A personal decadal survey in ultrahigh-

energy cosmic-ray observatories
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Due to a significantly improved statistics of ultrahigh-energy cosmic rays
(UHECRSs) by the Telescope Array Experiment and Pierre Auger Observatory,
we firmly confirmed a suppression of the energy spectrum at the highest energies
and observed intriguing large-scale anisotropies in arrival directions of UHECRs.
We also encountered a gradually transition to a heavier composition, a deficit of
the number of muons in simulations and a lack of desired small-scale anisotropies.

In this talk, I highlight recent results of the two observatories including on-going
updates and then address scientific goals and requirements tor future UHECR
observatories in next decade. I introduce three 1deas as a personal decadal survey:
(D a fine-pixel fluorescence telescope for low-energy extension, 2 a layered

Water-Cherenkov detector array for sub-EeV anisotropy and ultrahigh-energy
photon search, and (3 a low-cost fluorescence telescope array suitable for

measuring the properties of UHECRSs with an unprecedented aperture.
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Energy spectrum of cosmic rays

E_ * *3’6'5 OF?D%

. )

b T fi?ﬁﬁ%"fﬁfpfw 1 particle/
= . 2

= 1 particle/m?/yr 6”‘? ey km*/century
- i % l

= % - = 'S

= IceCube F " HIT? iy e it

B Yakutsk - iﬁ i i .

—— KASCADE-Grande * i ! l Lo

5 HiRes II N

) HiRes I

Ultrahigh-energy cosmic J[- +

= Telescope Array rays (UHECRS)
: Auger 1 EeV= 1018 eV I
_lllll | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | 1
1015 1016 1017 1018 1019 1020
E [eV]

V. Verzi et al., PTEP, 2A103 (2017)

Magnetic Field Strength

12 N "\
10°G }Q Neutron Stars Hi"as pIOt
.k
s [ Starburst
ng'ﬁ% N galaxies

ite Dwarfs

'x.\ AGNSs
B Sunspots

1G —
- 7%
- oL
= O Radio Galaxy

: F N\ SNRs "\

: Interplanetary space X,

10 G |~ Galactic Elust
B Galactic Halo e
I I T T O I I
1km 10 °km | 1pc  1kpc 1Mpc 1Gpc
"8 Size

P %y HBIL

v : Lorentz factor of shock
/. atomic number

B : magnetic field strength
R : s1ze

A. M. Hillas, Astron. Astrophys., 22, 425 (1984)



Energy spectrum of cosmic rays
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UHECR detections

Longitudinal Development
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UHECR observatories
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Energy spectrum at the highest energies
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Declination dependence of energy spectra
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Mass composition analysis using surface detector array
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+ TA (7 years, 109 events above 57 EeV)+ Auger(10 years, 157 events

+ FIUX pattern correlation [ Pierre Auger collab. ApJL, 853:1.29 (2018)]

+ With a flux pattern of starburst galaxies, 1sotropy of
UHECR 1s distavored with 4.00 confidence above 39
EeV

+ 9.7% anisotropic fraction and 12.9° angular scale
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Figure 4. Maps in Galactic coordinates of the ratio between the number of observed events in windows of 45° and those expected for an isotropic distribution of

arrival directions, for the four energy bins above 4 EeV.

Table 5

Three-dimensional Dipole Reconstruction for Energies above 4 EeV

Energy (EeV)

d, d, d oy (deg) 64 (deg)
Interval Median
4-8 5.0 0.00675:004 —0.024 + 0.009 0.025%5 607 80 + 60 —75%4’
>3 11.5 0.0607 9018 —0.026 £ 0.015 0.06570:053 100 + 10 —24+12
816 10.3 0.058%0017 —0.008 + 0.017 0.05975 003 104 4 11 —871¢
16-32 20.2 0.0651 3922 —0.08 + 0.03 0.107093 82 + 20 —50"12
>32 39.5 0.0819:03 —0.08 £+ 0.07 0.11700] 115 + 35 —467138




Large scale anisotropy above 4 EeV

Prediction of dipole amplitude using

Auger mixed composition

Power law index: 0.79+0.19
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Figure 6. Comparison of the dipole amplitude as a function of energy with
predictions from models (Harari et al. 2015) with mixed composition and a
source density p = 10~ Mpc 3. CRs are propagated in an isotropic turbulent
extragalactic magnetic field with rms amplitude of 1 nG and a Kolmogorov
spectrum with coherence length equal to 1 Mpc (with the results having only
mild dependence on the magnetic field strength adopted). The gray line
indicates the mean value for simulations with uniformly distributed sources,
while the blue one shows the mean value for realizations with sources
distributed as the galaxies in the 2MRS catalog. The bands represent the

dispersion for different realizations of the source distribution. The steps
Auger collab., ApJ, 868:4 (2018) observed reflect the rigidity cutoff of the different mass components.




Muon deficits in hadron interaction models
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Muon purity expected from MC

R. Takeishi, ISHVECRI 2018, Ph.D. thesis (2017)

In higher muon purity, larger deficits in models

€ Need more muon production in the stmulation.
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Hadron-interaction-model independent measurements

Predicted dipole amplitude
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Mixed composition at the ankle

Pierre Auger collab., Phys.Lett. B 762, 288 (2016) 1'Z
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An overview of energy spectrum, mass composition and anisotropy
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Increase dipole amplitude above 4 EeV

= Need more statistic of ultrahigh energy cosmic rays (UHECRSs)
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+ Super-GZK cosmic rays?
4+ Proton dominated?

+ Small-scale anisotropy?

.75

20

al., PRL 104,

161101 (2010)

19



Due to a significantly improved statistics of ultrahigh-energy cosmic rays
(UHECRSs) by the Telescope Array Experiment and Pierre Auger Observatory,
we firmly confirmed a suppression of the energy spectrum at the highest energies
and observed intriguing large-scale anisotropies in arrival directions of UHECRS.
We also encountered a gradually transition to a heavier composition, a deficit of
the number of muons 1n simulations and a lack of desired small-scale anisotropies.

In this talk, I highlight recent results of the two observatories including on-going
updates and then address scientific goals and requirements tor future UHECR
observatories in next decade. I introduce three 1deas as a personal decadal survey:
(D a fine-pixel fluorescence telescope for low-energy extension, 2 a layered

Water-Cherenkov detector array for sub-EeV anisotropy and ultrahigh-energy
photon search, and (3 a low-cost fluorescence telescope array suitable for

measuring the properties of UHECRSs with an unprecedented aperture.
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Expected results from ongoing upgrades and smoking gun

0.5 | | | | | | | I I
L. . 0 -
+ Expected (optimistic) results in next 5 years = |
5 0.5 -
+ TAxA4: confirmation of the TA hotspot with >50 = 1 S
S 4L -
+ AugerPrime: indication of small scale anisotropies selecting a é 15 | _
light composition, proton fraction at 10?" eV. 2
5 |
: : > only CMB
+ Interaction model: < 20 g/cm? uncertainty on Xmax at 10?2 eV < G | (opgifmistic)
\ = A= 3000 km?
-3 | | | | | | "‘4 | | \ |
10 20 30 40 50 60 70 80 90 100

+ Smoking gun of cosmic ray origin = y-rays detection spacial D [Mpc]

coincidence with UHECR hotspot
o P FIG. 3: The comparison of Poisson probabilities to detect

+ y-ray: limited sources in nearby universe UHE (> 10 EeV) photons and high-energy (> 10 PeV) neu-
trinos from a LL GRB-like UHECR burst. For UHE photons,

+ bursts Of Y-rays ab()ve 10 Ee\/} 1-100 events A = 3000 ka without the CRB (S()lld lines), A = 3000 ka
with the CRB (dashed lines), A = 3 x 10° km® without the

+ 3000 km? :25 - 40 Mpc (TAx4, Auger) CRB (dotted-dashed lines), and A = 3 x 10° km?* with the
CRB (dotted lines). For neutrinos, A = 1 km?® (double-dashed

+ 30000 km?: 40 - 80 Mpc lines), assuming IceCube-like detectors. Thick and thin lines

are for E8%-r = 10°°° erg and E58.r = 10°! erg, respec-

+ 300 km?* : 5-10 Mpc tively.

K. Murase, Phys.Rev.Lett. 103 (2009) 081102



Addressing the

SBG flux map, #=12.9°

Equatorial Coordinate
60

0.7

Dec. (deg)

30

0.1

-60
SBG flux pattern: £ =1.0, 6=12.9 deg.

4o at 39 EeV, only 9.7% anisotropic fraction
Starburst galaxies detected by Fermi _

intermediate anisotropies
TA+Auger at /5567 EeV

1
I

E > 57 EeV

d(n) [sr

N W S O
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K. Kawata et al., Proc. of ICRC 2015

Pierre Auger Collaboration, ApJL 853:1.29 (2018)

SBGs [ (°) b (°) Distance” (Mpc) Flux Weight (%) Attenuated Weight: A/B/C (%) % Contribution®: A/B/C (%)
NGC 253 974 88 13.6 20.7/18.0/16.6 35.9/32.2/30.2
MS2 141.4 40.6 18.6 24.0/22.3/21.4 0.2/0.1/0.1
NGC 4945 305.3 133 16 19.2/18.3/17.9 39.0/38.4/38.3
NGC 1068 1721 —51.9 773 2.1 5.6/7.9/9.0 6.4/9.4/10.9
10 EeV y-ray with 300 km? : 5-10 Mpc




GWTC-1: Gravitational Wave Transient Catalog

GW170818-HLV

GW170608
GW170729

' ij ? a.‘glzg‘
70817-HLV g IVS0
GW170814-HLV

- 40+3.14 Mpc

. o

credit: Guiseppe Greco, Axel Mellinger

y-ray 10 EeV with 30,000 km?: 40 - 80 Mpc

o 1811 19907 UHE y-ray burst driven multi-messenger
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Established method for y-ray detections
Schematic view of ALPACA
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................. ——
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« = ®= s = s s ® = s ®w ® ® ®=s ® s _» @ s a 1m2p|aStiC

scintillation detector

Bm . AAA . - - . Array T
..... 300m - Underground water
. | Cherenkov muon
. 1 m? AS Detector x 401 (62,800 ) detector (56 m2/ unit)

.| 56 m? Muon Detactar x 96 (5,400 m?)

£ @ICRRERFFIHERRFEEK 2018/12/18
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Surface detector array of LLayered Observational Water-cherenkov counters
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Sub-EeV y-ray search and anisotropy

— 160.0

- {61.7

- 123.0

1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 | 1 | 1 | _14
01.0 00.5 00.0 359.5 359.0 00.4 00.2 00.0 359.8 359.6 3594
Galactic Longitude (deg.)

* Interpretation of H.E.S.S. PeVatron results for the galactic center region

[The H.E.S.S. Collaboration, Nature 531 (2016) 476]
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* Constrain the naive extrapolation to EeV energies
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[The Pierre Auger Collaboration, Ap) 837 (2017) L25]
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+ First GZK y and y-ray burst detections.

+ Large scale anisotropy using different compositions.

4+ Tuning the hadron interaction model at LHC energies
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Why sub-EeV?: transition of the equatorial dipole
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Why sub-EeV?: transition of mass composition, galactic/extra-galactic

e gso = —= TA, preliminary, (A)=17 glcm*
O - —* HiRes, (A)=26 g/cm~ 77 .-
o) goo - < HResMmA . IR
= [ —+CASA-BLANCA “ é;ﬁg%%
s 750 — —=— Yakutsk 3
><E - —=Tunka 2% = knee s
~ 700 = —— Auger ‘;.‘—‘r‘-"‘"'*‘*‘ :\ pre-knee slope 'ﬁ
sso . 2 .8 b i =l
SR 1o\ ' TE |
. (O R | N W
600 — ©.-- | 5,0~
. . OQO{F I E 1019::
550 %%0 : ---- QGSJetll | 2
: °
o0 B2 L Sibyll2.1 = 3 j
S — EPOSV1.99 | COPEETCC  F
450 %«""‘"1\(0(\ | |* same slope!
: Ll Ll Ll Ll L1 111l |  natural match
10 101 107 1018 101 10%° . ;‘z/the knee —
E [eV] 1 mmmm o .
16.4
10, 11 October 2016
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PHOTON IS OUR BUSINESS

MPPC® (Multi-Pixel Photon Counter) arrays

S13361-3050 series

MPPC arrays in a chip size package miniaturized

through the adoption of TSV structure

4+ 1 pixel: 3 mm x 3 mm, 8 x 8 pixels per module

4+ 100 modules = 25 cm x 25 cm (40 kUSD)

+ 80 x 80 pixels covering in 25° x 25 °

4+ 0.3° x 0.3° per pixel FoV with 1 m? aperture

4+ Xmax detection using fluorescence technique

above 10!1°° eV at high altitude of 4000 m (like

ALPACA) 30
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Future ground array for UHECR detections
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< ¢ - 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

4+ Huge target volume = Fluorescence detector array

Fine pixelated camera Too expensive to cover a huge area
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“Surface Detector Array”.
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LA FAST fluorescence telescope

Reference: D. Mandat et al., JINST 12, T07001 (2017) I
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4+ 1 m? aperture of the UV band-pass filter
(ZWB3), segmented mirror of 1.6 m diameter

+ 3 telescopes has been installed at Utah

4+ remote operation and automatic shutdown

4+ 425 hours observation by October 2018




Fluorescence detector Array of Single-pixel Telescopes

Reconstruction result of the highest event
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luorescence detector Array of Single-pixel Telescopes

Future plan: FAST telescope to be installed in Auger
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Summary and future perspectives

€ Future scientific goals for on-going upgrades:

€ TAx4: confirmation of the TA hotspot with >50

& AugerPrime: indication of small scale anisotropies selecting a light composition, proton fraction at

1029 eV

¢ Interaction model: < 20 g/cm? uncertainty on Xmax at 10°Y eV

& Smoking gun of cosmic ray origins: y-rays detection spacial coincidence with UHECR hotspot

€ As a personal decadal survey,

¢ A fine-pixel fluorescence telescope for low-energy extension
¢ SLOW: A layered Water-Cherenkov detector array for sub-EeV anisotropy and ultrahigh-
energy photon search

FAST: A low-cost fluorescence telescope array suitable for measuring the properties of UHECRs
with an unprecedented aperture
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A homework from Jim
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“I hope you can bring the single pixel fluorescence detector to practical application.
While most of my colleagues are pleased with the results of Auger, I am disappointed
we failed to find sources. Instrumentation like yours may make that possible some day”

James Cronin (The 1980 Nobel Prize in Physics)
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