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Dust MUST play a role
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The 'I'hr'ee plllar's of or"rhodoxy

2 The bulk of the energy of cosmic rays originates

from supernova explosions in the Galactic disk

. 2 Cosmic rays are diffusively confined within an

extended and magnetised Galactic halo

. P Cosmic rays are accelerated out of the (dusty)
interstellar medium through diffusive shock

acceleration in supernova remnants

as formulated in Gabici, Evoli, Gaggero, Lipari, Mertsch, Orlando, Strong, Vittino, ITMPD (2019)




Two old standing problems
with the SNR paradigm



Anomaly in the isotopic ratio 22Ne/20Ne
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' CRs are accelerated out of interstellar ma'r'rer' PLUS a bit of wmd ma'rer'lal ‘

L _ -

Cesarskyd&Montmerle 83 —> SN power larger by a factor of several than wind power in the MW
—> stellar winds can accelerate AT MOST a minor (but non-negligible) fraction of CRs



Can SNRs accelerate CRs to the knee?

Lagage & Cesarsky 1983
.o % b
&5k
& \
'.




Can SNRs accelerate CRs to the knee?

| P
e ‘Ge/.’c,

—— ——
- =

PHASE 2

Lagage & Cesarsky 1983

!!!!!

sk

.

)
S

a8

]



Can SNRs accelerate CRs to the knee?

PHASE 2

Lagage & Cesarsky 1983

!!!!!

sk

.

L
5

I's)

]



Can SNRs accelerate CRs to the knee?

whatever you do you end up with Hillas

E ~LBuR

max
C

Lagage & Cesarsky 1983




Can SNRs accelerate CRs to the knee?

- " whatever you do you end up with Hillas
5 L ----------- ;'_ -_"-_;_-_-—-ﬂ ~O.1 Pev |
e j q

E ~—BuR
- max
¢ C XN

these are well
measured

PHASE 2

Lagage & Cesarsky 1983

!!!!!

sk

.

L
5

I's)

]



Can SNRs accelerate CRs to the knee?

‘ " whatever you do you end up with Hillas
§ = wu—-ﬂ ~0.1 PeV |
~ E, ~3 B u R
l ~XN
magnetic field these are well
measured

amplification?

PHASE 2

Lagage & Cesarsky 1983

oy (o)

Emax

s}

=

=)
8

's)



Can SNRs accelerate CRs to the knee?

whatever you do you end up with Hillas
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Can SNRs accelerate CRs to the knee?
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Supernova remnants
and friends



Do SNRs accelerate all CRs? (22Ne/20Ne)

1' the SNR shock MUST sweep the wind material (Prantzos, several papers)
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+ do very massive stars explode? (failed supernovae)
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Do SNRs accelerate all CRs? (22Ne/20Ne)

M

wind material concentrated close to the star —> SNR in free
expansion phase —> not much energy is dissipated there —> DSA

should stop DSA at us ~ 2000 km/s —> why?

+ do very massive stars explode? (failed supernovae)

' ys? ;4 star clusters inflate superbubbles —> winds pollute the ISM —> then the

shocks accelerate it (several papers by Lingenfelter and collaborators)

most recent stellar yields —> metallicity close to solar in super bubbles
also, X-ray spectra should reveal large matallisities...

" wind material MUST flow across the wind termination shock —> DSA

operates there (Gupta+ 2020, Tatischeff+ 2021)
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ey ] -
i KLSCADE — STRYLI2 1 NANPE :
108 KASCADE — Q3 Jset ® CALETLE -
T s AECO (3 + Fe) # CALETHE :

@ ARGO p it % AMS 02
w (P ¥ Tibec PANELA .
o g lype 11 =
=] N i
~ i .

= A
o 1( .
@ 3
o v 3
~ Ve :
(‘ -
+3] 4
B s .
- 3
Y " ]
normal” type IT |
llz Ll l". L Ll 1 '11 ‘l '\1 Llllv 1 L | ll(‘ | 1 - Ll
U 1y 104 11 e 10
E GeV]

Cristofari+ 2020

L
—_—

-—

S
v
|

-
-
="
[—
S
-
T

I(

107

Ti7 YITT L] T 1 L ‘ll T V017717 T 14 T 1 L Yl | 1 LRALI ]
KASCALE — SIBYLLZ.1 DAMPE -
KASCADE — QGJset ® CALETLE -
T : ARGD (p + Ee) ® CALETHF P
& | ARGD p £it * M5 —C2 ;
o . Tibel PAMELA -
3 : Type 11l+:
\E 4
D 10" My W Y . ;
. / Yvv v :
wm g '
— \
!‘ 1
\\} n | ‘ ;1
extreme” type II

; 1
11’11" 11‘11 l‘ll . | da bl L 1 ll | | llll

10%

1y 10 10” 10" 10

E[CeV]



Do SNRs accelerate all CRs? (the knee)

Cristofari+ 2020

T v] Y
'

M

I KASCADE — STRYLL? 1 DANPE ] ‘J . I : ' KASCADE — SIBYLL2.1 DAMPE ]
. () KASCADE — Q3 Jset ® CALETLE 4 |f on y ex Tr'eme I KASCADE — QG.Jset: ® CALETLF E
T s ARCO ( + Fe) ¥ CALETHE 3 T : ARGO (p + Ee) ® CALETHF 4
:v':' ALGO p fit *  AMS - 02 S NRS _ﬁ : ARGD p fit k  AMS (2
m I(°F ¥ Tivet PANELA 3 m 10°F ¥ Tivel PAHELA -
o : Type 11 - ~N : T INE =
| el 1 | accelerate PeV | 7 yPe L1¥3
R . >
10 v 10" [Ny v e .
S PVvve ‘ | CRS Why IS The :g / "Yvvy 3
o . ~ = "
R3] mo| % 1
& (8 - knee so 10 S
~ " : h? H " "
normal” type IT smooth: extreme" type II
“2 11 J". PRI I '\1'11‘, 111 xl(‘ RN e S ]().’ . s el 1 s eenl ¢ 11914l 1-'.1 peaenl el
1 T 10° g e 10" 10% 1) 10¢ L0? 10" 10/

EGeV] E[CoV]



Do SNRs accelerate all CRs? (the knee)

Cristofari+ 2020

Al | LR ARL) | y|

- xm}‘.ann — STRYLL2 1 NANPE . ‘4 . l Ipn”bi,,\m; - 51;”'1'4,2,1 DANMPE ]
. () KASCADE — Q3 Jset ® CALETLE 41 |f on y QXTr'eme I KASCADE — QGIset ® CALETLEF =
T s ARCO ( + Fe) ¥ CALETHE : T : ARGO (p + Ee) ® CALETHF 4
::3 ALGO p fit *  AMS - 02 S NRS _ﬁ : ARGD p fit k  AMS (2
w 1(°= ¥ Tivet PANELA g n 10°F ¥ Tibel PAHELA —
o 3 Type 11 - N g T INEE
T ypedl 3 | accelerate PeV | ype 112
ok : ° T 10" M o S ‘
§1(. "Yyve i | CRS Why IS The S mlg "Vvy E
(f;_ 7 dl ~ / h 4 3
iy ) wmo R ]
o \ knee so a ol AN :
) K y | smooth? T : %
normal” type IT : extreme” type IT
2 11 1". : 3 aennl ) '\1'11" 111 i Ll 1111 e e e S = 2 WERIT 1 el ENE 1‘;1 peaenl ¢ 1 el
e 1’ 0% [T 1° 10" 10102 17 107 T 10" 107

E GeV]

E[CeV]
smooth

r Proton ~»| distribution of |
Emax at sources |

o
S

w— twO populations
o variable Ry
DAMPE
4 NUCLEON-IC
= - NUCLEON-KLEM

I(Etor) [GeV7 /m? s st

Icebube-lcetop - SIBYLL2.1 .I |
5103 - KASCADE-QGSJet01 Al
ol b= C KASCADE -SIBYLL2.1 s
C KASCADE-Grande - SYBILL2.3
Coocovnnme e v ceinnl e e ronul \1-4!1111
10° 10* 107 10° 107 10°
Eror [GeV]

Recchia&Gabici 2024



Do SNRs accelerate all CRs? (the knee)

Cristofari+ 2020

vl T T ] ii—/i -

1(E) E*7[GeV! 'm™?s " 'sr!

- KASCADE — STRYLLL? 1 NANPE 4 “ . I L KASCALE — 51“1'4,2_1 DAMPE
. () KASCADE — Q3 Jset ® CALETLE 4 | |f on y QXTr'eme I EASCADE — QGJset ® CALETLE =
s ARCO (> + Fe) ¥ CALETHE 3 T - ARGO (p + Fe) ® CALETHF
ALGO p fit * AMS - 02 SNRS _3 ARCD p fit *  AMS — (2
Pk ¥ Tibet PANELA Tvoe 11 3 n 10°F ¥ Tive. PAHELA T [[43
3 ¥oF ' E
ype it i 1 accelerate PeV | - ype
5 l = P W W WY |
'Vvv.» 3 di CRS WhY IS The S 1()‘/ 'vvvv ]
- | ~ L
] A -
€3 ! .
k knee so a ol AN
. h? A S "
normal” type IT smooth: - "extreme” type II
“.2' 1‘1; paaoeal d ‘\"1"' L1l - EEET - e e e e : l(].‘ WERI 1 s enl p 1l 1.‘.1* panl L oaenald
10° 10’ 10 AP e 10 104 10° 10 Lo” 10" 10

E GeV] T ——

E[CeV]
smooth

[ Proton w distribution of

=) |
IJ‘J I
A ‘
oL Emax at sources |
SO -
QL b w— twoO populations
Q, [ w— yariable Ry L ) B -
~ | DAMPE o ~ ) R |
Sy - | h
O 4 NUCLEON-IC ; . . |
2 [T Nocroniam I | is the knee just a local feature? |
— Icebube-Icetop - SIBYLL2.1 . L
= | % KascADEQGSien: AN et t single nearby extreme source?
%;110 . KASCADE - SIBYLL2.1 1 : M— ————————————————
T KASCADE-Grande - SYBILL2.3
L Lol

(T TT—— EETTTTa——EAT \1-411111

10° 10° 01 107 10° Erlykin&Wolfendale 1997 ... Prevotat+ 2025
E10] [GLV]

Recchia&Gabici 2024



Do SNRs accelerate all CRs? (the knee)

pu—

1(E) E*7[GeV! 'm™?s " 'sr!

vl T T ] ii—/i -

T yl Y ™ T v] vvvv" T ™ B [ YI‘TI. T T 1 L II
. KASCADE — STRYLLIL2 1 NANPE R “ . - KASCALUE — SIBYLLZ.1 DAMFE
109 KASCADE — Q3 Jset ® CALETLE 4 | |f on Iy QXTr'eme I EASCADE — QGJset ® CALETLE =
: AECO (3 + Ee) # CALETHE : T - ARGO (p + Fe) ® CALETHF
ALGO p fit * AMS - 02 SNRS _3 ARCD p fit *  AMS — (2
[(°= ¥ Tivet PANELA 5 m 10°F ¥ Tivel PAHELA =
: type 41 accelerate PeV | % | 1ype L1+
» B . > P g w ey |
. PVvve : | CRS WhY 1S The S 1()‘/ "Vvvy 3
- | ~ L
< ~N z D,
l('.’i _ knee So ::Ji ]()3 [ \\‘
“normal” | smooth? R ~
normal” type IT | : - extreme” type II
“2' x‘x'.‘ 1 enl ‘\"1"_ 111 - N EET e e e = l(].‘ MR 1 s enl 111yl 1.'.1* ganl poaenad
11 10) 104 A 1° 10" 104 10 108 LO” 1) 10

’ -~ ~
-ssﬂ

.//mv
S
i

T TrrrTraar

T

E3%1 1(Eror) [GeV!
=

By
T

w— twO populations

—varia bll‘ Ru‘.l X

+

4 NUCLEON-KLEM

E GeV] T ——

Proton » | distribution of |
Emax at sources |

Cristofari+ 2020

E[CeV]

'LHAA_SO diffuse emission! l

smooth

DAMPE
NUCLEON-IC

[cebube-lcetop - SIBYLL2.1 .I |
+ KASCADE-QGSJet01 .\ | o
KASCADE -SIBYLL2.1 \‘
KASCADE-Grande - SYBILL2.3
Coniinm (NERTTITR SR TITI B AT ‘1-411111
10* 10° 10° 107 10°

10°

Eror [GeV]

Recchia&Gabici 2024

| is the knee just a local feature? |
t single nearby extreme source? |

Erlykin&Wolfendale 1997 ... Prevotat+ 2025



Can star clusters solve both issues?

~well known fact: most massive stars belong to star clusters
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Can star clusters solve both issues?
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Can star clusters solve both issues?

~well known fact: most massive stars belong to star clusters
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renewed interest in modelling CR acceleration —> wind termination shocks (WTS), SNR
shocks, turbulence inside superbubbles, shock collisions, etc...
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Star clusters inflate hot superbubbles

“ acceleration efficiency at shocks ~(A/Q)*
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Ellison+ 1997, Caprioli+ 2017
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Star clusters infla’re hot superbubbles

Ellison+ 1997, Caprioli+ 2017

GCR source / Cosmic (Fe=1)

Tatischeff+ 2021
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Can microquasar solve
the issue with the knee?
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A coherent picture?
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What if we plot versus E/nucleon?

Cummings+ 2016
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What if we plot versus E/nucleon?
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Other things we don't know



Why H and He spectra are different?
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Why H and He spectra are different?

He does something that H doesn't

—> spallation?

—> is it ok with heavier elements? (no)

He and H are accelerated in a different way

—> aren't acceleration mechanisms “universal”?

He and H are accelerated in different places

—> environmental effect

—> fine tuning? (local source in the right environment)
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Why H and He spectra are different?

He does something that H doesn't

—> spallation?

—> is it ok with heavier elements? (no)
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Flattening of the B/C at high energies

03—
- B/ C increased statistics and extension to 6.7 TeV/n
0.25—
%o,
- Wy
02— ‘&
: ?-..,%‘
0.15 [ N hardening
N Te..
N QL'\"’.;!:I. ’?
0.1 ame Vg flatten’:
_ ,  PAMELA i 9 |
- 4o HEAOS-C2 ORL B & i
u CAN L 7 I I N R
- TRACER . —
0.05 2o e ) S T
ll—.ll lllllllllllllllllllllld,llll lll-ll EEEEREREDRN
~ ALET 1510-2412 1 l
[~ CALET uncertainty band
n Ll l L L ' Ll L.l ll LA | | l
10 10? 10° 10*

Kinetic Energy [GeV/n]




Flattening of the B/C at high energies
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Flattening of the B/C at high energies
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Why is the 19Be/°Be so flat/small?
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LHAASO IS OBSERVING THE KNEE!

- crucial to measure spectra of heavier elements |

' proton knee ~ all particles knee
protons provide a fraction of it
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Why Voyager's (H and He) spectra are
different from other elements’ spectra?
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Why Voyager's (H and He) spectra are
different from other elements’ spectra?
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B/C ratio

B/C RATIO

Why is Voyager's B/C so flat?*
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B/C ratio

Cummings+ 2016

Webber+ 2016
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Why is Voyager's B/C so flat?*
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Who accelerates CR electrons?
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Antimatter, anisotropies...
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Antimatter, anisotropies...
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Antimatter, anisotropies...
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Pinpoint cosmic ray sources
in our neighbourhood



60Fe in the bottom of the ocean, on the
Moon and in cosmic rays

Binns+ 2016
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60Fe in the bottom of the ocean, on the
Moon and in cosmic rays

- Binns+ 2016
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60Fe in the bottom of the ocean, on the
Moon and in cosmic rays

- Binns+ 2016
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60Fe in the bottom of the ocean, on the
Moon and in cosmlc rays
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60Fe in the bottom of the ocean, on the
Moon and in cosmlc rays
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60Fe in the bottom of the ocean, on the
Moon and in cosmlc rays
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How far do CRs come from?

Balactic
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¢ . radioactive (primary) isotopes, low energy CRs and VH e to |
| "see through the fog” and identify the sites of CR acceleration? |




Low energy CRs are not uniformly
distributed in the Galaxy

Phan+ 2023
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Low energy CRs are not uniformly
distributed in the Galaxy
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Local effects are interesting because we
are in a special location: local bubble

Present-day _ocal Bubble
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Conclusions



O energy budget + isotopic anomaly —> SNRs + ~5-10% WTSs may explain the bulk

O rigidity pattern is now very well established (except, maybe not surprisingly, for
low energies) —> transport

O the knee? rare powerful accelerators? Why is it so smooth? how many of them?
is it local? which species dominate the knee? gamma-ray observations in the VHE
and UHE regime drive us: star clusters, microquasars, who's next?

O star clusters: most massive stars are found there, so no wonder we are studying
them!

O where are electrons from?

O many more spectral features/anomalies than expected: H/He, ~10 TV break,
flat B/C, MeV spectra, positron excess, antiproton flat spectrum, flat 19Be, TeV
break for electrons.. — what are they?

(O we live inside a bubble and sources are stochastic —> don't ignore that

O use data from very different sources (ocean, moon, cosmic rays...) to learn that
part of the cosmic rays we see were accelerated following a SN that exploded 2
Myr ago in the Sco-Cen association (which, by the way, is believed to have
hosted the SNae that inflated the local bubble), isn't this amazing?



