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Four astronomical messengers:
electromagnetic waves,
gravitational waves, cosmic
rays, neutrinos
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Lorentz invariance
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Multi-messenger
sources

Objects at extreme

conditions (energy,
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FLUXES OF COSMIC RAYS
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Spectrum: non-thermal power-law, structures; Anisotropy: <10-3 dipole + small-scale
anisotropy; Composition: mostly nuclei, a tiny fraction of electrons, positrons, anti-

particles; Time variation: anti-correlation with solar activities at low energies
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General picture about GCRs

Scaled fux E2*J(E)

Spectra
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MW radiation
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Questions:
e How many classes of sources and what
" do they contribute to local CRs?
e What are acceleratlon mechanisms
. "and limits of each class?
" 1. What is the spatial distribution of CRs?
P h ';,_,}I:Iew they propagate in space?

_____



p,a + gas — nf — 2y
e*/- + gas — vy (bremsstrahlung)
e*/- + |ISRF — v (inverse Compton scattering)

HAWC (TeV-100 TeV)
' LHAASO (>100 TeV)
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Enrico Fermi

PHYSICAL REVIEW VOLUME 75, NUMBER & APRIL 15, 1949

On the Origin of the Cosmic Radiation

Exnrico FeErMI
Tnstitule for Nuclear Studies, Unaversidy of Chicago, Chicago, Illineis
(Feceived January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are ungmated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. eatures of the t ie llv an inverse power law for the

spectral distribution of the cosmic :r.aE 3 t it fails to explain 1n a straght-
orward way the heavy nucler observed i the primary radiation

Assuming: every “collision” results in energy gain
A = , particle has an escape probability

N(> E) Z B =

m=n

. L By
N Pesc EIJ




Krymskii (1977)

Axford et al. (1978)
Blanford & Ostriker (1978)
Bell (1978)

upstream downstream

AE 1+ 38+ 355
E 1— 32
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Gaisser (1990)
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through moving a distance L
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Detection of CRs

Space direct detection:

» No atmosphere impact, good
particle identification

> Small scale, low energy

CATCHING RAYS

China's new observatory will ~25 000 m
intercept ultra-high-energy y-ray ’
particles and cosmic rays. .

12 wide-field-of-view .~

air Cherenkov .~ i S N N |
Colic i o . 80,000-m? surface-
‘ = 5,195 scintillator | water Cherenkov: 1,171 underground

detectors ‘ detector ~water Cherenkov tanks

Ground indirect detection:

> Relatively poor particle
identification
> Large scale, high energy
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Measurements of CR spectra
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Spectra of many nuclei species have been precisely measured up to TV rigidity,
showing hardening features around O(100) GV
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> CR particles lose their directions due to the random scatterings in interstellar
magnetic field, resulting in very tiny anisotropies (10-4~10-3)
> To measure the anisotropies require high statistics, and can only be achieved

by groundbased experiments without measurements for individual species y



A Fermi-LAT, Science, 339, 807 (2013)
IC 443

-ID--HJ

I JJIiII|

- Best-iit broken power l[aw
® Fermi-LAT
O VERITAS (30)
10712 }— = MAGIC (2
= *  AGILE (31)
= No assaciation B Possible association with SNR or PWN « AGN N Eremss?rahlung :
* Pulsar 4 Globular cluster + Starburst Galaxy & PWN B _I = E!remsstnlahlunq with Bma'; | s
.Binﬂr}f +Gﬂ|ﬂ>{}r DSNH #® Nova 1 ||||||I'B | J||||||g I IiIIIII-H:I 1 IIIIIII-rt 1 IIIEIIIi-I:E I
* Star-forming region o Unclassified source 10 10 10 10 10

Energy (eV)

Evidence of hadronic CR acceleration at supernova remnants was shown by Fermi-LAT via
the characteristic pion-bump; subject to large systematic uncertainties at low energies
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Selected progresses from Chinese cosmic

ray studies
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A candidate heavy particle (m>12 GeV) recorded by the cloud chamber

Chen et al. (1997, Phys. Rept., 282, 1)
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Tibet emulsion chamber

Mt. Kanbala, Tibet (5500 m)

J[(m%s-sr)7]

p—air

0.06
gmel ~ 200 mb x ( Eyp )

1 TeV

Ren et al. (1987, Nuovo Cim.C, 10, 43)

10°°

Recorded in textbook “Cosmic Rays and Particle physics” by T. Gaisser
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Tibet Yangbajing: knee spectrum m
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Precise measurements of CR spectra
Amenomori et al. (2008, ApJ, 678, 1165) around the “knee” region
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Two-dimensional anisotropies reveal
co-rotation of CRs with the ISM

Amenomori et al. (2006, Science, 314, 439)

(a milestone of CR studies)
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Dark Matter Particle Explorer
(DAMPE)

22



DAMPE mission
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China launched DAMPE in the end of 2015, which provides a unique opportunitity
to probe the fundamental questions of CRs
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A universal softening
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A universal spectral softening at ~13 TV of primary species has been observed
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[ p+He direct measurements

ATIC (2008)
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NUCLEON (KLEM; 2017)
DAMPE (this work)
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Liu + JCAP (2019); Yuan + FoP (2021); Qiao + ApJ (2023)
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e Clear correlation between spectral and large-scale
anisotropy structures exist

e Could be explained with a nearby source model
e Spectra: algebraic sum; anisotropy: vector sum

= - model & MACRO 9 IeeTop
SuperrK @ IceCube W K-Grande @ Baksan
T

A Tibet-ASy  « Milagro

amplitude A, [10-3)




1 Co-evolution of cosmic ray energy spectra, composition, and anisotropies

Bing-Qiang Qiao,"? Qiang Yuan,>** and Yi-Qing Guo™&7-*
! Dentsches Elektranen Synchrotron DESY, Platanenallee 6, D-15738, Zeuthen, Germany
2institut fiir Physik und Astronomie, Universitéit Potsdam, D-14476, Potsdam, Germany

3Division of Dark Matter and Space Astronony, Purple Mountain Observatory,
Chinese Academy of Sciences, Nanjing 210023, China

The co-evolution of structures
in spectra, composition, and
anisotropy amplitudes and
phases indicate a 4-
component origin of cosmic
rays in the whole energy
range

Qiao et al. (arXiv:2506.18118)
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> DAMPE measured B/C, B/O w1th hlgh precision, revealing breaks at ~100 GeV/n
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Total (stat. +syst.) uncertainties
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> May reflect changes of energy-dependence of the diffusion coefficient (properties of

the turbulence power spectrum of ISM)
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Secondary spectra
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Large High Altitude Air Shower Observatory
(LHAASO)
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Opening of the PeV window

LHAASO Sky @ >100 TeV
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' Check for updates

LHAASO successfully opens the PeV window, revealing that the Milky Way is

rich of PeV accelerators (PeVatron)! .



LHAASO VHE-UHE catalog

1-25 TeV WCDA ExcessMap | HAASO (2024, ApJS)

Significance [ s.d. |

25-100 TeV KM2A xcess Map >100 TeV KM2A Excess Map 100

10°

Counts/pixel
ot
)
Counts/pixel

10~! R 107

» 90 sources as of Sep. 2022, 32 newly reported, 43 with >100 TeV emission
> 17% by WCDA, 83% by KM2A, 61% by both Y



15°00' 15°00
- Fermi-LAT
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LHAASO (2024, Sci. Bull.)

L

13°30' 13°30'

Godeg Y R

TR T

100 10° 100 108 102 108 10%
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0o’
00'
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» T-18 kyr, d~4.3 kpc. Clear MC (molecular cloud) interaction, pion-bump feature by Fermi
» LHAASO detects extended emission coincident with Fermi and MAGIC

» Spectrum can be fitted with a cutoff power-law form, with Ecut~60 TeV, suggesting a cutoff
energy of accelerated protons of ~300 TeV SNRs could be PeVatrons, but may not
contribute significantly to CRs all the way to the knee
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Acceleration of PeV electrons by Crab nebula
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Possible new feature?

LHAASO measurement of the Crab nebula spectrum extends to PeV, revealing PWNe as
PeV electron accelerator
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Morphological and spectral decomposition: extended bubble w HI gas + hot spots w MCs
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TABLE II. Comparison of the properties of pulsars J0622 + 3749, Geminga, and Monogem.

Fast diffusion

Name P (s) P (10714 ss71) L i (107 ergs) r (kyr) d (kpc) Ref.
10622 + 3749 0.333 2.542 2.7 207.8 1.60 [25]
Geminga 0.237 1.098 3.3 342.0 0.25 [59]
Monogem 0.385 5.499 3.8 110.0 0.29 [59]

LHAASO discovered extended emission from a pulsar, indicating a very slow
diffusion (slower by ~100 times) compared with that inferred from B/C
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The combination of muon detectors and Cherenkov telescopes
gives ~90% purity of proton sample with ~25% efficiency

T
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Observation of proton knee
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LHAASO (2505.14447)

» Hardening ~340 TeV, with index
change ~ 0.2

» Softening (knee) ~3.3 PeV, with
index change ~ -1.0

> Slightly earlier break and
steeper spectrum above the
break than the all-particle one
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Wideband spectrum of protons e i
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Different source populations as indicated by spectral structures? Probably related

with gamma-ray source observations (SNRs, PWNe, pQs, ...)

107

107° 107

LHAASO (2505.14447)  Joint DAMPE-LHAASO measurements are very much welcome!
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Wideband spectrum of protons
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» Low-energy component (SNRs?)

» High-energy component (YMC?
PWNe? Microquasars?)

» Nearby source component
(Geminga SNR?)
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Diffuse y-ray measurements
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» Measured fluxes are higher than prediction below ~100 TeV
> Possible causes: unresolved sources; non-standard propagation scenario
» Caveats: uncertainties of CR and gas density distributions, and cross section
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Confinement and interaction aroun
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Cygnus bubble: super accelerator as extended
as 10 degrees (LHAASO 2024, Sci. Bull.) Nie + ApJ (2024); He + ApJ (2024);

Yang & Aharonian (2024); Ambrosone + (2025) 47
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Summary

> DAMPE and LHAASO are among the best experiments for CR/y detection,
offering important opportunity to understand the century-lasting question
about CR origin and propagation

» Universal bump structures of primary CRs are revealed, which may be
imprints of nearby CR source

» A number of super-PeVatrons are discovered, enriching the knowledge of
source populations

> Excesses of secondary nuclei and diffuse gamma-rays indicates new
propagation properties of CRs

> New observations of the spectra and anisotropies by joint efforts of DAMPE
and LHAASO may eventually uncover the mystery of CRs
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