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Pierre Auger Observatory and Telescope Array

Telescope Array (TA)
Delta, UT, USA
507 detector stations, 700 km?

36 fluorescence telescopes Relative exposure of Auger and TA
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Pierre Auger Observatory
Province Mendoza, Argentina
1660 detector stations, 3000 km? Together full sky coverage: perfect for anisotropy studies

27 fluorescence telescopes
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Ralph Engel, TA 10th anniversary symposium (2018)




Joint efforts of Auger and TA

Different types of SDs @ TA-CLF site

CERN, 2012
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Auger SD prototypes with AGASA
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Map of the TA site

3 communication towers Telescope Array Locations
For the SD array General Reference Map

Surface detectors(SDs)

- 507 scintillation detectors
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Status of 11 years of operatlons
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TALE FD

Located just beside TA MD station

10 FDs in the TALE station

Elevation: 300°-57° (higher elevation than MD)
Azimuthal: 1140

Refurbished HiRes telescopes & electronics
Mirror: same as TA FD (MD) wf
Elec.: 10 MHz 8bit FADC
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Installed in Nov. 2012
Operation since Sep. 2013
Hybrid trigger: Sep. 2018




Event reconstructlon FD hybrid
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Event reconstruction: SD array
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Event reconstruction: SD array

10*

10’

10*

Charge Density, [VEM/m’)

10

10"

T T

log,,(5800)

 E’sp= E’sp(S800, 0)

Scale to FD energy

Esp=E’sp/1.27

C(%’)

Distance from shower axis, [1200m]

1.5
sec(6)

10*

10’

10*

10"

FD energy E;,

rjfrriria rrri rrri rrri Illy301
Hybrid-events

N
(=]

10

-
©
15}

=

w
LI LI

BR,LR,MD Hybrid, log_ (E/eV)

17.5 18 18.5 19 19.5 20 20.5 21
SD, log, (E/eV)

SD energy E, 11




Energy spectrum
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TA SD spectrum from 11 years of data

Energy spectrum from 11 years of TA SD data,
from May 11, 2008 to May 11, 2019

| y =-3.28 £ 0.02
ankle @ logE = 18.69 + 0.01

Yy =-2.68 +0.02
cutoff @ logE = 19.81 +£0.03

Y =-4.84 +0.48

logE1/2 =19.79 £ 0.04
Significance of suppression is 8.4 o
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Energy resolution = 18 % logE > 19.0
Energy scale systematic uncertainty = 21 %

D. lvanov

Expanding the zenith angle range
for logE > 18.8 (100 % efficiency)

y =-2.67 £0.02
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Significance of suppressionis 12.0 o
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'!'A SD spectrum from 11 years of data

D. Ivanov

| Declination dependence of the TA SD spectrum

1 The break point of
logE = 19.64 + 0.04 for lower dec. band (-16° ~ 24.8°)
° f‘ logE = 19.84 + 0.02 for higher dec. band (24.8° ~ 90°)

— 2008/05/11 - 2019/05/11

° -16°<$<24.8° \
o 24.8°< §<90.0° \\ global significance = 4.30 (local 4.70)
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'I:A BRM+LR+SD hybrid: <xXmax> and 0 xmax

20—

W. Hanlon

< Xmax > along with predictions of
QGSJET 11-04 p, He, N and Fe

10 years data 10182 to 1019-1eV
3560 events after the quality cuts

Systematic uncertainty on <Xmax> is 17 g/cmz2
Xmax bias <1 g/cm?2

Xmax resolution = 17.2 g/cm?

Energy resolution = 5.7 %

Oxmax along with predictions of
QGSJET I11-04 p, He, N and Fe
The measured data are compatible with the

protons below 1019 eV.
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TA BRM+LR+SD hybrid: single element model

i Ap. J., 858, 76(2018
18.4 < log, (E/eV) < 18.5 aFXiv: 1801.09(784 ) W. Hanlon
T Test the agreement of data and single element
_202 [ Monte Carlo :

—— Monte Carlo fit

models by comparing data and MC Xmax
distributions including a systematic shift of data.
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D

+
ﬂ“f -2g/cm

__jproton - 7 He Proton MC agrees with the data especially in

N == the tail of distributions, whereas N and Fe
do not resemble the data.

.......

(Xmax systematic uncertainty = 17 g/cm?2)

Plot of p-values indicating the compatibility:

g = '
S = j =
\./ | 20 ] . ]
* 1 ®  proton ] v Data is compatible with QGSJET 11-04 proton
o /| e | o £ from10182t0 10199 eV with systematic shifting
o =005 s — % about 20 g/cm?2
p=val=u.uo @ i = ng
i g
/’\ ] / 3, Other components are not compatible
® QGSJet 1I-04 proton .
0% QGSJe: 11-04 :elitum = : 5 — 40 in E <1019V
1 v cosvtiotien T & All 4 single components are compatible in the
/ \\/ < / 6o  highest energy bin. « low statistics (19 events)
10—3 1 L | | | | 1 L L | L | | 1
[ - 2 Fe requires a shift of ~ 50 g/cm?
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TA BRM+LR+SD hybrid: 4 element model

W. Hanlon
QGSJET I1-04 proton, He, N, Fe, data(+0 g/cm?2)
fo o
z T data Ko = 731 gloms oX) = 62 o Te_st the agreement of data and 4 component
S spens 10007 s Mix K> =731 gom’, o) =62gem’ | MiX by comparing data and MC Xmax
i P distributions (No systematic shifting).
800 — P, v2/dof = 9.0/14
i 4 —+= p = 0.830 . .
[ = : For 10182-1019.1 eV, minimum ¥2 is found
600 — : ® data (+0 g/cm?) .
' U HoFomin at the fraction,
wl LT : [] QGSJET 1104 proton proton = 57%, He = 18%, N = 17%, Fe = 8%.
_ ; [] 0GSUET 11-04 helium
N o= [Joessernosnivogen)  (Xmax systematic uncertainty = 17 g/cm?2)
200 — [] aGSJET 1104 iron
600 700 800 900 1000 1100
X.ax (9/CM?)
<Xmax> and oxmax from the best fit fractions are well within the
statistical uncertainty of the data without any systematic shifts.
s TF . o F < 701
§0,94 component model fractions §7ao—<Xmax> g 65; OXmax
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0.6; O  light (QGSJET 11-04 p + He) 7607data (+0 g/sz) i 60; # + % + ¢
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E \ 720:— ® O  QGSJET II-04 p/He/N/Fe mix 45— @ data (+0 g/cm?)
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]'ALE FD monocular reconstruction
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Xmax measured by TALE FD with monocular reconstruction
4 years of data (Jun. 2014 - Nov. 2018)

Change in Xmax elongation rate at an energy of ~1017 eV
(It is likely correlated with 2nd knee in the energy spectrum)

Smooth connection of the low(TALE) and the high(BR/LR hybrid) energy rails.

TALE Reconstructed Shower X, vs Shower Energy
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TALE FD monocular spectrum (2 years)

Ap. J., 865, 74(2018), arXiv: 1803.01288
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Entries 862898 = BR/LR hybrid (ApJ 2018)
Mean 1617 |  __ Fit TALE Xmax g
Meany 614.2 o
RMS  0.3255 ; P8
RMSy 73.49 ne '
|
-PRELIMINARY -
N s2 =62.40 +4.95
B bp =17.23 £ 0.05
B s1=35.13 £ 0.35
B fit parameters; s1, s2, bp: slope, break point
_—I-IlllllllllIlllIIlllllll[llllllllllll
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“Hotspot” update from 11 years of data

g

K. Kawata

v 5 Original hotspot reported in 2014,
from 5 years of data
Ap. J., 790, L21(2014)

_ E > 57 EeV (Observed 72 events)
(a) 60
(Expected = 4.5 events)

Gy 200 over-sampling circle
Dec. (deg) o BT vearsY 19 events fall in “Hotspot” centered at (146.70. 43.20)
' - N — local significance 5.10, post trial significance 3.40
& N \ b e

L : (Del. (deg) = A Is
—1 4

G U 30
, —0 » 3
5 2
1
0

N W A O

-60

Zrelminary! ; Ijj

Hotspot from 11 years of TA SD data, from May 11, 2008 to May 11, 2019

E > 57 EeV, in total 168 events

38 events fall in Hotspot (a=144.3°, 8=40.3°, 25¢ radius, 22° from SGP), expected=14.2 events
local significance = 5.1 g, chance probability = 2.90

250 over-sampling radius shows the highest local significance (scanned 15° to 35°¢ with 5° step) o1



“%Hotspot” update from 11 years of data

K. Kawata

. There is a marginal excess is seen along the The increase rate of the events inside the hotspot circle

SGP (around the Perseus-Pisces Supercluster)  iS consistent with a constant within =10 fluctuation
at the local significance of ~ 30 50

45

~ Data L@m@ﬂﬁmﬁmawﬂ, I

40

35

30

TTTIT1 I|I FTITTa I TTT

25
20
15

10

Cumulative events in the Hotspot

"kl"l FTTITd lll FTITTd I

& 500 1000 1500 2000 2500 3000 3500
Days

Hotspot from 11 years of TA SD data, from May 11, 2008 to May 11, 2019

E > 57 EeV, in total 168 events
38 events fall in Hotspot (a=144.3°, 6=40.3°, 25° radius, 22° from SGP), expected=14.2 events
local significance = 5.1 g, chance probability = 2.90

250 over-sampling radius shows the highest local significance (scanned 15° to 35°¢ with 5° step) 5o



Hardwares for sky condition monitoring and
calibrations

flying “Opt-copter” in operation

23



CCD cloud monitoring system: hardwares

K. Yamazaki

Fish eye lens
FE185C057HA-1

CCD camera (VIS)
WAT120N+

e 3setsin TA site

Image server
mmeEye-S
* every 1l min.

* & secexposure
* size: 720 x 480 pixels (346KB / 1 photo)
FOV: 185.0° x 154.1° Housing
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Cloud monitoring system: scoring

K. Yamazaki

Searching the listed stars on SAO star catalog (> 3.5 mag.) in each picture
— Score = number of matched stars / total expected # of stars in FOV

Image with CCD

(

Dividing the sky into 9 regions
(by zenith and azimuth)
— Scoring for each region

'
L 3
5 \
. :

Nov. 20, 2014, 1:40 - 12:00 UTC

Matching

4

Listed star (3.5 mag.) at the SAO catalog

C matched star
C not seen, expected position

. N
. .
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“Opt-copter” (drone + light source + hi-res GPS)

T. Tomida

battery GPS antennas % Opt-copter

position
info. \

X

GPS fixed station
on the ground

conceptual image

protective circuit
‘R for battery

........

f UV LED source v
W the integrating sphere

/ / ’w pulser
’& v | ( 0.4 us)

Antenna for the GPS fixed station SN
(position resolution: LED driver ~
+ 0.25 m horizontal , = 0.75 m vertical) '
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Opt-copter in operation

- Opt-copter
Al s T. Tomoda
Main target of the calibration with “Opt-copter”:
Precise measurement of FD optics and geometry
Location by GPS is matched very well with the image center,
however ... L e N A -~y
search time:06:42:10.900000000 piksi time:06:42:28.899962000 e
11
34 1 1 ) I 1 . 1 T 1 1 ; : : : : : :
z 1 r ' ' TnggerlD non M S 105F o e ]
+ + ‘+ + + + + + + + + + + + %J.’
= Bl R % St N
+++++++++++++'+++
= 28 _+,,__+__,_5+__,_+__,+_,__*_,__+__,,+,__,_+,__,.k,__,+_,__+_,_+__,+,__,+,_,¥ ..... 1 8.5 I e e i
S, T A R T I P I vGPS gL
— . : + + + + + + + + + :+ -56.5 -56 -55.5 -55 -545 -54 -53.5 -53 -52.5
O 26 '"'*.‘"'+""+ """""""""""""""""""""""""""""""""""""" +“"'+'"+ """ ] Azimuth angle [deg.]
= + + + + + + -
= R trv s | B image center . |
< 24 _+++++++++‘*v++++++ ______ i ' | FADC
§++++++++++++++++ 1.1E+05 . %E@a@%mm
22 T T - e O A A0 S LA A . S 5 SO T . OEs05 o
§++++++++++++++++ i ++ .
B I TS R TR Sl A A S it d R g
§++++++++++++++++ 6oEs04 | RS
18 +++++|++|+ +1+-*:+|++|++ 7.0E+04 E;:
L
-46 -44 -42 -40 -38 -36 -34 -32 -30 -28 -26 608404

00:28 00:30 00:32 00:34 00:36 00:38 00:40
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TALE hybrid

. TALE-SD_detector

400m spacing 40
TALE-FD |~ SDs -
i A T T
18/ l.-...I.....I. l. " ]
- I..I-l. i- [ml B :
e L L i I R R
i L T T LI I ™
16 "m m A . .. inm
= m g g"
L YL . I
— | 600m spacing 40 '. N N
£ SDs 1 -
el L ) 3
> 121
B \:\
I SRRV PR MU L
-10 -8 -6 -4 -2 2
Middie ./ /%
Drum |
- FD °
a8 o oo o (e
! . BEERcco0c0o00
: 000000 - ,.':‘3”.
TALE SD array %si°.isiess

0O® Sooeo0occeo
" Moenececces

TALE hybrid =

low energy extension of TA hybrid
sensitivity down to 1016 eV, with
FDs observing higher elevation and
Densely-arrayed SDs

Precise measurement of the composition :

FD + SD hybrid measurement

TALE-FD : 10 telescopes ( Sep. 2013 ~)
elevation : 30°~57°, azimuthal : 114°
TALE-SD array : 80 SDs ( Feb. 2018 ~)

TALE-hybrid started running from Sep. 2018

Expected specifications of TALE hybrid
Threshold energy E : loge=16.0

Event rate : ~5,000 events/year

A6 =1.0° (FD mono: 5.3

A Xmax = 20 g/cm2 (FD mono : 40 g/cm?2)
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TALE Hybrid: real event sample

Real hybrid event samples in Nov. 7, 2018

2018/11/07 10:01:30.122752 \

o1 time [us]
205 TALE-FD 3
oF L %
19 5y 25
C ° o
Tw Foeee
g - Q- ° 2
— 'E' B .. o0
. = 17¢ ® . - ®
g =t 1.5
a® 16: :
- 1
; » 15;

- » 1af 0.5
¢ W Ll & w B 7 % 5 4 3 2 10
Azimuth angle [degree) [km]

time vs angle fit
L 3SD

shower axis [

2 af CoreX[km]

<

E

- 2l

iD
%
o | - . 17.94
I'sp a [deg]
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TALE future plan: lower energy

. TALE-SD_detector _

400m spacing 40

TALE-FD|

18— Hemn

O
16 "=

600m spacing 40
SDs

Y [km]

12—

10—

SDs

Ao

|

e

LJ Lt LJ

| _
==
|

N

Middie ./ /%

Drum
¥ FD

Additionally install 50 SDs with 200m spacing
near the TALE FD station (< 2km),

to archive lower the threshold energy:

for SD, Emode = 10155 eV

for FD-SD hybrid, Emode =1016-3 eV

1.5M$ for byrs approved by JSPS in 2019

ALE-SD detector

2 0 2 4
[km] 31



Non Imaging CHErenkov array (NICHE)

: NICHE is a low energy extension of TALE sensitivity in order to measure ~ D. Bergman
: the chemical composition of cosmic rays in the energy from 1 to 100 PeV. Y Omura

_ogbu i o b o b Lo Lo
2—"25—20—15—10 -5 0 5 10 15 20 25
Distance from CLF [km]

A o Y )

14 Cherenkov light detectors (3 inch PMT + 450 Winston corn),
Deployment started Sep. 2017, commissioning until Feb. 2019.

0 Ground Plot 60 Mirror Plot T vs A Plot
20170921073212_0813da8b N
Rcore = 1057 +/- 24 22000 + 20170921073212_0813da8b
50 Psi=118.1+/-1.0, Rp=932+/-22, t0=19704
—200 Chi2/NDF = 81.9/40
. TALE Chi2/NDF = 61.2/32
%) 4
40 1 £ 21500
£
-g —400 1 = £
= . (7]
o 3 30 - 2 21000
< ) 5 i
£ . @ O = 20170921073212_0813da8b f
=z i = 5
~600 X0 O ® Ea SDP ( 0.8772, 0.4643,-0.1219) £
. 20 E
Tube Mean ( 0.3674,-0.4859, 0.7931) °
X £ 20500
SDP Uncertainty 0.7 deg 2
—800 1 101
20000 -
04 i1: =
. neclin g wm ol
1000 \ ' - \ = 10 0 10 20 30 40 50 60
0 200 400 600 800 1000 T T T T T T -
E of TALE [m] -120 -100 -80 -60 —-40 -20

Azimuth (CCWFE) [deg] SDP Angle, chi[deg]

A coincidence event detected by NICHE and by TALE-FD at Sep. 21, 2017. And a hybrid geometry reconstruction
from NICHE and TALE-FD data.
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TAx4

In order to Increase
the event statistics@UHE

l
To Increase the coverage from
TA = 700 km=
l

TAx4 = 3,000 km?

SD array of ~3000 km?2
by TA + additional 500 SDs
with 2 km spacing

_I_

2 FD stations (12 HiRes-ll telescopes)

4 FDs at the northern station
8 FDs at the southern station

COPE

1Wn

\WC ZZTTXTS N

\\?@9-@@%

TAx4 FD FOV

102%V

10%ev | RO "
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Reconstruction efficiency

Number of events (arbitrary unit)
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TAx4
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TAx4 hybrid: real event sample

Real hybrid event samples in May, 2019
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Summary(1/3)

Telescope Array is UHECR observatory in the northern hemisphere.
- Hybrid = Fluorescence Detectors + 700 km2 Surface Detector array
Energy spectrum from 11 year observations by TA SD array

- Indication of the declination dependence
TA Low Energy Extension (TALE) FD have measured energy spectrum.
- TA FD stereo and hybrid Xmax measurements

Below 1019.1 eV TA hybrid data is found to be compatible with mixtures composed
of predominantly light elements such as protons and helium.

Hot spot from 11 years of data, it is seen in the direction of Ursa Major (post trial 3o
significance). It now appears larger(extended) than we originally thought.
NICHE is in operation since Sep. 2017.
We need much more data at high energy end — > TAx4 is in operation!
Full TALE SD is now on-line! Hybrid observations since Sep. 2018.
Hybrid measurement has extended the energy reach below ~1016 eV
TA site is a platform for FUTURE!
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10th anniversary of Telescope Array_ope‘ia!_ion
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Thank you very much for your continuous support!
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