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Cosmic ray
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Direct Cosmic Ray measurements
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Spectra of individual nuclel
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Detection techniques
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Knee in CR spectrum

10

. Knee was discovered by Kulikov
"E and Khristiansen in data of MSU
- Experiment in 1958
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CR spectrum: all particles
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CR spectrum: all particles
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AMS-02 spectra

Primary and Secondary Decomposition for All Cosmic
Ray Fluxes of 2<72<20, Z2=26, Z=28
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He spectrum
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CNO spectrum
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Fe spectrum
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LHAASO
3 types of detectors
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All-particle energy spectrum & <InA>
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LHAASO Proton
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Proton spectrum
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Proton spectrum
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Cosmic ray propagation
in Milky Way and
Galactic Magnetic Field



Present-day spirals host large-scale coherent magnetic fields with a typical strength of a few
uG (Fletcher et al. 2016,Beck et al. 2019)

Lopez-Rodriguez et al. -incl Ntormousi 2023

The first estimates for redshifts z>1 yield fields of the order of uG already at these epochs!
(Bernet et al. 2008, Mao et al. 2017,Geach et al. 2023,Chen et al.2024)
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Anti-symmetric RM sky: halo B fields = A0 dynamo
(Han et al. 1997, A&A322, 98)

Evidence for global scale B

« High anti-symmetry to the
Galactic coordinates

e Only in inner Galaxy

e nearby pulsars show it at
higher latitudes

Implications

« Consistent with B-field
configuration of A0 dynamo

> s $ . ' “ﬁ
« The first dynamo mode identified ""':Zﬁ» .
on galactic scales
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Rotation measure
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— YMW16
— NE2001

Thermal electrons model

YMW16 NE2001
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From M.Unger and G.Farrar 2311.12120
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Model RM

binning scheme
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Synchrotron radiation

WMAP 23 GHz, Stokes Q
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Jansson-Farrar 2012 model
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X-shape field, torroidal halo
field, disc with spiral arms

Dynamical halo model

z
(

z / kpc
z /kpc
z /kpc

/

4i’4

-4
E
1050

%‘\\\ \

Y/ kpc x / kpc

u\*
N

a: t =0 Myr b: t =25 Myr

M.Unger and G. Farrar 2311.12120
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GMF models:Local Bubble
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Local Bubble

Local hot bubble

GSH238+00+09

Monogem Ring
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3D model of the solar neighbourhood. The colour bar represents the temperature of the LHB as coloured on the LHB surface. The
direction of the Galactic Centre (GC) and Galactic North (N) is shown in the bottom right. The link to the interactive version can be
found at the bottom of the page.
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Escape of CR and magnetic field

D(E) [cm?/s]

Giacinti et al, 1710.08205
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1 PeV CR density in the Gal. plane
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Search for the Sources
of Ultra-High Energy
Cosmic Rays
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Spectrum Auger

lg(J/(m2sr-'s'eVT))

Energy spectrum, from = 5000 km?2 sr y to =100000 km?2 sr y

A 20x exposure allows the discovery of a new feature in the energy spectrum...

2007

TAUP 2007, K.H. Kampert
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Spectrum Auger/TA

Comparison of TA SD energy spectra

F. Salamida, J. Kim,
ICRC2025 ICRC2025
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Spectrum Auger/TA

Energy spectrum in -5° < &8 <24.8° + excess region cuts

J. Kim, TA SD (2022) -5° < § < 24.8° no Hotspot & PPSC
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Ruger spectrum and composition

No B, A=1, EPOS-LHC, NE-NE
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Pierre Auger Collaboration,
2404.03533
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Auger dipole 6 sigma

60°
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Pierre Auger Collaboration, 2408.05292 Energy [EeV]



https://arxiv.org/abs/2408.05292
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UHECR Flux from the large-scale structure »>sEeev

’[—Tc?ﬁman et Mme Astr ol nearby anisotropic universe further-away isotropic universe
: gc ry 2 E/ /
- S > 8 EeV
—_ A=l

A=24
A=5-22
A=23-38
A >38

Great Attractor
Perseus-Pisc:

= secondaries
combined

combined fit to
| spectrum and

) —— 1

0 50 100 100 1000 2000 3000
distance / Mpc

predicted flux at

edge of Galaxy: In the LSS + combined fit model,

the dipole at ~8 EeV is generated
by primary Helium & CNO
from Virgo, Great Attractor & Coma

Galactic coordinates

| T
0.6 1.0 1.4

Bister & Farrar =()°
ApJ 966 71 (2024) £, =8 EeV, TH=0 Teresa Bister | slide 23
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UHECR Flux from the large-scale structure >3z eev

ﬁ&ﬁman et MUre Astrg 2018 - " nearby anisotropic universe further-away isotropic universe
= )< gﬂ ,§ § g/ /
/ = I S > 32 EeV
< £ — A=l
~_ ; g — A=24
_ MK 5_\/\ — A=5-22
X —_— A=2338
\sgi;lev/ . — A >38
Y © ——- secondaries
L —— combined
combined fit to
| spectrum and
100 100 1000 2000 3000

distance / Mpc

predicted flux at

flux >32 EeV mostly primary CNO
edge of Galaxy:

from within ~200 Mpc

- dipole amplitude rises due to
shrinking propagation length

Galactic coo}dinates
| s T

0.6 1.0 1.4

Bister & Farrar I, >32 EeV, TH=0°

ApJ 966 71 (2024)

Teresa Bister | slide 24
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Dipole direction > s Eev

| //% 60°

Galactic coordinates

all models predict

| — V JFI2Aull Pt dipole direction
\\ ' JF12-reg N without CME close to measured
= W JF12-PI RO N N one v
" 1,8 BoV. TH=0" O UF23-base-PI -\ Y -
n UF23-CrCIO-PI Auger*TA 202\4 uncertalnty
0" UF23-expX-Pl | -90° . estimate of GMF
¢ UF23-nebCor-Pl | 4 f]9 | model v
UF23-neCL-Pl v ;Y )

Note: cannot get
predicted dipole
direction to match
measurements with
proton-only

composition x
Ding, Globus, Farrar ApJL 913 (2021)

UF23-spur-Pl
UF23-synCG-PI
UF23-twistX-Pl
UF23-asymT-PI
KST24-P1

opOB e

for JF12: difference to predictions based
on 2MRS galaxy catalog ~10° v/
Auger ApJ 976 48 (2024),
Allard et al. A&A A292 (2024)

Bister, Farrar, Unger ApJL 975 L21 (2024)
+ KST24 model from Korochkin et:al. A&A 693 2025) : :
n UF23-asymT model from Unger & Farrar UHECR (2024) Teresa Bister | slide 25
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Dipole direction > 32 Eev

Galactic cqordinates

— | N\ N———

Auger+TA 2024

SO '~ * Auger-only and Auger+TA differ by 81°

> only Auger FOV direction reproduced
by LSS + GMF models x

Auger+TA dipole direction mainly influenced
by TA hOtSpOt (see later)

> |ocal source?
- e.g. M82, see also H. He et al PRD 93 (2016)

000 005 010 0.
Expos

bigger markers: Auger FOV
smaller markers: full sky “Auger+TA”

Bister, Farrar, Unger ApJL 975 L21 (2024)
+ KST24 model from Korochkin et al. A&A 693 (2025) . ;
+ UF23-asymT model from Unger & Farrar UHECR (2024) Teresa Bister | slide 27
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continuous model (infinite source density)

Dipole amplitude — (de-)magnification

. - 1.254
- predicted dipole amplitudes: . O UF2buserl
= O UF23-crel0-Pl

C>) o | v 2 % UF23-neCL-PI 6 1.00 UF23-expX-Pl
o 1 O 7 B JFl2-reg *  UF23-spur-Pl g O  UF23-nebCor-Pl
— < JF12-PI 8  UF23-synCG-PI < 0.80 1 UF23-ucCLPY
db')D ®  UF23-base-Pl O UF23-twistX-PI = : : 3;;?!’“;; lm
= B UF23-crel0-Pl A UF23-asymT-PI 2 0.60 o E =
< ©  UF23-expX-Pl © KST24-PI = A UF23asymTpI
~ ¢ UF23-nebCor-Pl @  Auger 2024 <pO O i JF12-PL
"8 l >O AV E) e JF12-reg

-1 | < g = JP12-fu
= o VYV JF12-full
e 10 >. ® 4 D.I} Ay .- ¢ “‘ S 0.20 1 O KST24-reg
a i « A O KST24-P1
g A % 0.00 |
< o 0 F 80 v ..° o 102
) . ¢
= ¢
o}
5102 | | | |

(8—16)EeV >8EeV (16—32)EeV >32EeV due to (de-)magnification

differences!
UF23 models predict significantly smaller dipole

amplitude than

Teresa Bister | slide 30
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UHECR R=10 EV

PT 2011

R=10 EV

_JF 2012

A
Z hotspot

Fan region /.

Fan reglon ’
\~ — _

............................................

UF 2023

[ ] N —
0 15 30 45 60 75 90

deflection angle [deg]

A. Korochkin, D.S. and P.Tinyakov 2501.16158
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UHECR R=5 EV

JF 2012

- , 77777777777777
\\Fan regl_on,

N ——

Fan region /
~ 2 .

——

0 15 30 45 60 75 90
deflection angle [deq]

A. Korochkin, D.S. and P.Tinyakov 2501.16158
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Auger-TA sky map E>57 EeV

Full sky map combining the Telescope Array and Pierre Auger data events with E > 5.7x10 19 eV. The events have
oversampling with a 20 @BULLET radius circle. The Telescope Array data set includes 109 events, representing
the first 7 years of data collection. The Auger data set includes 157 events, representing 10 years of data. No
correction was made for the energy scale difference between the Telescope Array and Pierre Auger data sets.

Auger & TA collaboration
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UHECR propagation in IGMF

— E=10Y%eV
—— E=2%*10%eV
. =4%*10%9

6 (degrees)

10-? 102 10° b (o0 10° 10° 9 N 40 7 B 10 EeV D )‘C'
nG FE Mpc \/| Mpc
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propagation in IGMF:
caustics

10 Mpc

L

0 10 80 500 2000

Lambda=0.3 Mpc R=10 EV
A.Dolgikh, A.Korochkin, G.Rubtsov, D.S. and |.Tkachev, 2212.01494
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UHECR source in TA hot spot

llllllll

A.Dolgikh, A.Korochkin, G.Rubtsov, D.S. and |.Tkachev, 2312.06391
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en A flux Is shifted in JF12
GMF model

6

-75°

glon

K.Dolgih, A.Korochkin, G.Rubtsov, D.S. and |.Tkachey, to appear arXiv:2505...
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M83 is of for JF12 GMF model

-75° glon

FIG. 3. Arrival directions of the carbon nuclei with £ = 60
EeV from M 83 for the same magnetic fields and as Fig. 2.

K.Dolgih, A.Korochkin, G.Rubtsov, D.S. and |.Tkachey, to appear arXiv: 2505.14344
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Diffusion in angle

25
o a=+/{a?), simulation
S 20- iffusi
© €91 eme-- a, diffusion theory g
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K.Dolgih, A.Korochkin, G.Rubtsov, D.S. and |.Tkachey, to appear arXiv:2505.14344



A
en A back to place due to
IGMF

-75°

glon

K.Dolgih, A.Korochkin, G.Rubtsov, D.S. and |.Tkachey, to appear arXiv: 2505.14344
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Gamma-rays and
neutrinos from Milky
Way Galaxy
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Gamma-ray detectors
/ Space-based

EAS arrays: \
Milagro, ARGO-YBJ
EGRET, AGILE, Tibet Asy, HAWC,
I‘ml | LHAASO, SWGO

IACTs:
H.E.S.S., MAGIC, VERITAS,

HE: >0.1 GeV VHE:>0.1 TeV tj’:E >g-] IT)e‘\’,
Large FOV 3°~5° FOV Ia g I;OVe
80% duty cycle 15% duty cycle arge
0.1° ~ 5° 0.06°~ 0.17° 100% duty cycle
} . - -' 0.1° ~ 1° resolution
resolution resolution y
10° m2 area

103-* m2 area /

k 1 m2area




Fermi LAT 600 identified
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erenkov telescopes+

HAWC/LHAASO

Table Control Map Control Tools

-

W Starburst

:Cat. Var., BL Lac (class
unclear), Star Forming Region,
WR, Globular Cluster, Massive
Star Cluster, Microquasar, BIN
:Superbubble, Shell, SNR,
Composite SNR, SNR/Molec.
Cloud, Giant Molecular Cloud
®Binary, Gamma BIN, XRB,
Nova, PSR

®1BL, GRB, FSRQ, LLAGN, AGN
(unknown type), Blazar, FRI, HBL,
LBL

©TeV Halo, PWN/TeV Halo,
PWN, TeV Halo Candidate

W Other, UNID, DARK

Export Black Export White

Around 200 sources in the Galactic plane at TeV energies
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Galactic sources

Supernova Remnants Talk by Songzhan Chen

Pulsar wind nebulas

Star clusters

Microquasars
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Conclusion: CR, photon and neutrino fluxes are connected

in well-defined way. If we know one of them we can predict

other ones (model dependent) : E©t  Ft
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fluxes
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Gamma-ray flux

= 0°

i H .5 i
18 130 T 900 e 0

—90°
Screenshot
—20 =iy 0 1o 20

Fermi collaboration, 1602.07246

E* I (MeV? cm2 571 sr-l MeV)

-
o
[

10

16l > 10°

+ °, bremsstrahlung in DNM

total
n°, bremsstrahlung in HI
n°, bremsstrahlung in CO-bright H 5

inverse Compton

opposite of NHI correction
Extended Excess Emissions

L | L s

5
10 Energy (MeV)

Ib1< 10°
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Mask LHAASO

Galactic Latitude [deg]

20 30 40 50 60 70 80 90 100 110 120

Galactic Latitude [deg]

130 140 150 160 170 180 190 200 210 220 230
Galactic Longitude [deq]

LHAASO collaboration arXiv: 2305.05372
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LHAASO diffuse

10_9 | I IIIIII 1 I IIIIIII : 10_9:II| 1 IIIIII| 1 1 IIIIIII :
15°<1<125°, |b|<5° 1 F 125°<1<235°, |b|<5° 1
. gy -=- LHAASO | - i -=- LHAASO
v i + -------- by g SBPL fit K7 - e SBPL fit
E | LR E |
o ++ x2.7 o 1‘ oo +
>1070F K 4  >10°F + """ . =
E +..+.’. ] E ] . ~+. ..... x1.5
x 'l' 1 % I “ 1. T
3 . 2 = . “Fe.
l!')m R * — “l!L - - ...'
10—11 II| 1 1 Illllll l | IlIlIIl 1 l IIIIII| 10—11 III 1 1 IIIIIll | 1 IIIlIIl 1 | I | II
1 10 10? 10° 1 10 10? 10°
E [TeV] E [TeV]
00 00 d AA —v E' . E
—=A,A’ A’ A —A,A’ o ( )
=4AYE,1,b) = / ds nihg () IER (B, ) L(E,L,b)= ) / dE' 244 (E'1,b) 55 2
0 E
AA

LHAASO collaboration, arXiv: 2305.05372, 2411.01621
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\Variation of diffuse flux over

Galaxy

Table 2
Spectrum of the GDE in Various Subregions of the ROI

Lnin Lnax |b| < F; x10712 Index
(deg) (deg) (deg) (Tev~' s 'em2sr7 )
43 73 2 8.89 + 037,079 —2.61 +£0.0370%
43 73 4 54502504 —2.60 £ 0.0379%
43 56 2 9.9+0.6 —2.70 £ 0.04
43 56 4 5.8+04 —2.69 £ 0.05
56 64 2 89+07 —2.58 +0.06
56 64 4 52405 —2.60 + 0.07
64 73 2 78407 —2.48 £0.07
64 73 4 5.5+0.45 —2.51 £0.06

HAWC collaboration,

2310.09117

E>*Flux [TeV'Ss-'cm2sr]

10_9_|1||

—_
1

=

o

| —=— 15°I<50° _
—m— 50°<1<90° 1
—a— 90°<|<125°

1 10
E [TeV]

LHAASO collaboration,
arXiv: 2411.01621
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Lower knee in Galaxy

Outer Galaxy: 125°</<235°

Inner Galaxy: 15°</<125°

[}

9
IS
1

(cm? s sr) 1]

E2.7 . ¢ [Gevl.7 .
[
5

Model Al: 4 comp.
Model A2: 3 comp.

y diffuse mask

Model Al: 4 comp.
Model A2: 3 comp.
Model A3:

y diffuse mask

Model A3:
—— 3 comp. & last comp. + FERMI-LAT —— 3 comp. & last comp. + FERMI-LAT
within R=1.6+0.5 kpc i FERMI-LAT 1 (0.84) | within R=0.7+0.4 kpc i FERMI-LAT 1 (0.84)
Model B $ LHAASO Model B $ LHAASO
-6 ) L}
10 LI L B R B | LR ER R R AL | LERE L L RLEL) | L S ERLS) | LB P SR AL | L LR AL LENNLES S R AL | VRN AR ER e ALY | LERELON B R e Ll | LI B IR AL | L LELE R L L)
100 10! 102 103 104 103 108 10! 102 103 104 10°
E [GeV] E [GeV]

C. Prevotat et al, 2407.11911, 2507.10823

10°


https://arxiv.org/abs/2407.11911
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Neutrinos from Galactic plane:
ANTARES 2022: 2 sigma excess

o Track
! ———
101 : __________ 1 ]
c ; : £ '
o) [ ! 1 . o) :
g | | - 5 100 e
9 : e e - : ,
w0 100 ] i ——— [7)] H v
-+ L )
. — c
(O] I Q B - .
> >
1] s Background o L w = Background
10-1 ----- Best-fit signal 1071 T - ----- Best-fit signal .
--- Background+signal ———— --- Background+signal
4 Data (2007 — 2020) E- 4 Data (2007 — 2020)
2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0
l0910(Erec/GeV) l0g10(Erec/GeV)

A.Albert et al, arXiv:2212.11876
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lceCube cascades: 4 sigma

+795

=75° Right Ascension a

| .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Pre-trial significance / o

IceCube collaboration, Science 380, 1338 (2023)
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Cascades E>200 TeV Baikal and IceCube

Baikal collaboration,

Table 2

Results (This Work) of the Search for the Galactic Component of the Neutrino
Flux above 200 TeV (see the Text for Details)

Sample |b|med (|b|med> P 2411.05608
Observed Expected
(deg) (deg)
Baikal-GVD cascades 10.4 314 1.4 x 1072 (2.50)
IceCube cascades 12.4 31.9 8.7 x 1072 (2.60)
Combined 12.4 31.5 1.7 x 1073 (3.10)
IceCube tracks 24.7 36.0 1.8 x 1073 (3.10)

All combined 234 35.0 3.4 x 107* (3.60)



https://arxiv.org/abs/2411.05608
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Diffuse neutrino background Galactic plane

Inner Galaxy: 15°</<125°

Outer Galaxy: 125°</<235°

y no mask y no mask
<+ FERMI-LAT ° <+ FERMI-LAT
o 0%,
_ ¢ LHAASO e . ¢ LHAASO
5 Model A3 - ° : Model A3
510—4 -l
)]
o~
S
=
-
—
>
O r0=5
0107 4
S Model Al: 4 comp. ] Model Al: 4 comp.
s 1 == Model A2: 3 comp. v IceCube templates 1 == Model A2: 3 comp. v IceCube templates
W | Model A3: n® FERMI Model A3: n® FERMI
m— 3 comp. & last comp. KRAS m— 3 comp. & last comp. KRAS
within R=1.6+0.5 kpc L4 within R=0.7+0.4 kpc 4
Model B KRA?/O Model B KRAE/O
10—6 LI LB | LSRR R RS B2 | I B LR AL | LA SRR LA | LA L RALL) | T LENE B O R | LD S BB AL | LI IR B AL LB S BB LL] | LIS UL BLRRL | """"
10¢ T.0* 102 103 104 10° 10° 10* 102 103 To* 10°

E [GeV]

E [GeV]

C. Prevotat et al, 2507.10823
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10!
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A.Neronov et al, arXiv:2311.13711
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EFg, TeV/(cm?s)

10—13.

10—12.

10544
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w= = ), 2HWC J2031+415 (point source UL) \\
w= =y, 2HWC J2031+415 \
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I vy LHAASO \
1071 10° 10! 102 10° 104 10° 10
E, GeV

A.Neronov et al, arXiv:2311.13711
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ummary

m  Cosmic ray flux of individual nuclei measured by satellite experiments from space.
AMS02, DAMPE and CALET see several breaks in spectrum, which have to be

explained.

m LHAASO for the first time measured proton spectrum at knee from the ground.
Composition established at knee with high precision measurements of logA and total
flux.

m  As next step we will need good 10 PeV — 1 EeV measurements of mass composition

m Breaks in CR proton spectrum from GeV to PeV energies can be propagation
features or due to contributions of the different populations of sources. Break at 300
GeV is due to propagation according to AMS-02

m \We start to understand general structure of magnetic field in Milky Way. Local Bubble
is important for CR.
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m UHECR dipole can be explained by sources in LSS and GMF.

ummary

m UHECR anysotropies at highest energies are from nearby sources, but detailed
knowledge of IGMF and GMF does not allow to establish them for the moment

m  \We can study cosmic ray flux in different places in Galaxy with help of gamma-ray
and neutrino observations.

m Diffuse gamma-ray emission from Milky Way was measured by Fermi LAT at
energies between 1 GeV and 1 TeV and by LHAASO 1 TeV — 1 PeV. We need

SWGO to measure Southern sky

m First signal from neutrinos from the Galaxy in cascades by IceCube. Some hints from
ANTARES and Baikal GVD, waiting for KM3NET first results.

m  \We do not know which part of neutrino signal is from isolated sources. First source in
Cygnus region. We need next generation neutrino telescopes to divide signal
between sources and diffuse neutrino background from Galaxy: IceCube-gen2,
TRIDENT. HUNT



