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OUTLINE

The conventional treatment of cosmic ray (CR) propagation in the Galaxy and y-ray
diffusion emission modelling

some anomalies in the CR and y-ray data

* theoretical reasons to go beyond the conventional approach

* possible solutions of some anomalies and their implications



CR transport in the Galaxy

the conventional approach
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The primary cosmic ray spatial and energy distribution is
computed solving the transport equation (Ginzburg &
Syrovatsky |1964) under several assumptions
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CR transport in the Galaxy R. Kappl & M.W. Winkler, 1506.04145

charged secondary species

B/C

The interaction of primary with the interstellar
medium give rise to several secondary charged ,
]  AMS-02 B/C data |

10 °

species:  rare nuclei, antiprotons, positrons - | ssmsmans BIC best it in sample

propagation uncertainhes
their spectrum is expected to be steeper than I RS U [

primaries (for E > 10 GeV/n). For nuclei © —_— o ©

@S(E)/@P(E) X Tesc / Tint < E -0

their spectrum is used to estimate propagation
parameters (keep in mind however that charged 2
secondaries probe a relatively small region around

the Earth ~ few kpc)
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Galactic diffuse emission

The y-ray diffuse emission (CR interactions with the interstellar medium)

Inverse Compton n9-decay

Profon flux of 100 MeV

(a) Source term (b) Propagated protons at 100 MeV LT
Obtained by the convolution of the cosmic ray T
distribution with the interstellar gas (t0-decayand -
bremsstrahlung) and radiation (Inverse ¢
Compton) and the proper cross-sections = i, X,
< 10*F  FERMI-LAT 2012 AN
It offers a much deeper probe of the CR population = L 0% <=1 <=360° "
. . . : 8° <= |b| <=90°
but requires detailed numerical modelling (see below) ] 524201150 N
_g oo TR ! ! L ' oon o
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The conventional approach provides a reasonable S o = L. -
description of the emission spectrum away from SR R T = =,
. g0asp 0 R
the Galactic plane. 2 . 1ot 10>



A successful approach

BUT 0000



CR hardening @ 300 GeV/n

CREAM coll. Apj Lett. 2010
PAMELA coll. SCIENCE 201 |
AMS-02 coll. PLR 2015, CALETICRC 2017

Several hypothesis for its origin:

* source effect: e.g. some modification
of the acceleration spectrum due to non-

linear effects (see e.g. Caprioli 2012,
Recchia & Gabici 2017)
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CR hardening @ 300 GeV/n

CREAM coll. Apj Lett. 2010
PAMELA coll. SCIENCE 201 |
AMS-02 coll. PLR 2015

Several hypothesis for its origin:

- local effect: nearby SNR (see e.g.
Thoudam & Horandel 201 |, Kachelriess,

Neronov & Semikoz 2017)
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CR hardening @ 300 GeV/n

CREAM coll. Ap| Lett. 2010
PAMELA coll. SCIENCE 201 |
AMS-02 coll. PLR 2015

Several hypothesis for its origin:

- propagation effect: e.g. due to
inhomogeneous diffusion (Tomassetti
2012) or the feedback of CR onto MHD

waves responsible for CR diffusion
(Blasi,Amato & Serpico 201 )

Tomassetti 2012
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CR hardening @ 300 GeV/n

complementary signatures

which may disentangle the puzzle

- B/C flattening (hints in the AMS data)
O source effect (a residual grammage in the
sources may however be present)
O local effect
@ propagation origin

- hardening of the y-ray diffuse

emission spectrum :
@ source effect
O local effect
@ propagation origin (y-rays may allow to
probe the effects of spatial dependent ISM
conditions )
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Tomassetti 2012
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The CR anisotropy problem
a longstanding puzzle

We expect a CR radial gradient hence a energy-
dependent dipole anisotropy with maximum
pointing towards the Galactic center and
amplitude proportional to the diffusion
coefficient

(). - 3D(E) Vf‘!l-(jn(E, 'I—", f)
v C nNer ’

The anisotropy is expected to be energy
dependent since D(E) ~ E?

The amplitude and slope (preferred by B/C data)
are at odd with the large scale anisotropy
measured by EAS experiments

“Molecular ring” — high density of
CR sources

0=06 | _—
-~ 1:’ = '-'_l"-‘ -
'l '_"-’ - -
= a
_.3: o -
91 "," ',,-"' 6=1/3
i T
<1 -3 "-':, - - T T - —
10 T PO T ?: IJ, x 4
$31%z 1 TR
Y : "M
REEY t B
‘&t | s
10 A . , .
102 10° 10° 10°



The CR gradient problem

The problem was already evident in the longitude
profile of the y-ray diffuse emission of the Galaxy

measured by EGRET: the inferred CR density
profile is flatter that expected on the basis of SNR
catalogues !

Before Fermi-LAT a possible way-out was left
opened: the H; gas radial distribution may be
flatter than inferred from the CO emission due to
the (poorly known) radial dependence Xco
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The CR gradient problem
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Fermi-LAT coll. 2012

The galactic plane anomaly

(spectral index gradient problem) -
g 10 <
Conventional models, tuned on local CR data and
reproducing the y-ray diffuse emission outside the g
Galactic plane (GP), fall short on the inner GP = 0
above tens of GeV =
& —80° =1 <= 80
In 2016 a template analysis of FERMI data shown 10 | Pt Al
that the effect is due to a radial dependent CR ;; 0.4 ==
spectral index confirming a previous finding by g 02 =
Gaggero, Urbano, Valli & Ullio 2015 5 o
g -02l= L
E, [MeV]
.1  proton spectral index Fermi-LAT coll. 2016
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Few theoretical motivations to go beyond the conventional approach

. relaxing the homogeneous diffusion approximation

The Galaxy is permeated by regular and turbulent

magnetic fields of comparable strength ~ uG

The turbulent field (MHD waves) is responsible for CR

diffusive propagation (resonant particle-waves

scattering: rL ~ 1/p )

In quasi-linear theory ( (0B / Bo)?2 « 1)

1 0B
DH — § rLC B—O

—2

DL:§7“LC

Turbulent fields may be produced by kinetic energy
released by SNR or by CR themselves by streaming

instability. In both cases a strong spatial (anti)correlation

between D). and the SNR density is expected

z/L, oF

| L=001AU

1 MeV proion |

"

~.| 10€ MeV proten V

1.5 1 0.5 0 0.5 1 ]

SNRs & pulsars radial distributions

.-+ Case & Bhattacharya, 1996
Strong & Moskalenko, 1998
Ferriere, 2001 - this thesis

- = = Lorimer, 2006
- = = Faucher-Giguere & Kaspi, 2006
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Few theoretical motivations to go beyond the conventional approach

ll. relaxing the isotropic approximation

The regular magnetic field (along b ) breaks isotropy

,j — (DH — DJ_)bb + DJ_5U + DAGUkbk

if b is purely azimuthal only D | matters. Isotropy is restored

for strong turbulence but that holds only at the coherence
length of the turbulent field Ic~ 00 pc. At the resonance

scale A ~ r| the power is suppressed by the turbulent

cascade.

parallel diffusion along spiral arms is subdominant if the halo
thickness is < 10 kpc

Note that D | is expected to increase with the turbulence |
strength as confirmed by numerical simulations e

=> CR escape more rapidly where more turbulence
(sources) is present (see below)
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ll. relaxing the isotropic approximation with
a more realistic magnetic field

Cerri, Gaggero, Vittino, Evoli & DG, arXiv:
1 707.07694 accepted by J|CAP

Radio data (synchrotron + Faraday rotation measur. )
show that a strong poloidal component is present in
the Galactic center (GC) region.

This can revive parallel diffusion in that region

Moreover, since D| and D, are expected to have | | | | ; I I

¢ Fermi-LAT analysils
different rigidity dependence ( Blasi, De Marco, Stanev 52 " Cggero+2015 analysis%
2007 and Snodin et al. 2012 ) e.g. 301 |
SO0 T
5
D « p!3 D, « pl2 P Py S
= "'—_——-“:..‘.--'__
for Kolmogorov turbulence, g PP i
1 %26 S Mainly perpendicular
the propagated CR spectral index may get harder at A T ainly perp
low Galactocentric radii Za4f i
Mainly parallel
CR escape
. . . . 2.2 = 3,=05,¢ep =001
We incorporated this behaviour in the DRAGON 2 ‘ ......... 5. =06 EDO.MT
6, =0.7,¢ep =0.01
i i i I i , 1 1 1 1 1 1 1
code ( see below) allowing for anisotropic diffusion 2,08 L L L L


http://arxiv.org/abs/arXiv:1707.07694
http://arxiv.org/abs/arXiv:1707.07694

Few theoretical motivations to go beyond the conventional approach

lll. relaxing the passive propagation approximation

CR diffusion may not be a merely passive process :
due to streaming instability CR can generate MHD
waves which back-react onto CR
see Amato & Blasi 2017 for a review

the transition from a regime where diffusion is
determined by self-generated turbulence diffusion to
one dominated by pre-existing turbulence may induce
a feature in the diffusion coefficient => CR spectra

this may reproduce the observed CR hardening at
200-300 GeV/n under realist conditions

Blasi, Amato & Serpico 2012

Aloisio & Blasi 2013
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Few theoretical motivations to go beyond the conventional approach

lll. relaxing the passive propagation approximation

CR may advect/diffuse in self-generated Alfvén-waves
below/above ~ 50 GeV

* harder CR (hence y-ray) spectrum in the advection

dominated regime
* the effect is larger in the inner Galaxy, larger D —
larger p at which diffusion start dominating

The spectral flattening however should be absent at
large energies

Recchia, Blasi & Morlino 2016
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The DRAGON code project

Some of the main innovative features

DRAGON code: » spatial dependent diffusion coefficient(s) (both

https://github.com/cosmicrays normalization Do(R,Z) and rigidity dependence index

Evoli, Gaggero, DG & Maccione JCAP 2008 o(R,2))

3D: it allows spiral arm source distribution

* allow anisotropic diffusion

DRAGON 2 code

to be released

Evoli, Gaggero, Vittino, Di Bernardo, Ligorini, Di
Mauro, Ullio & DG, JCAP 2017

e better treatment of energy losses
 spatial dependent resolution

® new Cross sections


https://github.com/cosmicrays

Gamma-ray mapping

DRAGON use an auxiliary code (GammaSky) to produce maps
and spectra of the secondary y-ray, neutrino and synchrotron

diffuse emissions

Other codes with built-in gamma-ray modelling capability

GALPROP code  https://galprop.stanford.edu

Moskalenko, Strong, ...

GALPROP Webrun, Viladimirov et al.  arxiv/1008.3642

recently updated to account for 3D, inhomogeneous diff., work in
progress to introduce anisotropic diffusion

PICARD code: http://astro-staff.uibk.ac.at/~kissmrbu/CRs.html
Kissman, Reimer, Strong arxiv.org/1510.02580
3D diffusion , work in progress to introduce anisotropic diffusion

so far produced scientific results under conventional conditions only



https://galprop.stanford.edu
http://arxiv.org/1510.02580

A possible solution of the CR gradient and anisotropy problems

based on inhomogeneous diffusion
Evoli, Gaggero, DG, Maccione, PRL 2012

We used the DRAGON code (which is built to
allow spatial dependent diffusion) to model CR
propagation with

larger D, = faster CR escape = flatter CR profile

Q(R) : source (SNR) profile
D(E,R) = Q(R)*
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A possible solution of the CR gradient and anisotropy problems

3.0<107

2.5=107?

Residual {sid. der )

based on inhomogeneous diffusion
Evoli, Gaggero, DG, Maccione, PRL 2012
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A possible solution of the CR gradient and anisotropy problems

based on inhomogeneous diffusion
Evoli, Gaggero, DG, Maccione, PRL 2012
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A possible solution of the hardening and anisotropy problems

Motivated by the galactic plane anomaly and a theoretical model
(Erlykin & Wolfendale 2012) adopt a two-halo (disk + halo) model
(THM) with different scaling of the diffusion coeff. with rigidity

based on inhomogeneous diffusion
N.Tomassetti et al., ApJL Lett. 2012, PRD 2016
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Feng, Tomassetti & Oliva, PRD 2016 2 f
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A possible solution of the y-ray Galactic plane anomaly

based on inhomogeneous diffusion
Gaggero, Urbano, Valli & Ullio, PRD 2015

interpreted the effect as due to a radial
dependent diffusion coefficient which was
implemented with the DRAGON code.

D(E) = Do (E/Eg) * ()

with  O(r)=Ar+B
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A possible solution of the y-ray Galactic plane anomaly

based on inhomogeneous diffusion
Gaggero, Urbano, Valli & Ullio, PRD 2015

interpreted the effect as due to a radial
dependent diffusion coefficient which was
implemented with the DRAGON code.

D(E) = Do (E/Eo) * 2 this is agreement with successive FERMI-LAT
with 6(I’) =Ar+B finding of a radial dependent spectral index !
so that [ (r) = p Tt 6(I‘)

(KRAy model) Fermi-LAT coll. 2016
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The Galactic plane above the TeV

Gaggero, D.G.,A. Marinelli, Urbano,Valli ApJ L 2015

Milagro observed an excess (4 0 ) at |5 TeV
in the inner GP respect to the prediction of
conventional models ( Abdo et al. Ap| 2008 )

We checked that the excess is present also
respect to updated conventional CR
propagation models based on Fermi data

The excess holds also accounting for the CR
hardening at 250 GeV/n (assuming it is
present in the whole Galaxy as expected if it
is originated by sources or by propagation)
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The Galactic plane above the TeV

Gaggero, D.G.,A. Marinelli, Urbano,Valli ApJ L 2015 30° < ||| < 65° |b| < 2°
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The Galactic center TeV excess
H.E.S.S., Nature 2006

The diffuse emission from the central molecular
zone (CMZ) is correlated with the gas distribution
(inferred from CO and CS emission maps)

The spectrum is harder (1" = 2.3 ) than expected

from the hadron scattering of Galactic cosmic rays
(CR) if their spectrum is the same of that at the

Earth (I'=2.7)
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—— GC Region
- Diffuse Model
= Sgr B Region

----- HESS J1745-290

A freshly accelerated (hard) CR component was
invoked to explain the emission (see however
below)
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160.0

The PeVatron scenario

H.E.S.S., Nature 2016
arXiv 1706.04535

61.7

23.0

7.8

Galactic latitude (degrees)

1 I 1 1 1 1 | 1
00.0 359.5
Galactic longitude (degrees) Galactic longitude (degrees)

larger statistics; extended the measurement up

to 50TeV = CR protons up to ~ PeV .| S T Ql;oto‘n Cutoff = 1000.0 TeV ':
no evidence of a cutoff : e :
A

On the basis of the spectral uniformity (the i 100 ¢ :
GC source however display a cutoff at [0 TeV) .7
and the angular distribution, the source of § _ ,:l\ )
primary CR population in the CMZ was S| i
identified with |1745-290 (positionally - ['rigge = 2.28 £ 0.03stat + 0.2sys5 :
compatible with SgrA*) [ inner = 2.32 + 0.05stat % 0.1 I'sys

T B U T

Energy, TeV



Galactic longitude, deg

HoEoSoSo + Fermi-LAT

o
W
Gaggero, D.G.,A. Marinelli, Taoso & Urbano, PRL 2017 he 7.5
“ + S.Ventura (ICRC 2017) E 6

L

=

Comparison with HESS 2017 r

10—3 . O

1 Qalactic Ridge : o a8 2 L5 1 05 0 355 35 3585
= = Best Fit HESS+Fermi Galactic longitude, deg

11]<1°,|b]<0.3°

PASS8 Fermi-LAT 470 weeks of
data extracted with the v10rOp5
Fermi tool. Point sources from the
3FGL catalogue subtracted.
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An alternative interpretation
Gaggero, D.G.,A. Marinelli, Taoso & Urbano, PRL 2017
“ + S.Ventura (ICRC 2017)

Comparison with HESS 2017
T [ Gomma modd

1073

:I LI II 1 1 1 LI
- Galactic Ridge
B Base model

Fermi Data PASSS8
HESS Data 2017

= Best Fit HESS+Fermi

We use a 3-D gas model for the CMZ
(Ferriere 2007 )

1 0

2

H
=
B

We found that the same model solving the Hard diffusion

GP FERMI anomaly and matching Milagro
( KRAy model + CR hardening )

reproduce FERMI + HESS data in the
ridge and inner region

Conventional diffusion

—_
=
ot

E*d®/dE, /dQ) [GeVem s s ]
2
IOD

The Galactic CR sea suffice to explain the

CMZ emission over 3 energy decades S 1= e e U TN

with no need of a PeVatron at the GC E[TeV ]




An alternative interpretation

and its possible implications
Comparison with HESS 2017

1073 3
. . . ] Galactic Ridge )
Similarly to the solution of the Milagro i © T e )
. . 7] Base Model (w/o hard)
anomaly both the radial hardening and CR 1 ®  Ferui Data PASSS
@ HESS Data 2017
10—4 Gamma Model == = Best Fit HESS+Fermi

global hardening are required to match the
data. This implies:

with hardening

Gamma Model
without hardening

Conventional

E*d®/dE,/d2[GeVem %8s tsr ]

107°- diffusion with hardening ~e2e *q
- further evidence for radial spectral index § g
gradient. It presence at the GC and at E > ]
1 TeV disfavour interpretations based on 106
non-linear CR propagation. :
- first evidence of the presence of the CR T T T e

hardening in the GC region suggesting this E{Tev ]

IS a global effect (a source effect most
likely).



Future perspectives

CTA may observe more external

clouds where the PeVatron scenario
predicts a lower CR density than that

expected in our scenario

cta

chereniow telescope array

Galactic longitude, deg

SgrD SqgrB SgrA SgrC HESS J]1745-303

=

—0.5

Galactic latitude, deg

HESS J]1746-285

2 1.5 1 05 % 359.5 359 358.5
Galactiz iongitude, deg
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Significance, o
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Future perspectives

wide field of view instruments would more
suitable to study the diffuse y-ray emission

of the Galaxy above tens of TeV so to
possible probe CR spectra up to the knee

HERD Chinese space station

HAWC, LHAASO North hemisphere

LATTES South hemisphere

—10°g ) o
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> F 4 Milagro  1=40°-100°
F 10 ® CASA-MIA 1=50°-200°
w =
X C
" N
> 10°F
© -
100
- 1 year LHAASO
101 5 sigma — \
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10° 10* 10° 102 10" 1 10 10> 10® 10*
Energy [TeV]
by S. Vernetto & P, Lipari: ICRC 2017
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Implications for neutrino astronomy

Gaggero, D.G.,A. Marinelli, Urbano, Valli ApJ L 2015
ANTARES coll., Phys. Lett. B,2016
ANTARES coll. + D. Gaggero, D.G. PRD 2017

On the whole sky the diffuse flux due to the
Galaxy is 15 % at most (8 % for conventional

models) of that measured by lceCube. IceCube
limit 16 %

In the inner Galactic plane however the gain
factor is much larger =

A neutrino telescope in the North
hemisphere is more suited to detect the
Galactic component. lceCube coll. is using
our model templates to look for this Galactic
component. ANTARES present upper limit is
at .25 times our most optimistic prediction.
Observable by KM3NeT (work in progress ) !

ICECUBE PRELIMINARY_ _ -~

E,? dd/dE, [GeV cm™2s 'sr']

."'

—

TS=2log(L/LO) 131

1< 30° Ibl < 4°

[| =i ANTARES, spectral index: —2.4 (v, x 3)
KM3NeT, spectral index: —=2.3 (v,+v +v,)

107°¢
107°%F

1077 F

v IceCube (37 events) | ]

1078

7
KRA, (cut 5x107 GeV)

KRA, (cut 5x10° GeV)
KRA (cut 5x107 GeV)
KRA (cut 5x10° GeV)

IIII‘IIl 1 111111
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http://arxiv.org/abs/arXiv:1705.00497

“TAKE HOME” MESSAGES

Recent CR and especially y-ray data and theoretical arguments strongly suggest
that the conventional treatment of CR propagation in the Galaxy is not fully adeguate.

This implies that propagation uncertainties, which may impact on dark-matter indirect
search, may be larger than expected and be still dominating respect to cross-section
ones.

While some work has been done, a larger investment of the community should be
done to develop more realistic modelling and analysis tools.

Better data are also needed: while CTA will provide valuable info, a larger y=ray

detector in space (HERD ? ) and a HAWC-type ground based one in the South
hemisphere (LATTES ? ) would be desirable



