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' Diffuse emission totally correlated

The Ga m ma-ray d iffuse Sky i W|th the propagation of cosmic rays i

. Dominated by protons, He (and e)

Fermi-LAT
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Hadronic (and Bremss.) emission
follows the ISM gas distribution

|C emission depends on the
energy density of the ISRFs
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Galactic gamma-ray diffuse emission - Local cosmic rays

Too limited information on Galactic CR propagation
to build theoretical models beyond the Solar System

P.D.L. et al JCAPO3 (2021) 099 B/C spectrum
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Galactic gamma-ray diffuse emission - Local cosmic rays
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Galactic gamma-ray diffuse emission - Local cosmic rays
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Galactic gamma-ray diffuse emission - Hardening towards
the centre

The conventional picture of spatially-constant
diffusion is not able to explain this consistently

Progressive hardening of the O
gamma-ray diffuse spectrum [ _
towards the centre 99 P — Lipari et al 2020 (12 GeV)_—
L Gaggero et al 2015
Diffuse gamma-ray spectrum L o4l n ﬁiceroetalzom ;
essentially follows the spectrum 9 &  Yangeral2016
of CR protons: = -26 ]
> [
Purely diffusive — ¢ o« E~(@+ &) 2. ' |
vn —2.8 ; -
Advection dominated — ¢ < E~¢ I r
_ ~3.0 l+ ]
Transient effects and source [ P, Lipari, S.Veretto 2020 1
injection not isotropic (a(r, z))? ) M S S S S S
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Inhomogeneous diffusion model

P.D.L. et al, A&A 672 (2023) A58

E28do/dE,dQ[GeVcm™2s isr1]

y-ray emission - Gal. Plane

Diffusion coefficient changes towards
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‘Inhomogeneous diffusion model (5 2 8(R)) |

Two different interpretations
(models) of the local proton and He
data based on the “bump” at ~10
TeV found by DAMPE and the
discrepancy from particle shower
experiments.

MAX model adopted connects
AMS-02 data with IceTop

MIN model adopted connects the
DAMPE “bump” with KASCADE

Both models incorporate a break at
~ 300 GeV and a strong softening at
a few PeV

E28.0(GeV18sIm=2sr71)

105,

103_
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101_

Different interpretations of local data

Local sources vs global features

104_

P.D.L et al, A&A 672 (2023) A58

Protons (unmod.) spectra vs Galactic Radius
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‘Inhomogeneous diffusion model (5 2 8(R)) |
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[Inhomogeneous diffusion model} The different components

 The diffuse emission at GeV energies dominate over the emission sources emission (4FGL catalogue)
 Unresolved point sources (UPS) become more important at higher energies (steppa+ A&A 643, A137 (2020))
* [sotropic gamma-ray background (IGB) contains Extra-galactic plus Fermi’s instrumental background

y-ray emission - Gal. Plane P.D.L et al, A&A 672 (2023) A58 y-ray emission - Gal. Plane
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E?do/dE,/dQ[GeV cm™2 571 sr71]

1075 4

10—6 B

v-optimized model vs Fermi

ISM gas distribution based on the ring gas model
developed by Q. Remy

ISRF distribution (CMB + IR + Stellar) from
Vernetto&Lipari Phys. Rev. D 94, 063009

XCO factor divided in rings to tune the normalization
(Different approaches can be used)
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Inhomogeneous diffusion model
The diffuse emission meets TeV data

P.D.L etal A&A 672 (2023) A58

- I Base model
~ | Fermi syst.+stat.
-+ TIBET Diff.

25 <1 <100 - |b|<5

[ Y — optlmlzed model i

}

= =]

ARGO Diff.

LHAASO Diff.- Prel

Fermi Diff.

o

o7

o

E, [GeV]

105

106

EE 20
3.24993e-21 ] [cm™2s71GeV~isr7l]  2.86481e-16

The spatially-dependent (y-
optimized) models, tuned on
Fermi-LAT data are also
favoured by very high energy
detectors like LHAASO

Important implications for
future experiments like CTA
and for dedicated studies of
the Galactic Centre (GeV
excess)
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Inhomogeneous diffusion model

LHAASO diffuse emission

do,/dE, [GeV!7 s7!sr~tcm™?]
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The spatially-dependent (y-optimized) models,
tuned on Fermi-LAT data are also favoured by
the very high energy observations of LHAASO
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Inhomogeneous diffusion model

Longitude profiles vs LHAASO

® [cm~2s~1sr71]

le—-13

—— y-optimized model
® LHAASO 63-1000 TeV
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The spatially-dependent (y-optimized) models,
tuned on Fermi-LAT data are also favoured by
the very high energy observations of LHAASO
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Inhomogeneous diffusion model | soth modeis under-produce TigeT

. . data = Region very affected by the
External Galactic regions emission of unresolved sources!

(dependent on the experiment)

e L e
N - —— y — optimized - Min model Fermi syst. +stat. 1 The effect of the
5 [ —=- y—optimized - Max model -+ TIBET Diff. 1  inhomogeneous transport in
- - —— Base - Min model -~ Fermi Diff. . such externals regions is small,
7 - ——- Base - Max model CASA-MIA {  therefore, more data at these
n ROIs can help solving the
<1074 _| = = degeneracy between emission
S - _ 1 from unresolved sources and
] . —— -~ ettt i the truly diffuse emission
e 2 — — =====-"" \§§\ -
W e - — — ™ NN
o] o See also:
9> Vecchiotti et al
> 10-5- . ArXiv:2107.14584
Wi - 50 <1<200-|b|<5 PD.L et ol AGI €72 (2023) ASS . Linden and Buckman PRL

T TS LA A T T R

E, [GeV]
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Inhomogeneous diffusion model

External Galactic regions

= =
o o
' !

E%7d®/dE,dQ [GeV! cm™?s 1sr1]
H
<

6

=
9

4

| —— y— optimized - Min model } 1CeTop-86
{ === y—optimized - Max model |CeTop-40
| —— Base - Min model CASA-MIA
| =-- Base - Max model t ARGO-YB]
?:-_-"‘-_.7":.':":_*7'_":’:::*:-—:—:::

P.D.L et al, A&A 672 (2023) A58

103

10% 10° 10°

Energy [GeV]

Within the region of
sensitivity of IceTop there is
little difference between
models conventional
diffusion and the gamma-
optimized models

Observations in this region
seem to be around the
corner! In addition,
unresolved sources may
play a crucial role here
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Total diffuse emission > MAX/MIN (truly diffuse) +
Unresolved sources contribution

Compatibility with the total diffuse emission from the TeV (HAWC) to the PeV (TIBET)

— (]']:".I.] [

O'E (MAX)
$IE (MIN)

—_— astro \ Tibet ASA
)] (MAX} —-|— {-230 < f < 1(](]0]
=== Q¥ (MIN)

Eckner & Calore 2022 arXiv: 2204.12487

T R 1) 1)
E [TeV]

o' (MAx)  —— === ™" (MIN) \

'E (MIN) — I (MAX) | HAWC: Galactic diffuse |
(43°<1<73° |b| <4)

Eckner & Calore 2022 arXiv: 2204.12487
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1079

Diffuse gamma-ray production: detection of
neutrinos as a smoking gun

| w1y — optimized - Min model

P.D.L et al, Front.Astr.Space Sci. 9 (2022) 1041838

===y — Optimized - Max model

—— KRA, 2015 (E. = 5PeV)
-+ lceCube astrophysical
—t— ANTARES limits

102 103 10* 10°
Energy [GeV]

10°

107

Neutrinos are also generated by CR
collisions with ISM. This emission is
similar in intensity and spectral shape to
the gamma-ray emission

20 hint observed by IceCube (Aartsen, et al.
2019, Astrop. J., 886, 12).

4.10 observed in track-like IceCube events
(arXiv: 2208.080423).

Indication that a Galactic diffuse component
(10-20% of the total flux above 200 TeV) is
already identified by IceCube.
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Diffuse gamma-ray production: detection of
neutrinos as a smoking gun

y Optical

Northern Sky / \ Northern Sky

0° dasmng -

y / Southern Sky Southern Sky

v Analysis Expectation £ : i .
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. v e 3 H
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w
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[o]

Galactic Coord.
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Signi

-120° -180°
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IceCube confirmed the detection of neutrinos from the disk at almost 5¢
using cascade events. New analysis using track events also ongoing

E2 35 [GeV s~ cm?)

—
<
o

—
<
-

10—8_

IceCube Coll. Nature 2023

-+ KRA? Model =——KRA? Best-Fit v Flux
-- KRAY Model —— KRAZ’ Best-Fit v Flux

«+ 1 Model w110 Best-Fit v Flux
lceCube All-Sky v Flux (22)

Rt
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Diffuse gamma-ray production: detection of

neutrinos as a smoking gun

lceCube Preliminary } This Work Diffuse
1 IC Cascade Diffuse
(PRL 125, 121104 2020)
r'IT _
E 10_6;
c _
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v o
> 5
O 1077 '‘w
=N [1}]
S o,
hiy 3
l."l:lub
10-°F 710 model + Kra-y®> model
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IceCube confirmed the detection of neutrinos from the disk at almost 5o
using cascade events. New analysis using track events also ongoing

IceCube Coll. Nature 2023
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1079

Diffuse gamma-ray production: detection of
neutrinos as a smoking gun

Per flavor flux

B IceCube Best-fit Kra-yF=>PeV
IceCube Best-fit m°

= = y-optimized - Max model

= y-optimized - Min model

103 104

E, [GeV]

This model predicts a neutrino flux in
excellent agreement with the best-fit
measurements of IceCube

However, no much room for high-energy
neutrino sources > Most PeVatrons
observed in y rays have a leptonic origin

IceCube observation slightly favour the
scenario of a Galactic flux correlated with
the CR distribution, although uncertainties
are enormous

y-optimized model predicts both the
observed high-energy neutrino and high-
energy y-ray emissions perfectly



{The CMZ ofters a wonderful test! J

v Energy flux in CMZ ( |b| <0.3, |l]<1)

The CMZ is the region where ’ — roimcma e
more gas is concentrated and o AN s
where the spectral assumptions = I n Jr Sy
of different models can have o) T
very large discrepancy. g ' .
£
S 1079;
Obtained from the last release &
of track-like events collected by 4 10|
IceCube between 2008 and s
2018, through-going tracks, that  x 10,

2
v

reach the detector from all “

directions, as well as track 10722

events that start within the

Instrumented volume 10713 Gal, Lo, (g

107 102 103 104 105 106 107
v Energy [GeV]
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The Galactic diffuse emission

TO CO N C LU D E meets the PeV frontier

» Gamma rays offer crucial information about the propagation of
cosmic rays in different zones of the Galaxy, although many
ingredients are involved and uncertainties are very high...

> The predictions from the y-optimized model (modelled from GeV
Fermi data) explain perfectly both, LHAASO and IceCube observations

> Precise predictions (not only fits to data!) of unresolved sources
and extended sources are needed to improve our models

pedro.delatorreluque @fysik.su.se CRPropa Workshop
27/09/2023



[Inhomogeneous diffusion model (6 = &(R)) }

Many reasons to believe that the B,

1.0e-04 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0e+00

turbulence is progressively different s —
towards the Galactic centre:

- Magnetic field intensity (and
direction)

- Gas distribution (contributing to
damping of MHD waves)

- Distribution of sources
- Anisotropy of turbulence cascade

- Non-steady particle distribution?

15 Cerri et al., 2017
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‘Non-uniform diffusion:
(Anisotropic diffusion e s

J

Mainly parallel diffusion

D = Dy (?)‘“‘

Y

—
v

o
[

&
[

I T T T
"o FermiLAT anal‘vsir% +

=== Gaggero+2015 analysis

——— 5. =105, ep—0.01

6, = 0.7, ep = 0.01
| | ] ] I I

2 6 8 10 12 14
R [kpc]

Cerri et al JCAP10(2017)019

Light version of DRAGON (fully anisotropic):
https://github.com/sscerr/DRAGONCELLO

Mainly perpendicular diffusion

]
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' Inhomogeneous diffusion model (5 > 8(R)) |

Different interpretations of local data... Local sources vs global features

E28. 0 (GeVi€s Im=2sr71)

102_

P.D.L. et al arXiv: 2203.15759

Local Protons

il

—— Min model (Unmod.) 4 DAMPE (2018) ‘\
—— Max model (Unmod.) 4 KASCADE (2013)

+ AMS-02 (2013) 4 KASCADE (2005) QGSJET

+ ATIC (2009) b KASCADE (2005) SYBILL

4 CREAMIII (2017) + IceTop (2019)

CALET (2019) KASCADE Grande (2013)
¢ NUCLEON (2019) b KASCADE Grande (2017)
102 104 106 108

Energy (GeV)

MAX and MIN models
allow us to have an idea of
the uncertainties on the
local CR spectra of protons
and helium at different
energies, but they do not
represent the full
uncertainty involved !!
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(. . . )
Inhomogeneous diffusion model

. el Absorption from the CMB dominates
The diffuse emission meets TeV data y over the other ISRFs (IR from dust, Optic

and UV from stars and extra-galactic

S RN R D background light)
| —— y — optimized - Max model -+ TIBET Diff. :

N

|

g - —— y —optimized - Min model } ARGO Diff.

T - === Max model - No Absoprtion } LHAASO Diff.- Prel 15103 | | |

e —==Min model - No Absoprtion L |b] < 5° P. Lipari, S.Vernetto 2020

1 1073} 1

o ; o 150° < |£] < 180°

- 3X — -

> =

) o

© 5

l-l.l>. ':H

T 3 2x1076 .

S

© —

i = actorized spectr

© >~ —6 | Non-—factorized spectra

N> 25 < | < 100 - |b|<5 = o o

1T} o o o o % = === (No absorption)

3 3 5 6 '
10 10 10 10 ) . _ Factorized spectra _
EY [GeV] 2x10 | - — - — (Noabsorption) |
Absorption of very high energy gamma rays becomes important S R U RSP Y R
+ Se 4 e- 10 100 1000 104 10° 106 107
Y T Visrr Gy
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Morphology hadronic emission on HI

2.2733e-20

J[cm=2s71GeV~1sr-

E?d®/dE,/dQ[GeV cm™2 571 sr71]

1 1.80429e-17 0

Longitude profile - |b| <5 deg - 50 GeV

10—5 4

10—6 1

10—7 4

— y-optimized (Min model)
—— hadronic on HlI

hadronic on H2
+ Fermi PASSS

—-150 -100 —-50 0 50 100 150
| [deg]

J[em~2571Gev-1sr1]

Morphology hadronic emission on H2

5.04752e-16

27



Inhomogeneous diffusion model

Latitude profiles vs LHAASO

® [cm~2s71sr71)

le—13
6
— y-optimized model
5 | ® LHAASO 63-1000 TeV
4 .

-10.0 =75 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
Galactic latitude [deg]

The spatially-dependent (y-optimized) models,
tuned on Fermi-LAT data are also favoured by
the very high energy observations of LHAASO

® [cm~2s71sr 1]
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EE 20
3.24993e-21 ] [cm™2s71GeV~isr7l]  2.86481e-16
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2.0 A
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-0.5
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Should the galactic neutrino emission be
dominated by sources?

Lipari and Vernetto. ArXiv:1804.10116

Solid lines: factorized diffuse flux
0.50 F Dashed lines: non—factorized diffuse flux
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Semenov, Krtavsov, Caprioli 2021

A few implications ...

No CRe

o Injection mechanism and
acceleration of CRs (PeVatrons?)

o Environments of PWNe and SNRs
as well as the mechanism of
turbulence generation and
propagation, ...

I N
fe0.4-consta

o Astrophysical plasmas, magnetic

fields, 1onization rates in MCs, ...
o Galaxy formation =R oy
o GeV excess? B
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TeV halos and inhibited diffusion of leptons
around Pulsar Wind Nebulae (PWNge)

Probably similar phenomena is present around every source injecting CRs ...
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—— TeV Halo Flux
—— Hadronic Diffuse
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