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Open Questions

Can diffuse y rays probe PeV protons?

What contaminates this inference?

Could the knee have a local origin?

TRIE STE 2026 G. Pagliaroli



Total Galactic gamma-ray emission at
TeV-PeV: '

o = s gl + 917

Source componentis due to the interaction of
accelerated particles (hadrons or leptons) with the
ambient medium (ISM or CMB) within or close to
an acceleration site (such as PWNe, SNRs).

Diffuse component is due to the interaction of
accelerated hadrons with the interstellar medium;

Inverse Compton: is due to the interaction of
accelerated leptons with the CMB ;
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Large-scale HE Diffuse Galactic emission:

¢I T (E,,1,b) = / dE,,

Ly

Differential inelastic cross section

of pp interaction
AAFrag Kachelriess et al., 2023

Gamma-ray absorption on CMB
Vernetto & Lipari, 2016

/

Interstellar gas distribution in the

Galaxy

MM 2026

G. Pagliaroli

/ ds nH(S!l:b)ﬁ)CR(En:S:l:b)e
0

Cosmic-ray energy and
spatial distribution
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The Galactic gas templates

+42% of contribution of heavier elements
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* Atomic hydrogen traced
by the 21-cm emission
line, H, traced by CO
emission line.

Porter et al., 2022 (GALPROP),
BenBekhti et al., 2016 (HI4PI),
Dame et al., 2001 (CO Survey)

« Hydrogen gas column
density traced by dust
opacity map (Planck).

Aghanim et al., 2016,
Ade et al., 2011



The role of Cosmic Ray distribution:

MODELS Providing TEMPLATES
De La Torre Luque et al., Astron.Astrophys. 672 (2023) A58,

D. Gaggero et al., Astrophys. J. Lett. 815, L.25 (2015)

Lipari et al., Phys.Rev.D 98 (2018) 4, 043003

....etc

bor(Fp,s,l,b) = (I)?IR(EH) Standard Case

®or(E,,s,l,b) = (I)gR(En)h(En, s,1,b)

G. Pagliaroli

Dundovic et al., Astron.Astrophys. 653 (2021) A18 ‘ Pro pa gatiO n Code

Pagliaroli et al, JCAP (2016), Pagliaroli et al, JCAP (2018) ‘ Phenome lOgI cal Ap proac h

Very similar to the T,

Hardening Case

Very similar to the KRA,




Proton energy spectra @2025

The gamma-ray (neutrino) fluxat E, = 1 TeV (E, = 100 TeV) is determined by CRs

with E-p = 10 TeV

CR ( ) May 2025

10%; 10%- Flux of cosmic ray protons as measured on Earth
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N e, g ] Prey %
"i> HT‘HI ” 10
Q ) .[ —
O] —— Modeled proton flux ¢ LHAASO (EPOS-LHC) u %
- 102 ] ---- Alternative proton flux LHAASO (QGSJet-I1-04) )
I 3 & PAMELA $ IceTop (Sibyll 2.1) —102{ — it (x2/Ngor =
s AMS02 § GRAPES-3 (QGSJet-11-04) ™ 104 : Eﬁ;tEf&(x /Ngor = 0.15) ; i\:fASO EPOSLHC)
::. . DAMPE $ KASCADE (QGSJet-01) ;
w 1 ¥ CALET $ KASCADE (Sibyll 2.1) i AMS02 LHAASO (QGSJet-11-04)
CREAM KASCADE (QGS)et-I-2) U DAMPE $ IceTop (Sibyll 2.1)
1 ¥ ATIC §  CALET ¢+ GRAPES-3 (QGSJet-11-04)
10 Iilloz T T I'\illo3 T LI I[il(l)4 T T Ill]ll(l)5 T TT Il\]_lll06 T 101 CREAM
E [GeV] 102 103 104 10° 10° 107 108

Clear tension between IceTop LHAASO d;(;e\g"gn IceTop
and KASCADE data-set
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The contribution of heavy elements

Diffuse gamma and neutrino fluxes are determined by the total nucleon flux (that may depend on the assumed
CR composition)

Or(En) =) A*®A(AE,)
(I) p— —— Proton Heavy elements
OR n A n —— Helium Total

A
If we increase heavy element contribution at

expenses of hydrogen, we obtain a smaller CR flux
(since the flux decrease faster than E2)

*The contribution from Helium is 14% of the
proton one.

*The uncertainty due to heavy elements is
around 5% at 1 PeV

E2>¢cr(En) [GeVE® (m? s sr)71]

104 105 108 107
E, [GeV]



The contribution of heavy elements

Diffuse gamma and neutrino fluxes are determined by the total nucleon flux (that may depend on the assumed

CR composition)

8, (Ey) = ZA2 #1 Take-home
P message:

If we increase heavy element contril D |ffu se ga mma- rays
expenses of hydrogen, we obtaina s

(since the flux decrease faster than | OO be the prOtOn flux

— Proton Heavy elements
— Helium Total

at the knee
*The contribution from Helium is 14w =
proton one. & 102
*The uncertainty due to heavy elements is W
around 5% at 1 PeV | EE————— -\ U —
104 10° 105 107 108

E, [GeV]



Diffuse Galactic HE gamma-ray from TIBET-AS:

|+ Tibet
¢ Casa Mia v ¥

[GeV17cm™2s71sr™1]

dN
dE

E2.7

100 X
EEEEEE [Tev] Energy[TeV]

Tibet As-gamma, Phys.Rev.Lett. 126 (2021) 14, 141101
Lipari & Vernetto, Phys.Rev.D 98 (2018) 4, 043003
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[GeV17cm™2s71sr™1]

dE "

5, AN

E .

Diffuse Galactic HE gamma-ray models vs data:

5.x1074 —

o Tibet PhvsRev.Lett. 126 (2021) 14, 141101

| © Argo +

 Tibet

¢ Casa Mia v v

EEEEEE

 Standard Case (Solid line)

The Spectrum of the CRis uniform
inside the Galaxy and corresponds to
the one we measure at the Earth

* Hardening Case (Dashed line)

The Spectrum of CR changes inside the
Galaxy and becomes harder toward the
inner Galaxy




Diffuse Galactic HE gamma-ray models vs data:

5x104— _

o Tibet Phys-Rev.Lett. 126 (2021) 14, 141101 o Tibet

- o Argo + el Tioet

[GeV17cm™2s71sr™1]

27d_N
dE "

E .

NG??

 Standard Case (Solid line) * Hardening Case (Dashed line)

The Spectrum of the CRis uniform The Spectrum of CR changes inside the

inside the Galaxy and corresponds to Galaxy and becomes harder toward the

the one we measure at the Earth inner Galaxy y




Galactic High-Energy Gamma Sources

gamma-ray detectors

Source component includes the contribution
of all the Galactic hadronic gamma-ray
sources both resolved and

by

Sources catalogs

Sources Population study based

!

on HGPS catalog of H.E.S.S.

Pagliaroli et al., Universe 9 (2023) 9, 381
Cataldo et al., Astrophys.J. 904 (2020) 2, 85

Steppa et al., Astron.Astrophys. 643 (2020) A137

Galactic y (kpc)

-8

The Total flux contribution due to-w»

unresolved sources is not
negligible

AN

S

o -
A+

v

+4-o
S
¢ PWN un
% Composite Mhess J0632+057
¢ SNR Crab”
¥ Binary 1033 erg/s horizon
-8 -6 —4 -2 0 2 4 6 8
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Galactic x (kpc)




Tibet AS)/ . We add the contribution of unresolved sources to the truly diffuse
emission without the hypothesis of CR spectral hardening.

Vecchiotti et al. Astrophys.J. 928 (2022) 1, 19

* —, . = AN
) » = ) TN =

5.x1074
[ibet
. 2.x1074
* Casa Mia s
2.x1074 |- _oad . |
Py b
- Ay
- A
P A
Py Ay
7l ool s ' 1.x1074
‘-5 —"— R Y X
' 1.x1074 [~ - - T
D) . o 0 e
s
£ - o 5
L -
b >
o g 5.x1075
> =
2 -5 <
:s 10 e
Nl:Ll W
2.x1075
2.x107%
-5
5 1.x10
1x1072 01

Energy[TeV]

Energy[TeV]

Standard case +

MM 2026 Unresolved PWNe sources .



Tibet AS)/ . We add the contribution of unresolved sources to the truly diffuse
emission without the hypothesis of CR spectral hardening.

Vecchiotti et al. Astrophys.J. 928 (2022) 1, 19

5.x10™4

* Tibet

» CasaMia .o e v v
| -------- #2 Take-home message: o Jr'.-f %
L gl Unresolved gamma-ray |

sources contribute to
the diffuse emission

Energy[TeV]

MM 2026 See also P. Lipari & S. Vernetto, PRD 111, 063035 (2025) 5



LHAASO brings the diffuse Galactic emission
iInto the PeV domain

Caoetal., LHAASO Coll., Phys. Rev. Lett. 134, 081002 (2025)

107°

E*°Flux [TeV'5s-'cm2sr]
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LHAASO reports an excess relative to the adopted baseline prediction (gray band)
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Using LHAASQO protons to predict LHAASO gamma rays

Espinosa Castro et al. Mon.Not.Roy.Astron.Soc.L 20 (2025) L26

* Inner Galaxy: tension mainly at * Outer Galaxy: the normalization changes significantly
lower energies. with the gas template

|[b] <5° and 15° </<125° |b]<5° and 125° </ <235°

WV
T 3,
\
‘ * ] \\C{§\
107°- \

E2>¢,(E) [GeV!> (cm? s sr)~1]
E2>¢,(E) [GeV!> (cm? s sr)71]

L
g
_| ™ This work (GALPROP) { @ This work (GALPROP)
1071 This work (Planck) ‘ ‘ This work (Planck)
}  LHAASO }  LHAASO
103 104 0 T T TT10s T T T T o8 L R T
E, [GeV] E, [GeV]

Planck column density template 20 % lower in inner region and 40% lower in lateral region
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Takmg into account the LHAASO MASK

22.6
= 25 22.4
)
e 0.0 -
Q
_2.5 C
22.0 &
-5.0 “
s 2 , 50 79 100 125 150 175 200 225 21.8 g The presence of an
' ; o hardening of CR
25 2169 gpectrum toward the
3 .o .14  GCis also negligible in
2 7 the inner Lhaaso
= -2.5 21.2 region due to the mask
-5.0 21.0

25 50 75 100 125 150 175 200 225
Ref: He et al. Astrophys.J. 991 (2025) 1, 4.

He et al. Astrophys.J. 980 (2025) 1, 17. Unresolved Sources are
Vecchiotti et al., JCAP 09 (2025) 041 distributed on the plane and
Kaci et al., Astrophys.J. 975 (2024) 1, L6 their contribution is nearly
Menchiari et al., Astron.Astrophys. 695 (2025) A175 destroied by the mask in the

Ambrosone et al. Astron.Astrophys. 698 (2025) L18 inner Lhaaso region

etc.



The tension is spectral, not only in normalization

* LHAASO proton knee
overshoots the diffuse ! _ _ i
gamma-ray flux at E>30
TeV in LHAASO outer
Galactic region.

*»* Diffuse flux presents a
break at 30 TeV, not
naturally matching the

knee at 4 PeV (LHAASO Coll.,
Phys. Rev. Lett. 134, 081002 ¢ GALPROP

(2025)). ¢ Planck

=
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1
1

Qby. dataa"‘;bv. model, Planck
-

103 104 10° 106
E, [GeV]
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What if the proton knee is partly local?

I(I)Ea,rth( E) _ (I)Sa,iactic sea,( E) + (I)ana,l ( E)

p
Diffuse y rays Direct CR measurements
probe the CR population ﬁ probe the CR spectrum

along Galactic lines of sight here, at Earth

A nearby source could enhance the PeV proton flux measured at Earth without
producing the same enhancement in gamma-ray throughout the Galaxy.

Ambrosone et al., A&A 698, L18 (2025)
Fang & Halzen, ApJL 999, L13 (2026)
S. Kaci, G. Giacinti, F. Aharonian, J.-S. Wang, arXiv:2510.01369 (2025)

HE Gamma-ray measurements of different sky regions can probe this hypothesis



Different sky regions to test the local-knee hypothesis

Kato et al., arXiv:2411.11524
# Inner Galactic region contains a E, > 100 TeV component, possibly associated to PeVatron contribution.

% Another experiment, Tibet ASy, does not find a similar excess. But the two sky regions probed by Tibet ASy

overlap with LHAASO inner region.

LHAASO: 15° < [ < 125° 25°<I<100° |b|<5° Modelli B

t | LHAASO masked |+ LHAASO unmasked 125 < 1< 235
maske unmaske Tibet: 25° < | < 100°

50° < [ < 200°

10

—
-
-l=

dN/dE-EZJ{C;e\/1'7crn'2s'1 er

(by rnner/(by lateral
| |
I———
o]

-

| L1l L1l | L |
103 104 10°
E, [GeV]

L Lsu L 1 L | ]
0.10 1 10 100 1000
Energy(TeV)

—_

o
(@)
o
=2



b [deg]

“Why Cygnus?

Cygnus is a sky region in common for all VHE gamma-ray observatories.
Neutrino observations along Galactic Plane by IceCube show a slightly higher-significance in the same sky region.
Longitudinal profile of gamma-rays show an small excess in Cygnus region only at the highest energies.

—_— 5 :_le_I13l T T T T T ] T T T T | T T T T | T ]
15 'T' r + LHAASO 7
WoAf =
HAW({ Region Tibet Outer Region| N; JF I E
] C n
5 Tibet Inner Region w 2 -l—++ -I-_l_ E
P < T + :
: . s 2 ' t T T 4
i LHAASO Inner Region & m + + ++ -
> 7 Lonoor 1 +-
w - ]
Cygnus Pev — -1 L T N N TR SR N N B BN T I T N S S B a
Diffusion Bubble 50 100 150 200
-15 ‘ 1 [deg]
1@ data
180 120 -120 -180 600 — E:rg(rfo(;)gg,
« -+« CRINGE (x0.91)
% 4007 e [ Tracks
v Qbsaree: — =~ Galactic Coord. _% 200 ] J . E>100GeV
A .~ , P g T Il <8.5*
¥ »
L e ™ ‘\ g o o—t—o—i—o— .
180° 120 -120° 180°
—200 -
Pre-Trial Significance (n-0) e-Print: 2607.25966 1
[lCGCUbe COll., 2023] [lCGCUbe CO“.., 2026]_400 1;30 1('30 5'0 (') —éo —1'00 -1'50

Galactic longitude # [deg]


https://arxiv.org/abs/2607.25966

Two CR populations: the Galactic sea and a local PeVatron

% Main idea: Galactic cosmic rays composed of a “low-energy” population (the CR sea, associated to SNR)
and a “high-energy” contribution from local PeVatron.

b| < 5°) region

# LHAASO and TibetASy suggest such a source could be localised in (50° <[ <100,

# Cygnus region contains a UHE gamma-ray cocoon at ~ 1.4 kpc from Earth.

Abeysekara et al. (HAWC), Nature Astron. 5,465 (2021), LHAASO Coll., Sci. Bull. 69, 449 (2024)
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Density(GeV‘1 cm'3)
2
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102
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- - Jrsl L f..,s+" tHAAsooOut [@
Cocoon ' % * . .' e et 2 Tibet In ; ; — i
PeV protons S Tibet Out M) 0.01 0.05 0.10 0.50 1
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The Cygnus Contribution to the Proton Knee

Cygnus proton injection spectrum inferred by gamma-ray

Cygnus contribution (3 Myr) === Cygnus contribution (1 Myr)

emission [LHAASO Coll., Sci. Bull. 69, 449 (2024)]
== (Cygnus contribution (2 Myr) $ LHAASO (EPOS-LHC)
L,=3x10%erg/s a=2.1 ; o
CR propagation following a two-zone model:
DU(EP/EU)50 0‘<T<?"c; 0'1; .'liioooo-...

here D(r, E,) =
wnere (r: ‘P) Dl (EP/E{])51 r Z 'T’C,

Zhan & Wang, MNRAS 525, 5245 (2023)

r. = 150 pc

Dy =3x10* cm?/s 6, =0.7 E, = 1TeV
D; = 10%®cm? /s 61 =1/3

E?3¢(E) [GeVY> (cm? s sr)71]

10° 106 107
Solution to transport equation. E [GeV]

E.ut ~ 5PeV tg0e = 3Myr

‘ Cygnus proton flux dominates the «knee»




E27¢(E) [GeVY7 (cm? s sr) 1]

10

0.1

Galactic Cosmic Rays

“CR sea” flux modelled as qbfal(Ep) =N

E,

I1

1 _Aai (Uf

1+
b,i

Then, total CR proton flux at Earth is ¢,(E,, Tg) = ¢§yg(En, ro) + qbfal(En)

=== Galactic component CALET
----- Cygnus contribution CREAM —
Total proton flux t  ATIC .
¥ PAMELA t LHAASO (EPOS-LHC) .
AMS02 {  IceTop (Sibyll 2.1) _
DAMPE

ILLLALL I T TTTT] UL | ILILRLLL LA

_ Protons “li l

NI S A N TT] B N RTT| S SO R U111 B S WA TET1 NI S AA ST M WA R AL T

102 103 104 10° 100 107 108
E [GeV]

10

E27¢(E) [GeVY7 (cm? s sr)71]

0.1

==+ Galactic component CALET
ERELEN Cygnus contribution CREAM _
- Total helium flux { ATIC n
~ ¢ PAMELA $ LHAASO (EPOS-LHC) i
- AMS02 { IceTop (Sibyll 2.1) —
- DAMPE { KASCADE-Grande (QGSJet-II-2)

1 l_.lt.l-*-js—--i

Ll
=~ = = 1 Bt |
T
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102 103 10% 10° 100 107 108
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Diffuse Gamma-Ray Emission

Spectrum of diffuse flux in
better agreement with VHE
observations

Cygnus region
contributes mainly to
the inner Galactic region

Ibl <5°and 15° <1<125°

Unresolved sources
subdominant in both
regions

Ibl <5° and 125° <1<235°

T TTTT] 1
B Galactic component

—— Cygnus contribution
Unresolved sources

¢ } {

10

107°

B2’ ¢, (E) [GeV! (cm? s sr)7?]

[REEEE I [

[ Total diffuse flux _|
{ LHAASO

p—d
<
o

Ll A

E2'7¢V(E) [GeV!7 (cm? s sr)™!]

B Galactic component W Total diffuse flux
—— Cygnus contribution { LHAASO
Unresolved sources
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10°
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Diffuse Gamma-Ray Emission

Diffuse flux start reaching VHE Cygnus region is the Unresolved sources
observations when subtracting dominant component in both become relevant,
contamination from sources regions at ~ 100 TeV specially at inner region

See [Kato et al., 2024]

Ibl <5°and25° <1 <100° Ibl <5°and50° <1 <200°
T T T T T T TTTTT T T TTTTT] T T 77T T T TTTTT] T T TTTTT] T T TTTTT] T T TTTTI
- B Galactic component I Total diffuse flux - i B Galactic component BN Total diffuse flux |
B —— Cygnus contribution { Tibet ASy i —— Cygnus contribution t Tibet ASy
n Unresolved sources ARGO-YB] — Unresolved sources

104
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Ll
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| Illj'ﬂll/-..l Ll Lol | LLLll Ll Looraanied . NEEEN
103 104 10° 106 102 103 104 10° 106
E, [GeV] E, [GeV]

E27¢(E) [GeV! (cm? s sr)71]

E2'7¢Y(E) [GeV17 (cm? s sr)71]
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<
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Diffuse Neutrino Emission

Observations of lceCube based on

. 70 KRAS KRAS
three templates. 71. ’ K y and. . y . T | |IbII I<I?IOI|D arlcli Olo I<I1I.I<IE60°I T Tl
Overall good agreement within Sl BN Galactic component Total diffuse flux |
uncertainties — 10 E_ —— Cygnus contribution IceCube _E
,la — Hadronic sources _
E10°F E
Cygnus component dominates the = B .
CR diffuse neutrino emission above % [ .
Ev = 30 TeVand becomes a o 10 E— E
promipent feature at higher g - .
energies (Ev ~ 100 TeV). S 105k _
o~ — -
L - .

Up to 50% of sources can 107 ";(‘)3 S— "'1'(')4 — "'1'(')5 L "11'06

be considered as hadronic E, [GeV]

For more details, see Luis Espinosa Castro et al., arXiv:2603.21665



SUMMARY

Can diffuse y rays probe PeV protons? ,
Multi-messenger concordance

-Yes, directly.

T T TTTT T T T TTTH] L

= Cygnus contribution
== Galactic component
== Total flux

p—
-
b

T- P ;

ool

What contaminates this inference?

Could the knee have a local origin?

)
E By .?t- L *'*.?.. IceCube (x10?)
. -4 L TTS_e " "%0q, —| & LHAASO y-rays (x103)

-Sources, gas and masking must be 0TE TR 2oy 1§ Lhasso (ErosLHO

) = 1 % IceTop (Sibyll 2.1)
Controlled. ~ 105 & —| 4 DAMPE

% = 3 4§ CALET

N 1 %
O, - o+ e
m -

-Cygnus provides a concrete,
mUltimessengel’-teStable hypOtheSiS. 10—8 ol "'r.| L1

103 104 10° 106 107
E [GeV]
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The Cygnus Multimessenger emission

10_2_ L 1) 1 B R R MR U1 R O =

- %* E = Cygnus contribution Gam ma-l‘ay Of the Cygn us cocoon
| 10_3 =" 'i' .* —| -+ Galactic component

N = B, q == Total flux

E :.-- ® *+ — IceCube (x102) ‘
Nm 10—4 ;_ “"":... 4 ¢ ‘?-?"0... _; ¢ LHAASO y-rays (x103)

E = TS 3 ¢ LHAASO (EPOS-LHC) — - - -

3 - g 1 & IceTop (Sibyll21) Proton injection and diffusion
- 105 E - 4 DAMPE

> = 3 & CALET

¢ 5 1 ¥ CrREaMm

9. 10-6 ;_ E }  ATIC ‘

m = A .

S 7L N Diffuse extended gamma-ray
L - . s and neutrinos emission at PeV
10—8 ol ol sl e ) that can be robed b future
103 104 10° 100 107 o erimentsp y

X
E [GeV] P

For more details, see Luis Espinosa Castro et al., arXiv:2603.21665



Galactic Cosmic Rays = e~ ot
- = Cygnus contribution (2 Myr) ¢ LHAASO (EPOS-LHC)

® Cygnus proton injection spectrum [LHAASO Coll., 2024]:

: . (B - L,
OE) = 0| 5| ew( -5
P

s=21, Ey=1TeV, E,, =5PeVandL,= JdEp E,Q(,) =3x10"ergs™

o
—

E?>¢(E) [GeV1> (cm? s sr) 2]

o
[a]
8

5 6 7
® CR propagation following a two-zone model: 10 10 10

on 1 o0 zan
Dr-— |+ 0

o ror or

—

<
—
w

Dy(E,/E)* 0<r<r,

where D(r,E ) =
P D\(E,/E)* 1>,

1 I
DO =3 X26 ) 60 = 0.7, Dl ~ 1028, 61 = ? and rc ~ 150pC

Density(GeV'1cm'3)
2
>

2

, _ |
: —_—— __ v o 10-3.
Solution to transport equation: Q(r, t, Ep) AR exp ( 2R2) Q(Ep)ﬁ(t), Ui

here R = 1 pc is source physical size.




E?>¢,(E) [GeV!> (cm? s sr)71]

® Tension with LHAASO y-ray observations would increase for other parameterisations.

COMPARISON OF CROSS-SECTION MODELS

® AAFrag cross-section gives the smaller (and softer) y-ray predictions.

|b]<5° and 15° </<125°

T

%

v

=

L

3

[0

C

m

6 SIBYLL  mmm Pythia8 \ <

10751 Geant4 W AAFrag R

1 QGSJET ¢ LHAASO w
103 T T T TT lil04 T T T T T I]ll05 TT ]:06

E, [GeV]

|b] <5° and 125° </<235°

| SIBYLL

7 Pythia8
Geant4 [ AAFrag
QGSJET ¢ LHAASO
103 T T T I]:I04 T T T T T l]:l05 T I]-I()6
E, [GeV]
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KASKADE new data-set nearly aligns ...Finally ONE single proton flux!

Discrepancy in proton flux at high-energies could be alleviated, but the discrepancy with diffuse

gamma-rays would be persistent.

o '

|

o $ i

5 10%: !333“””{,1{,”“1

E Prb g T

= $. 0|

S 3

5 )

= ¥ LHAASO (EPOS-LHC) Ll

5"_5_ ¥  LHAASO (QGSJet-1-04) |

n 102- IceTop (Sibyll 2.1) 4

W 1 } GRAPES-3 (QGSjet-1-04) “ J'T
¥ KASCADE (QGSJet-II-2) '}

105 10 107 S 108
E [GeV]

Recent re-analysis of KASCADE
cosmic ray data by Kuznetsov et al.
suggest a higher flux of protons at
PeV energies.

This proton flux measurement
shows better agreement at high-
energies with LHAASO and IceTop,
but imply even higher proton and
gamma-ray fluxes.

Kuznetsov et al., 2024

Slide from Luis

G. Pagliaroli
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Re@(R) [GVE~1 (m? s sr)71]




Relevant flux is in energy per nucleon, for which proton component is dominant

E22¢cr(E) [GeVId (m? s sr)71]

ber o) = O (E) + (1 + k) pyy cr(E,) with k=

dr(E,) = ) A’ PA(AE,)
A

Pheavy(E)

2—a,(He)

Pue(E) \ Age

—— Proton flux Tunka (QGSJet-01) —

—— Helium flux ¢ KASCADE (QGSJet-01) n PrOFon _ Heavy elements

------- All-particle flux (C scenario) KASCADE-Grande (QGSJet-I1-2) - —— Helium Total
---—- All-particle flux (Fe scenario) $ IceTop (Sibyll 2.1) wn
# HAWC (QGSJet-11-04) ¢ LHAASO (EPOS-LHC) n
104 NUCLEON (KLEM) NE
BRRAR by g, o
TR g
“‘q:‘;“""!.'.-giii (4D]
el ] Qo
q f {é%. ~
Q ~)
ib‘ m
Fo O
103 %§ 3. ~
W o
LA rriTTr T T -I.'l.lﬂlm'
10* 10° 10° 10’ 108 10% 10° 106 107 108
E [GeV] E, [GeV]
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i n Gal
CR sea” flux modelled as (E)=N| —
¢P p E

Then, total CR proton flux at Earth is ¢, (E, T) = qbfyg(En, ry) + qbfal(En)

Galactic Cosmic R

EP

1

E \“
1+ —

Ey;

ays

Two Break Model
Protons Helium
N[1072GeV 'm 27 sr7!] 6.84 4.62
2.71 2.62
Spectral indexes 217 2.04
3.87 3.88
Break energies 0.77 TeV 1.62 TeV
[TeV] 0.17 PeV 0.39 PeV
. 0.64 0.63
Break width 3.03 298

Three Break Model
Protons Helium
N[102GeV~-'m2!sr}] 5.32 3.91
277 2.49
) 2.37 1.81
Spectral indexes 235 1.62
3.83 4.24
Break eneraies 0.69 TeV 1.23 TeV
[ToV] g 16 TeV 32 TeV
0.32 PeV 0.62 PeV
0.49 0.67
Break width 0.33 14.09
2.56 444




]

—_

o
&

Diffuse Gamma-Ray Emission

% Better agreement for the two-population model (specially in inner Galactic region) in contrast to
previous 7° model in [Espinosa Castro et al., 2025] which only considers one Galactic CR population.

Ibl <5° and15 <1<125° Ibl <5° and125 <1<235

E2'7¢V(E) [GeV17 (em? s sr)71]

E2'7¢V(E) [GeV17 (em?2 s sr)7?!

10 n
. Single population - | Single population —
105 |- Galactic + Cygnus populations — - B Galactic + Cygnus populations \*
{ LHAASO i -~ § LHAASO
1 Lot ol I Lt raal I Ll | Lol Lol A N A B
103 104 10° 100 103 104 10° 1006

Ey [GeV] E, [GeV]



Ibl <5°and 15° <1<125°

T T T T T T T T TTT] T T T TTTT
B Galactic component I Total diffuse flux

—— Cygnus contribution e LHAASO
Unresolved sources

Diffuse Gamma-Ray
Emission

e When we remove the mask, Cygnus region contribution still
significant but still leave room for other Galactic sources,
according to LHAASO observations.

1074

T T TTT

T

T

E27¢(E) [GeV17 (cm? s sr)7}]

e Spectrum at lower energies differs from Fermi-LAT /
L1 | L1 a1l

observations, particularly in inner Galactic region. 108 10° 106

T T T TTTT] T T T TTTT] T T T 1717 E[GEV]
Total diffuse flux (masked) 14

——~- Total diffuse flux (unmasked) Ibl <5° and 125° <1< 235°

I LS I L I T T T TTH

—
o
[#3]

10 t LHAASO masked = - I Galactic component BN Total diffuse flux
B ¢ LHAASO unmasked - i —— Cygnus contribution * LHAASO .
- * L —
s . = Unresolved sources -
104 . °

¢V- inner/ (bv, lateral

1075

106 1 ||||||%|||I [ N

104 10° 100
Ey [GeV]

T T T

E27¢,(E) [GeV!7 (cm? s s1)71]

[y
=
w




E*’¢,(E) [GeV! (cm? s sr)71]
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o

p—
]

Diffuse Gamma-Ray Emission

Diffuse flux in good agreement
with spectral shape but unresolved
TeV component required

Ibl <4° and43° <1< 73°

I T TTTTT] T T TTTIT] I
B B Galactic component

B —— Cygnus contribution

|
KN

Lol Ll I

|
871

[ Total diffuse flux
HAWC

Lol I

10*
E, [GeV]

102 103

10°

E=1PeV

¢,dE [(cm? s sr)71]

63TeV

E =

|

PRELIMINARY

lIe_ll3l

Reproduction of longitudinal
profile at high energies around
Cygnus region

T 1 1 T 1 T T T T [ T T T T T T 1

Total diffuse flux E
+ LHAASO

+

||'I"|_||JJIJ|||I||||Il

H P

+

50 100
1 [deg]

150



Cosmic ray distribution:  ¢cr(E.?) = @crsun(E )g (F,R) h(E,7)

* Data driven local CR spectrum [Dembinski, Engel, Fedynitch et al. (2018)]

g(r) is determined by the distribution of the CR sources f; () (proportional to the SNR number density by Green et al.
(2015), and by the propagation of CR in the Galactic magnetic field.

* 2 cases: with and without spatially dependent CR spectral index B} A(T)
(from the analysis of the FermiLAT data at ~ 20 GeV [Acero et al. (2016), h(E,7) = (20 GeV)

Yang et al. (2016), Gaggero et al. (2018)])

3.4f | | | " .Aceroetal. 2016 | ‘ . Aceroetal. 2016
o . Yangetal. 2016 77— . Yang et al. 2016

3.7 . Gaggero et al. 2018 ] . Gaggero et al. 2018
> —— 3 -
§ 30 g (* 1 kpo)
= 1 t ::'__
@ 2.8} — T oo 1T
© = = Galprop
o [s18] i -
0.2 .6l 4 g (7, ) [Strong et Al.
7 £.10 -
x4 .‘ 2004

. r
A7, z) = 0.3 <1 — ) forr < 10 kpc

I‘SIJI'l

[~2
[~J

o
o

[~2

5 5 10 15 70 3 5 10 15 50 55 0
r (kpc) r (kpo)
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Diffuse GaIaCtiC y and V emiSSiOn: Abbasi et al, Phys. Rev. D. (2020)

gammaray » neutrino
1.4x107" EStandard scenario 1 TeV o
1.2x10" : b=0 . 100 TeV
b Model with - ~4.x10 b=0
E 1.x10-"| hardening %
- R = 1 kpc O 3 -17
I -12 b X10
‘Tw 8.x10 @
Nm _12 ‘Tm
1 6x107% R » R = % 2 J0rY
< 4.x10712 S
S8 s
2 x10_12 1.X10_17
- ¢IceCube » \
0 S S J
-150 -100 -50 0 50 100 150 T 5 ST T

I(deg) I(deg)

* The angle integrated y-ray flux in the standard scenario is: @, = (7.0 — 8.0) X
107 13em™2?s71GeV 1, and increases of a factor ~ 1.2 in the hardening case.
* Intheregionl < |60°|,b < |2°|, this factor becomes ~ 2(~ 3) for y (v) respectively;
* The angle integrated neutrino flux is 3.9 % - 4.4 % (5.8 % - 8.2%) of the isotropic flux observed by

lceCube (Abbasi et al, Phys. Rev. D. (2020)). Potentially observable in specific region of the sky.

Pagliaroli et al, JCAP (2016), Pagliaroli et al, JCAP (2018)(3. Pagliaroli 45 45



GALACTIC GAS TEMPLATES
TAKE INTO ACCOUNT 0% «oness ™™™ roren 2o + Atomic hycogen traced

5.0 226 by the 21-cm emission

THE LHAASO 23 line, H, traced by CO
MASK emission line.

Unresolved Sources are
distributed on the plane
and their contribution is
nearly destroied by the
mask in the inner Lhaaso

b [deg]

Porter et al., 2022 (GALPROP),
BenBekhti et al., 2016 (HI4PI),
Dame et al., 2001 (CO Survey)

® Hydrogen gas column
density Ny traced by dust
opacity map (Planck).

Aghanim et al., 2016,
Ade et al., 2011

Not uniform CR
distribution can provide
only few % of increase in

the inner Lhaaso region
due to the mask (external ¢
region can be decreased of

10%)

The presence of an
hardening of CR spectrum
toward the GC is also
negligible in the inner
Lhaaso region due to the
mask

G. Pagliaroli 46



Abdalla et al, A&A, 612, A1 (2018)

Study of the sources population s
in the TeV range: e

Cataldo et al. Astrophys.J. 904 (2020)

£
o
L
CIH.E.S,S. Survey
[ HEGRA Survey

e The HGPS catalogue (¢ > 0.1¢ 41 );

* Model for TeV source population: e s 20 o 30 30 0 280 260

0 1 3 10 30 100 300
I

HGPS flux > 1 TeV (% Crab)

I S A PR W) et =
el B tcaddh. St b o plia ..§'~.v % - g
et e e b e 5 A S A

we assume the spatial distribution and the

luminosity distribution of the sources; TE e m a e mm
R7(a—1 L \ % «=15
> Y(L) = ( ) a=1.8
Lmax Lmax i
. Lorimer et al. 2006 a=1/v4+1 Forpulsar-powered sources:
0.008— ] B t -
5 | | R=0.019yr™ ! L(t) = Lyax (1 + ;)
0:002: | We assume a power-law energy spectrum with index
oot/ T Brev = 2.3 thatis the average index for all the sources
fikpc] in the HGPS ¢atatogue.




Source component:

We consider the brightest sources in the HGPS and we constrain the
luminosity function of the entire popoulation of TeV gamma sources:

D

V,S

Cumulative distribution of HGPS

All sources \
are resolved )

>

* Total gamma-ray flux due to all the
sources integrated over 1-100 TeV
energy range.

* [tincludes the contribution from

both the sources observed by

N 531 sources H.E.S.S. and the one from

Flux>1 TeV(% Crab) sources

Cataldo et al. Astrophys.J. 904 (2020) 48 48

HSources >Flux




Connection gamma-ray to neutrino sources:
We have @,, ¢ (1-100 TeV) in gamma-rays, we need:

. . _ﬁ
* CRinjected SpeCtrum:qbp(E; Ecue) = (%) Exp <_ EE )
cut

[ = 2.4 (to reproduce the average index of the HGPS);
E.,;=05—-10Pel

e Neutrino flux from sources:

Pv s (Ev; Ecue, €) = E@y, O (Ecut)Py(Ev; Ecyt)

Neutrino spectrum.

Fraction of gamma-ray maximal neutrino flux from sources (1-100 Normalized in the
sources flux produced TeV), the neutrino source contribution energy range 1-100
by hadronic obtained by assuming that all the TeV TeV
interactions. gamma-ray sources are powered by hadronic

processes

TAUP 2023,28.08. — 01.09.2023 University of Vienna 49



b [deg] b [deg]

b [deg]

GALACTIC GAS TEMPLATES: HERMES

75

75

100

100

100

125

125

125
I [deg]

150

150

150

175

175

175

GALPROP

200

200

200

225
HERMES

225

Planck

225

23.0

21.5

21.0

®* HERMES gas template also
traced by 21-cm and CO
emission lines.

Dundovic et al., 2021 (HERMES),

BenBeknhti et al., 2016 (HI4PI),

Dame et al., 2001, Dame et al., 2004
(CO Survey)

® HERMES column density differs
from GALPROP but is still higher
than Planck column density by

~ 10 % (LHAASO inner region)

and ~ 20 % (LHAASO lateral
region)




Unresolved

Sources

PULSAR WIND
NEBOULAE and TeV
Halo

STAR CLUSTERS
MICROQUASARS
COCOONS

* «Contribution from unresolved Globular Clusters negligible «

He et al. Astrophys.J. 991 (2025) 1, 4

* «Contribution of unresolved sources using nonparametric
method to derive the source count distribution from the
published first LHAASO source catalog is not enoughin
the innerregion of Lhaaso», He et al.
Astrophys.J. 980 (2025) 1, 17

* «Unresolved pulsars contribution is less than 21% +6%
above 100 TeV in the inner Lhaaso region», Kaci et al.,
Astrophys.J. 975 (2024)1, L6

* «Young massive stellar clusters (YMSCs) » Menchiari et
al., Astron.Astrophys. 695 (2025) A175

 «Cocoons contribution» from Ambrosone et al.,

G. Pagliaroli
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GAMMA-RAY EMISSION AT TeV-PeV energy

Planck CO map

SN 1006

1 \ HE gamma-ray Sources .13s
do SR -

/ HESS J0632+057

, Large Scale Diffuse emission
(1 H.ES.S. Survey

r—_—- HEGRA Surve 'y
u," [R lT ;':A_S C:'l::: r U : 5 l__ r.’l C",«‘

The relative contribution of gamma-ray sources over the diffuse emission increases at higher energy,




TeV Galactic Gamma sky _
@ 2019 0 I

_ Planck CO(1-0) map

SN 1006

'\\ 270 225

\ 315
w HESS J0632+057

N\

OH.ES.S. Survey
[ HEGRA Survey

\/ERITA QLiIr\/e3\/
(" *! I C) b“'u Ve \

Telescope Gal latitude
longitude
HESS 1 TeV -75°<160° |b|<2°
HAWC 7 TeV 0°<l<60° |b|<2°
Milagro 15 TeV 30°<l<60° |b|<2°
September 7. 2 Argo-JB 0.6 TeV 25°<1=60° ] |b|<5° -




Neutrino Diffuse Galactic emission:

Py qiff (Evr nv) —

leur L4

5 [aleeny,

dl Pcr (E 7'Sun + lnv)nH (rSun + lnv)

Differential inelastic cross section of pp
interaction from the SYBILL code
[Kelner,Aharonian,Bugayov (2006)]

Cosmic-ray energy and

spatial distribution

Interstellar gas distribution in
the Galaxy [Galprop]

MODELS Providing TEMPLATES
The gamma-ray templates (spatial and energy dependences) are
used to look for this component ....results are model dependent

Tlemplate selected by IceCube: KRAgamma and Pi(0

MEASUREMENTS above 1 TeV

ANTARES without templates
ICECUBE with templates

Main sensitivity around 100 TeV-
—>Tibet, Lhaaso
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lceCube vs Hardening Case:

Vecchiotti et al. Astrophys. J. Lett. 956 (2023)2, L44

* In the scenario with a CR
spectral hardening there
is not space for the
contribution of hadronic
sources.

We expect PeVatrons in
our Galaxy and the
hardening case needs of
hadronic sources to
exists!

(Q\]

E,

1.><10_8T
5.X10_gj

1.x107°

Ib| < 5%, 0° < | < 360°

__ Hardening Case

— lceCube

Excluded by y -rays

71000

Py tot —

¢V,S (f: Ecut) + Qav,diff

10* 105 0P

E, [GeV]
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lceCube vs Standard Case :

Ib] < 5° 0° < < 360°

* In the scenario in which !
the CR spectrum is 1.x10°8|
uniform within the T 5. x 107 [
Galaxy, the maximally e ~
allowed fraction is § < N
0.40 (E,,; = 500 TeV).If §1.x107
we require that Galactic 3 5-x107°|
sources should be ableto £
accelerate particlesupto o> | — Standard Case \\\
the CR «knee» thenthe = Wy  4qof —TOt@IB ¢=040,Equ =300 TeV "

. - — Total B, £ =0.18, E;,t = 10 PeV
fraction reduces to & ~ ~ otal B, ¢ ot ©
0.20 - — lceCube

Excluded by y -rays

1107500 10% 10° 108 107

E, [GeV]

Oyiot = Pvs (S Ecut) + @y qift Vecchiotti et al. Astrophys. J. Lett. 956 (2023)2, L44
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E2'7¢V(E) [GeVY7 (cm? s sr)71]

107

Ibl <5”and25° <1 <100°

B Galactic component I Total diffuse flux -
- Cygnus contribution { Tibet ASy i
Unresolved sources ARGO-YB]J -

.

l |||',((ﬂ| I EEET L1l

102 10° 10% 10° 100

E, [GeV]

Dust gas 20% less of the Galprop one
PWNe with Ethr=LHAASO and Ecut= 100 TeV

r"]

1

[
|
«

E27 anrde[Gev! Tem2

25° <1< 100°, |b| < 5%, Ecut = 500, R = Inf

oo -
2.x1074 e R
- s
> N
_, N
a N
o ]
Lol O \
v i \
= =2 \
= Sl \
o ‘
LN
\
s N
» A}

1.x1074
5.x1075
2.x1075
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0.1 1 10 100 1000
Energy[TeV]
Galprop gas

PWNe with \Phi_thr of 0.1Phi_CRAB for HESS
And Ecut 500 TeV
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