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Overview of the talk
B The GeV and TeV sky look much different

& The link between gamma-ray astronomy and cosmic rays
& SuperNova Remnants in gamma rays:hadronic or leptonic?
¥ Hadronic/leptonic signatures 1 - the pion bump

¥ Hadronic/leptonic signatures 2 - the spectral shape(?)

® Hadronic/leptonic signatures 3 - gamma/gas correlations
® Hadronic/leptonic signatures 4 - the multi-TeV domain

B Gamma-ray based tests for the origin of cosmic rays

® What's next? CTA, HAWC, HiScore, LHAASO ...
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The gamma-ray sky: GeV domain
The FERMI sky

Diffuse emission
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The gamma-ray sky: TeV domain
Many types of sources

Source Types
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Diffuse emission versus sources: spectra
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Diffuse emission versus sources: spectra
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Diffuse emission
from cosmic rays interactions

predicted in the fifties! (Hayakawa 1952)



The CR spectrum is steep,

source spectra are hard
Energy dependent escape from the Galaxy

e P LSoft CR spectrum
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The CR spectrum is steep,

source spectra are hard

Energy dependent escape from the Galaxy
Gaggero et al (2014)
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The CR spectrum is steep,

source spectra are hard

Energy dependent escape from the Galaxy
Gaggero et al (2014)
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The CR spectrum is steep,

source spectra

are hard

Energy dependent escape from the Galaxy

Gaggero et al (2014)
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A remarkable “coincidence”

supernovae first proposed by Baade&Zwicky1934

Nuclear abundance: cosmic rays compared to solar system

Abundarnce relative to Carbon = 100
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Abundance relative to Carbon = 100

10°

A remarkable “coincidence”

Nuclear abundance: cosmic rays compared to solar system
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-> power of CR sources 10* erg/s

NASA's Fermi telescope reveals best-ever view of the gamma-ray sky

Credit: NASA/DOE/Fermi LAT Collaboration
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Abundance relative to Carbon = 100

A remarkable “coincidence”

Nuclear abundance: cosmic rays compared to solar system
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few supernovae per
century in the Galaxy
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-> power of SuperNovae 10*¢ erg/s
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Gamma rays from SNRs:
a test for CR origin

Drury, Aharonian & Volk, 1994

CR observations -> CR power of the Galaxy 210% of SNR energy MUST
= be converted into CRs

Supernova rate in the Galaxy (*#3 per century)

ISM densitynx 0.1+ 1cm :
—> ‘ SNRs visible in TeV gamma rays '
proton-proton interactions
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Gamma rays from SNRs:
a test for CR origin

Drup~Aharonian & Volk, 1994

Galaxy - 210% of SNR energy MUST
be converted into CRs
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Gamma rays from SNRs:
a test for CR origin

Drury, Aharonian & Volk, 1994

we need an unambiguous proof for CR acceleration

neutrinos are the candidates, but their detection is challenging

-> other gamma-ray based tests?
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Hadronic or leptonic?
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Hadronic or leptonic?
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Hadronic or leptonic?

SNR Cas A
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Hadronic or leptonic?

FERMI coll. (2010)
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Hadronic or leptonic?
The pion bump
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Hadronic or leptonic?
The pion bump

(Ackermann et al 2013)
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Hadronic versus leptonic emission:
the role of the magnetic field

X-ray synchrotron emission is observed from some TeV SNRs
(RXJ1713, Vela Junior...)
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the role of the magnetic field

X-ray synchrotron emission is observed from some TeV SNRs
(RXJ1713, Vela Junior...)

A
E2 F(E) \
relativistic / the same electrons
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shock inverse Compton gamma
rays
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X-rays gamma-rays
synchrotron -> F, o neBﬁ inverse Compton -> L1 X NeWso f1

this product is fixed by X-ray obs. we know this /



Hadronic versus leptonic emission:
the role of the magnetic field

X-ray synchrotron emission is observed from some TeV SNRs
(RXJ1713, Vela Junior...)
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X-rays gamma-rays

synchrotron -> F, neBB inverse Compton -> Fro o NeWso ft
this product is fixed by X-ray obs. we know this /



E2 dN/dE [erg cm™2 s7']

Tanaka et al., 2008

Hadronic versus leptonic emission
RXJ1713: hadronic and leptonic models

Hadronic: proton spectrum E2 -> p-p interactions -> gamma ray spectrum E-2

Leptonic: low B field -> synchrotron losses negligible -> electron spectrum E¢ ->
inverse Compton scattering -> gamma ray spectrum E12
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Hadronic versus leptonic emission
RXJ1713: hadronic and leptonic models

Hadronic: proton spectrum E2 -> p-p interactions -> gamma ray spectrum E-2

Leptonic: low B field -> synchrotron losses negligible -> electron spectrum E¢ ->
inverse Compton scattering -> gamma ray spectrum E12

Wp = 2,7 x 10%° (n/cm3) ! erg
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FERMI detects RX J1713
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(Ellison et al 2010)

No thermal emission from RXJ1713:
further support fo IC scenario?
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(Ellison et al 2010)

No thermal emission from RXJ1713:
further support to IC scenario?
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(Ellison et al 2010)

No thermal emission from RXJ1713:
further support to IC scenario?
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Gamma rays from

(Giordano et al 2011)
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RXJ1713: difficulties of one-zone

leptonic models

two features in the electron spectrum:

acceleration time = synchrotron loss time -> acceleration cutoff at Emax

SNR age = synchrotron loss time -> cooling break at Ecool

E2 dN/dE [MeV em™2 s7']

{

.i*-ﬂ'ﬂ‘"rm '
+, "_ﬂ"f‘* @
FIT7 W, 8
£ R
0 oY
*{» r W‘x 1<
s R 4 i J O
' p 'RE=
L :r .-'/ 1 g
7 "~, C
o Y O
10-6 | v ' H <
; Wi <C
114 =

]

|4

M i aaiaal & MW ETTIT | i i i saaaal M i & aaaaal M i & daagal i .....l..

102 103 104 10° 106 107 108

Energy [MeV]
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leptonic models

two features in the electron spectrum:

acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool \
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RXJ1713: difficulties of one-zone
leptonic models

two features in the electron spectrum:
acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool
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to fit simultaneously X and gamma rays s
with electrons the magnetic field MUST ¢
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RXJ1713: difficulties of one-zone
leptonic models

two features in the electron spectrum:
acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool
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no cooling break is expected..



RXJ1713: difficulties of one-zone
leptonic models

two features in the electron spectrum:
acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool
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RXJ1713: difficulties of one-zone
leptonic models

(Finke&Dermer 2012)
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A hadronic model for RXJ1713

(Zirakashvili & Aharonian 2010, Inoue et al. 2012, Gabici & Aharonian 2014)

SNR in a dense (and clumpy!) environment

&  ittuse intercloud n -1 e stellar wind sweeps the gas and
creates a cavity
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dense clumps survive (unshocked) both
the stellar wind and the SNR shock

wind bubble
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massive star
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A hadronic model for RXJ1713

(Zirakashvili & Aharonian 2010, Inoue et al. 2012, Gabici & Aharonian 2014)

SNR in a dense (and clumpy!) environment

&  ittuse intercloud n -1 e stellar wind sweeps the gas and
creates a cavity

~o”

dense clumps survive (unshocked) both
the stellar wind and the SNR shock

wind bubble

‘n ~0.01 cm* ’ ‘
N7, @7
&
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dense clumps sur,
n>10°cm?

high energy CRs penetrate —
low energy CRs don't <] |

——— sub-parsec

massive star
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A hadronic model for RXJ1713

Gabici & Aharonian 2014
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Overview of the talk
The GeV and TeV sky look much different

The link between gamma-ray astronomy and cosmic rays
SuperNova Remnants in gamma rays:hadronic or leptonic?
Hadronic/leptonic signatures 1 - the pion bump

Hadronic/leptonic signatures 2 - the spectral shape(?)

B Hadronic/leptonic signatures 3 - gamma/gas correlations
Hadronic/leptonic signatures 4 - the multi-TeV domain
Gamma-ray based tests for the origin of cosmic rays

What's next? CTA, HAWC, HiScore, LHAASO ...



At some point CRs escape SNRs

CR sea -> 1 eV/cm? E2RE = 10°%rg
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At some point CRs escape SNRs

CR sea -> 1eV/cm3

EzR" = 10°erg
volume affected by CRs from the SNR
SNR
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At some point CRs escape SNRs

ESNR _ 1050

CR sea -> 1 eV/cm? erg

volume affected by CRs from the SNR
ESNR

(5 RCR)

— 1eV/em’

:> Rcor ~ 100 pc

such a volume is affected for a time:
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At some point CRs escape

ESNR _ 1050

CR sea -> 1 eV/cm? erg

volume affected by CRs from the SNR

such a volume is affected for a time:

o 0.6
D = 107® (10 GeV> cm? /s » D(1TeV) ~ 2x10%° cm?/s




Aharonian et al. 2008

Indirect evidence for protons: clouds

two oldish (several 10* yr) SNRs for a review see Gabici 2013
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Indirect evidence for protons: clouds

two oldish (several 10* yr) SNRs for a review see Gabici 2013
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Ahar'oni,an et al. 2008

Indirect evidence for protons: clouds

two oldish (several 10* yr) SNRs for a review see Gabici 2013
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Ahar'oni'an et al. 2008

Indirect evidence for protons: clouds

two oldish (several 10* yr) SNRs for a review see Gabici 2013
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The PeV domain:can we get to the knee?

Let's assume SNRs do accelerate up to the knee

p-p inferactions -> FEP ~ 4 x 10°eV — E7 2 400TeV

maax maax

inverse Compton-> suppressed above several tens of TeV (Klein-Nishina effect)
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The PeV domain:can we get to the knee?
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The PeV domain:can we get to the knee?
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The PeV domain:can we get to the knee?
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Indirect detection of PeVatrons?

CRs escape the SNR
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Indirect detection of PeVatrons?
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Indirect detection of PeVatrons?
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Overview of the talk
The GeV and TeV sky look much different

The link between gamma-ray astronomy and cosmic rays
SuperNova Remnants in gamma rays:hadronic or leptonic?
Hadronic/leptonic signatures 1 - the pion bump
Hadronic/leptonic signatures 2 - the spectral shape(?)
Hadronic/leptonic signatures 3 - gamma/gas correlations

Hadronic/leptonic signatures 4 - the multi-TeV domain

B Gamma-ray based tests for the origin of cosmic rays

What's next? CTA, HAWC, HiScore, LHAASO ...



How many SNRs should we see in TeV
gamma PGYS? Cristofari et al. 2013

l 3 SN/century in the MW ' g
hydro evolution

-> where and when? of SNRs
-> core-collapse or thermonuclear

-> shock radius .vs. time

| gas distribution in the MW ' -> shock velocity .vs. fime
-> atomic hydrogen (HI) ﬁ O

-

-> molecular hydrogen (Hz)
gamma-ray
CR acceleration a emission

-> efficiency, spectrum, B-field -> hadronic+leptonic

-> both protons & electrons




Gast et al. 2011

comparison with the HESS scan
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Figure 2: Sensitivity of HLE.S.S. to point-like +-ray sources with an assumed spectral index of 2.5, for a detection level of
50 pre-tnal, at b = —0.3%, the approximate average latitude of Galactic sources. The sensitivity is expressed in units of
the Crab integral flux F(=> 1TeV) =226 - 10-"m~2s-1,
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the Crab integral flux F(=> 1TeV) =226 - 10-"m~2s-1,
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comparison with the HESS scan

Figure 2: Sensitivity of HLE.S.S. to point-like +-ray sources with an assumed spectral index of 2.5, for a detection level of
50 pre-tnal, at b = —0.3%, the approximate average latitude of Galactic sources. The sensitivity is expressed in units of
the Crab integral flux F(> 1TeV) =226 - 10-"m~2s-1,

—3° < b<3°

- sensitivity scales as source extension
- PSF = 0.1 degrees



A comparison with the HESS scan

Figure 2: Sensitivity of HLE.S.S. to point-like +-ray sources with an assumed spectral index of 2.5, for a detection level of
50 pre-tnal, at b = —0.3%, the approximate average latitude of Galactic sources. The sensitivity is expressed in units of
the Crab integral flux F(=> 1TeV) =226 - 10-"m~2s-1,

Gast et al. 2011

o o - sensitivity scales as source extension
-3 <b<3 - PSF = 0.1 degrees

Name F(>1TeV) d age radius Ref.
[10-12em—25—1) [kpc] [kyr] [°]
RX J1713.7-3946 15.5 1 1.6 0.65 1,2,3
HESS J1731-347 6.9 24.4 27 0.25 4,
CTB 37B 0.4 13.2 0.3..3 0.03 6,7

Table 3. Gamma-ray fluxes, distances, ages and apparent sizes of the three SNR shells detected by H.E.S.S. in the region |I| < 40°,
|b] < 3.5° at a flux level above 1.5% of the Crab. References: 1) Aharonian et al. 2006b; 2) Moriguchi et al. 2005; 3) Wang et al. 1997;
4) Abramowski et al. 2011; 5) Tian et al. 2008; 6) Aharonian et al. 2008a; 7) Nakamura et al. 2009

+ 3 SNR/MC (CTB 37A, W28, HESS J1731) -> ?2??

1 ° ° °
Cristofari et al. 2013 + 17 unidentified sources



A comparison with the HESS scan

Cristofari et al. 2013
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A comparison with the HESS scan

Cristofari et al. 2013

CR spectrum escaping from SNRs -> Neor(E) = Ny E~°

RED and BLACK regions -> with or without Inverse Compton contribution
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A comparison with the HESS scan

Cristofari et al. 2013

CR spectrum escaping from SNRs -> Neor(E) = Ny E~°

RED and BLACK regions -> with or without Inverse Compton contribution
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Gamma-ray based tests for the origin of cosmic rays

B What's next? CTA, HAWC, HiScore, LHAASO ...



Integral energy flux sensitivity [erg s cm™]

What's next? Conclusions...
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What's next? Conclusions...
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What's next? Conclusions...
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