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A >100 years old discovery!
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A >100 years old discovery!

“Le osservazioni esequite sul mare nel 1910
mi conducevano a concludere che una parte
non trascurabile della radiazione penetrante
che si riscontra nell’aria, avesse origine
indipendente dall’azione diretta delle
sostanze attive contenute negli strati
superiori della crosta terrestre.”

“l...] indicavano esistere, sulla superficie del
mare, dove non e piu sensibile I'azione del
terreno, una causa ionizzante di tale intensita
da non potersi spiegare esaurientemente
considerando la nota distribuzione delle
sostanze radioattive nell'acqua e nell'aria.”

Tratto da La radiazione penetrante dalla superficie
ed in seno alle acque, Il Nuovo Cimento Serie
VI, Tomo 3: 93-100 (1912).
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Domenico L. Pacini in Livorno




High-energy photons or charged particles”

;3 '*é . Uber die Eigenschaften der durchdringenden
3 . Korpuskularstrahlung im Meeresniveau.

Von Bruno Rossi in Florenz, Arcetri.

Mit 16 Abbildungen. (Hingegangen am 24. Februar 1933.)
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A unigque particle physics laboratory
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@ London’s Westminster Abbey, found in the cosmic radiation in 1933.

adjacent to Newton’s grave.
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Cosmic-ray experiments in Pisa in 2017
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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!

e 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!

e 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 —

B o0 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 cosmic-ray composition pillar

. Solar System . Cosmic Rays
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The cosmic-ray anisotropy puzzle
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Galactic Propagation
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The Master equation

Berezinskii et al. (1990)
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Minimal “5-parameters model”
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CR diffusion for the “poor physicist”

“The small eddies are almost nUmberle_?ss, and large things are rotated ; "
only by large eddies and not by small ones, and small things are turned i 4
by both small edaies and large”
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eonardo da Vinci
(1452-1519)

A &=

Leonardo da Vinci's
illustration of the swirling
flow of turbulence.

(The Royal Collection © 2004,
Her Majesty Queen Elizabeth If)



CR diffusion for the “poor physicist”
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Big whorls have little whorls
That feed on their velocity
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And so on to viscosity
L.F. Richardson (1922)



CR diffusion for the “poor physicist”
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CR diffusion for the “poor physicist”

Assumptions:
* GCR diffuse in the ISM turbulent magnetic field

* The turbulent field can be described by a
Kolmogorov isotropic power-spectrum

* The turbulent field amplitude is a small fluctuation
with respect to the regular component

* Resonant interaction wave-particle

It follows (~30 min at the blackboard):

cry, 1

2\ 1/3
Dy (p) = o 3 x 108cem?2
P) =3 oW (hpee) 0 7 107 / S(GeV)




3/C by AMS-02
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Primary and secondary nuclel by AMS-02
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Fitting local olbservables

AMS—-02 anti-protons here!
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a simple (pre-modern data) picture
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Probably the most obvious expectation
about cosmic rays (Oth order picture) is
that, above a few GeV, they have a
“featureless and universal power-law
energy spectra” (lots of work rely on self-
similarity: Fermi acceleration theory,
Kolmogorov diffusion...)

Important to test for departures from basic
features: may provide clues on specific
scales and phenomena shedding light on
non-universal features of injection,
acceleration, escape, propagation.



s it the C

R spectrum featureless and universal”
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¢ |ocal source?

¢ cvolution in the Mach number?

e not-linear diffusion?

e different acceleration zones?

¢ two-zone diffusion?



oday CR measurements reach remarkable precision

PAMELA Coall., Science, 2011 - AMS02 Coll., PRL, 2016
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Diffusion In the halo different than in the disk

CE & H. Yan, Apd, 2014

N. Tomassetti, Apd, 2012
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Non-linear CR propagation

Blasi et al., PRL, 2012; S. Recchia et al., arXiv:1604.07682
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“we showed that both the gradient and the spectral shape can be explained in a simple model
of non-linear CR transport: CRs excite waves through streaming instability in the ionized
Galactic halo and are advected with such Alfvén waves. In this model, the diffusion coefficient
Is smaller where the source density is larger and this phenomenon enhances the CR density in
the inner Galaxy.”



IS there any anti-matter excess”?

O. Adriani et al. [PAMELA Coll.], PRL (2010)
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IS there any anti-matter excess”?

Di Bernardo, CE, et al., APh, 2011 - Di Mauro, et al., JCAP, 2016
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IS there any anti-matter excess”?
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P/ P,

IS there any anti-matter excess”?

Giesen et al., 1504.04276
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IS there any anti-matter excess”?

Johannesson et al.,1602.02243
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elements (magenta).



what is the maximum galactic CR energy?
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Diffuse emissions: from radio to gamma maps

PLANCK all-sky foreground map Two year all sky Fermi-LAT map

0
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Diffuse emissions: from radio to gamma maps

lce-Cube 3yrs

Galactic

N +pisv = 70 + X
<—>,ui—|—(;)ﬂ

— eT +



The gamma-ray sky in 2016

Fermi-LAT E>100 MeV by 3FGL
[LAT collaboration 2015]

~ 70% of all observed photons coming from the diffuse Galactic emission

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



Most of the GP 7y emission is the decay of ! produced in CR/gas collisions

CO from CfA survey

MW Hydrogen is ~75% in terms of mass fraction.

* Atomic (HI): The most massive phase with a large filling factor (h ~ 200 pc).
* Molecular (H2): The densest phase, very clumpy (h ~ 100 pc).
* lonized (HIl): Much smaller density and with the largest scale height (h ~1 kpc).

for a review see |.Grenier, J.Black and A.Strong, ARA&A 2015



Template analysis for the GD

¢y = ZQ%{INHI(W) + ZQ%OWCO(TZ') T ZQ%CIIC(H) + fiso

b, ~ Z Nyui(r;) + Z Xco(ri)Weo(r;)

free parameters

Galactocentric HI rings

Ackermann et al., Apd, 750 (2012)



FERMI reference model
for the galactic emission

FERMI galactic difftuse emission

full sky, without the GP inner GP
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What do we learn about galactic CR?
see Olaf Reimer’s talk at TeVPA2015
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e standard CR propagation/interaction models adequate for local measurements

¢ diffuse emissions are reproduced at the expenses of consistent physics (i.e., normalisations
“here & then”)

e FERMI DGE became “a point-source analysis model”!



A new view on diffuse galactic modelling

D. Gaggero et al., PRD, 91 (2015)

how to change my
propagation model to
reproduce ~y data”?
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Model independent template analysis

Fermi Collaboration, ApdJ, 2011

¢y = ZQ%{INHI(W) + ZQ%OWCO(TZ') T ZQ%CIIC(H) + fiso

Dy~ an(n)NHI(m) + an(ﬁ)Xco(Tz)Wco(?“i)

free parameters free parameters

Galactocentric HI rings




The radial distribution of the diffuse~y-ray emissivity in the GP

Np (7“ ) X emissivity per H atom (>1GeV) (ph sr! s'l)
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Templates based:

photon index above 2 GeV

R. Yang, F. Aharonian, CE, PRD, 2016
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e on CO galactic survey of with the CfA 1.2m millimetre-wave Telescope
e the Leiden/Argentine/Bonn (LAB) Survey on HI gas
e dust opacity maps from PLANCK for “dark gas”

Results: Both the absolute emissivity and the energy spectra of y-rays derived in the
interval 0.2-100 GeV show significant variations along the galactic plane.



Comparison with local proton spectrum

R. Yang, F. Aharonian, CE, PRD, 2016
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The energy spectrum of multi-GeV protons derived from y-ray data in the
outskirts of the Galaxy is quite close to the measurements of local CRs.



Comparison with one-zone model predictions

R. Yang, F. Aharonian, CE, PRD, 2016
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Comparison with one-zone model predictions

R. Yang, F. Aharonian, CE, PRD, 2016
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Normalized star formation rate

ivity at 2 GeV

E’ X Emiss

proton spectral index

it area

proton density above 10 GV
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RMI galactic interstellar emission model (G

FERMI Collaboration, arXiv:1602.07246
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understanding galactic propagation



anomalies with respect to what?

Models:

GALACTIC GAMMA - RAY EMISSION
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Fitting local observables: an analogy

AMS—-02
TDO
03k /5 % §=0.47 _
S — N
O VA Ig
B O 2 . 1 T —
zt=2 N :
0.1 =4 g _
~ E9 { }
0.0 I | |
-1 0 1 2 3

Log Kinetic Energy [GeV/n]

D(FE) = DO(E/EO)5 exp(z/z2t)

(1+1)C, /2m [uK?]

90° 20 0.5° 0.2°
6000 [ l | .
: WMAP
- Acbar -
5000 Boomerang
: CBI
4000 [
3000
E ¢ 1 } { 1
2000 F- t
: hA T
1000 By H
: Iy
0 . |1 m | | |
10 100 500 1000 1500

Angular scale

Multipole moment [ = k

f(Q2n, Qa, Qp ...)




Fitting local observables: an analogy
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towards a “physical” consistent global picture

L
improved knowledge B L e
of ISM turbulence %

2%

N. Oppermann, arXiv:1111.6186

I T—— 20/M?
500 400 300 200 100 o 100 200 300 400 500

realistic simulation of
global CR transport

new developments of particle-wave
interaction formalism



The Master equation

(" )
a’n/z — — N a 2 8 ]_
5 V- (DXX - Vn,; — unz) — @_pp Dppa—p?m
- _

diffusion is tensorial,
INhomogeneous, Not-
separable in space and

energy, not-linear ...

Berezinskii et al. (1990)

( )
Qinj - Qlosses T Qspall/dec

_ y

Sources/sinks

function of the ionised gas
density and magnetic field

galactic winds powered by

SN or CR themselves

what Is the impact on the diffuse emissions or on the
local spectra of the physical effects we averaged out”



DRAGONZ2

e C. Evoli et al., arXiv:1607.07886
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D

e C. Evoli et al., arXiv:1607.07886

e anisotropic diffusion

Transient source.

Distance = 1 kpc

RAGONZ

* modeling transient sources 10-5L — e A\
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e C. Evoli et al., arXiv:1607.07886 -
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Spiral pattern: Wainscoat1992

DRAGONZ2

e C. Evoli et al., arXiv:1607.07886
* anisotropic diffusion
* modeling transient sources

* non-equidistant binning

* a complete set of astrophysical
iIngredients

* primary leptons
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see also Kissmann, R. et al., APh, 2015



M.N. Mazziotta et al., APP, 2016
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DRAGONZ solver in Operator Spitting

0 perator L; 5 U; b.c.
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Table 1. Crank-Nicolson coefficients and boundary conditions for the 2D case ( Az, = =“5——, Az, = 8Tiy) — Ti, ATq =Ti — Ti1).




DRAGONZ energy losses in the ISM
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RAGONZ2 energy losses In the ISM

Strong et al., ApJ 722 (2010) L58
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DRAGONZ goals and future work...

e DRAGONZ aims at solving the kinetic transport equation for CR
in the Galaxy under very general assumptions

e unavoidable to match local observables and diffuse emissions (or
other not-local observables, e.g., anisotropy) in a consistent
model

e Or to test non-uniform diffusion



DRAGONZ goals and future work...

e [he solution of the diffusion equation depends on a number of
assumptions (gas, magnetic field, ISRF, diffusion coefficients,
Cross-sections,...). Our approach allows quantitative estimates of
the uncertainties associated by assuming different models.

e Next step will be to model the feedback by ISM (e.q., self-
generated diffusion, CR driven wind) and on ISM (e.qg., heating by

jionisation and waves damping)



Conclusions

e quality of gamma and CR flux data are progressively
exceeding the realism of current CR propagation models

e simple recipes (scale invariant injection, diffusion, or
unlimited breaks) do not work anymore to explain the
global galactic picture

 Theory (read: microphysics) driven improvements in
the numerical modelling of CR propagation are
desirable at this point



