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Galactic diffuse gamma rays meet the PeV
frontier

ArXiv: 2203.15759 In collaboration with D. Gaggero, D. Grasso, O. Fornieri, C. Evoli, K. Egberts, C. Steppa




' Diffuse emission totally correlated

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

i . Dominated by protons, He (and €°)
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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
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Galactic gamma-ray diffuse emission - Local cosmic rays

J E\9() " PD.L et al arxiv:2202.03559
Jsec _ E D.L. ; .
1 ~ o(E)/ D(E) D(E,x)~Do(=)  F(x)
pr 0
10°
P.D.L. et al JCAPO3 (2021) 099 B/C spectrum
~ 10!
- 6(.76 = REarth) ~0.5 I“u‘,
-~ B
-7 E
1 A
_+- I wn
10-1 ya —— Modulated spectrum &
S e Unmodulated spectrum S
}  B/C AMS-02 (2011-2016) @
+  B/CPamela (2006-2008) =
S + B/C Voyager 1(2012-2015) i W
w 03 r e
S 01
B 00 + H“*Hﬁﬂwﬁiﬂw{'ﬂﬂ + 1077 S
A —0.1 H
% —0.3 1 ,+ + —— Modulated + AMS-02
102 10',—1 1{'}0 161 lbz 1{')3 g ) S Unmodulated + \Voyager-1
T 10° 101 10° 10°

Energy (GeV/n) Energy (GeV/n)



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 =20
gammj-r?]y diffuse spectrum . 2: ——— Lipari et al 2020 (12 GeV)_:
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Inhomogeneous diffusion model

P.D.L. et al arXiv: 2203.15759
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' Inhomogeneous diffusion model (5 = &(R)) |

Different interpretations of local data

Two different interpretations Local sources vs global features
(models) of the local proton and He ; i}
data based on the “bump” at ~10 P.D.L. et al arXiv: 2203.15759 MAX model__

TeV found by DAMPE and the
discrepancy from particle shower
experiments.

105,

104_

MAX model adopted connects

Protons (unmod.) spectra vs Galactic Radius

E28.0(GeV18sIm=2sr71)

AMS-02 data with IceTop 103 . R=0 kpc ¢ NUCLEON (2019)
MIN model adopted connects the — EZSrkijstem T ASCADE (2013)
DAMPE “bump” with KASCADE ~ © 7| — fiee 4 s o ocar
Both models incorporate a break at ol 3 AMC009) 1 KASCADE Grande (2013}

~ 300 GeVand a Strong SOftening +  CREAMIII (2017) 4 KASCADE Grande (2017)
(cut-off) at a few PeV CALET (2019)
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' Inhomogeneous diffusion model (5 = &(R)) |

Different interpretations of local data

Two different interpretations Local sources vs global features
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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

P.D.L. et al arXiv: 2203.15759
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4 i i )
Inhomogeneous diffusion model

. The diffuse emission meets TeV data y

P.D.L. et al arXiv: 2203.15759
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Inhomogeneous diffusion model |  soth modeis under-produce TigeT
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E2d®/dE [GeV em™2 s71]

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

] IcéCube, ApJ 849 (201 7) 67
| Measured
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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). Observation of
Galactic neutrinos could be very close

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



Galactic diffuse gamma rays meet

TO CO N C LU D E el the PeV frontier (ArXiv 2203.15759)

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

* A formal study of the generation of turbulence (and its evolution)
in different zones of the Galaxy is necessary

* Precise predictions of unresolved sources and TeV halos would

help us improve our models. Neutrinos could allow us to solve the
puzzle

14
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The Galactic Gamma ray emission - Components

» > 5600 point-like sources
have been observed by
the Fermi satellite

» ~ 75 extended sources
Extended structures (Fermi
bubbles, Loop L, ...)

Galactic diffuse gamma-
ray background

Extragalactic background
(EBL) Is Isotropic




Acceleration of CRs in sources

Injection

Upstream

Shock front

Magnetic turbulence

Downstream

CR

~ E(CR")>E(CR)

© M. De Becker

Diffusive shock acceleration explains
the power law distribution of CR particles

CRs are accelerated in shocks - Like those
found in SNRs or PWNe

Then, these cosmic rays interact with their
surroundings and generate gamma rays
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The Milky Way is described as a magnetised plasma medium following the
Magnetohydrodynamic equations
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B/C Flux ratio
—
S

Secondary-to-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
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— Scattering on total turbulence

Self-generated
turbulence
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Diffusive transport of Galactic cosmic rays

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

.FmN) a&p [p Dﬂﬁ';p (Né)] — Q.+ ;p [;;N — % (ﬁ.Fme)]

)

J—

/R\° , s —R.- . N
@”(R) o 3 ~ o(E) D(E) Ui =Piemoil;
pr
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https://github.com/cosmicrays/DRAGON2-Beta_version

Confinement time =2 Diffusive transport

CR observed flux: N« EY;y-~2.7 /
ﬁ!/\!‘r N
L = Q‘,-(E)_ - (Leaky box approx.)
(dt T
DSA predicted flux: Q « E* ; a ~2-2.3
Steady solution N; = Q;7%¢ —— Confinement time must be: 1< E®; §~0.4
Solving the equation Cé—f — VX (BSLSB) leads to 6 o< (6B/B)?2 o k™

The power spectrum of MHD turbulence follow a power law in wavenumber (k) and is able to
explain the propagation of CRs as a diffusive transport in the Galaxy with 0.3 <6 <0.6




The Gamma-ray 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
gamma-ray sky!

Extragalactic background
(EBL) is isotropic!

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

See https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.htmi



The Gamma-ray sky — Components: Diffuse

Diffuse gamma-ray sky has many components
(different emission mechanisms) adding up on
top of each other — Hadronic emission is the
dominant one above ~ hundreds MeV

Average emission - Galaxy Center - DRAGON2

3.0 1

—— Bremsstrahlung emission
— IC emission

— hadronic emission

—— Total emission

2.5 1

2.0 1

1.5 1

1.0 1

0.5 1

10° x EZ2 x | (cm~ 257 1Gev~1sr71)

0.0

1071 10° 10! 102
Energy (GeV)

DRAGON-Gammasky Total emission - 100 GeV

HE 2 T
-11.5898 log) (cm~2s~'GeVv~lsrl) .8.2216

This diffuse emission is correlated with the
propagation of cosmic rays in the galaxy!
Dominated by protons, He (and e°)
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Galactic gamma-ray diffuse emissivity — From standard models
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Average gamma-ray emission - Mid latitude vs Galactic center
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P.D.L. PhD thesis (2021) ArXiv:2202.07063

Main uncertainties in the IGRB

CR propagation ingredients

Gas distributions: XCO map factor

Source distributions

Unresolved sources

Extra-galactic background is
uncertain at the level of ~30%

Fermi Bubbles

Cosmic-ray gradient problem



https://arxiv.org/abs/2202.07063
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Galactic gamma-ray diffuse emission - Hardening towards

the centre

Progressive hardening of the
gamma-ray diffuse spectrum
towards the centre

Diffuse gamma-ray spectrum
essentially follows the spectrum
of CR protons:

Purely diffusive — ¢ o« E~(@+ &)

Advection dominated — ¢ x E~¢

Transient effects and source
injection not isotropic («(r, z))

E28 do/dE,dQ[GeVcm™2 s 1sr1]

10—4_

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

1 = Fermi PASSS

b| <5

4+ 0.0<1<10.0 4+ 75.0<1<85.0

4+ 35.0<1<45.0 4 100.0 <1<110.0

101! 102

Energy [GeV]

L 10—4
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Galactic gamma-ray diffuse emission - Hardening towards

the centre

Progressive hardening of the
gamma-ray diffuse spectrum
towards the centre

Diffuse gamma-ray spectrum
essentially follows the spectrum
of CR protons:

Purely diffusive — ¢ o« E~(@+ &)

Advection dominated — ¢ x E~¢

Transient effects and source
injection not isotropic («(r, z))

E28do/dE,dQ[GeVcem™2s 1sr1]

10—4 J

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

1 == Base model

4+ Fermi PASSS8

b| <5

E_____... —._g'=—+=-—+-d'__'|=‘— ———————
— I I _|. —————— ‘ ‘‘‘‘
;-g':“"—ﬂ%-_-':i ___ | _________
- 0.0<1|<10.0 — 75.0 < | < 85.0
— 100.0 <1< 110.0

Energy [GeV]

L 10—4
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Galactic gamma-ray diffuse emission - Hardening towards

the centre

Progressive hardening of the
gamma-ray diffuse spectrum
towards the centre

Diffuse gamma-ray spectrum
essentially follows the spectrum
of CR protons:

Purely diffusive — ¢ o« E~(@+ &)

Advection dominated — ¢ x E~¢

Role of unresolved
sources?

E28do/dE,dQ[GeVcem™2s 1sr1]

10—4 J

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

1 == Base model

b| <5

4+ Fermi PASSS8

L 10—4

_— 0.0<1|<10.0 -_— 750<|1<85.0
— 100.0 <1< 110.0
10! 102

Energy [GeV]
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[Inhomogeneous diffusion model (6 = 6(R)) }

Many reasons to believe that the P S
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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' Inhomogeneous diffusion model (5 = &(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]
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\
{ and the parrier O
a e —
omp ular Zon
\ parti tral Mo\®
Ge\/—Te al th - 202’\ ‘",J—
10° Osm\c-fay Nature ?
Huang © o0
- O CMZ, HESS Collaboration [25]
CMZ, MAGIC Collaboration [26]
T T

1L

—— CMZ, CS x r~13 template

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

Energy [eV]
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B/C spectrum from the y-optimized model

B/C spectrum

I
°
©
=101
E —— Modulated
v b B/C AMS-02 (2011-2016)
+ B/C Pamela (2006-2008)
. 0.3 :
r_:l';J 0.1 ++****iiiiiiiiii ] HF
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‘Non-uniform diffusion:
Anisotropic diffusion

o
[

(Respect to the
magnetic field)

&
[

Y

>

—
v

Mainly parallel diffusion

D = Dy (?)‘“‘

I T T T
"o FermiLAT anal‘vsir%
=== Gaggero+2015 analysis

——— 5. =105, ep—0.01
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| | ] ] I I

\ 7o ~
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~
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Cerri et al JCAP10(2017)019

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

Mainly perpendicular diffusion

01
D, = on (%)
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E?do/dE,/dQ[GeV cm™2 571 sr71]

y_optimized mOdel VS Fermi Longitude profile - [b] <5 deg - 50 GeV

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

hadronic on H2
-+ Fermi PASSS

=
o
b

E? d®/dE,/dQ[GeV cm~2 571 sr71]
=
S
1

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
(main caveat!!)
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Inhomogeneous diffusion model (6 = &(R))

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

{ P.D.L. et al in preparation ‘

P.D.L. et al in preparation T T P.D.L. et al in preparation e N
o 1044 _— 1041
| |
2 2
b 7
g | E |
,_I| 1034~ T 1034~
) %)
o @
3 3
O 102! Helium (unmod.) spectra Q 102 Helium (unmod.) spectra
e | - R=0 kpc -+ DAMPE (2021) DAg | - R=0 kpc <+ DAMPE (2021)
oq' R=4 kpc <4 CREAMIII (2017) . KA OQ' R=4 kpc <4 CREAMIII (2017)
T‘_u —— Solar system ¢ NUCLEON (2019) I KA ‘l"_u —— Solar system ¢ NUCLEON (2019)
101 — R=12 kpc KASCADE Grande (2011) KA 101 — R=12 kpc 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)
‘ : ‘ : KA N2 N4 N6 N8
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' Inhomogeneous diffusion model (5 = &(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
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MAX/MIN + Unresolved emission vs HAWC data
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MAX/MIN + Unresolved emission vs TIBET data
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Inhomogeneous diffusion model
The diffuse emission meets TeV data
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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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The role of unresolved sources
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“Unresolved source contribution is not negligible for E > 1 TeV and becomes progressively
more relevant as energy increases. This is a natural consequence of the fact that sources are
expected to have, on average, harder spectrum than CR diffuse emission.”

ot
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TeV halos and inhibited diffusion of leptons
around Pulsar Wind Nebulae (PWNge)

Probably similar inhibited diffusion is present around every source injecting CRs ...

. T. Linden, B. Buckman 2017
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Semenov, Krtavsov, Caprioli 2021

Is this really important? el e

- No CRs

o Injection mechanism and
acceleration of CRs (PeVatrons?)

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

»
g0.4-consta

o Astrophysical plasmas, magnetic
fields, 1onization rates in MCs, ...

o Galaxy formation =R \sﬂ\
o GeV excess? lego.o- o 4
—
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