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Discovery of cosmic rays by Victor HESS (1912) 

Cosmic rays: Particles from outer space (H, He, C, N, O,…Fe nuclei)	
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Origin of Cosmic Rays at the Knee 	

CR spectrum 
ü CR acceleration up to >PeV energies is possible by SNR shock waves  
γ-ray spectrum 
ü CR＋ISMàπ0＋…à2γ;   Eγ&ν ~ O(1/10 Epmax) 

The spectrum of muonic neutrino from the decay of
muon, F!!2"" !x; Ep", is described by the same function; in

this case x # E!"=Ep.
The spectrum of muonic neutrino produced through the

direct decays #! "!" can be described as
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where x # E!"=Ep, y # x=0:427,

 B0 # 1:75% 0:204L% 0:010L2; (67)

 $0 # 1

1:67% 0:111L% 0:0038L2 ; (68)

 k0 # 1:07$ 0:086L% 0:002L2: (69)

The spectrum of F!!1"" sharply cuts off at x # 0:427. The

total spectrum of muonic neutrinos is F!" # F!!1"" % F!!2"" ,

where F!!1"" # Fe. Also, with good accuracy (less than 5%)

F!e & Fe.
The spectra of electrons and muonic neutrinos for differ-

ent energies of protons (0.1, 100, and 1000 TeV) are shown
in Figs. 8 and 9, respectively.

Although #' decays strongly dominate in the lepton
production (see e.g. [9]), the contribution through decays
of other unstable secondaries, first of all K mesons, is not
negligible. In particular, calculations based on simulations
of all relevant channels using the SIBYLL code show that the
total yield of electrons and neutrinos exceeds Eq. (62) by
approximately 10% at x( 0:1. At very small values of x
the difference increases and could be as large as 20% at
x) 0:1; at very large values of x, x * 0:5, it is reduced to

FIG. 9. Energy spectra of all muonic neutrinos described by
Eqs. (62) and (66) for three energies of incident protons: 0.1 TeV
(curve 1), 100 TeV (curve 2), and 1000 TeV (curve 3).

FIG. 8. Energy spectra of electrons described by Eq. (62) for
three energies of incident protons: 0.1 TeV (curve 1), 100 TeV
(curve 2), and 1000 TeV (curve 3).

FIG. 10. Energy spectra of all decay products produced at p-p interactions for two energies of incident protons: (a) 0.1 TeV and
(b) 1000 TeV. The spectrum of electronic neutrinos is not shown because it practically coincides with the spectrum of electrons.

S. R. KELNER, F. A. AHARONIAN, AND V. V. BUGAYOV PHYSICAL REVIEW D 74, 034018 (2006)
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Kelner et al., PRD 74, 034018 (2006) 
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10 – 1000 TeV γ-ray observation: 
key to locate cosmic-ray accelerators inside our galaxy / 
very nearby extragalaxy  ALPACA experiment	

 γ	
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The ALPACA Experiment	
  Andes  
  Large area  
  PArticle detector for     
  Cosmic ray physics and  
  Astronomy	
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ALPACA Site 
Mt. Chacaltaya, Bolivia 

 

ALPACA	
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Site Survey	

Cosmic Ray Observatory  
5200m a.s.l 
since 1962 

ALPACA site 
4740m a.s.l.	

La Paz	
10 



Experimental	Cite	:	Cerro	Estuquería		
（500m	x	500m,	flat	within	∼±1	deg.)	
4,740	m	above	sea	level	(16°23’S,	68°08’W)	

11 



Why in Bolivia	

u Long-term collaboration between Bolivia and Japan 
 — Since 1962 in the field of cosmic rays 

u Galactic Center observable in the southern hemisphere 
 — Very promising candidate for the origin of cosmic rays 

u Vast & flat land at high altitude > 4000m 
 — aiming at air-shower observation above 10 TeV 

u Electric power lines easily accessible 
u Abundant water for water tanks of the observatory 

 — BG CR rejection for γ-ray observation with high sensitivity 
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Schematic view of ALPACA	

1m2 plastic scintillation 
detector	

56m2 underground 
water-tank  
muon detector	

Air 
Shower 
Array	

300 m	

Muon 
Detector 
Array	

 83,000 m2 

15 m	 5,400 m2 
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Atmosphere	

TeV	proton,	helium…	 TeV	gamma	ray	

Number of muons within <100m from air-shower core	

∼1	µ	for	100	TeV	γ

MD array: γ/CR discrimination by the number of muons	

Air	shower	

Muon	detector	unit	

∼50	µ	for	100	TeV	proton	
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Performance of ALPACA 
Location:  4,740 m above sea level 
                La Paz, Bolivia (16゜23’ S, 68゜08’ W)  
 
AS (air shower) array 
scintillation detectors 	           1 m2 x 401 
effective area 	                       83,000 m2 

angular resolution                          0.2° @100 TeV 
energy resolution 	                	  30% @100TeV 
duty cycle                                        > 90% 
field of view 	(FoV)	                      ~ 2 sr  
                                                       
 
MD (muon detector) array 
water Cerenkov detectors              56 m2 x 96 (5,400 m2) 
CR rejection power                        > 99.9%@100 TeV 
γ-ray efficiency                               ~ 90 %@100 TeV 15 
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10 – 1000 TeV	

PeV	TeV	GeV	

~15% Crab/yr 
 @30TeV 	
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Galactic Center 
ü Diffuse γ-rays detected 

 
ü  >100 TeV γ-rays expected 

ü  Promising candidate for CR 
accelerator up to the knee	

Abramowski, et al, Nature (2016) 	

0 0  M O N T H  2 0 1 6  |  V O L  0 0 0  |  N A T U R E  |  1
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doi:10.1038/nature17147

Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.

© 2016 Macmillan Publishers Limited. All rights reserved
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Fermi Bubbles 
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C. Lunardini, et al, PRD (2015) 	

Multimessenger study of the Fermi bubbles: Very high energy gamma rays
and neutrinos

Cecilia Lunardini,1,* Soebur Razzaque,2,† and Lili Yang3,‡
1Department of Physics, Arizona State University, Tempe, Arizona 85287-1504, USA

2Department of Physics, University of Johannesburg, P.O. Box 524, Auckland Park 2006, South Africa
3Laboratory for Astroparticle Physics, University of Nova Gorica, Vipavska 13,

5000 Nova Gorica, Slovenia
(Received 9 May 2015; published 17 July 2015)

The Fermi bubbles have been imaged in sub-TeV gamma rays at Fermi-LAT, and, if their origin is
hadronic, they might have been seen with low statistics in ∼0.1–1 PeV neutrinos at IceCube. We discuss
the detectability of these objects at the new High Altitude Water Cherenkov (HAWC) gamma-ray detector.
HAWC will view the north bubble for ∼2–3 hours a day and will map its spectrum at 0.1–100 TeV. For the
hard primary proton spectrum required to explain five events at IceCube, a high significance detection at
HAWC will be achieved in less than 30 days. The combination of results at HAWC and IceCube will
substantiate the hadronic model, or constrain its spectral parameters.

DOI: 10.1103/PhysRevD.92.021301 PACS numbers: 95.85.Ry, 14.60.Pq, 98.70.Sa

I. INTRODUCTION

Studying the sky at very high energies (VHE) of
∼100 GeV and beyond is at the frontier of astrophysics
today. Until very recently, gamma-ray astronomy has been
the only avenue to probe the VHE sky and has revealed the
existence of powerful natural particle accelerators, whose
physics is still largely unknown [1]. It is expected that
collisions of accelerated hadrons with the ambient medium
are at least partly responsible for VHE gamma-ray emission
from these sources. The same processes also produce
neutrinos and, therefore, a VHE neutrino counterpart of
the gamma-ray flux is expected. In 2013, the IceCube
Neutrino Observatory reported the detection of astrophysi-
cal neutrinos in the 0.1–1 PeV energy range [2–4], which
opened a new avenue of multi-messenger exploration of the
VHE sky. The complementarity between gamma rays and
neutrinos is strong, mainly because they both probe the
sites of the cosmic-ray accelerators in the Universe.
Since the neutrino data are still limited by low statistics, a

multimessenger study of a single, specific source is
possible only for the closest and most powerful emitters
in the sky, like the Galactic center and the Fermi bubbles
(FB). The FB have recently emerged as an ideal candidate
for multimessenger astronomy. These large globular-
shaped Galactic structures, extending up to ∼9 kpc sym-
metrically out of the Galactic plane (see Fig. 1), were
discovered [5] in the gamma-ray data of the Fermi Large
Area Telescope (LAT), which has since mapped them in
details at energies ∼0.1–400 GeV [6]. Complementary
observations in radio [7] and X-ray [8] confirm multi-
wavelength emission from the FB.

Both hadronic [11,12] and leptonic [5,13] mechanisms
have been proposed for the origin of the FB gamma rays.
For hadronic models, it has been pointed out that a neutrino
counterpart should exist [11,14], and might be responsible
for a fraction of IceCube astrophysical neutrinos [15]. In
particular, up to five of the IceCube astrophysical neutrinos
of energy ∼100 TeV−1 PeV, that are spatially strongly
correlated with the bubble geometry (see Fig. 1 [16]), are
consistent with the hadronic flux model that reproduces the
Fermi-LAT gamma-ray data [17]. Therefore, the FB could

FIG. 1 (color online). Map of the Fermi bubbles in equatorial
coordinates (red solid contours). The blue dots show the IceCube
events that are spatially strongly correlated with the FB with their
sequence numbers [4] and their positional errors (blue ellipses,
see text). Also shown are the contours of the HAWC’s field of
view (0.6 ≤ cos θ ≤ 1), for which the effective area is published
[9], at several times of the day (magenta dashed contours).
The shaded curves represent the inner Galaxy region (corre-
sponding to Galactic coordinates −80° ≤ l ≤ 80°, −8° ≤ b ≤ 8°)
and the low intermediate latitude region (0° ≤ l ≤ 360°,
10° ≤ jbj ≤ 20°), where Fermi-LAT has measured diffuse
Galactic gamma-ray emission [10].

*Cecilia.Lunardini@asu.edu
†srazzaque@uj.ac.za
‡lili.yang@ung.si

PHYSICAL REVIEW D 92, 021301(R) (2015)
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Bubbles observed by Fermi satellite	

ü  Very extended (~0.8sr) sources 
    north & south sides of Galactic Center  
ü Difficult for IACTs to cover them all 
ü  100TeV γ-rays expected if IceCube ν’s  
    are of CR origin 

50°	

Fermi 
Bubbles	

PeV	10TeV	

ALPACA	
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Other Galactic Sources	
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HESS Observations

Southern Array (2yrs 4σ)
ü More than dozen sources 

ü Dark sources in other  
    wave lengths 

ü PWN candidates 
 
ü Diffuse γ from Galactic plane	

Aharonian et al, ApJ, 636, 777 (2006) 

ALPACA	
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Nearby Extragalactic Source M87	
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ü Distance: z=0.0043 (16Mpc) 

ü Relativistic jet 
 

ü Long-term time variation 
2004 – 2005 flare 

ü Hard spectrum at flare  

ALPACA 
(4σ 2yrs)	

δ ~ +12°	
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Nearby Extragalactic Source CenA	

Aharonian et al, ApJ, 695, L40 (2009) 
Sahakyan, et al, ApJ, 770, L6(2013) 

ü Distance:  3.8Mpc　very nearby 

ü  Relativistic jet 
 

ü  Flat spectrum above TeV region? 
 

ü No significant time variation? 

L42 AHARONIAN ET AL. Vol. 695

Figure 1. Smoothed excess sky map centered on the Cen A radio core (cross).
Overlaid contours correspond to statistical significances of 3, 4, and 5σ ,
respectively. The inlay in the lower left corner shows the excess expected from
a point source (derived from Monte Carlo simulations). The integration radius
is 0.◦1225 and the map has been smoothed with a two-dimensional Gaussian
of radius 0.◦02 to reduce the effect of statistical fluctuations. The cosmic-ray
background in each bin is estimated using the template background method
(Rowell 2003).

Figure 2. Optical image of Cen A (UK 48 inch Schmidt) overlaid with radio
contours (black, VLA, Condon et al. 1996), VHE best fit position with 1σ
statistical errors (blue cross), and VHE extension upper limit (white dashed
circle, 95% confidence level).

The differential photon spectrum of the source is shown
in Figure 3.36 A fit of a power-law function dN/dE =
Φ0 · (E/1 TeV)−Γ to the data is a statistically good description
(χ2/dof = 2.76/4) with normalization Φ0 = (2.45 ± 0.52stat ±

36 To derive the energy spectrum, a looser cut on the distance to the source is
used (θ2 < 0.03 deg2) to increase the number of photons (the standard cut is
θ2 < 0.015 deg2).
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Figure 3. Differential energy spectrum of Cen A as measured by H.E.S.S.
The line is the best fit of a power law dN/dE = Φ0 · E−Γto the data
(Γ = 2.7 ± 0.5stat ± 0.2sys). The lower panel shows the residual ∆χ2 of the fit.

0.49sys) × 10−13 cm−2 s−1 TeV−1 and photon index Γ =
2.73 ± 0.45stat ± 0.2sys. The integral flux above 250 GeV, taken
from the spectral fit, is Φ(E > 250 GeV) = (1.56 ± 0.67stat) ×
10−12 cm−2 s−1, which corresponds to ∼0.8% of the flux of the
Crab Nebula above the same threshold (Aharonian et al. 2006b),
or an apparent luminosity of L(>250 GeV) = 2.6×1039 erg s−1

(adopting a distance of 3.8 Mpc).
No significant variability has been found on timescales of

28 minutes, nights and months (moon periods). From the error
on the nightly flux (∼5% crab), we estimate the sensitivity of
the data set for flares with a duration of 1 day. For an ∼4σ
detection in the Cen A data set a flux increase during a single
night by a factor of ≈20 would be needed (a factor of ≈15 for
∼3σ ). This can be compared to the VHE flux variation of factor
∼5–10 detected from M 87 on timescales of days.

The results have been cross-checked with independent anal-
ysis and calibration chains and good agreement was found.

3. DISCUSSION

Figure 4 shows the SED of Cen A ranging from X-rays to the
VHE regime. The flux measured by H.E.S.S. is clearly below
all previous upper limits in the VHE regime. Extrapolating the
spectrum measured with EGRET in the GeV regime to VHE
energies roughly matches the H.E.S.S. spectrum, though the
softer end of the error range on the EGRET spectral index
is preferred. The recently launched Fermi observatory should
provide a more accurate spectrum in the MeV–GeV range soon.

Several authors have predicted VHE emission from Cen A,
and more generally discussed VHE emission from radio galax-
ies. A first class of models proposed the immediate vicinity of
the supermassive black hole as the region of VHE emission.
Neronov & Aharonian (2007) and Rieger & Aharonian (2008)
proposed a pulsar-type particle acceleration in the magneto-
sphere of the sub-Eddington accreting supermassive black hole,
which has been applied successfully to the low-luminosity radio
galaxy M 87. In this model, the relation LIC ∝ MBH is expected

ALPACA 
(4σ 2yrs)	

δ ~ -43°	
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Other observations 
 
Ø  CR anisotropy  >TeV in the southern sky 
     — Complementary to IceCube 
 
Ø  Sun’s shadow 
     — Observable throughout the year 
 
Ø  γ-ray from solar disk
     — detected up to ~100 GeV by Fermi 
     — CR + solar atmosphere -> π0 -> 2γ　 
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M. Amenomori et al., PRL, 111, 011101 (2013)	

u Sun blocks CRs, casting a shadow (deficit) in the CR flux 
 

u Sensitive to coronal magnetic field structure 
 

u Sun in the field of view of ALPACA throughout the year 
 

u Capable of examining coronal models with high statistics 

measured by  
Tibet ASγ	

PFSS model 
Year 1996	

Coronal MF 
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Sensitivity to Solar Disk γ-Ray  	
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Detectable, if  the power-law spectrum extending up to >10 TeV	
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Construction scheduled in 2017 

(∼	1/10	scale	ALPACA	air-shower	array)	
ALPAQUITA Array 

90m 

15m 

Al#tude	 4,740	m	
Spacing	 15m	
Scin#.	Det.	 1	m2		x	45	
Coverage		 0.44	%	
Effec#ve	area	 7,650	m2	

Mode	Energy	 ∼5	TeV	
Trigger	rate	 ∼150	Hz	
Sidereal	
anisotropy	

∼10σ	/	yr	

Moon’s	shadow ∼16σ	/	yr	



　　   Construction plan of ALPACA　 
 
Year 0 (2017): prototype AS array “ALPAQUITA”  

                       (45 detectors; 7,650 m2 ~ 1/10 scale)	

Year 1:  Preparation for full ALPACA	

Year 2： Construction of MD	

Year 3： Construction of AS	

Year 4： Start data-taking 	

Observation will continue for 5 – 10 years 
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Ø  4740m above sea level, in La Paz, Bolivia (16°23’S, 68°08’W)  
Ø  Air Shower Array (83,000m2) + Muon Detector Array (5,400m2)  
Ø  Budget  ~ 5M USD, not funded yet 
Ø  Prototype 1/10-scale AS array (ALPAQUITA) in 2017 
 
 
Ø  10-1000 TeV γ-ray sources  
      — G.C., FB, Young SNR, PWN, UNID, nearby AGN 
       — γ-ray point source sensitivity : ~15% Crab/yr @30TeV 
      — wide field of view, advantage for observation of extended sources 
Ø  CR anisotropy >TeV in the southern sky  
Ø  Sun’s Shadow, γ-ray from solar disk 

Summary	

ALPACA experiment	

Targets 
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Thank you for your attention !

35 


