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' Diffuse emission totally correlateql

TheGammay dlﬁ:use Sky IW|th thepropagation of cosmic rays

i . Dominated by protons, He (ang e.

Bremsstrahlung emission - 120 GeV

b EE
-34.7448 J[em~2s71GeV~1sr1] -25.9217
I}] h O ‘T
1) 1)
7T O C |-> Q r O Q r Q
Hadronic emission - 120 GeV IC emission - 120 GeV

Hadronic (andBremss) emission
follows thelSM gas distribution

IC emission depends on the
energy density of thESRFs

J[em2s71GeV-1sr~1] -25.313

|
-29.178 J [em=2s71Gev~1sr1] -18.8142 -29.5262



Galactic gammaeay diffuse emissiofiocal cosmic rays

Too limited information on Galactic CR propagation
to build theoretical models beyond the Solar System
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B/C spectrum
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Modulated spectrum
Unmodulated spectrum

t B/C AMS-02 (2011-2016)
+ B/C Pamela (2006-2008)
-+ B/C Voyager 1 (2012-2015)

1071 S
ff
rd

}f
Fl

r

J.f
F
i
4
’
!J'
I
!f

o 03

T p1

3 00

E—D.l 'I'

—0.3 .

P e s W L i

i

10-2 10-1

100 101 102

Energy (GeV/n)

10°

103

10!

=
o
&

EZ?8) (GeV/n)*8sIm=2sr?!

=
o
b

P.D.Let alarXiv:2202.0355

Energy (GeV/n)

—— Modulated -+  AMS-02
------- Unmodulated <+ \Voyager-1
T 100 101 102 10°



Galactic gammaeay diffuse emissiofiocal cosmic rays
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Galactic gammaeay diffuse emissiofiocal cosmic rays
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Galactic gammaeay diffuse emissiofHardening towards

the centre

Progressive hardening of the
gammaray diffuse spectrum
towards the centre

Diffuse gammaay spectrum
essentially follows the spectrum
of CR protons:

Purely diffusiveg . 8 ¢ #
Advection dominated;, . ® [’

Transient effects and source
Injection not isotropic|((r, z))

Spectral Index

| | | I
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The conventional picture dpatially-constant
diffusion is not able to explain thisonsistently

+ 5

—— Lipari et al 2020 (12 GeW

Gaggero et al 2015
[ Acero etal 2016
PN Yang etal 2016

P. Lipari,S.Vernetta2020 |
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Inhomogeneous diffusion mo

the Galaxycentre |

16) 1 15

P.D.Let alarXiv: 2203.15759 y-ray emission - Gal. Plane |b| < 5

| =— y-optimized <+ Fermi PASS8

| === Base model

| |
1.96936e-22 J[cm™?s'GeV~!sr~!]  1.96936e-18
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I -optimizedmodel:y =0.04
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' Inhomogeneous diffusion modelA 1 (R)) |

Different interpretations of local data

Two different Interpretations Local sources vs global features

(models) of the local proton and He

data based on the |[fbEwmEdssat =10  MAXinodel_
TeV found by DAMPE and the .
discrepancy from particle shower =
experiments. & L e
|E 1044 / e ]\
MAX modebhdopted connects 0 . B f RN
. n Protons (unmod.) spectra vs Galactic Radius
AMS-02 data withiceTop 5107 R=0 kpc ¢ NUCLEON (2019)
> | R=6 kpc + DAMPE (2018)
MIN modeladopted connectsthe © | — solarsystem KASCADE (2013)
~ A T 1024 + KASCADE (2005) QGSJET
DAMPE Abumpo wi ’[:.h KASTCADE] (it coos o
] Y 4 AMS-02 (2013) -+ IceTop (2019)
Both models incorporate a break at™ | | zo09) KASCADE Grande. (2013)
~ 300 GeV and a strong softening 4+ CREAMIII (2017) 4 KASCADE Grande (2017)
cut-off) at a fewPeV ST
( ) 102 10* 10° 108
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' Inhomogeneous diffusion modelA 1 (R)) |

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

MAX modebhdopted connects
AMS-02 data withiceTop

MIN modeladopted connects the ©

DAMPE fAbumpo with

Both models incorporate a break at™
~ 300 GeV and a strong softening
(cut-off) at a fewPeV

1]

Different interpretations of local data
Local sources vs global features

ﬁD.bet@aWy:ﬁZ@.lS?S% [ ~ 1 O_ ______

Protons (unmod.) spectra vs Galactic Radius

{ - R=0 kpc ¢ NUCLEON (2019)
----- R=6 kpc + DAMPE (2018)
—— Solar System KASCADE (2013)

K A{%?A D E+ KASCADE (2005) QGSJET

KASCADE (2005) SYBILL

. MIN model
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Inhomogeneous diffusion modgithe different components

A The diffuse emission at GeV energies dominate over the emission sources emission (4FGL catalogt
A Unresolved point sources (UPS) become more important at higher ensegiesaga 643, A137 (202))
A Isotropic gammaay background (IGB) contains Extgaa | act i ¢ pl us Fer mi 6s

P.D.Let alarXiv: 2203.15759

y-ray emission - Gal. Plane y-ray emission - Gal. Plane
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@ . »
Inhomogeneous diffusion model
The diffuse emission meelsVVdata

.

P.D.Let alarXiv: 2203.15759

| @ y-optimized model  }  ARGO Diff 24902t )lem- s cer ) 2oeisies

[ I Base model } LHAASO Diff.- Prel ' _

4+ TIBET Diff +  Fermi Diff. | The spatiallsdependent

: { (*-optimized) models,

1 tuned on FermLAT data
are alsdfavoured by very
high energy detectorsike
LHAASO

|—|
o
&

Important implications for
future experiments like
CTA and for dedicated
| studies of the Galactic
“10T 107 10 104 105  10¢ Centre (GeV excess)
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(3 . .
|nh0mogeneous dlfoSlon mO EI Both models undeproduce TIBET

: - dataA Region very affected by the
& The diffuse emission meelsVdata emission of unresolved sourcés

(dependent on the experiment)

T T T T T T T T T T T T T T TT] T T T T T T T T T T T T T

—— y —optimized - Min model -+ TIBET Diff. The effect of the

a 3? ——- y—optimized - Max model + Fermi Diff. 1 Inhomogeneous transport in
| —— Base - Min model CASA-MIA | such externals regions is small,
[ ——- Base - Max model | 1 therefore,more data at these
'i" _ ROIs can help solving the

degeneracy on the injection
spectra (MAX/MIN)

=
o
&

See also:
Vecchiottiet al
ArXiv2107.14584

; Li BuckmaRRL
| 50<1<200-1bl<5  orawmvzosasiss ppociopoatc
10° 10! 102 103 104 10° 10°
E, [GeV]

E2®do,/dE, [GeV!®s™!sr™t cm™?]
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Diffuse gammaay production: detection of
neutrinosas a smoking gun

-": /(((/// 4}4/’)@&
| ‘a

N kg

| lceCubeApJ849(2017) 67

| Measured

Vi1

/1/?4

4 /o(/(/

Astrophysical Flux

"N

103 104 10°

106 107

E, [GeV]

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

2,, hint observed byceCubeg(Aartsen et al.
2019 ,Astrop. J., 886, 12)Observation of
Galactic neutrinos could be veripse

Work in progress for the evaluation of the
Galactic neutrino flux from the-optimized
model



Galactic diffuse gamma rays meet

¢ h / h b / [ : 5e ngror)',( (ArXiv2203.15759

A Gamma rayffer crucial information about theropagation of
cosmic raysn different zones of the Galaxy, although many
AYVINBRASY(GA INB Ayd2f OSRX

A A formal study of the generation of turbulence (and its evolution)
In different zones of the Galaxy Is necessary

A Precise predictions of unresolved sourcasd TeVhaloswould
nelp us improve our modeldleutrinos could allow us to solve the
puzzle

14
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TheGalactic Gamma ray emissiGomponents

U > 5600 pointlike sources
have been observed by
the Fermi satellite

U ~ 75 extended sources
Extended structures (Fermi
bubbl es, Loop

Galactic diffuse gamma
ray background

Extragalactic background
(EBL) isisotropic




Accelerationof CRs in.sources

Injection

Upstream

Shock front

Magnetic turbulence

Downstream

CR

~ E(CR")>E(CR)

© M. De Becker

Diffusive shock acceleratiorexplains

the power law distribution of CR particles

CRs are accelerated in shoeKkske those
found in SNRs oPWNe

Then, these cosmic rays interact with their
surroundings and generate gamma rays




The Milky Wayis described aa magnetised plasma medium following the
Magnetohydrodynamic equations

i B 1-
’ B=B,+{BA <B>=B \)
~“E=0+tE A <E>=0. 0.5
e . 0 X
Longitudinal modes are compressional waves ] i
which are severely damped by the gas ] :
'0.5 J g 4:’.,-3 A—\W
Alfven waves are circularly polarized whose \\‘@ %{\:’*‘g\ A
resonant interaction governs the CR scattering 15 ‘L% naca. }“\
(\\\‘ ,\\"‘
M, &E\’
e oo”
‘70.40 A e
: 0.8 o 05 | |
+ 0
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B/C Flux ratio

—
=
L

Secondanrto-primary CR flux ratios allow us to constrain the properties
of the plasma where the turbulence is generated

CRs trigger instabilities in the plasma that lead to further confinement of cosmic rays in the Galaxy

Linj = 100pc, B = 0.1, x. = 106 — == Pre-existent MHD turbulence ; R
Moy, = 05 — My, = 04 —— Scattering on total turbulence 0 D oW I W = ¢ L
‘ | ar | Pk | + EorW = qw (k)
Seltgenerated '

turbulence

——
—— e
-— —
- —
—
—
-~
oy
o~
—
"
L

e AMS-022018
e PAMELA 2014
e  ATIC 2008

100 10! 102 103

E[GeV /n] Fornierj P.D.Let alMNRAS02
(2021) 4, 5825838
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Diffusive:transport of Galactic cosmic:rays

Propagation equation is solved with the DRAGONZ2 code
https://github.com/cosmicrays/DRAGOMNBEta version
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https://github.com/cosmicrays/DRAGON2-Beta_version

Confinement timey, Diffusive transport

CR observed flux: NE' ;+ _2.7 /
d}\z,

N
— O:(E)— (Leaky box approx.)
6!1_ Ql"( ) T{J_\SI["‘

DSA predicted flux: @ E" ;h -2-2.3

Steady solutiol N; = Q;7°¢ —— Confinement time must be#sc® E'; 1 0.4

Solving the equationcé—f — QVX(B;LSB) leads tol ® (A1 B/BY® k=

Thepower spectrum of MHD turbulendellow a power law in wavenumber (k) and is able to
explain the propagation of CRs as a diffusive transport in the Galax@With < 0.6




The Gammaiay sky¢ Components: Diffuse

There are still extended Fermi-LAT diffuse template - 100.0 GeV
(diffuse) emissions there: ‘

Fermi bubbles
Loops and spurs

Below these foregrounds
we find the diffuse
gammaray sky!

Extragalactic background
(EBL) isisotropid

k.
4.01872e-12 J(cm™2s7'GeV~lsr~!) 4.60403e-09

Seehttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html



The Gammaiay sky¢ Components: Diffuse

Diffuse gammaray sky has many components
(different emission mechanisms) adding up on
top of each othér Hadronic emission is the
dominant one above ~ hundreds MeV

DRAGON-Gammasky Total emission - 100 GeV

Average emission - Galaxy Center - DRAGON2

S 3.0 1

lh —— Bremsstrahlung emission

% 231 : :;t?:;:fiiic::nission

U] —— Total emission

T 2.0 4

' HE 2 T

lE 15 | -11.5898 logJ (cm~?s7'Gev~lsr-l)  .8.2216

X This diffuse emission is correlated with the

- . propagation of cosmic rays in the galaxy!
. eray (Gen Dominated by protons, He (ang e

23



Galactic gammeay diffuse emissivity From standard models

Average gamma-ray emission - Mid latitude vs Galactic center Main uncertainties in the IGRB

Prmag, — FLUKA  —— GALPROP o CR propagation ingredients

'++ ‘t..- —— DRAGON2 - Fermi diffuse template
107 L o
. - 0 Gas distributions: XCO map factor
0
— !...*_
| e . . .
> S —— 0 Source distributions
¥ 1077 Iabl N

|
% BTN o Unresolved sources
|
S : :
s 0 Extragalactic background is
"'-\ - -
x 10 uncertain at the level 0£30%
W
o Fermi Bubbles
10~° e ——— - _ _
10° 10 107 o Cosmieray gradient problem

Energy (GeV)
P.D.L PhD thesis (2028rXiv2202.07063


https://arxiv.org/abs/2202.07063
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Galactic gammaeay diffuse emissiofHardening towards
the centre

Average gamma-ray emission - Gal. Plane - XCO Dragon

Progressive hardening of the [ 4 rorm paces
gammarray diffuse spectrum - - —
towards the centre K bl <5 ‘ | =
|
Diffuse gammaay spectrum ) ‘ —|— ‘ |
essentially follows the spectrum 5 ++ ‘ +:':_l_
of CR protons: E J0-4 — I +—+—+-|- — 10-¢
1. c L+ 4 l ‘
Purely diffusive; . & F ¢ # 8 L —|—
LL.I |
Advection dominated. ¢ * =2 !
s I ey o |
Transient effects and source 3, + 00<1<100  + 750<1<850
injection not isotropic|((r, z)) + 350<1<450  + 1000<1<1100

101! 102
Energy [GeV]
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Galactic gammaeay diffuse emissiofHardening towards
the centre

Average gamma-ray emission - Gal. Plane - XCO Dragon

Progressive hardening of the
gammaray diffuse spectrum
towards the centre

1 == Base model 4+ Fermi PASSS8

b <5 _|_—|— -

Diffuse gammaay spectrum
essentially follows the spectrum

E28do/dE,dQ[GeVcem™2s 1sr1]

of CR protons: 10-4 +— —= —1 10
.y Lo mmgee—p=— -+ ‘
Purely diffusiveg, 8 ¢ # [ | —|—
] I _____
Advection dominated; . © g - —[— __________________
r L l____|__=|=_—.|r_
Transient effects and source _ — 00<1<100 —— 750<I<850

- 100.0 <1< 110.0

Injection not isotropic|((r, z))

101 102
Energy [GeV]
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Galactic gammaeay diffuse emissiofHardening towards

the centre

Progressive hardening of the
gammaray diffuse spectrum
towards the centre

Diffuse gammaay spectrum
essentially follows the spectrum
of CR protons:

Purely diffusiveg, 8 ¢ #
Advection dominated;, . ® [’

Role of unresolved
sources?

E28do/dE,dQ[GeVcem™2s 1sr1]

=
<
I

Average gamma-ray emission - Gal. Plane - XCO Dragon

1 == Base model

.- -=|—-—+=-—l-f+_]'_‘ """ | _|__'_
- +—L——l—+ L
::j‘=1:=f'"+"" """"""""""

4+ Fermi PASSS8

Ib| <5

- 100.0 <1< 110.0

10! 102

Energy [GeV]

L 10—4
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' Inhomogeneous diffusion model4 1 (R))

Many reasons to believe that the P S
turbulence is progressively different | es—
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

29



' Inhomogeneous diffusion modelA 1 (R)) |

Many reasons to believe that the
turbulence is progressively different
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?

E2dN/dE [eV/(cm?s]

104 F

10~

1L

—— CMZ, CS x r~13 template

—— CMZ, CS x rY template
— CMZ, GALPROP template

- O CMZ, HESS Collaboration [25]
CMZ, MAGIC Collaboration [26]

L N

Energy [eV]
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B/C spectrum from the-optimizedmodel

B/C spectrum

¥
°
©
=101
E —— Modulated
v b B/C AMS-02 (2011-2016)
+ B/C Pamela (2006-2008)
. 0.3 |
r_:!':J 0.1 ++****iiiiiiiiii ] 'HJ"HSI'
S 00 B i *H'H'{'*H{,
§ -0.1 : ++ +
—0.3 . 1 i i 1 .
100 101 102 103

Energy (GeV/n)



‘Non-uniform diffusion: , '

(Respect to the

Anisotropic diffusion magete fieis)

oo w
(an] [R]
I [

—e—

-
(R3]
=
T
=
=
=
=y
IS

------
---
-
-
-

Mainly parallel diffusion

D = Dy (?)JN

—= 6, =05¢ep—001
— 6, =0T, ep=001
I I

- l l 1 1
200 2 6 8 10 12 14
R [kpc]
Cerriet al JCAP10(2017)019
Light version oDRAGONully anisotropig):
https://github.com/sscerryfDRAGONCELLO
~ ~a
S : . | S
- Mainly perpendicular diffusion

01
b, - s (75)
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E?do/dE,/dQ[GeV cm™2 571 sr71]
=
<

‘9-optimized model vs Fermi|

ISV gasidistributiobased on the ring gas model

developed by Q. Remy

|ISRF distributio(CMB + IR + Stellar) from
Vernetto&LipariPhys. Rev. D 94, 063009

XCO factodivided in rings to tune the normalization

(main caveat!)

Longitude profile - |b| <5 deg - 100 GeV

—— Yy-optimized (Min model)
—— Base (Min model)
<+ Fermi PASS8

-150 -100 =50 50 100

0
| [deg]

150

E?d®/dE,/dQ[GeV cm™2 571 sr71]

,_.
=Y
b

,_.
o
&

,_.
=)
4

Latitude profile - 10 < |/| <40 deg - 100 GeV

E? d®/dE,/dQ[GeV cm~2 571 sr71]

=
o
b

=
o
&

=
o
4

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

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

hadronic on H2
-+ Fermi PASSS

—— y-optimized (Min model)
= Base (Min model)
-+ Fermi PASS8

-150 -100 -50 0 50 100 150
| [deg]
Latitude profile - 10 < |/| <40 deg - 100 GeV
—— y-optimized (Max model)
—— Base (Max model)
107° {1 < Fermi PASSS8

E?2d®/dE,/dQ[GeV cm~2 571 sr71]
=
2

,_-
1=y
4

—-60 —40 —20 0 20 40

lat (b) [deg]

60

80

—-40 -20 0 20

lat (b) [deg]

-80 -60

40

60
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Inhomogeneous diffusion modelA 1 (R))

1034

102,

101_

5AFFSNBY

{ P.D.Let alin preparation ‘

A Yy U S NLJNGsal sourde2vy globa fgatute® OF £ R

P.D.Let alin preparation

---------------- P.D.Let alin preparation TN

103
@
o
Helium (unmod.) spectra O 102 Helium (unmod.) spectra
------ R=0 kpc -+ DAMPE (2021) DA o ------ R=0 kpc -+ DAMPE (2021)
R=4 kpc <4 CREAMIII (2017) &+ KA « R=4 kpc <4 CREAMIII (2017)
i )

—— Solar system ¢ NUCLEON (2019) KA ‘l"_u —— Solar system ¢ NUCLEON (2019)

------ R=12 kpc KASCADE Grande (2011) KA 101, —— R=12kpc KASCADE Grande (2011)
+  AMS-02 (2013) KASCADE Grande (2013) <+  AMS-02 (2013) KASCADE Grande (2013)
4 ATIC (2009) + IceTop (2019) Ice 4 ATIC (2009) + IceTop (2019)

102 10* 10° 108 A 102 104 10 108
Energy (GeV/n) Energy (GeV/n)
102 104 10° 108

Energy (GeV)
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' Inhomogeneous diffusion modelA 1 (R)) |

5ike®E SINBaatonshbYoiaSINLINGSdkdoirde2vy dglobd@ featuie? OF € R G X

P.D.Let alarXiv: 2203.15759 Local Protons
MAX and MIN models
n allow us to have an idea of
T‘” \ the uncertainties on the
£ YR local CR spectra of protons
n N and helium at different
3 N energies, buthey do not
Q 1 A
o —— Min model (Unmod.) 4 DAMPE (2018) "™ represe_nt th_e full
e 107 Max model (Unmod.) 4 KASCADE (2013) uncertainty involved!
oo_- -+ AMS-02 (2013) 4 KASCADE (2005) QGSJET
Tu <+ ATIC (2009) 4 KASCADE (2005) SYBILL
-+ CREAMIII (2017) -+ lceTop (2019)
102. CALET (2019) KASCADE Grande (2013)
¢ NUCLEON (2019) 4 KASCADE Grande (2017) \\
102 104 106 108

Energy (GeV)
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(3 . .
Inhomogeneous diffusion model

i icci Absorptionfrom the CMB dominates
\J The diffuse emission meeleVdata over the other ISRFs (IR from dust, Optic

and UV from stars and extgalactic
background light)

—— y — optimized - Max model -+ TIBET Diff.

N
|
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MAX/MIN + Unresolved emission vs HAWC data

1 1 1 1 1 1 1 1 1 1 1 1 1
Eckne’ Calore2022arXiv 2204.12487F

(I)IE (MAX) — (I)H..'-'Tl‘() (MAXJ
P (MIN) ——— =T (MIN) HAWC: Galactic diffuse |
T — (I)STH I

o e
E [TeV]

37



MAX/MIN + Unresolved emission vs TIBET data
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(o . 2
Inhomogeneous diffusion model
The diffuse emission meelsVVdata
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The role of unresolved sources
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A Wresolved source contribution is not negligible for EPe¥ and becomes progressively
more relevant as energy increases. This is a natural consequence of the fact that sources are
average, harder
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TeV halos and inhibited diffusion of leptons
around Pulsawind Nebulae PWNeg

Probably similar i nhibited diffusion I

T. Linden, B. Buckman 2017

O New pulsars found in a blind search
O Millisecond radio pulsars
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