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Abstract

It is predicted that ultra high energy cosmic rays (UHECRs) with energies above 102°
eV cannot travel to the Earth because of interaction with cosmic microwave background
photons. However, The AGASA group reported 11 events of UHECRs. This is one of the
most important unresolved problems in astrophysics.

The Telescope Array (TA) experiment is organized to clarify the astrophysics of UHECRs.
The TA detectors are comprised of a surface detector array (SD) and fluorescence telescopes
(FDs). The FDs measure air fluorescence photons emitted by atmospheric molecules excited
by air shower particles. The air fluorescence technique is useful to determine the primary
energies of cosmic rays because this is a calorimetric measurement of charged particles
in air shower events. However, there are difficulties to reconstruct air showers since it is
nessesary to take account of the state of the atmosphere and all the characteristics of the
components of the detectors, e.g. the mirrors reflectances, the filters transmittances, the
PMTs quantum efficiencies, and the detectors geometries.

I developed a program of high-accuracy reconstruction of UHECR, showers from fluo-
rescence measurements. The reconstruction program overcomes those difficulties by the
informations from the TA simulator including air shower simulator and detector simulator.
In this paper, I discuss the detail and the performance tested using simulated FDs data.
Moreover, I analyzed “stereo events” observed by two FD stations from November, 2007
until June, 2008 using the reconstruction program. These preliminary results are discussed.
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’ log Ey [eV] ‘ 6 [deg] ‘ #event ‘ An [deg] ‘

19.0 10 897 1.3
493 1.1
19.0 30 980 1.2
827 1.0
19.0 60 1000 0.53
924 0.50
19.5 10 981 0.62
818 0.53
19.5 30 986 0.58
930 0.56
19.5 60 1000 0.36
999 0.36
20.0 10 995 0.42
911 0.41
20.0 30 997 0.49
969 0.48
20.0 60 1000 0.44
1000 0.44
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’ log Ey [eV] ‘ 0 [deg] ‘ #all ‘ #stereo ‘ Aa [deg] ‘ AR [m] ‘

19.0 10 455 442 2.0 100
198 1.7 90
19.0 30 492 488 2.0 150
387 1.9 140
19.0 60 500 500 0.8 210
424 0.8 210
19.5 10 492 489 1.0 40
396 0.8 30
19.5 30 494 492 0.9 70
455 0.9 70
19.5 60 500 500 0.5 110
499 0.5 110
20.0 10 498 497 0.6 20
448 0.6 20
20.0 30 499 498 0.6 60
480 0.6 60
20.0 60 500 500 0.6 140
500 0.6 140

O 4.3: Stereo Geometrical Reconstruction 0 00 0000000000 OOOOOOOO
000000000000 0oooOb00ooooobooooobooooo

0430000041 0000000000000000#stereo 00000000000
0000000000 (000000000000000000000)0A«O000O0OO
00000000 openangle 00000 AROODOOODOOOODOOOOODOOOOO
0000000 6% 000000000000000

Stereo Geometrical Reconstruction 00 000000 200 SDPOOOOOCOOOO
0000000000 SbPOO0O0OO0O0OODOODOO0DOO0O0O00 200000000000
10V 00000000000000 418000000000000000000000OO
00000000000000000000000000000000000000000
000000000000000000000000000000 1°0000000000
00000 10%V OO0 0600000000000

00000000 SPPOOOO CLFOOOODOOOD omO000000D00D0OO0OO
000000000000000000000000000000000000 100m OO0
00000000000000000000000000O0SD 0000000000000
ooo0o00ooooooo

93



60 60 60

50 50 50
= = = e
(7 (7] (7
S 40 S 40 S 40 = E
z & T * AR
=3 = = .
£ 30 g 30 £ 30 s
2 2 = 4
S g S it wih
— ] = + N
g 20 E 20 g 20 S .
= = = X
10 s 10 10 tg"f‘ o -
3 Jald St SR
0 0+ 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Track Length (BRM) [deg] Track Length (BRM) [deg] Track Length (BRM) [deg]
(a) Eo =10%%V, 6 = 10° (b) Eo =10V, 0 = 30° (c) Fo =10V, 0 = 60°
60 60 60
50 50 50
— _ _ ek e
2 2 2 + P S
S 40 S 40 S 40 il T
? 2 ? £ S
< < < RS B o
£ 30 £ 30 g 30 C Ry
: 4 g R oA
% 20 % 20 % 20 hoE
o <] I PR
£ £ = o T e
i .
10 ¢ ﬁ 10 10 ki
0 : o 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Track Length (BRM) [deg] Track Length (BRM) [deg] Track Length (BRM) [deg]
19. 19. 19.
(d) Eo = 10"V, 6 = 10° (e) Eo = 10"%eV, § = 30° (f) Eo =10'%eV, 0 = 60°
60 60 60
50 50 50
= =) = -
S 40 S 40 3 4 ke
& & & iy RN
s = = . ﬁl: a The
EApe o
£ 30 £ 30 £ 30 a7t ‘S ﬁg‘
3 3 5 . T
g 3 p} N o r‘%
< < < "
E 20 E 20 § 20 Haper
= = = u:’fﬁ%i
10+ 10 10 o
ok 0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Track Length (BRM) [deg] Track Length (BRM) [deg] Track Length (BRM) [deg]
(g) Eo =10%°%V, 6 = 10° (h) Eo = 10%°%V, 9 = 30° (i) Eo =10%°%V, 6 = 60°

0418 0000000000 0O00bO0DbOO0bO0bOobOO0bOObOObObO00 BRMODOO
obooooonbo LRObODOobOooooobobobobobooboboooooooooono
gbobobobobobobboboboboboboboboboobooooooobo
ubobooboobboobooooboobobooboobbooboooboobooobooon
gbobooboobbooboooboobbooboobbooboooobooboon
gboboobobobobobobobobobobobobobOobobOobobOoDOo
ugoboooboobooobooobobooboonbbo

54



30 30 70

2 o5 L /1] 60
) HJJL'-H 2 ﬁi g il
N ILEI 8oL, 1o

il Al "

i Hw‘ﬁmrﬂﬂﬂh I

J UWJH_HTqJ-‘W-\Hﬂﬂ-\HHWH ) LLJ-L‘H—FL

0 1 2 3 4 5 6 7 8 4 1 2 3 4 6 7 8 0 1 2 3 4 5 6 7 8
Open Angle [deg] Open Angle [deg] Open Angle [deg]

(a) Eo =10"%V, 0 = 10° (b) Ep = 10"%V, 0 = 30° (c) Eo = 10"%V, 6 = 60°
60 60 100
[ 9 ﬂ
50 50 80
£ 40 2 a0 ’][Hﬂ i 70 jL
N I : -
; 30 il % 30 % 50
S ﬁ s zaJ 2 :: ]
10 10 3 20 HL
0 L%‘[W A | S o 0 %'-D[m PN o min = 12 L—‘

0 1 2 3 4 5 6 7 8 ) 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Open Angle [deg] Open Angle [deg] Open Angle [deg]
(d) FEo =10""%eV, 0 = 10° (e) FEo =105V, 0 = 30° (f) Eo = 10'%%eV, 6 = 60°
80 80 80
70 { 70 H 70 ‘
60 60 60
g ow - g ow J Hﬁ
5 a0 1] S 40 5 a0
2 L‘ 2 2 ‘
E 30 E 30 + E 30
2 2 ‘ 2
20 W 20 20
I
10 10 1 10
L LM | L L

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Open Angle [deg] Open Angle [deg] Open Angle [deg]
(g) Eo =10*"%V, 0 = 10° (h) Eo = 10**%V, 0 = 30° (i) Eo =10**%V, 0 = 60°

O 4.19: 000000000 00000000D00 Stereo Geometrical Reconstruction O
00000000000 openangle 00000000000 ODODOOOOODOOOOODO
000000000 o0oo0ooooooo0o o000 oooooao
oono

95



Number Of Events

Number Of Events

Number Of Events

0 200 400 600 800
Core Distance [m]

(a) Eo =10"%V, 0 = 10°

120

|
]

80

1000

60

40

20

0 E;lﬂw M
0 200 400 600 800
Core Distance [m]

(d) Eo =10""%eV, 0 =

250

1000

10°

200

150

100

50

L

0 200 400 600 800
Core Distance [m]

(g) Eo =10%°%V, 6 = 10°

1000

Number Of Events

Number Of Events

Number Of Events

I

Z Iﬂmﬁﬂ]&ﬂﬁﬂ n 2

0 200 400 600 800
Core Distance [m]

(b) Ep = 10"%V, 0 = 30°

H
5
G

1000

80
70

60 t
50 E

40
30

20 Lh
10 L*

L b

0 200 400 600 800 1000
Core Distance [m]

(e) Eo =105V, 0 = 30°
80
70 H
60 ’J
50
40
30 L‘
20 Lq“
10 L

|

0 0 200 400 600 800 1000

Core Distance [m]

(h) Eo = 10%%V, ¢ = 30°

Number Of Events

Number Of Events

Number Of Events

Ly
. %L”W -

0 200 400 600 800 1000
Core Distance [m]
19.

(c) Fo =107V, 0 = 60°
45
40 -
35+
30 Hi+
25 H‘
20 UF
15 ‘
10 \_‘
s Wﬁm
DO 200 = 400 600 800 1000

Core Distance [m]
19.

(f) Eo = 10'%%eV, 6 = 60°
35
30 r“u‘
20 il H
15
10

!
5
n

0 0 200 400 600 800 1000

Core Distance [m]

(i) Eo =10%°%V, 6 = 60°

0 420: 0000000000 O0OO0O0O Stereo Geometrical Reconstruction 000 OO0
0000000000000 00o0oLObL0U0U0D0oU0ULO 00U ooLooooo
O0000000000000 L O0O0O0o0oO0o0bo0ooOo0ooobo0ooOooooaon

o6



Mono Geometrical Reconstruction

000000000000 DO0O0O00DO00000 Mono Geometrical Reconstruction O O O
000000000000 000000 4.22,423000000 4220000000000
000000000000 0000000D00D00D0D00000oO00oOnOdng open angle
00000 423 000000000000000000000O000DOOO0OOOOODOO
0000000000000 oDO0DO0oo0oo0o0oO0oooD 10000000
000dooooooodDoOdD 2000000000000 0O0O0O00OO0OOOOOOOd
00000000 1020000000000

igoooooooooooooooD seod

i 000000000 128us00 (DOODODOO 1)
000 25.6pus 00 (DOODOOO 2)

i go0gdooouooon 0 90° 00

O00i00000SbPODOODOOOODOODOODOOOOOMono Geometrical Reconstruction
000000 SbpOO0O0O0CO0OOOODDOOOODOOOODOSDPOOOODDOOOOHMNE
000000000000 00000O00O0000DO0O0000O0ODOOdMono Geometrical
Reconstruction 0 04.2 00 Pre-analysis 0000000000000 DODOODODOOODOO
00000000000 0000000 411 0000000000000000000000
0000000000oO0bO0oO0dD0DOO0DOO0ODOODOOoDoDOooDOooDOooooOooDooOoog
0000000000000 00D0o0oooooooOonO (v >9°) 000000000
(v»<90°) 00000000000 DOO0O0OO0O0ODO0O0OUO0OO 440000000
O0000o0oo0oo0ooo0oooooooooooooon

0000000000 DOdoo0o0oOooOdD 100000d0o0oooooOooooon
00000 200000000000000000000 421 000000000000
00000000000 DO000DO0DO0DOO0DOO0DOO0oDODOoDOoDOooDooDOoooooog
000000000000000000 2000000000 Ey=10%VvO00 6=60°
0000000obOoooooog e b00boooooo0 1IkmOOOO0OOO0DOOOO0O
Ey =102V 0000000 Stereo Geometrical Reconstruction 10000000000
0 O Mono Geometrical Reconstruction 00000 PMT OOOOOODOOOOODODOOO
0000000 bOO0bOO0ODOO0bOOoDOooOooooooO0ooooooooooooooood
00000000000 Db000DO0DO0DO0DOO0DODO0DODODOoDOooDOooDOooooOoog
000000000o0o0oO0ooooooooooooog

o7



Number Of Events

Number Of Events

Number Of Events

80
70
60
50
40
30
20
10
00 10 20 30 40 50
Time Extension [us]
(a) Eo =10"%V, 6 = 10°
80
70
60
50 1
40
30
20
10
5 .
0 10 20 30 40 50
Time Extension [us]
(d) Eo =10"%eV, § = 10°
70
60 f
50 H
40
30
20
10
D0 10 20 30 40 50

Time Extension [us]

(g) Eo =10%*%V, 6 = 10°

Number Of Events

Number Of Events

Number Of Events

60

50

30 40 50
Time Extension [us]
(b) FEo = 10"V, 0 = 30°
50
45
40
35
30
25
20
15 o p
m Iy
5
0
0 10 20 30 40 50
Time Extension [us]
19.
(e) Eo = 10"%eV, § = 30°
40 50

Time Extension [us]

(h) Eo = 10%%V, 0 = 30°

Number Of Events

Number Of Events

Number Of Events

60

50

40

30

20

50
45
40
35

60

50

40

30

I I
0 10 20 30 40 56
Time Extension [us]
19.0
(c) Eg =10"7"eV, 6 = 60°
L I 4
0 10 20 30 40 55

Time Extension [us]

(f) Eo = 10'%%eV, 6 = 60°

0 10 20 30 40
Time Extension [us]

(i) Eo = 102°%V, 6 = 60°

0 421: J00000oooooooooogoooooooboono

o8

50



25 35 80

30 ’V 70
§ o ol
Y Ll o
5 o) ] 5 s L N1 g 2 wr
é W IRl \‘HJ' § © W‘JHWHHMUH% 5 30 I%LL
. Tl Ul =l

il ‘ Al o
el 0L, Wl NPT O S B v = N TN

0 10 20 30 40 5 6 70 8 90 0 10 30 40 50 60 70 80 90 0 10 20 30 40 5 60 70 8 90
Open Angle [deg] Open Angle [deg] Open Angle [deg]

(a) Eo = 10'%V, § = 10° (b) Eo = 10*%V, 6 = 30° (c) Eo =10"%V, § = 60°
40 60 140
35 50 120
o o ’J s w0 H , 100 (]
Il ol ) ¢
o M ;-
i A 1 il 2 .
10J J‘ Ja I i 1\_|'|_|"’_|1 10 J'HHU JJU LJNL ﬂHﬁI » Hﬂ&
ST S
. T L o Lart LNE%” F"ﬂqwﬂmnmn aa o e N
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Open Angle [deg] Open Angle [deg] Open Angle [deg]

(d) FEo =10""%eV, 0 = 10° (e) FEo =105V, 0 = 30° (f) Eo = 10'%%eV, 6 = 60°

40 60 250

35 -] 50 -
. j_[ T u 200

> ) > > 150
b = f b
S 20 FJL S 30 i S
3 3 3
£ty L Il
H 2 20l 2

IOJ Sy,

{ LD .

[ U LJ
Sl
0 Hjhﬂﬂ ! WHWHH 00 b 0 oy, W 0 e dnendtion S
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Open Angle [deg] Open Angle [deg] Open Angle [deg]
(g) Eo =10*"%V, 0 = 10° (h) Eo = 10**%V, 0 = 30° (i) Eo =10**%V, 0 = 60°

0 422: 0000000 DODOOODODOOOOOO Mono Geometrical Reconstruction O
00000000000 openangle 00000000000 ODODOOOOODOOOOODO
000000000000 100000000000000000000000000 20
oooooooooooooo

99



2 il 100
2 H 2 M 2 g
s Wﬂ v i
LN Iy A I .
: L L ity .
) i | 20 ft
0 H_\‘HH HLLWJ ‘HH ‘HU‘ I 0 0 HH’-H"HH L_LHW nimll uﬂn& ol 0 hﬂwﬁﬂuﬂﬁibﬂmﬁ%
° s Core D\sllaonce [km] * ® ° ° Core D|s|1:nce [km] ® * ° ° Core D\sllaonce [km] ® ®
(a) Eo = 10'%V, § = 10° (b) Eo = 10*%V, 6 = 30° (c) Eo =10"%V, § = 60°
) N iii

35
160

30
i 140

25

J” -
H‘UHH‘L

mﬂm\

oy

100

80

Number Of Events
.
&
=
Number Of Events
»
8
— e
as)
Number Of Events

60

i ‘M\ L BN o
’ i ! sft 3 ol
TN ) T [ A e Ty L, - v cowng =
’ ° Core D\stl:nce [km] * ® ’ ° Core Dlsllaonce [km] * “ ° ° Core D\slt:nce [km] * *
(d) FEo =10""%eV, 0 = 10° (e) FEo =105V, 0 = 30° (f) Eo = 10'%%eV, 6 = 60°

2 7 * I 250
20‘\|‘\|‘H 25 ﬂuu‘

A W@ﬂ

5 { f I Hu 12 50

L Py WAl | H%Uﬁﬁﬁﬂwwm e N

0 10 15 20 5 10 15 20 0 5 10 15 20
Core Distance [km] Core Distance [km] Core Distance [km]

200

150

Number Of Events
.

]
Number Of Events
N
3
Number Of Events

(g) Eo =10*"%V, 0 = 10° (h) Eo = 10**%V, 0 = 30° (i) Eo =10**%V, 0 = 60°

0423: 00000000000000O00 Mono Geometrical Reconstruction 0000 OO
0000000000000 DO0DOd0DO0ODO0DOooDOooDooDOooooOooooOoog
00000 100000000000000000000000000 200000000
ooooooo

60



’ log Ey [eV] ‘ 6 [deg] ‘ #events ‘ Aa [deg] ‘ AR [km] ‘

19.0 10 897 ol 12
46 32 7.4

0 _ -

19.0 30 980 37 10
354 18 4.7
15 21 5.3
19.0 60 1000 35 7.3
578 10 1.5
411 6.5 0.8
19.5 10 981 30 8.3
235 18 4.2

0 - -
19.5 30 986 24 7.9
465 18 4.5
151 17 4.3
19.5 60 1000 23 6.3
614 6.9 1.2
492 3.3 0.5
20.0 10 995 28 9.0
319 14 3.7

0 - -
20.0 30 997 23 8.7
501 12 3.2
253 9.0 2.6

20.0 60 1000 7.0 2.1
527 1.8 0.3
526 1.8 0.3
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4.4 Longitudinal Reconstruction
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4.4.1 Waveform Sum Method
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Shower Axis
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4.4.2 Gaisser-Hillas fit
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Xmax—X1q

X - Xl A Xmax - X
,Z\]—e()(7 NmaX,XmaX, Xl) = Nmax (M) exp <>\> (437)
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’ log Ey [eV] ‘ 6 [deg] ‘ #events ‘ AEy [%] ‘ ANpax [%] ‘ AXpax [g/cm?] ‘ AX; [g/cm?] ‘

19.0 10 442 —47+14 | =30£6.7 —68 £ 53 244 +99
101 —434+9.8 | —27+4.3 —61£35 226 £ 94
19.0 30 488 —37T+89 | -26+£6.3 —29+ 32 174+ 91
415 —37T+£76 | —-26£5.6 30+ 27 181 + 85
19.0 60 500 —-26+£3.7 | —12+£5.3 —-11+19 188 £ &80
500 —-26+£3.7 | —12+£5.3 —-11+19 188 £ &80
19.5 10 489 —34+£6.7 | —20+£5.8 —74 £ 30 164 £ 40
317 —32+6.7 | —18+£4.5 —71+21 164 £ 34
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454 —19+£55 | —9.0+3.5 -32+17 112+ 44
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422 —-13+£52 | —6.2+34 -33+13 73 £ 27
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SITE | RUN ID | TRIG ID TIME (UTC)
BRM | 111913 4241 2007/11/19 11:19:44.758098225
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