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The Pierre Auger Observatory

1660 Cherenkov tanks (SD)
¢ 3000 km?
4 fluorescence sites (FD, 27/ telescopes)

Auger Engineering Radio Array (AERA)

*the largest cosmic ray radio array in the world
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The Pierre Auger Observatory B -

1660 Cherenkov tanks (SD)
¢ 3000 km?
4 fluorescence sites (FD, 27/ telescopes) 1
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Auger Engineering Radio Array (AERA)
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*the largest cosmic ray radio array in the world
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Where?

Auger Engineering Radio Array (AERA)
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Where?

Auger Engineering Radio Array (AERA)
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Where?

Auger Engineering Radio Array (AERA)
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Where?

Auger Engineering Radio Array (AERA)

A AERA24 LPDA, ext. trig. @ beacon
. - 2
201: 24 stations, 0.4 km > | A AERA24 LPDA, int. trig. O FD site
vV  AERA124 butterfly, int. trig. Bl HEAT FOV Vv V V
2015: 153 stations, 17 km?2 —» » AERA153 butterfly, ext. trig. O SD station , oV VoV VoV o
[0 central radio station ® muon-counter
vV vV VvV V V V
® ® vOV VOV VeV VeV Ve O
\ 4 ‘ ¥V Vov V V
vV V vaVVVWVVD?v vV V
0 e oV VQVVWA‘%AA VeV VeV e
VVVVYVYY v v Qv vV Vv
vV V
VVvyyy V V vV V
® 0O ® "o'vmvvvovvvovvvov vV O o
> > > > > > P 4
O O o » » ®» ®» » O
O O ®» (g (g > (g O @)
1 km
> ®» » » @) ®
@) @) @) > > e @) O

Benoit Revenu, Subatech 3 RICAP - June 2016



wifl for communication (central
DAQ), remote computers)

GPS antenna for
timing accuracy

electronics + local DAQ: self-

trigger, external trigger,
monitoring...

effective freg. range: 30-80 MHz
sampling freqg.: 180 MHz or 200 MHz
FW and NS polarizations
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HOW™?

antennatamplifier
(LPDA, Butterfly)

solar panel

Benoit Revenu, Subatech

RICAP - June 2016



+d4

/\A

HOW™?

=

central DAQ:

egets timestamps from stations
eCcOMpuUtes coinciagences
-asks for raw data (self trigger)

_|_

-gets trigger information from SD and FD

-asks ‘or raw data (external trigger)
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Shower physics
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e study of atmospheric electric fields
e lightning/CR correlation
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. Understanding the detector
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Amplitude calibration
direct calibration using a pulser on a drone

D TN Drone
flight path ~~==---_ — G

Signal
generator

©/* Transmitting
' Antenna

Far Field
>20m

>

Spectrum Analyzer

IH| [m]

75°

90°

vector effective length:

O0MHz

12

0

0123 45 678 9 10°

——— TR
¢ & Measurement

overall uncertainty: 14% (antenna response+full electronics chain)
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Time calibration

correct for GPS drifts by comparing time differences between two stations using
a distant beacon and airplane transits over AERA
Auger collab. JINST 11 (2016) PO1018

GPS time drift over 2 weeks 0
o buttertly:
time e - p=0.154ns
% == N g-=1196ns [
aCCUracC -

y 5 LPDA.
around 5 £ 20l u=66611ns |
30 ns! : = o = 2.538ns

: 515} -
0 2 4 6 8 10 12 14 § 10k A
event time (days since 9 Aug 2014, 00:00 UTC) -
5 F A
ADS-B 9(° AERA w 21:20 1
21:19 0

-20 0 20 40 60 80

180 * 180 mean i of the time correction values

o 21:17

overall uncertainty: 2 ns

21:16

270

21:15
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. Understanding the source of the signal
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Emission mechanism
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Emission mechanism
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Emission mechanism

1 o 77/62 nz)
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Emission mechanism 1 N
Geg c |0t
Co,n N
/784/“ 9/7 :
/6084/55/0

from measurements of the electric field In
the EW and NS polarizations,
we can compute the polar. angle:

Gmes = arctan(FEns/FErw)

Benoit Revenu, Subatech 1
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Emission mechanism 1 N
Geg c |0t
COOZL/}?GQ/?
Yy} .
/éé/z‘/b@f/c
A
— — —

from measurements of the electric field In
the EW and NS polarizations,
we can compute the polar. angle:

Gmes = arctan(FEns/FErw)

and compare it to the expected polar. angle:

bexp = arctan((8 x B)ns/(8 x B)gw)

Benoit Revenu, Subatech
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Emission mechanism Z
Ge c c')

O
Cr, N
Of?f/./ 669/7

C/g‘/ @ZL/

OpH

from measurements of the electric field In
the EW and NS polarizations,
we can compute the polar. angle:

Gmes = arctan(FEns/FErw)

and compare it to the expected polar. angle:

bexp = arctan((8 x B)ns/(8 x B)gw)
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AERA data
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Auger collab., Phys. Rev. D 89, 052002 (2014)
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Emission mechanism 1 N (Jz’
G@O c\0t i—1 Rz(]- o 7)/82 ' n’b)
COOZ(/}?@Q/?
/7, :
/éc/f/b@f/c _
2 AERA data
— — —
Egeo X /6 X B sol- @ = 0= pure geomagnetic
®
from measurements of the electric field in % g
the EW and NS polarizations, — g o
we can compute the polar. angle: = + ii
Gmes = arctan(FEns/FErw) o ! i .
5)
8 [ ndf =27
and compare it to the expected polar. angle: .50 | +0.06
Pexp = arctan((8 x B)ns/(8 X B)ew) L 2 s B T a e Lo
50 0 50

The geomagnetic mechanism is dominant!

o (pr.) [°]

Auger collab., Phys. Rev. D 89, 052002 (2014)
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|| || ] 1 L .
Emission mechanism 0 } : qi Tbq (Askaryan 1962, 1965)

c Ot i—1 Rz(l o 7752’ ) ﬁz)

No net electric field If Mg+ = Ng—

but Me+ < MNe— because:

*in flight e+ annihilation
eclectrons are extracted from the medium (Compton, Bhabha, Moeller)

+ e
- e _ € e
eatomic S €
efree
J— e G re—g e
7 € atomic free € sh s efree

excess of electrons: net electric field, radial polarization pattern,
depends on the observer’s location

Benoit Revenu, Subatech 12 RICAP - June 2016



Emission mechanism

AERA data

5o~ @ = 0= pure geomagnetic
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Auger collab., Phys. Rev. D 89, 052002 (2014)
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Emission mechanism

AERA data

5o~ @ = 0= pure geomagnetic
L & '
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Auger collab., Phys. Rev. D 89, 052002 (2014)
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Emission mechanism

AERA data

5o~ @ = 0= pure geomagnetic
L & '

- 5

— i ¢
e 0 + e
ea B °

3
ot X ndf=27
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1 | -50 | I | | O | l | | 50 | I
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Auger collab., Phys. Rev. D 89, 052002 (2014)
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Emission mechanism

AERA data

sol_ a=0.14= geom. + radial

,
R

' x I ndf =2.2
50 +0.
[ pp:O.93_%.%§ 20

1 | I | | | | I | | | | | | |

-50 0 50
o (pr.) [°]
Auger collab., Phys. Rev. D 89, 052002 (2014)
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—xtracting C

R characteristics

(energy, Xmax)
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| ateral distribution function: energy estimation

two mechanisms interfere: we loose azimuthal symetry

heed 2D LDF, here difference of 2 Gaussians computed from dedicated simulations

(using CoREAS)
Nelles et al., Astropart. Phys. 60, 13 (2015)

('F— 'Fcore + Clggx B’)2 ('F— 'Fcore T C2é;-;><§)2
LDF(7) = A (exp ( — Cpexp (CreCic)?

o2

pulse maximum east-west
. . . — 1000+ : /.'."A: - oo | == north-south
For a single radio station: £ R géitleal
3 e t0 | ! ~|=== nhilbert envelope |
1. compute E-field vs time T
Q
Y= 0
: : O
2. Integrate the Poynting vector 5
to get the energy fluence (eV/m2) @ -so00
)
—-1000
420 440 460 480 500

time [ns]
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Energy estimation: single station data, eV/m?

400 ,
® data
— 300} sub-threshold
é 5¢ core (SD)
—~ 200¢
R O
é 100} o
W
5 © i o
— -100} O
O
2 -200¢
0"
O
Q -300}
-400

400 200 O 200

position in ¥ x B [m]

400

~ 30

~ 20

~ 10

energy fluence f[eV/m?]

Benoit Revenu, Subatech 18

RICAP - June 2016



Energy estimation: 2D LDF best fit

400 l
® data
— 300! sub-threshold =
é 5 core (SD) =
rQq )
X100} =
v O
1o 0 o) G
= .100| ——
- 130
o >
S -200| lo ©
wn Q
O C
o -300¢ {10 @
-400 0

400 200 O 200 400

position in ¥ x B [m]
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400 l
® data
- 300} sub-threshold
é sy core (SD)
—~ 200¢
"Q O
é 100} ®
e =
=
— -100¢
g
O
= -200¢}
0
O
Q -300¢
-400 l L '
-400 -200 0 200

Energy estimation: 2D LDF best fit

position in ¥ x B [m]

400

80
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20
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~ 20

~+ 10

energy fluence f[eV/m?]

F—fit

o o) o0

NI
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Of

Ol e it (4.\T= 130°) j

: - fit (¢ = 332°) |

; - == fit (¢ = 256°)

O 0 data ”g
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Ot : ]
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1|
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Energy estimation: 2D LDF integration

® data
3001 sub-threshold

é sz core (SD)

100}

N
&
& O

position in v x (vx B
energy fluence f[eV/m?]

|
W
-
-
=

-400 l : .
400 -200 0 200 400

position in ¥ x B [m]

E..dic = // LDF(z,y)dz dy
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Energy estimation: 2D LDF integration

400 ,
® data ”
— 300} sub-threshold ==
é s core (SD) 0 &
—~ 200} Ly N
"0 - 60 Q@
X e
m, § ™
X O*‘ @
2 s 10 @
C =
= =L, =
= -4 30
O 2
=2 -200} b B
W Q
O C
o -300¢ {10 @
-400 0

400 200 O 200 400

position in ¥ x B [m]

E. . dic = // LDF(z,y)dz dy
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using events in coincidence with Auger SD,
compare the deposited energy with the SD energy:

entries

109 -~ 3 - 4 stations with signal
- > 5 stations with signal
slope = 1.98 +- 0.04
= 10°
- 1
< = e
o — /=
% |15.8 MeV |
Ly gl T —"—
2107
=
ST
< &
L
10° .
105, .y
Esp [eV]

1017

number of signal stations>5
| | |

20+ resolution: 17% ¢ data
model
.._
15F -
10+ @
_..
_._
51 )
- @ L
0 1 | l | |
—-15 —-1.0 =05 0.0 0.5 1.0

2(

| —

Esp — Erp)/ (Esp + Erp)

13

Auger collab., PRL 116, 241101 (2016)
Auger collab., PRD 93, 122005 (2016)

Benoit Revenu, Subatech

22

RICAP - June 2016



Calorimetric energy estimation

this provides a calorimetric energy estimation from the radiated energy in [30-80] MHz:

2
E B Auger collab., PRL 116, 241101 (2016)

Auger collab., PRD 93, 122005 (2016)
1 EeV 0.24 G

E[30;80] MHz — 15.8 MeV (SiIlOl

* allows to calibrate the detector
* allows to cross-calibrate various CR experiments
e universal method as the atmosphere is transparent to radio waves and first principles based method

one simulated shower seen by two experiments: /|
Auger altitude il
(1560 m a.s.l.) \\

win. 0.70mV/m £ 7% (at 140 m)

1.0
0.8

0.6
0.4
0.2

two different
— amplitudes at
100 200 300 400 500 600 FWO

1
[

¥y ¥ but the same
/, )
> radiated energy:

LOFAR altitude different Auger pltitude
1.0 (sea level) optimal axis (1560 M a.s\l.) 11.9 MeV
0.8 distances!

0.56 mV/m + 7%

(at 190 m)

0.6 —
0.4
0.2

electric field amplitude A [mV/m]

100 200 300 400 500 600

LOFAR altitude
distance to shower axis [m] (sea level)
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Xmax determination

strong correlation between the Xmax and the shape of the 2D LD

100]lll]lll]lllllllllllllll ~
2 candidates: p and Fe « Xmax measurement = mass estimator
different cross sections
with the atmosphere
Op/air < OFe¢/air
S
3
S
g
Q.
o
£
yonols il T o i

0.0 0.2 0.4 0.6 0.8 1.0 1.2
normalized # of particles
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Xmax determination

strong correlation between the Xmax and the shape of the 2D LDF
3 methods currently studied in AERA, example of the amplitude method
iNnterpolate simulated (SELFAS) electric field at the measurement positions

17F e e obtain best core position
T K 5 :
0,15%_ :.o.o.o.o.o.‘o.o.oso;o oooooo -
.5 : 00000000000000
: : 1F i —
simulate the shower using the g == E
radio (8,9) and assume 1 EeV 13E g = N
: o
= -
- . . . = -
] 7 4] e R e | SRR P M S o PSR . =
-28 -27 -26 -25 ¥
Easting [km] 0
Z

compare expected values to data

-27.0 -26.8 -26.6 -26.4
Easting [km]
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Xmax determination

strong correlation between the Xmax and the shape of the 2D LDF
3 methods currently studied in AERA, example of the amplitude method
iNnterpolate simulated (SELFAS) electric field at the measurement positions

Xmax = 760 g/cm?

L I ] L )

4L LOI]

+protons

nuclei

10F single event Xmax estimation

] I L L L L —

) -
2 Tt T
—ﬁ'.w-
+Tny
' | n
U
+4 =+
1 TFF 5 | =
| | | | | |
600 650 700 750 800 850

Xmax(simu) [g/cm2]

900

1200

1100

1000

900

800

Xmax RD [g/cm2]

700

600

500

linear correlation factor = 0.880

mrrri

29/32 events

LI llllllllllllllllllllllllIlllllllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllIlllllllllllllllllllllllllllllllll 111

lllllllllllllllllllllllllllllllllllllllll l - l

500

600 700 800 900 1000 1100 1200
Xmax FD [g/cm2]

width of residuals: 40 g/cm?
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Conclusion

« AERA is properly calibrated, covers 17 km<4 and produces high-quality data in
correlation with showers detected by all detectors of the Pierre Auger
Observatory

*the source of the radio signal is relatively well understood

Energy:
the primary energy is partly released as radiation energy in a calorimetric way:
1EeV =>16 MeV in [30-80] MHz
*the energy resolution using the radio signal is 1/%
*this provides a new independent energy scale for CR experiments

eCOmMmposition:
*we WOrk on a systematic measurement of Xmax, for each event, with a ~100%
duty cycle
*we expect around 40 g/cm? resolution

*data analysis of the full array ongoing, we aim at providing results on the
energy spectrum and composition in the transition region
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= 2 different radio station types
= NS and EW polarized antenna
= antenna alignment:
to magnetic north with precision < 1°
= pbandwidth: 30MHz - 80MHz
, — = autonomous radio station
SUSCEI B TR gy SN ESR = power consumption: ~10W

(Raphael Krause, Vienna 2016)

Benoit Revenu, Subatech 29 RICAP - June 2016



[ O anmocansts 51 5 8

- 11

i Mies
-

Lo FAY LR

- sk
Sy
.l

bt ape 55 SO Lol v and o PN '
o TR B mpalenet b e | I
) ALY, AT . };:“ : g ! ' e
,#;%',i sy e S B

LS MRS
™ ”.x"%{l'" ‘. . he v
. L) Lt A
it m Tod : o el
X id .-'_“i*w k £

‘ll‘ g8 e b e iy =% g B y= 1 . |’ g _—t_ e - P T - '-';IF'

- -

- - A L4 -
T T P ri i
b

10 oo BN .~,‘_‘p.J’J"._" e

TRENIRR L TR iyt VL

e ¢ Pl A

7 o o)

B e

Vienna Conference on Instrumentation 2016

Raphael Krause | RWTH Aachen University | 18.02.2016

. PS receiver _

BT

-y
\ SR
& navi-c

e

. >

d J/ : = P | -/-.’:“\ " ‘
o %'- b 3 ﬂ_lght-control . ”

o

»
\ \ ..Co-

\ — Y.

11
. B
,e .. .

connecti®p to the engines

= power: 6600 mAh Lipo 13-16V

= payload: ~2000g

= mass: 25459 (including 715g accumulator)
= flight time: 25min/9min (wo/w payload)

= barometer — elevation

= gyroscope — inclination

= acceleration sensor — angular speed

= GPS — position

Benoit Revenu, Subatech

20 RICAP - June 2016



e
Fie FD SD MC RD

Cyertfirowesr <2>»

’5“9."'| { 0fa l MOs l ER-L B E ' lRD Ieohd‘nnl
Evert Nt |l ( |
Event 13242712, st. age: 5.5 yr g 205
Time 1006144027 s 58136000 ns 5 40E
FD & 3TOT & 4C1; 6T5 182
Candidates: 18 (Acc: 1, Bad: 377) E
17
(6,0)=(53.4+0.2,332.0+0.2) deg 16 E -
E=(1.97+0.09)x10"eV BE =
S450 = 60.5 + 2.9 ( + 1.7) VEM 145
(x,y) = (-26.32 = 0.03, 15.67 = 0.01) km i 0
[} (fixed) = -1.89 (= 0.15) F
v (fixed) = 0.54 i 3
R=16.35+ 1.61 km L] SV
Fope =515.83 =31 30
— A
Lorumnm| M Teanes | Cynod 1 | Ao
E - l'b Stage: 4.5
E o\ 23/Ndf: 10.9/ 15
- L. | Y —e— candidates
2 non-triggering
g 10? ? removed
10
1 U T U N0 0 W O N WO 0 W T U U O O T T O O O

200 400 600 800 1000 120014001600 18002000 220(

r [m]

[,;’(H 111,24 042857 SD1324271¢

Surface Detector

v ~ X
Hep
1
- EwantBrowsar s>l 1A X
Fim FO 80 MC RD Help
Auger] Lo Laonss | Les Moraass | Lo : Cohueco | 42 | 50 | | sekcton
|
'-:Q EventBrowser <2» v, X
L
gi 30 — File FD SD MC FD Hep
= - | b . puagar| Lo Lranes ] iridoe § Lo sar vernjvew Jgo RO | satection ]
S 2500 il Ay |LoF | Resiouss | Lorentz Angs |
;‘6 C : Evertin | 140 0
| x '
3 20¢ 9090000 7.5 X : 2
) o (1 I 1 : | ‘ Run 200206 Event 659069 AERA_10 4034 nuV/n SHR=725 E‘ - e
15 — T LIy y GPS Time 1006144027 = 58081291 ns AERA_11 7352 nuviin SNA=243 P 17
B Y | 4F k Y
- | I UTC Date: 2011/11/24  04:26:52 o a
10— I 8 RecStage = PlaneFitLinear2 16.5
F G : : = 60 42-14.75 deg 0 = 324.8:12.6 deg 16 ¢
8 - S : Chi2/NDF = 94.8/ 0 S
E e x=.26.2km,y = 15.4 km ~ nS 15.5 B3 T .
u i . A S
|| ol NN Lo P [y AP E v el EP Py il Moy ool i 15 g R, ™
150 140 130 120 110 100 90 : “" "
azimuth [deg] 14.5 3
~ Etafon 14
p— r Chamrel
“‘E" - FINGE= 470137 13.5
o 35 H
> - } ; % { { _— - -28 «27.5 -27 -26.5 -26 -25.5 -25 -24.5 -24
S 3 i ¥ x [km]
g o 4 . %
— 25 4 il
> : v Trace: ISpetbun | 20-Fiew |
S 2F { {
a 2F {1
© = ¢ f‘}
1S5 ¢ ‘ E_ .
- 4 %-. { § “w £ 1
s f* 2 = 300 E— J polerisation East
1 y e =
% h} i { R | ]
0.5 ’ Hf{ # W 100 = : o BE Y Ty N "
C f . 0 ’@iﬂ“{;":}(r‘}ﬁ)@ ' e T e »:‘boi-__j)-:f,_‘:: polarisaton North
Y S A LR I P PR Pl e — i Lofp Ji'&fa;:,r'n o o R e :
400 600 800 1000 1200 280 = le L.y |
2 EE — L | |
slant depth [g/icm”] 300 = l |/ polarisation Vertical
profis optons colors 400 =—-
& CENXXIC B C NGO O gt = I~ esid I allpx T gl SO 100 % =3 " . " ; : ; " P N
e cie] o4 ' B . 60 a0 <00 520 =0 560 0 00 §20
. t [ns)
[2011/11/23 042652 SO 13242712 FD 442357745 -]

-

ophons

I~ Spnalwrow [T Nokewndoy [ Paakline ¥ Varicd Pol

|20111172¢ D426:5¢ SD 13242712

Fluorescence Detector

Radio Detector

Benoit Revenu, Subatech

31

RICAP - June 2016



pulse maximum

& — east-west
—~ 1000} SR |=—— north-south
 J
=~ o . — vertical
I ool - == hilbert envelope |
L
v
= 0
O
1=
-
O
@ -500
v
~1000 .
420 440 460 480 500

time [ns]
B window around maximum of Hilbert envelope

B energy fluence in eV/m?
- time integral of Poynting vector

- noise expectation subtracted
z - sti
-) —— (At Z |E(t1) |2 tz £ Z |E ) (Christian Glaser, ARENA 2016)
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LDF(7r) = A (exp ( (

—

T_Fcore+01€gx§)2) O e p( (

C constants obtained from CoREAS simulations
< 5 stations: get A and o

=5 stations : get A, O, rcore

TABLE III. Parameters Cy - Cy of Eq. (4). C3 = 16.25m and C4 =
0.0079m~'. The zenith-angle dependent values used to predict the

emission pattern are given for zenith angle bins up to 60°.

zenith angle Co C'1|m] C2 [m]
0° —10° 041 —-8.04+03 21.24+04
10° — 20° 0.41 —10.0+0.4 23.1 +£0.4
20° —30° 0.41 —12.0+0.3 25.54+0.3
30° —40° 0.41 —20.04+04 32.04+0.6
40° — 50° 0.46 —25.1 £0.9 34.5+0.7
50° — 60° 0.71 —27.34+1.0 9.8+1.5
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SELFAS

Astropart. Phys. 35 (2012) 733 — 741

2D gaussian
Astropart. Phys. 60 (2015) 13

CoREAS

AIP Conf. Proc. (2013) 128- 132 | Norizontal components

Astropart. Phys. 59 (2014) 29

requirements | RD arrival direction RD arrival direction

SD core (initialization)
SD energy

SD arrival direction
SD energy

# of
simulations
per event

no simulation

40p + 10 Fe

20p +10 Fe 30 p + 30 Fe

(Florian Gate, ARENA 2016)
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method based on the 2D LDF fit
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Horizontal showers

large multiplicity events (station spacing /750 m)

w
£ 107
= -
- -
S E
Qh) =
0
Q _
Z
w E 10 =
=
16.5 17 17.5 18 18.5 19 19.5 20
S SD: log(Energy[eV])

m 427 high quality horizontal radio events selected
(January 1, 2012 to August 15, 2015)

» triggered and reconstructed by 1.5 km grid of surface tanks

m cut on zenith angles of 62° to 80°
(Olga Kambeitz, ARENA 2016)
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Horizontal showers

large multiplicity events (station spacing /750 m)
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Horizontal showers
SD HAS
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