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This 1s how scientists see the world.
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What are Cosmic Rays?

€ Energetic particles injected from the universe. .\% G
n & L
€ Discovered by V. F. Hess (1912) E R e
\ =T P
¢ Proton(90%), Helium(8%) ;'g \/‘JJ[— &
and heavier nuclei a2 | &@‘Z’@
c &
€ E>10VeV, ultrahigh-energy seem - ) ‘
cosmic rays (UHECR) Vitr Franz Hess oy R R

e Aug. 7th 2012
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Landing at Bad saarow, Germany on’

Aug. 7th, 1912 T O A ) S

Grandson of Hess - Memorial Stone
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Physics goal of UHECR Astrophysics

&The origin and nature of ultrahigh-energy
cosmic rays (UHECRSs) and particle

interactions at the highest energies

¢ How frequent?
¢ What kind of particle?

€ Where come from?



How frequent?: Energy spectrum
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Acceleration Scenario toward 10%° eV

Equivalent c.m. energy Vs (GeV)

Magnetic Field Strength
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Greisen-Zatsepin-Kuzmin (GZK) Cutoff

Cosmic microwave
background radiation (CMBR)

¢ Interaction between UHE protons with energies above 10197 ¢V and CMBR via a
pion production. Heaver nuclei also interact with CMBR wia photo-disintegration.

€ Mean free path : 50-100 Mpc (Nearby sources compared to the universe size)

& Expect suppression of flux above 1077 eV.
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Theoretlc models of ankle structure

Dlp mOdel Protons only(unlform dlstrlbutlon) O H|Res1(mono) Ankle mOdel
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Mass composition measurement needed.

D. Allard et al., Astropart.Phys. 27 (2007) 61-75, R. Aloisio et al. Astropart. Phys. 34 (2011) 620-626 13



UHECR Astronomy

¢ Flux suppression — Nearby Universe — Large scale structure

¢ UHECR — Small deflection in galactic/extragalactic magnetic field
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How to observe extensive air shower (EAS)
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Mass composition measurement u51ng Amax

With the same energy, E
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Fluorescence detector (FD)

€ Detecting fluorescence photons emitted from
atmospheric molecule excited by EAS.

€ Measuring longitudinal development of EAS

including Xmax = sensitive to mass composition

Only moonless clear night, duty cycle, 10~15%

less dependence on hadronic interaction model.

€ Many calibration factors: atmosphere, mirror
reflectance, hilter transparency, PMT gain.
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Hlstory of fluorescence technique
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In 1958, proposal of fluorescence technique

(Suga, Oda@ Norikura symposium)

Many photomultiplier tubes on the focal
plane of Fresnel lens/mirror to observe
fluorescence light.

Observe longitudinal profile including Xmax
to be sensitive to the mass composition of
CosmiC ray.

. € In 1969, first detection of
fluorescence light by TOKYO-1
(Tanahashi et al. @Doudaira

Observatory, Japan)

Reference: B>+ 7 —EAIIC KD FHIEMFZORESE XFTE, KIOENXERICLD2FHIERERDBED B AER 19




t_i (microsec)

First detection of EAS using fluorescence technique

Candidates observed by TOKYO-1 (1969)

ANGULAR SHIFT(x0.046 radian)

Chi0

it
NN
I

1.0 0.5

DELAY TIME (us)

Re-analysis by B. Dawson et al. (2011)

fixed (70 deg)
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Long signal duration for
event 12.

The event 1s consistent with
the fluorescence-dominated
shower with 5x1018 eV, 680

g/cm? (B. Dawson, arXiv:
1112.5686).

TRANSMIS SION (°L. )

In the upgrade detector of
TOKYQO-3, the 4 m# lens
was unfortunately UV

protected one.

Fly’s Eye experiment,

Counts

Telescope Array experiment
and Pierre Auger
Observatory established the
tfluorescence technique and
reported physics results.
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M. Ave et al. | Astroparticle Physics 28 (2007) 41-57
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Fig. 4. Measured fluoresc

ence spectrum in dry

air at 800 hPa and 293 K.
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Surface detector array (SD)

€ Observing EAS particles on the ground by SD

array
€ Measuring lateral density distributions

€ 24 hour, 365 days operation, Duty cycle
~100%

& A large systematic uncertainty due to hadron

Interaction models.

") Stage: 4.5
\ 73INdf: 22.2/ 19
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*  non-triggering
* saturated
-~ sat. recovered

E 4

- - RS
e o

-

ey o

S 1 L&'g'l 2% 12" J‘Z; 2490 2% 1 d® 1% 1% %018, ST T VR U ) SRV WO WY W U U U U SN VU S U USSR S U R S S -
14 1210 8 6 4 2 0 2 4 6 500 1000 1500 2000 2500 3000
x Tkml r [m]




UHECR observatories

- ® Telescope Array Experiment
- (TA)

8 tah, S = -' ." ’J"a _primaci 8 R | RO
® 700 km?2 (— 3,000 kmz)

& -7 events/year (— 30)

® Pierre Auger
Observatory (Auger)

8 Malargue, Argentina
% 3,000 km?

Google Earth 8 .30 events/year



o

8 Telescope Array Experiment (TA)

& Largest cosmic ray detector in the Northern hemisphere

~ 700 km? at Utah, USA

& Fluorescence detector + Surface detector array

Zee s N G face Detoctor Arrav Fluorescence Detector at BRM and LR stations
507 Scintillator, 1.2 km spacing Spherical segment mirror (6.8 m?) + 2566 Photomultiplier
tube(PMTs)/camera, 12 newly designed telescopes
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Fluorescence detector
at MD station
Refturbished

from HiRes experiment,
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Spherical mirror 5.2 m?,
2566 PMTs/camera,
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Pierre Auger Observatory (Auger)

g{%g The world’s largest UHECR observatory 3000 km?*

(2004 - ) completed in 2008
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Annual parade and AugerPrime 2015 ceremony
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Scale of UHECR Observatory
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Scale of UHECR Observat
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Hybrid observati| n (FD+SD)
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Intermediate summary

Ultrahigh-energy cosmic rays (UHECRSs) are most energetic particles in the universe.

This energy 1s much larger than human-made accelerator in ground. But very infrequent
as 1 particle km century!. Very large coverage required to detect UHECRsS.

GZK cutoff is expected above cosmic rays with energy of 1077 eV.
Small deflection of UHECR will provide us a next-generation astronomy.
Three important measurements: energy spectrum, mass composition, arrival direction

Mflasurements of extensive air shower induced by UHECR with the hybrid detector (SD
and FD).

The largest cosmic-ray observatories in operation: Telescope Array experiment (700 km?,

USA) Pierre Auger Observatory (3000 km?, Argentina)

32



Quick question?

Pierre Auger Observatory

Mendoza, Argentina

Photography : Steven Sath, Production assistant : Max Malacar http://vimeo.com/88029390 33
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Recent Results in ICRC2017



TA/Auger exposure comparison

~

(Auger Anisotropy ICRC17: 9.0x10* km? sr yr

{Auger Spectrum ICRC17: 6.7x10* km? sr yr\
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Auger energy spectrum
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TA energy spectrum
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Rescaled to fit the ankle spectrum.

& Spectrum discrepancy at the highest energies.
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D. Ivanov in ICRC 2017
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Declination dependence?
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@& Detector exchange to understand the discrepancy
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Mass composition (Average Xmax)
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Mass composition (Xmax distr
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Elongation rate

— € Very similar elongation rate (slope) for all
EleV. LHC models, - 50 g/cm?/decad
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X distributions
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Composition fractions
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In tension of the dip model by IceCube limit
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> Low statistics cannot distinguish > Overshoot: below fit range

source- or GZK effect

> Fit driven by ankle region

= Favours hard spectra....

= ...and strong source evolution
Jonas Heinze | Dip Model / Cosmogenic Neutrinos | 19.7.2017 | Page 11

J. Heinze in ICRC 2017

= Minimal escape energy?

= Magnetic field diffusion?

= Or further constraint on Dip model?
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Testing hadron interaction model

AUGER
e 6 ‘ TA SD, QGSJET 1-03 —<—
— 700 — & 20— Taaee — /PRELIMINARYY/ TA hybrid. QGSJET I1I-03
NE - A DATA 45°-65 tg = S o] +0sys Auger 2017 preliminary
S - — pggg;etll:? sys Auger 2017 preliminary O [ T ggpoéf’b_;gd' o r
2 650F — Fo QGSJetl-04 = 100f Fe QGSJetll-04
A~ ~ - - - . Fe EPOS-LHC ¢ | ----Fe EPOS-LHC 4 +
- e .8 L Fe
3-)_‘ - 600 —_ ————————— -)><< 80 [ Sl
< T [ A 37
- T - » N
e 60— = T
550  ------- § V. 27 )
[ 859 574 359 240 111 - = - >L X % g ¥ ﬂ
T A S A — R SN B T
500 = A NAIEEN SNV a .. 40— 1t He
450 201~ 0 p
: | | | | | | | | O_ 1 1 1 1 1 1 1 ‘ ‘ ‘
400 9 " 9 2 %10 3x10"  4x10" 10 18 18.5 19 19.5 20
2x10 3x10 4x10 10
E [eV] E [eV] log4, E, eV
/<\ I 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII /<\ I 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
c 5 [ o Xp.ICRC 2015 — c 5 [ o Xp.ICRC 2015 -
o0 |- ' ! ! ! ! .— - L ! ! '. - = m A, 1500 m array =~ m A, 1500 m array
Energy: 8.8 + 0.5 oEeV QII—%éaltg — ‘\\ Q||_I?)?1tf)1 ® | m A, 750 m array m A, 750 m array - +; "_|F
Zenith: 34.7 £ 0.4 Qll-04 Fe ------ QN Qll-04Fe © A =TT -Fe 4= - T T T T T T ¥y ~rre
NI X oy 697 £7 g/cm2 2 : 100 F g . n" +
c 15 LL-max X /d.o.f. (p) 0.75 c - .. ~ ~ - *u e
9 1 ?1d.o.f. (Fe): 0.76 o . - N - n ¥
g g 3 " +|-| — 3 ‘.* - "lﬁh.. L ]
E tof [ N P EREAN S
5 X 10F b e "m o a u.#"u— 2 BTN T CRy- .
m m u -.' - "FI - I_....---I'.JI']' q]f,]fl] ++: ."'_ fllf'] +
g 5 I — © "'I'.{]".‘..""* ..... !;... [:] _________ He ..... E][:]_[:'.IEI ----- - _H[:_:I[;]Q ........... _He
| fl]¢ L, _,..il:l r=n fl] HI] ] B H-uu[:l B
o dwfomn
0 - | 1 | | | | * E]'E
0O 200 400 600 800 1000 1200 500 1000 1500 2000 N I ’ E‘E-“-? ______ QGSJetll-04) N EPOS-LHC |,
D th / 2 2 1 1 L1 1 111 1 1 L1 1 111 1 1 L1 1 111 1 1 L1 1111 1 1 L1 1 111 1 1 L1 1 111
epin lgfem] Depth [g/em’] o il b o o il b o
E [eV] E [eV]

M. Mallamaci, P. Sanchez-T.ucas, M. Unger, Y. Zhezher in ICRC 2017 No pel’feCt m()delS at the higheSt energies...s 1



Anisotropy: h
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@ Al Sky Survey with TA&PAO

Oversampling with 20°-radius circle
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Northern TA : 7 years 109 events (>57EeV)
Southern Auger : 10 years 157 events (>57/EeV)

No correction for
E scale difference
b/w TA and PAO !l

Southern hotspot is seen at Cen A(Pre-trial ~3.60)

K. Kawata in ICRC 2015

ot/warm spots

Nearby Galaxy Clusters

Ursa Major Cluster
(D=20Mpc i

Perseus-Pisces

Virgo Cluster . Supercluster

(D=20Mpc)

---------

T R S T M A L . B S s e T Ll SR - - e s e o e R SR

..........

- ornax Cluster
(D=20Mpc)

, . . Huchra, et al, ApJ, (2012)
Dots : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC)

S
-

TA hotspot is found near the Ursa Major Cluster

Lack of UHECRSs from Virgo cluster.



With original 20° oversampling, spot looks
larger.... Thus, scan over 15°, 20°, 25°, 30°,

& 35°

With 25° oversampling, significance
maximum 30

-

Years o.12 3.14 5.43 3.95 3.19 4.82 2.73 4.33 2.05
Year/ 4.92 2.84 5.37 3.44 9.65 3.80 5.37 3.44 5.03 2959

Year9 4.42 2.06 4.72 2.0 5.06 2.96 5.01 221 4.66 2.41 J
~

J. Matthews in ICRC 2017
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2 doublets above 100 EeV

Small-scale anisotropy Autocorrelations

Doublet

E > 100 EeV

----------------

""""

TA 9 years (23 events)

________

. Triplet? or ~ " Auger 6 years (6 events)

-30 Doublet L oK '\/\

2 doublets above 100 EeV.
-> the probability to have =2 doublets at <2 deg is

P=0.30% (2.80)

.

S. Troitsky in ICRC 2017
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e Smearing angle :
o Hy: Isotropy
e Hi: (1— f)x isotropy + fx fluxMap(v)

M. Unger in ICRC 2017

Active galactic nuclei - E > 60 EeV
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*incl. f and v fit *" penalization for energy scan only. N.,¢ = 3, previous searches and hidden trials not accounted for. [21 of 30] 56



Observed Excess Map - E > 39 EeV
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*incl. f and W fit ** penalization for energy scan only. N¢at = 3,

previous searches and hidden trials not accounted for.

Search or Intermmecaie-scale URIECR Anisoiropies

Observed Excess Map - E > 60 EeV
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PIERRE

Observation of dipole above 8 EeV

AUGER 110
E>8EeV _
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O. Taborda, M. Unger in ICRC 2017

First Harmonic
(x?/dof = 10.5/10)

Harmonic analysis in right ascension «

FE [EeV] events amplitude » phase [deg.] P(>r)
4-8 81701 0.005700% 80 +60 0.60
>8 32187 0.0477900° 10010 2.6 x 1078

SignifiCant modulation at 5.2¢ (5.60 before penalization for energy bins explored)

90
0.46
.
B|
1042 =
('<P—‘
-
Galactic center
. 0.38
-90
Indicative of an extragalactic origin.
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Isotropic (£ < 8 EeV)
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Physics Goal of UHECR Astrophysics

"w“; /‘0/...++*+ + E

[ ®
° ® U @\ O O
® o o e ® 0 O O ]

® Origin and Nature of Ultra-High Energy : § e

= Auger SD Full Sky (ICRC 2017) i + ! _

Cosmic Rays (UHECRS) and Particle S A
Interactions at the Highest Energies

(X o [0/CM]

¢ How frequent?: Energy spectrum
€ What kind of particle?: Mass composition

& Where come from?: Arrival direction
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Recent Results and New Puzzle

€ Precise observation of the flux suppression above 10'%% ¢V, discrepancy

on suppression energy in IA/Auger.
€ Gradually increase heavier composition above the ankle.
€ lighter composition above 10197 eV?

¢ Hot/warmspots, correlation with nearby star burst galaxy:.

€ Flux suppression due to GZK process or maximum energy of
accelerator?

¢ Heavier composition or problem of hadron interaction model? proton
fraction, mass composition above 10!°7 eV?

€ Anisotropy as indication of additional light component?

& Particle physics extrapolation at the highest energies?
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On-going upgrade: AugerPrime

Install 4 m* Scintillator to measure the mass composition by SD.

Fibers routing

PMT/SiPM

oL QGSJet 1104 —C. (09 aV- ‘» : :
T“ £=3-107eV] & Improve electromagnetic/muon separation of SD to measure the

mass composition above 101°7 eV.

55 -

% e € Boost in statistics by a factor of ~ 10 compared to FD Xmax
o0 analysis.
8.4r
€ Small PMT in the water tank, FD operation during moon night.
600 700 500 900 w0 & Origin of flux suppression, proton contribution above 10?7 eV,

Xmax (glcmz) —_—’

new particle physics beyond the human-made accelerator.
M. Unger R. Smida in ICRC2017



detector installed in 2013 at
Telescope Array site:

EUSO-TA: Ground The E US q progmm

currently operational

EUSO-BALLOONS: Ist

balloon flight from Timmins,
CA (French Space Agency)
Aug 2014; NASA Ultra long
duration flight: SPB 2017,
NASA SPB-2 2020

TUS (2016): free-flyer
(307][CRI128]

MINI-EUSO (2017):

Detector from International :
Space Station (ISS: 30kg EUSO BALLOON (2014)

2017). Ap{)roved by Italzal? —_— FIoOE et cence EUSO-SPB (2017)
and Russian Space agencies —~ EUSO’SPB2 (2020)

T Cherenkov
K-EUSO (2022): ISS

Approved by Russian Space
Agency

POEMMA (2025+):
NASA tWinfree-Flyer EM EUSO Cf}” 11}{.‘!1‘ 1’[]”1’1 16 Countries, 93 Institutes, 351 people

O=01_1 [ + cummm=__ 3|

M. Casolino, A. Olinto in ICRC 2017



Physics goal and future perspectives

Origin and Nature of Ultra-high Energy Cosmic Rays (UHECRs) and
Particle Interactions at the Highest Energies

5 - 10 years 1
Exposure and full sky coverage Detector R&D | [“Precision” measurements
N Radio, SiPM, AugerPrime
TAx4 + Auger
KFUSO : o q . ¢ Low-cost Low energy enhancement
-EU : Ploneef’ etection from Fluorescence (Auger infill+ HEAT + AMIGA,
space and sizable increase of exposure | | Deatector (FD) | TALE+TA-muon+NICHE)

\ 10 - 20 years 1

v

Next-generation observatories

In space (100xexposure): POEMMA, Super-EUSO
Ground (10xexposure with high quality events): ===

Array of Single-pixel Telescopes 6 5




< ¢ - Fluorescence detector Array of Single-pixel Telescopes

—

Fluorescence detector Array of Single-pixel Telescopes

+ Target : > 101 eV, ultra-high energy cosmic rays (UHECR) and neutral particles

+ Huge target volume = Fluorescence detector array

Fine pixelated camera Too expensive to cover a huge area
g % nf o
; 2o
E 3 sof
: x 40
g
20
10
0:
.‘0; Fa—— —ddedd N T | | )
400 600 800 1000 1200 1400
azimuth [deg] slant depth [g/cm’)
Single or few pixels and smaller optics Low-cost and simplified/optimized FD
' IS 1 BERE | _ ——
8 g w |
v 20F dl 1
X AR
-20 - £ §
.
S0 1 . A M NP P
400 600 800 1000 1200 1400

slant depth [g/cm’] 66




+ Each telescope: 4 PMTs, 30°x30°
field of view (FoV).

4+ Reference design: 1 m? aperture,

15°x15° FoV per PMT

+ Each station: 12 telescopes, 48 PMTs,
50°x360° FoV.

e I
o o | = S - : : : :
of § + Deploy on a triangle grid with 20 km
o i £ ot spacing, like “Surface Detector
: JIOT Array”
O VAN AN g e
W e o | |
: —— 2 + If 500 stations are installed, a ground
5 goml coverage 1s ~ 150,000 km?.
e s | + Geometry: Radio, SD, coincidence of
Wl il ' . : : .
"""" e - three stations bemg 1nvest1gated.




g g g —g

1.E+8
+ Conventional operation of FD

under 10~15% duty cycle

1.E+7
+ Target: >1019° eV

= 1E+6 JEM-EUSO + Observation in moon night to
il .
*; JEw EUS:/ achieve 30% duty cycle,
o~ nadir
:E‘ LE+S R + Target: >10"7% eV = Super
2 Y 4 GZK events
2 15w / + Test lon by Auger FD
3 est operation by Auger
Q
' 4 Ground area of 150,000 km? with

1E+3 30% duty cycle = 45,000 km?

Preliminary (156xAuger, cost ~100 Million USD)

1.E+2 -
71990 2000 2010 2020 2030 2040 *450 events/year
Year 68
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Fluorescence detector Array of Single-pixel Telescopes

£ Full-scale FAST Prototype

W
A
o
!

+ Confirmed milestones by EUSO-TA Telescope

N,../ (100 ns)

250:_ ............. ..........................................................................................................

2002_ ............. .......................... V ertlcalLasel"

150__;____ ............. ..... " NlOlg,SeV ....... ________________

100__. ............. . ................. . .................. , .................. , .................

* UI—IECR deteCtiOn. 50 ........... - .......

w
o
o
|
g
c
D
i
Q.
=

+ Stable operation under high night sky backgrounds.

0 100 200 300 400 500 600 700 800

+ T. Fuju et al., Astropart.Phys. 74 (2016) 64-72, oo
aer 1504. 00692 S

N, ../ (100 ns)
8

i_ """"""" """"""""" “ """"""" Cosmlcray """""""

+ Next milestones by new full-scale FAST prototype
+ Establish the FAST sensitivity.

700 800
Time (100 ns)

+ Detect a shower profile including Xmax with FAST
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=

ST
: .h\~ \“{ \\\\,a

1m? aperture g===
FOV = 25°x 25°

UV band-pass 8 inch PMT camera Segmented primary mirror
filter (2x2)
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Fluorescence detector Array of Single-pixel Telescopes

Detection Efficiency: FAST PMTs

'°§| - 18. HV = 2169V, Di 38mV, x20 A Hamamatsu (Scaled)
n = - — 22 H . = » DISC = somV, x mp —@&— PMT ZS0025
2 R Entries 23504 ? ] —O0— PMT ZS0024
gaoo[—-- (. Mean 2111 @ 920H 22.Hv=2252v, Disc = 50mV, x20 Amp —&— PMT ZS0022
i RMS 2691 O N —&— PMT ZS0018
- 2 L N _ ‘e =
1200 | x2 / ndf 175.6 /85 18 . 24. HV = 2266V, Disc = 85mV, x20 Amp ™
B Constant 184.8 =+ 2.3 16 . ©
B Mean 4582 + 30.6 5 25. HV = 2000V, Disc = 44mV, x20 Amp .‘
1000_ ........ deaann - + -
i Slgma | | 1933 = 21.9 | 14— a®
= H
B : : : : : S— o
800_ _. .............. 12: ®
: : : : ! 10 :_ ~. ;
600 .............. — )
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0 5000 10000 15000 20000 25000
Wavelength [nm]

Integrated counts

YAP pulser (YAIO3:Ce UV LED illuminating

Black Box ° *
scintillator + 241 Am source) he f £+h
the tront of the camera
S Y attached on each PMT surface i o
212000 ity 21200 Wi
o Ounnnl
R Collimator | Detector (2) . _ PMT 4 81000 81000;
g voage c = <, 800" ~, 800-
] PMTOD) | (O g 300F Z 600 2 600
N - 400 400
s 250 : :
- - 2001 200F
Internal Black Box Z 200 3 (| TRPSE——— O~
Laser (4)| Pin ; n 0100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
D D D[I u o Miitor = Time (100 ns) Time (100 ns)
0l¢ ) ) 150 — PMT 2 PMT 4
Hole Attenuators onochromator (8) - 2 2002‘ iy §1 2000 i

Focusing Lenses 100— S1000- &, 0005
: = 800¢ ™ 800F
. . 50— = 600 Z 600
used in AIRFLY experiment o : 2000 oo
Lamp Power L ] s :
Astropart.Phys. 42 (2013) Supply (7) Lamp (6) Powermeter (3) 0 MWMMWMMW 200 2007
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Fluorescence dete

ctor Array of Single-pixel Telescopes

<2~ Telescope alignment and raytracing simulation

Telesc

Mirror reflectance and filter transmittance

100
90
80
70
60
50
40
30
20
10

2

Efficiency [%]

ope alignment with stars

— Mirror reflectivity
— Filter transmission

— Total efficiency

III|IIII|IIII|IIII|IIII IIII|II I|IIII|IIII|IIII

| | | I | | | I | | | I | | | I | | | I | | | I | | | I | | |

60 280 300 320 340 360 380 400 420
Wavelength [nm]

Raytracing simulation for spot

sizes and angular responses

Further information in recently published paper, D. Mandat et a/., JINST 12, T07001 (2017)

Mirror alignment by 2 LED
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£~ Distant vertical laser comparison in Data/MC

Flum escence detectm Arrav of Single-pixel Telescopes

Single event 4+ Ultraviolet vertical laser at a distance of 20.85 km, £ =4.4
x R mdJ, A = 355 nm,
::; I.H :; 20
7z 10} h Z 10

-107 H

o + Every 30 minutes during a clear night, equivalent to a

. C °
....................................... X || el N T S P B S D l I H E:( Elz . ‘7
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 VV lth Nl O 19 5 e

Time (100 ns) Time (100 ns)

30

N,../ (100 ns)
N,../ (100 ns)

+ Calculate expected signal by simulation and good

agreement with observed data.

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Time (100 ns) Time (100 ns)

. Lo |
Average of 284 triggers Monitoring the transparency of the atmosphere

Simulation (Preliminary)

/g _ — 1 S~ 25
s 200 o 2 — PMT1
S f — PMT 2 S L
~ 150 PMT 3 g - — PMT?2
Z - — PMT 4 \q; 15 - PMT3
10+ 7 - — PMT4
s 10;—
- bk b e -
0: 1 \ nf“ '“’M “M h ” U H I{l H I “‘ Ih L“i] h || M' ]H 5 B /
......................... A4 -
100 200 300400 500 Tfr‘,’fé (Zgg nﬁ;"’ % 100 200 300 200 500 600 700 800 "

Time (100 ne)



VFE4S Event search

g g g —gf

Fluorescence detectorArrav of Single-pixel Telescopes

All trlggers Airplane i:
4 Data on Oct.5th 2016 = T oy T
= = §\.&' )
. 50 = b 3."
+ 62194 triggers . - @®e - 0 -
== E Y B . —{Laser
S = = = = =l -
= = e ¥ O ® S —
5 20— =8 S a Sa =
4+ Circle size = mgmﬁcance = | g: B “;; -
4+ Remove airplane (>35 ps) and o - U T R e =

16/10/05 16/10/05 1671 /05 16/10/05 1671 0/05 16/10/05 16/10/05 16/10/() - 16/10/05 16/10/05

laser events (time information) . 03:00 . 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00
Selected triggers
T — T

+ Two significant signal in PMTs 35

O OD -

3 0 E

30— O —

. - [ O =

4+ 90 events survived 2 s o 6 =
= o =

= 20 — @ =

: 5 = e =

4+ 2 events found as candidates. T sE 2 0 =
7 = e @ % =

. 10:— o Q Q @) —

4+ Check TAFD reconstruction = 0 g E
result. E . € .¢.....,. %  g8g¢g. . . . . . -

16/10/05  16/10/0S  16/10/05  16/10/0S  16/10/05  16/10/05 16/10/05  16/10/05 75
04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00
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Fluorescence detectorArrav of Single-pixel Telescopes

4777 Highest UHECR, logF=18.55
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ce detector Array of Single-pixel Telescopes
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+ Fully remote operation

‘.

:"v

Event 342

— PMT 1
— PMT 2
— PMT 3
— PMT 4

+ Automated shutdown procedure
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+ Monitor a shutter by an infrared camera

N
-
&
()

+ IP camera (PIC1008WN), relay module (ETHO002)

un
—

NNI

il
It O 'l w'w,” T M' i
1.“'] ” l (b ‘ H ’. ‘| I{H“[ 1

+ Total operation time reaches 201 hours by July.
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22" Possible Application of FAST Prototype

+ Install FAST at Auger and TA for a cross calibration. =~ ——— —— — SN S .
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Summary

€ Precise observation of the flux suppression above 101°% eV,
discrepancy on suppression energy in TA/Auger.

& Gradually increase heavier composition above the ankle.
& lichter composition above 10177 eV?
¢ Hot/warm spots, correlation with nearby star burst galaxy:.

& A next-generation observatory is essential to clarity

origins of UHECRs.
¢ FAST: fluorescence detector array of Single-pixel

Telescopes

¢ Installed full-scale FAST prototype at TA site, and
detects laser and UHECR:Ss.

¢ We will install two more telescopes in September 2017.

& New collaborators are welcome.
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Future observatories: TAx4, AugerPrime, K-EUSO and FAST




