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The Origin of Cosmic-rays

e High energy cosmic particles continuously arriving on Earth, discovered by V. Hess in 1912
* the spectrum is (ALMOST) a single power law -> CR knee at few PeVs + ankle at ~10 EeV
* 89% protons, 9% helium, 1% electrons and extremely isotopic up to very high energies
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The Origin of Cosmic-rays

e High energy cosmic particles continuously arriving on Earth, discovered by V. Hess in 1912
* the spectrum is (ALMOST) a single power law -> CR knee at few PeVs + ankle at ~10 EeV
* 89% protons, 9% helium, 1% electrons and extremely isotopic up to very high energies
e Supernova remnants can sustain CRs up to hundreds of TeV and extragalactic sources are
responsible for the Ultra High Energy Cosmic-rays
Equivalent c.m. energyN's,,  (GeV)

10? 10° 10* 10° 10°
1019_Illll I 1 Illllll I 1 lllllll I I lIlIllI I I IIIIIIIE
£ % s ®  KASCADE (QGSJET 01) ¥ HiRes-MIA -

- + PROTON ®m  KASCADE (SIBYLL 2.1) A HiRes | .

10" E- 6 RUNJOB *  KASCADE-Grande (prel.) A HiRes Il =
i_' B Akeno ® AGASA E

i ® Auger 2007

1 llllllll

11 llllIlI

—ee
1 | llllll]

l | IIIIIIll I IIIIIII| | Id’IIII

Scaled flux E*° J(E) (m?sec'sr'eV'
)

HERA (y-p) LHC (p-p) . ]
14 = =
107°E" RHIC (p-p) Tevatron ({-p) l Extragalactic ¢ =
I .1 l‘lllll l*l lllllll | | lllllll ‘l 111 lll 1 1 Ll 11 lllllll 1 1] llll]ll (B B R RE lI N

10"
10®  10™ 10" 10" 107 10" 10" 10%

Energy  (eV/particle)

Aion Viana Galactic Centre with HESS, MACROS 2016 June 2016 3



The Origin of Cosmic-rays

e High energy cosmic particles continuously arriving on Earth, discovered by V. Hess in 1912
* the spectrum is (ALMOST) a single power law -> CR knee at few PeVs + ankle at ~10 EeV
* 89% protons, 9% helium, 1% electrons and extremely isotopic up to very high energies
e Supernova remnants can sustain CRs up to hundreds of TeV and extragalactic sources are
responsible for the Ultra High Energy Cosmic-rays
Equivalent c.m. energyN's,,  (GeV)

10? 10° 10* 10° 10°
1019_Illll I 1 Illllll I 1 lllllll I I lIIIIlI I I IIIIIIIE
£ % s ®  KASCADE (QGSJET 01) Y HiRes-MIA =

- + PROTON ®m  KASCADE (SIBYLL 2.1) A HiRes | .

10" E- 4 RUNJOB *  KASCADE-Grande (prel.) A HiRes Il =
E B Akeno ® AGASA E

it @ Auger 2007

1 llllllll

I Illlllll
1 lllllllI

Another galactic source
or population of
sources -> Pevatrons!

—_
o

e

2
IIIIIll

- S—
1 11 llllll

Scaled flux E*° J(E) (m?sec'sr'eV'
)

jov - HERALD) LHC (p-p) —
= RHIC (p-p) Tevatron (§-p) l =
I L1 l‘llll[ I*llllllll | A | lllllll ‘lllllll 11y | llllllll | lllllll | lllllll "

10"

10 10" 10" 10" 107 10" 10"® 10%®

Energy  (eV/particle)

Aion Viana Galactic Centre with HESS, MACROS 2016 June 2016 4



The Origin of Cosmic-rays

* High energy cosmic particles continuously arriving on Earth, discovered by V. Hess in 1912

* the spectrum is (ALMOST) a single power law -> CR knee at few PeVs + ankle at ~10 EeV

* 89% protons, 9% helium, 1% electrons and extremely isotopic up to very high energies

e Supernova remnants can sustain CRs up to hundreds of TeV and extragalactic sources are
responsible for the Ultra High Energy Cosmic-rays

* Trajectory deviated from its origin by diffusion in the interstellar/intergalactic magnetic
fields => need for indirect detection of CR sources
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The Origin of Cosmic-rays

* High energy cosmic particles continuously arriving on Earth, discovered by V. Hess in 1912
* the spectrum is (ALMOST) a single power law -> CR knee at few PeVs + ankle at ~10 EeV

* 89% protons, 9% helium, 1% electrons and extremely isotopic up to very high energies

e Supernova remnants can sustain CRs up to hundreds of TeV and extragalactic sources are

responsible for the Ultra High Energy Cosmic-rays

* Trajectory deviated from its origin by diffusion in the interstellar/intergalactic magnetic
fields => need for indirect detection of CR sources
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How to catch a Pevatron?

« Gamma-ray observations is the most powerful tool to detect PeVatrons
* We use molecular clouds as a cosmic-ray barometer

™ y+y
Particle
Accelerator ISM molecular clouds EY zEp/lO
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The H.E.S.S. telescoperarray

H.E.S.S.-phase 1: 2003-2012

Array of four Imaging Atmospheric Cherenkov Telescopes
located in Namibia (1800m a.s.l.)

e 12 m diameter telescopes : 107 m? each (total e Angular resolution < 0.1°/y

effective area ~10° m?) * Energy threshold (zenith) ~ 200 GeV

e Observations on moonless nights, ~1000h/year || ® Energy resolution ~ 15%

e Field of view of 5° in diameter e Only IACT in the southern hemisphere
e Stereoscopic reconstruction
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The H.E.S.S. telescope array
H.E.S.S.-phase 2: 2012

Array of FIVE Imaging Atmospheric Cherenkov Telescopes
located in Namibia (1800m a.s.l.)

5th telescope(@28m):

Surface ~ 600 m?

Energy threshold (zenith) ~ 50 GeV
Field of view ~3.5°
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The Galactic Center'region

Herschel (IR) : dust/gas map

» Central Molecular Zone (CMZ): giant
molecular clouds (~10% of all Galaxy)
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The Galactic Center region

» Central Molecular Zone (CMZ): giant
molecular clouds (~10% of all Galaxy)

» CR accelerators: SNRs, magnetic filaments,
supermassive black hole Sgr A*

o)

VLA 90cm radio image
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Past activities ot the Galactic Centel

> 10° years timescale

Radio emission -> Huge ouflow (10% erds/s)

Aion Viana Galactic Centre with HESS, MACROS 2016 June 2016



Past activities of the Galactic Center

> 10° years timescale

-'ramssion -> Huge ouflow [103%4 ergs/s) | -

8 kpe .

EE o A et T

Su, Slatyer, and'Fin'kbeiner, ApJ 2010
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The Galactic Center region

» Central Molecular Zone (CMZ): giant
molecular clouds (~10% of all Galaxy)

» CR accelerators: SNRs, magnetic filaments,
supermassive black hole Sgr A*

o)

VLA 90cm radio image

Aion Viana Galactic Centre with HESS, MACROS 2016 June 2016



The Galactic Center'region viewed by H.E.S.S.:
2003-2005
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The Galactic Center diffuse’ emissioniwith'H.E.S.S.:
2003-2005

» Search for much fainter emission

» Subtraction of the two bright sources

» Correlation of emission with molecular clouds of the Central
Molecular Zone (CMZ) => hadronic origin of emission

s map (55h)

H.E.S.S. J1745-290

3EG J1746-2851

Diffuse emission along the
galactic plane!

3EG J1744-3011

“

Aharonian et al. (H.E.S.S. Co//aborat'io.n),'Na'l"ure 439 (2006) 695
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The Galactic Center diffuse emission with'H.E.S.S.:
2003-2005

» Search for much fainter ¢
» Subtraction of the two bi
» Correlation of emission v

Molecular Zone (CMZ) =>

N Contours: gas (CS)
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Data analysis of G€ region: 2003-2012 (allfHESS-I

. Full dataset analysed : 2003

« Diffuse emission excluded, G0.9

dataset)

excluded, HESS J1745-303

excluded, for background estimate

3
-2012:
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Galactic la

-0.400 ¢

1.500

' Excess map (220h)

Abramowski et al, HESS collaboration(corr. authors
B AV, F. Aharonian, S. Gabici, E. Moulin), Nature 531, 476-479 (2016)
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Galactic longitude

o“ Model [Sgr A*]

Year 9;” T(glz)z gamma-ray excess(3) Signiﬁcance @ 4000 Sgr A* 220.0 live hours (175 2 acc. corrected)
[°] [h] (o] ] ON=11487 OFF=33061 ({0:=10.79)
2004 218 485 2075.2 534 35003 8422.7 v,0=108.1 S/B=2.7
2005 288 68.6 2594.6 60.8 3000 0.64 +- 0.01y/mn
2006 18.7 287 1056.8 38.0
2007 112 114 399.8 24.6
2008 153 132 567.0 27.3 Diffuse
2009 178 44 123.7 12.8 .
2010 108 83 294.9 21.0 emission
2011 33.6 10.1 267.9 18.5
2012 214 268 1078.2 38.8
All 226 2200 84227 108.1
82, = 0.01(point-like source) ¢ (deg?)
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Cosmic-ray energy density distribution

0.600

Excess map (220h)

* Correlation with molecular clouds 0.400
=> pp interaction target mass (M)

0.200 g
0.000 g

-0.200 ¢

Galactic latitude

-0.400 “...
Abramowski et al, HESS collaboration(corr. authors
B AV, F. Aharonian, S. Gabici, E. Moulin), Nature 531, 476-479 (2016)
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Cosmic-ray energy density distribution

0.600 §

Excess map (220h)

* Correlation with molecular clouds 0.400

=> pp interaction target mass (M), oz
 Gamma-ray luminosity (L) in several 3 |
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Cosmic-ray energy density distribution
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Excess map (220h)

* Correlation with molecular clouds 0.400
=> pp interaction target mass (M)
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Cosmic-ray energy density distribution
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Excess map (220h)

* Correlation with molecular clouds 0.400
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Cosmic-ray energy density distribution

* Correlation with molecular clouds 0.400)
=> pp interaction target mass (M)

 Gamma-ray luminosity (L) in several
regions

Galactic latitude

e =>CR energy density oC L/M

| [ [ " " 1 "
1.500 1.000 0.500 0.000 359.500 359.000 358.500

CR density radial distributions meanings: 'g 30 \ HESS collaboration, Nature 531 (2016) 476-479
 Homogeneous/Constant > \
- Impulsive injection of CRs and diffusive 5 20 AR
propagation = |\ -Hﬁ\
@ N\
° N
Yl 3 o 1 ﬁ\\ 1/
- Wind-driven or ballistic propagation * N
I et Frme e seessaeesnn 021068 CRgenSIY
° 1/r B \\ :{l\
- continuous injection and diffusive - 1N L
propagation i N\ T
Central accelerator located within 10 .| \\
pc and injecting CRs continuously | | | | | | NG |
over more than 1000 years 0I 1 1201 | I40I 1 Isol 1 Iaol | I1ool | I120I 1 I14ol 1 1160 1 l18°I 1 I200
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Diffuse gamma-ray emission and injection spectra

0.5 00 e I e e ey Y L L e =

e Spectrum diffuse emission extracted from
large ring [r.,r...] = [0.15°,0.45°]

0.400

0.200 g
0.000 g

-0.200 ¢

Galactic latitude

-0.400 ¢

B AV, F. Aharonian, S. Gabici, E. Moulin), Nature 531, 476-479 (2016)
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Diffuse gamma-ray emission and injection spectra

0.600

" Excess map (220h)

e Spectrum diffuse emission extracted from
large ring [r,,,ro.] = [0.15°,0.45°]

0.200 g

0.000 . .. @

-0.200

e Spectrum of diffuse emission: power-law
with index 2.3 extending up to 50 TeV
without energy cut-off

Galactic latitude

-0.400 ¢

e Solve transport equation of protons ' Abramowski et al, HESS collaboration(corr. a.thors
. . . aaad AV, F. Aharonian, S. Gabici, E. Moulin), Natuie 531, 476-479 (2016)
injected at the center of the Galaxy and fit SR O aduie AT e et

I 1.500 1.000 0.500 0.000 359.500 3594000 . . 58500
to HESS data Galactic logaitude
—~10"'[
L o - HESS collaborgtion, Nature 531 (2016) 476-479
e Parent proton injection spectrum should E u
extend to PeV energies > B
* quasi-continuous injection lasting 'i' = .
over ~10% years c i
* total CR power injected at the GC %
~1038 erg/s 162
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Multiwavelength'and multi-messenger signatures

of the GC PeVatron

HESS collaboration, Nature 531, 476-479 (2016) Frequency(MHz)
10000 1e+08 le+12
9 Cutoff at | PeV —— | 1
107 ¢ 10 PeV - XMM-Newton 1
. 100 PeV s e |
» Secondary electrons from charged pion RO ]
. . . ('\Il
=> synchrotron emission in X-rays 5 o | _
» Too faint when compared to 5
diffuse(thermal) emission detected by )
XMM-Newton
Energy(eV)
11 cutoff at | PeV ——— I I
10 ¢ 10 PeV - E
. . . [ 100 PCV ..........................
» Neutrinos are equally produced in pion
decays o IceCube™s .
g 1072 | sensitivity === Esmng e i
» Expected neutrino flux from GC Pevatron 2
o o )
is close to km3-scale detectors (1 signal = =
= -13 | i
event/year above 1 TeV, such as IceCube = 10 ¢
or KM3Net) detection sensitivity
14 §
10 " " 2l " " 2l " " 1
107! 10° 10! 10 10°
Energy(TeV)
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SMIBH Sgr A* as a powerful Pevatron

HESS collaboration, Nature 531, 476-479 (2016)
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* Given the location (< 10 pc), the maximum acceleration energy (~PeV), the continuous
power and age of the accelerator only the SMBH Sgr A* is a viable couterpart

* Asignificant fraction of accretion in Sgr A* is released through acceleration of particles to
ultrahigh energies

» SgrA* has been more active in the past (Ponti et al. 2010/12, Terrier et al. 2010) => if
injection power = 103° erg/s, GC PeVatron can explain the fluxes of Galactic CRs above
100 TeV to a few PeV (region of the “knee”)

* Possible origin of two large scale structures : Fermi Bubbles observed by Fermi-LAT (Su et al.
2010, Crocker & Aharonian 2010) and isotropic flux of the neutrinos discovered recently by
IceCube produced in a very large (a few 100 kpc) galactic halo (Taylor et al. 2014)
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Summary

» Galactic Centre observed for more than 220 hours showing a strong correlation between
gamma-ray luminosity and molecular clouds -> First measurement of radial CR density
distribution

» Gamma-ray spectrum strongly suggests that SMBH Sgr A* is a hadronic cosmic-ray
accelerator continuously injecting particle for the past > 103 to PeV energies -> First robust
detection of cosmic Galactic PeVatron

> Total CR power injected at the GC ~1032 erg/s. SgrA* has been more active in the past => GC
PeVatron could explain the fluxes of galactic CRs above 100 TeV to a few PeV (region of the

“knee”) , Fermi Bubbles and extraterrestrial neutrinos

» There are other candidates which are still viable potential PeVatrons (Westerlund 1, HESS
J1641-463) -> analysis of new H.E.S.S. data ongoing

» CTA Key Science projects: PeVatrons and the Galactic Centre
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Backup slides
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Multi-TeV y-rays of leptonic origin?

Leptonic origin needs to address these questions:

1. whether the accelerator could be sufficiently
effective to boost the energy of electrons up to >
100 TeV under the severe radiative losses in the
GC;

2. whether these electrons can escape the sites of
their production and propagate over distances of
tens of parsecs;

3. whether they can explain the observed hard
spectrum of multi-TeV y-rays.
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Alternative accelerators

Possible alternative sources for the Pevatron include:

1. Supernova remnants
For very young SNRs: Epnes &~ 1014 (B/100 uG)(us/10000 km s™1)?(Atpey /yr) €V

but At;; ~ 0(10-100 yrs) - Not enough time for a (quasi)
2. Stellar clusters

continuous injection
e Central stellar cluster located within 1 pc of the
GC (size ~ 0.4 pc)
* Need SNRs to reach PeV energies
* Number of supernovas needed - Absurd amount for such
in the past 1000 yr ->n  ~ 10(tpev/100 yr)(tin;/1000 yr) a small region (0.4 pc)

3. Magnetic radio filaments (Yusef-Zadeh 2013)  Need of fine-tuning distribution of
e Acceleration of electrons in elongated radio magnetic filaments (1/r)

filaments (though no explanation how) - e Injection rate to fill the CMZ ~10%
e Gamma-ray production through non thermal ergs/s => extremely high (= total

Bremstrahlung proton luminosity of the Galaxy)
Il these alternative sources fail to match the following three requirements:

i) the accelerator has to be located in the inner ~10 pc of the Galaxy,
ii) the accelerator(s) has(have) to be continuous over a timescale of at least thousands of years
iii) the acceleration has to proceed up to PeV energies.
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Other Pevatron candidates with H.E.S.S.

» Main signature of PeV hadronic cosmic-rays: correlation with molecular clouds + power-law
spectrum extending much beyond 10 TeV without an energy cut-off or break

Abramowski et al , A&A 2012, arxiv: 1111.2043
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» Main signature of PeV hadronic cosmic-rays: correlation with molecular clouds + power-law

spectrum extending much beyond 10 TeV without an energy cut-off or break
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Gas distribution'in the CMiZ

Several tracers used to check
systematical uncertainty

e (CMZ has a coherent structure => 3D

distribution of gas affects mildly the
CR density calculation (~10%)

Sawada et al 2004
(b) 9,3 Ferriere et al 2007
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Aion Viana Galactic Centre with HESS, MACROS 2016

June 2016 35



Fermi-LAT GeV excess : some caveats

It has been long known that the Fermi
diffuse models under-predict the data in
the inner Galaxy for energies above a few
GeV.

The Fermi collaboration itself “do not
recommend using this model for analyses
of spatially extended sources in the region
defined in Fig. 1”

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/
FSSC_model_diffus_reprocessed_v12.pdf
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Fermi-LAT GeV excess : some caveats

It has been long known that the Fermi
diffuse models under-predict the data in
the inner Galaxy for energies above a few
GeV.

The Fermi collaboration itself “do not
recommend using this model for analyses
of spatially extended sources in the region
defined in Fig. 1”
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Fermi-LAT GeV excess : proton accelerator

* The convolution of the proton distribution and the warm ionized gas gives the right radial distribution|
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Fermi-LAT GeV excess : proton accelerator

* The convolution of the proton distribution and the warm ionized gas gives the right radial distribution|
Carlson & Profumo, 1405.7685

* The excess spectrum can be fitted with a proton injection spectrum with a broken power-law
 Interestingly the gamma-ray spectrum from pion decays of an initial proton spectrum with a E2
power-law has a bump at ~ 1 GeV
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Fermi map and contours at 1-300 GeV:

HESS source

2FGL J1745-2858 : coincident with the

GLAT

1.000—

Sgr B2 region spectrum well below the
expected emission from the « sea of
CRs»

Beyond ~25 pc of the central proton
accelerator gamma-rays below 10 GeV
will be dominated by « isotropic »
diffuse component
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Diffuse emission vs central source gamma-ray

spectra

'
-
(=]

* HES_’S J1745-290 spectrum (compatible with '?;; 10 E Abramowski et al, HESS collaboration, Nature 531, 476-479 (2016)
previous analyses: Aharonian et al. (HESS o N
coll.) ARA 503 (2009) 817) E - +
* Significant deviation from a power-law > - -
with spectral index ~ 2.1 =
* Exponential cut-off at energy ~ 11 TeV -]
T
& 107
- ~
Might be two different sources, but if HESS -
J1745-290 is linked to PeVatron the energy cut-
off in the central source could be explained
from: 1072
e photon absorption on the infrared o
radiation field [ ] Diffuse emission (x 10) an
and/ Pr . o | —— Model (best fit): Diffuse emission "
* difference in gamma-ray emission —— - Model: Diffuse emission E_,,, " = 2.9 PeV
timescales due to energy dependent " aeees Model: Diffuse emission E,, " = 0.6 PeV
diffusion coefficient: 10 yrs for high Model: Diffuse emission E;; . = 0.4 PeV M
energies (ballistic motion) and 103 for | 107*|— [ HESS J1745-290
. e - : - —— Model (best fit): HESS J1745-290
low eneirgies (diffusive motion) => a - v
decrease in luminosity in timescales C ] o L |
O(10 yr) would generate a cut-off 1 10
; Energy (TeV)
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Next steps: H.E.S.S. Inner Galaxy Survey (high

latitude survey)

» Key Science Project for the last years of H.E.S.S.
> 1000h on high latitudes (~0.5°-5°)
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Next steps: H.E.S.S. Inner Galaxy Survey (high

latitude survey)

I

» Key Science Project for the last years of H.E.S.S. N Do ~ 500 km s~ 1
» 1000h on high latitudes (~0.5°-5°) 5 TR, T
A ") M =~ 0.1 Mg yr—*
r'; 1 i Rz
= { Ewing = 3 X 1040 erg s—1
Radio Lob i \ L
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v1o Powered Escape?
N .
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o f'\/ s "l 1 Schlickeiser 1992
e L i
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Next steps: H.E.S.S.

latitude survey)

Inner Galaxy Survey (high

» 1000h on high latitudes (~0.5°-5°)

» Key Science Project for the last years of H.E.S.S.
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Next steps: H.E.S.S. Inner Galaxy Survey (high

latitude survey)

» 1000h on high latitudes (~0.5°-5°)

» Key Science Project for the last years of H.E.S.S.

Fermi Bubbles
inner 10° edge

Search for:

Outflows

Link with the Fermi bubbles

Dark matter from GC halo

Dark matter clumps

Diffuse emissions far from the plane

‘ Pathfinder for CTA
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CTA : Cherenkov Telescope Array

-
I
-
=

Factor 10 better flux sensitivity

Larger energy coverage, field of view and twice

. 1072
better angular and energy resolution
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Future with CTA

Galactic Centre Key Science Project [825 h]

Galactic latitude

Galactic longitude

Galactic Centre with HESS, MACROS 2016 June 2016 47
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CTA improvements on Galactic Center

» Large field of view=> more detailed view of the Diffuse VHE emission
* Resolving new, previously undetectable sources
* Studying the interaction of the central source with neighbouring clouds
* outflows

» Improved PSF (r68~0.02°-0.03 °), Improved pointing accuracy (3”) and sensitivity:
* Try to resolve GC source (e.g.: 0.5 (0.01 °) size of circum-nuclear disk)
» distinguish Sgr A* and PWN
* If TeV emission produced by hadrons, emission should be extended (0.5')

»Search for a possible time dependent component
* Sgr A* MWL observations with IR/ X-ray instruments
* Improved sensitivity to flux variation for flares (typically 1h)

»Search for long term flux evolution
* Expected if energetic protons accelerated during past periods of increased activity of Sgr A*
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Y > Diffuse emission
associated with giant
molecular clouds (CS maps
as tracers) => hadronic
interaction

CR energy density higher
than the local CR density
by an order of magnitude

Lack of TeV emission at
b>1.0° => CR gradient
necessary to explain
emission
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The HESS J1745-290 central source position

’ HESS improved pointing analysis : 30"'->6"

~

HESS coll. MNRAS 402, 1877 (2010) \
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» position:
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b=-0°2'39.2"” + 5.9” +6”

OFGL

-

1746.0-2900

——

» centroid emission located at 7”’+12"” from Sgr A*
» Sgr A East excluded at the 70 C.L.

» G359.95-0.04 and Srg A* still inside error bars (8.7
from Sgr A*)

" Fermi symposium 2009
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The J1745-290 GC central source variability

* No signs variability in VHE light curve
observed based on 93 hours of data

» o Aharonian et al. A&A 503, 817 (2009) 1)
15—
e Simultaneous HESS and Chandra observat'ionsai§ - 2004 2005 2006
in 2005 210:—
* X-ray flare detected [
-1-10 keV & s
- 1600s duration : “ﬁ §eacanaaa... z ! ............. A-i.j

* No increase of gamma flux >1 TeV (factor 2
increase excluded at 99%CL)
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