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A 100 years old discovery!
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High-energy photons or charged particles”
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High-energy photons or charged particles”

ﬁ,}*g . Uber die Eigenschaften der durchdringenden
e Korpuskularstrahlung im Meeresniveau.

Von Bruno Rossi in Florenz, Arcetri.

Mit 16 Abbildungen. (Hingegangen am 24. Februar 1933.)
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A unique particle physics laboratory
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Today



Cosmic-ray flux

- Almost a perfect power-law
over 12 energy decades.
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Cosmic-ray flux

Almost a perfect power-law
over 12 energy decades.

Observed at energy higher than
terrestrial laboratories!
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Energies and rates of the cosmic-ray particles
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Cosmic-ray flux

- Almost a perfect power-law
over 12 energy decades.

- Observed at energy higher than
terrestrial laboratories!

- Direct measurements versus
air-cascade reconstructions.

- Anti-matter component.
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Energies and rates of the cosmic-ray particles
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Cosmic-ray flux

- Almost a perfect power-law
over 12 energy decades.

- Observed at energy higher than
terrestrial laboratories!

- Direct measurements versus
air-cascade reconstructions.

- Anti-matter component.

- Transition from galactic to
extra-galactic?

- Energy density in equipartition
with starlight, turbulent gas
motions and magnetic fields.
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The SN paradigm

HESS. RXJ1713-3946 hadronic:
X-ray contours PPISM — TO —

T~ ¢~ or leptonic:

€ 7YISRF — € 7Y

TeV emission
PSF
17h|15m 17h|10m

Aharonian et al., Nature, 2007

Laon ~ RenFBEyin ~ 3 X 10* erg /s

Fritz Zwicky



The pion-bump as hadronic signature

A 100 MeV B FERMI collaboration, Science, 2013
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The pion-bump as hadronic signature

A 100 MeV
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Do SNRs accelerate ENOUGH protons®?

Do they accelerate protons up to the knee”
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Cosmic-ray composition

. Solar System .Cosmic Rays
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Cosmic-ray clocks

Hams T, et al. Astrophys. 7. 611:892 (2004)
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Galactic Propagation

Galactic Bulge Norma Arm

Scutum Arm
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Galactic Propagation

Galactic Bulge Norma Arm
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CR Diffusion in the MW

The diffusion equation:

ON'
ot
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Source term:
» assumed to tfrace the SNR in the Galaxy
» assumed the same power-law everywhere

Ginzburg & Syrovatsky, 1964



CR Diffusion in the MW

The diffusion equation:

ON’
ot
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Spallation cross-section:
» appearance of nucleus i due to spallation of nucleus |

Ginzburg & Syrovatsky, 1964



CR Diffusion in the MW

The diffusion equation:

ON’
ot

Spallation cross-section:
» appearance of nucleus i due to spallation of nucleus |
» total inelastic cross-section: disappearance of nucleus i

Ginzburg & Syrovatsky, 1964



CR Diffusion in the MW

The diffusion equation:

aNi A0 0 : P i J 3 0 Ni_
a[ -VC>N | ap (p——gvvc)N _é‘}gp Dppappz_
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Diffusion tensor:
» D(E) = Di(p/po) exp(z/ )

Ginzburg & Syrovatsky, 1964



CR Diffusion in the MW

The diffusion equation:

ON' 0 Sl N

Qi(pv 1,0} sk ZCBngaS(ra Z)Giij e CBngasGin(Ek)Ni

Y

Energy losses:
» ionization, Coulomb, synchrotron
» adiabatic convection

Ginzburg & Syrovatsky, 1964



CR Diffusion in the MW

The diffusion equation:

N T i
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Reacceleration:
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Ginzburg & Syrovatsky, 1964



Fitting local observables
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The best constraints on the halo scale height (L > 2 kpc)

are obtained from the galactic diffuse synchrotron emission

(G.Di Bernardo, CE, et al., JCAP, 2013)



Fitting local observables

anti-protons here!
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The best constraints on the halo scale height (L > 2 kpc)
D(E) = Dy(E/Ey)° exp(z/2) are obtained from the galactic diffuse synchrotron emission
(G.Di Bernardo, CE, et al., JCAP, 2013)



Fitting local olbservables

AMS—-02 anti-protons here!
0.4 | | | —1 | ' '
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A powerful probe of the tiny Dark Matter signal! g
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The best constraints on the halo scale height (L > 2 kpc)
D(E) = Dy(E/Ey)° exp(z/2) are obtained from the galactic diffuse synchrotron emission
(G.Di Bernardo, CE, et al., JCAP, 2013)



AMS-02 (2011-2021)
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s It possible being not-local”?

* wWe can measure the anisotropy: 0 X VNer
« we can observe diffuse emissions: ¢,y X Ner * Ngas dr
los
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Normalized SNR radial distribution

The anisotropy problem
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You are here!
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Macro Collaboration, PRD, 2003; Super-Kamiokande Collaboration, PRD, 2007
Since CR sources are more abundant in

. _ _ . 3D(E) anCR(E,T,t)
the inner Galaxy, a dipole anisotropy is T
expected towards the Galactic center: C NCR

107
muon detectors (e.g. SuperKamiokande)

2

<

6d=0.5,vVA=15

d=0.33, vA= 30

4] ﬂ»} | :

®

Anisotropy

o
o

® % %(D@
A

it
s

o
N
o
W
)
A
o
0)



The gradient problem

Strong & Mattox, A&A, 1996; Strong et al., Apd, 2000

Case & Bhattacharya (1 996)
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e CR distribution inferred from gamma-ray data (method goes back to SAS-2/COS-B era)
s flatter than that computed assuming the observed SNR (source) profile.



RMI (2008-2018)
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The gradient problem in the FERMI era

- The extremely accurate gamma ray maps that Fermi is providing are useful to
trace the CR distribution throughout all the Galaxy!

NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky
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Credit: NASA/DOE/Fermi LAT Collaboration




The gradient problem in the FERMI era

Fermi Collaboration, Apd, 2011
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FERMI detected more y’s than a prediction based on SNR distribution and standard CR halo:

more CR sources, more “dark gas” or larger CR halo?




Diffusion Is more complicate than that!

- How do the diffusion coefficient depends on turbulence?

If the turbulent field is very low: If the turbulent component is comparable to the regular field:

- In the inner galaxy, where turbulence is high, the parallel and perp. diffusion
are similar values and the perpendicular escape is the dominant one:

2 —2
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How to solve the gradient problem
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* In the regions where CR sources are more abundant turbulence is higher then
perpendicular escape is faster, more CR are removed.



Results

0, £ > 200 MeV

N

Emissivity [1072° s™' sr™'], z

O

—\

CE, D. Gaggero, D. Grasso & L. Maccione, PRL, 2012

D) (R) = Q(R)" -

Ackermann et al, ApJd 710
(2010), II quadrant analysis |

~ Ackermann et al, ApJd 726
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Anisotropy prediction

CE, D. Gaggero, D. Grasso & L. Maccione, PRL, 2012
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The dark side



The challenge!

Andromeda : a MW-like galaxy




The importance of being WIMP
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B/C

DM

Playing with anti-protons from

CE, I.Cholis, D.Grasso, L.Maccione & P.Ullio, PRD, 2012, 1108.0664
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Varying the halo size in the range 2 - 10 kpc

. AMS—-02
0.4 T 420F T T T T 3
n
W 4151 a=2.35 _
0.3 .
E 4.10F
O >
S 021 8 4.05
o, 4.00
0.1 =
4 3.95
0.0 | | | @390t 1 1 1 1 -
-1 0 1 2 3 1.0 1.5 2.0 2.5 3.0 3.5
Log Kinetic Energy [GeV/n] Log Kinetic Energy [GeV]

The best constraints on the halo scale height (L > 2 kpc)
B 5 are obtained from the galactic diffuse synchrotron emission
D(E) - DO(E/EO) exp(z/zt) (G.Di Bernardo, CE, D.Gaggero, D.Grasso and
L.Maccione, JCAP, 2013)



Varying the halo size in the range 2 - 10 kpc

CE, I.Cholis, D.Grasso, L.Maccione & P.Ullio, PRD, 2012, 1108.0664
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Much larger uncertainty in the DM fluxes!
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Unavoidable uncertainties?

CE, 1.Cholis, D.Grasso, L.Maccione & P.Ullio, PRD, 2012, 1108.0664
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Changing diffusion conditions in the inner Only a comprehensive study including
Galaxy gives significant effect on the DM local and non-local observables may
contribution without affecting the local succeed in reducing safely the propagation

observables uncertainties.



How to bracket the propagation uncertainties?
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How to bracket the propagation uncertainties?
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see also Bringmann&Salati 2007
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AMS-02 anomaly?

CE, D.Gaggero & D.Grasso, 1504.05175
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