Elements of radio-emission and
radio-detection
of atmospheric showers




Outlook

® some numbers on atmospherical showers

® secondary particles and fluorescence light

® orders of magnitude with Coulomb

® polarisation with the radiative contribution

® in Nancay (CODALEMA) and in Malargue (Auger)

® the future
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Shower composition

99 % of gammas, electrons, positrons, 0.9 % of muons

10> eV proton, 45°

" . ".

'\\\'\ \-.‘ \‘ ~

F. Schmidt, "CORSIKA Shower Images", http://www.ast.leeds.ac.uk/~fs/showerimages.html
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Shower composition

c oo b v e b e by -|I|I|I|I|I|I
-500 -200 0 200 500 1000 r [m] 1 2 3 4 5 &

N, /10°

| I |
-1000

I S—

Proton 10 ' eV
h's'=17642 m

hadrons muons

Q
=

o-. I 1 VTP

neutrons electrs

200 400 600 800 1000 1200 r [m] J.Oehlschlaeger,R.Engel,FZKarlsruhe

o

Monday, February 22, 2010



Shower composition

detection of the ground particles

estimate of the

estimate of the

constraints on the nature of the
primary

lateral distribution
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Shower composition

detection of the fluorescence light

z[km] longitudinal profile
20

Xmax : depends on the and
the of the primary

effective time around 10%
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Radio-emission: electric field

at EeV energies, huge number of secondary
particles (few 108)

Ryl
|

dmeo | ~2R2(1 — .7)3 Re(1 —

2 ' 1 ret

Lorentz force
Coulombian scattering with other charges

the complete computation is impossible
choice between 2 descriptions:
microscopic and macroscopic
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Radio-emission: Coulombian approach

But before this, to get the orders of
magnitude, consider only the Coulombian
contribution fo the electric field
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Radio-emission: Coulombian approach

moving electric charge

system R

s

%




Radio-emission: Coulombian approach

E/ B /yqd/
Areg (V23222 + d/2)3/2

origin of times: when the impact parameter is the smallest

from FD: the number of charges is proportionnal to the
primary energy

true also for the field! (proportionnal to q)

| E|| o< By

30 MeV e (v ~ 60), 2.108 e~ at Xmax (2x10'" eV
shower), e~ in excess at the level of 20%
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Radio-emission: Coulombian approach
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for d = 100 m duration is FWHM

04— " T T ]
£ 03 1
; [ ]
E | ]
:.7_3 0.2 .
s
© |
Q Z {
o 0.1 W

-100 -50 0 50 100 -100 -50 0 50 100
time (ns) time (ns)

Monday, February 22, 2010



Radio-emission: Coulombian approach

Frequency spectrum

power fraction below 50 MHz (%)

power spectrum (L V/m/MHz)

50 100 150 200 1 10 100
frequency (MHz) axis distance (m)

important to detect the electric field at low

frequencies to be able to see distant showers
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Radio-emission: Coulombian approach

what we learnt with the Coulombian approach

® the electric field is the number of
charges and consequently to the primary energy

® the signal is in the band
® we need a to detect distant
showers

® we need a sensitive antenna to be able to detect
electric fields below

® choose a radio-quiet site to limit human pollution
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Radio-emission: some details

we must take into account other phenomenons

® the air index varies with altitude and weather conditions
(Cerenkov)

® the shower is not 1D, we must consider the lateral and
longitudinal distributions

® the shower front thickness is of the order of few
meters corresponding to frequencies between

(scales as N?, in the coherence domain)

e I3 systematically separates the charges with the
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Radio-emission: different descriptions

Macroscopic or microscopic...

Cerenkov emission from the excess of
electrons (10-20 % excess), effet Askaryan

e current emission, ) A* < [ j*/R

coherent synchrotron emission of the e*/e-
pairs

radiative field of the accelerated charges in
the magnetic field

® boosted Coulombian field

shower polarisation (dipole)
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1962

Askaryan: Cerenkov from electrons

experiment

1965

Kahn and Lerche: charge excess,
transverse current (dominant), dipole

Jelley, first radio pulses in coincidence with
Geiger counters

1970

Allans parameterisation :
Ep ! R
£, =20 (1017 eV> sin «v cos 6 exp (— Ro(.0)
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2000

NS RCAQIOGH@E Faaare @F Fé

1}' o

2003

Falcke, Gorham, Huege: synchrotron
coherent emission of the e*/e” pairs

CODALEMA, LOPES

2005

DuVernois, Cai, Kleckner: radiative
emission of the charged particles

CODALEMA, LOPES

2007
2008

Scholten, Werner: transverse current
Meyer, Lecacheux, Ardouin: boosted
coulombian field, Cerenkov

CODALEMA, LOPES, RAuger

2009,
2010

CODALEMA, LOPES, RAuger, AERA
CODALEMA phenomenology: ‘27 X E‘
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Radio-emission: different signatures

® Cerenkov from e: ; dominant effect in a
dense material (water, ice...): GLUE, ANITA, RICE, SALSA
® fransverse current: bipolar pulse, , peak

due fo the early stages of the shower, the field is due to the
® e*/e” synchrotron: , peak due to the
e radiative field from accelerated particles: ,

® Coulombian field: due to the low energy part of the shower, no
directional signature

summary: the field is due to the shower development and
some models predict a
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Radio-emission: geomagnetic signature

the radiative contribution

5L i e, 2 ¥ AR D)X B
T — | a
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radiative X ﬁ X b
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Radio-emission: geomagnetic signature

model self consistence:

following N or S constant value!
hemisphere

but the vertical signal may be hard to detect
because of human activities
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Radio-emission: geomagnetic signature

Eradiative X 6 b

Allans formula (1970):

4 V.m 1. MHz ™!

Ep , R
B g (1017 eV) sin v cos 0 exp ( G 9))

|5 X §| m‘mospherical exponenﬂa[

3B attenuation decrease with
axis distance

proportionnal
to primary
energy

Monday, February 22, 2010



Radio-technique: potentialities

® : triangulation with GPS
timing and lateral distribution (like a SD)

° : electric field proportional to primary energy and
due fo the longitudinal development (like a FD)
® (thunderstorms periods)
| (around 4 000 euros for a fully
autonomous station, 1/3 of a Auger tank)

test with hybrid experiments

(CODALEMA, LOPES)
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¢ __Radio-detection of atmospheric_showers 3
5— he CODALEMA ex =
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Cons’rruc’r an approprlm‘e antenna

8 e dipolar active antenna
~ ' e 1.2 m length, 10 cm wide
. e1m above ground

X ® gain 30 dB LNA

‘A\n‘.“
| m} ® bandwidth 80 kHz-230 MHz
“‘\X,,, ® quasi isotropic lobe

dEi
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CODALEMA

in the Nancay radiotelescope site e array of 17 scintillators, step
(center of France) of 80 m, 300m x 300m :

‘® energy threshold around 10'°
eV (knee region), full
acceptance at 10 eV

!
ED1,

R . ..Te= " e array of 21 antennas in EW
iy ko REREL """'"""“ AN 7\ polarisation and 3 in NS
T y : polarisation, step of 85 m, 2
L L RN arms of 600 m length
N . e, § j’; W scintillateur
W _ £ N N m' 8 T Antenne polar EO ] ® DAM: 144 log-PeriOdiC
-. o ‘ T nntennep-j;.hl it 5
. antennas 80x80 m

Cco EMA @ Nahqay 3
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CODALEMA

trigger: remote control of
the thresholds and trigger
conditions

MATACQ ADC : 300 MHz, 12
bits, 1 Gs/s, 2500 samples
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CODALEMA
e condition for 1 scintillator: peak>0.3 VEM

® trigger: the 5 central stations wihtin 600 ns

® frigger rate: 7 min

® internal event: the scintillator with maximal
signal is not on the edges (good
reconstruction of core and energy)

150 W R ® external event: axis direction only
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CODALEMA

e condition for 1 scintillator: peak>0.3 VEM

® frigger: the 5 central stations wihtin 600 ns

® frigger rate: 7 min

® infernal event: the scinftillator with maximal
signal is not on the edges (good
reconstruction of core ‘and energy)

® external event: axis direction only

® 50 000 internal events in 2 years 6 < 50°
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trigger
scintillator

record radio
data, 1 Gs/s,

2.5 [1S
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CODALEMA

Run ; 900 - Event ; 483

Signaux seuls (choix=0) ~ Fenetre en tempBag eventuel

Pas de filtre en fréc1uence (choix_fil=0) 14-Mar-2008 20:10:32 ~Max du signal _Prediction

Signatfx sans décalage (choix Id?aca:til)




CODALEMA

Run : 900 - Event : 483

Signaux seuls (choix=0) ~ Fenetre en tempEag eventuel

Filtre (choix_fil=1) 37-70 MHz ¥ i An- — L
Signatllx sans décalage (choix Ideca:O] 14-Mar-2008 20:10:32 Max du signal Prediction

numeric filter
in the band
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CODALEMA

Run : 900 - Event : 483

Signaux seuls (choix=0) ~ Fenetre en tempEag eventuel

Filtre (choix_fil=1) 37-70 MHz ¥ i An- — L
Sianaix sans décalage (choix Ideca:O] 14-Mar-2008 20:10:32 Max du signal  Prediction

numeric filter
in the band

kill Gibbs
regions
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CODALEMA

Signaux seuls (choix=0) Run : 900 - Event : 483 ~ Fenetre en tempEag eventuel
e choix iR &7 70 M e 14-Mar-2008 20:10:32 "~ Max dusignalPrediction

numeric filter
in the band

kill Gibbs
regions

detect
transients
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CODALEMA

Signaux seuls (choix=0) Run : 900 - Event : 483 ~ Fenetre en tempEag eventuel
e choix iR &7 70 M e 14-Mar-2008 20:10:32 "~ Max dusignalPrediction

numeric filter
in the band

kill Gibbs
regions

detect
transients
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CODALEMA

identification of cosmic rays:
comparison of the radio/scintillator reconstructions
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CODALEMA

identification of cosmic rays:
comparison of the radio/scintillator reconstructions
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CODALEMA

identification of cosmic rays:
comparison of the radio/scintillator reconstructions
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CODALEMA

arrival directions (internal and external events)
distribution on the sky, in local coordinates:
strong
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CODALEMA

arrival directions (internal and external events)
distribution on the sky, in local coordinates:
strong

B I TRV N . . a1 A 7 o 180,
-1. -1.0 -0.5 SOU'I'h 1.0 4
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CODALEMA

arrival directions (internal and external events)
distribution on the sky, in local coordinates:
strong

0.5

450 L NN S 1 .I. H-:.x.;..,..' 0.0
-1.5 -1.0 -0.5 S O u h | 1.0 1.5
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CODALEMA

arrival directions (internal and external events)
distribution on the sky, in local coordinates:
strong
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CODALEMA

the observed asymetry is stable in time
(checked on 7 subsets with same number of events)

4.8 times more events from the North

symetric
A from East
] from South
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CODALEMA

as a function of energy
(internal events only)

symetric
A from East
[] from South
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CODALEMA

as a function of energy
(internal events only)

symetric
A from East
from South

asymetry = threshold effect

n
-
c
(3]
>
()]
S
O
=
S
-
O
@
P
S

0.2

0.0

164 166 168 17.0 172 174 17.6
log E (eV)

Monday, February 22, 2010




CODALEMA

— —> —>

Eradiative X 6 X b

hypothesis: the probability fo frigger is
proportionnal to the norm of the electric field
this permits to construct an
according to this geomagnetic model
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CODALEMA
ingredients:

— —

Eradiative X ﬁ X

wefl
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CODALEMA
ingredients:

use the zenithal trigger distribution
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CODALEMA
ingredients:

use the azimutal distribution of the trigger
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CODALEMA
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CODALEMA
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CODALEMA

At first sight it is very encouraging
check further with MC simulations
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CODALEMA

Test with Monte-Carlo simulation:
draw N sets of p simulated events following the theoretical
skymap, p being the actual number of real events in the
CODALEMA dataset and compute the angular distributions

(2]
o

number of events
-—
-
number of events

100
zenith angle (deg) azimuth (deg)
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CODALEMA

good results also in the NS polarisation

(but only 3 antennas and small amount of data)

N |
d . NS polarisation observed
sin 6 skymap
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CODALEMA

comparison with MC simulation in the NS polarisation
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CODALEMA

electric field from primary energy

Ep , R
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CODALEMA

correlation between the electric field and the
primary energy
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Radio detection in Argentina

Local Station T2 Efficiency

RSN
B T L R O
A, L X L 000 “ee
OO OO0
A A X XX L L XL

S0 00000000008000000008

A A
'--J”Uﬂ”“”ﬂ““ﬁ“ﬂ“ﬁﬁﬂﬂr"5ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂf
008 00000008000 tn e eenss 0NN Eeees
00 000000000000 000000000000000000000
ﬁﬂﬁﬂﬂﬂﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬁﬂﬂﬂf
SO0 00E00000000ER0RN00NEsEReS
S80I CHNNNNNERNERRNRER0ONeNRReeReed
WO B RcE BB EEEEEEEEEEERENERE RGNS

OO OO AR AL A
AR seeeentenee WAL XL LY
UL L K= AL ALY
I.l.l'l.l.l.l.l!ﬂ.l.l.l.l.l.:nlnl:lnln K F rance l.l.l. X " I.I.I.l.l.l.

.l.l.l.‘.l... .l. I.I.I.I.I.I'I.I.I.I.I AR AL » I.l.l"l..l'ﬂ-l.l'
H (@) I Ia_ N d - I'I'l".l'l.l'.'l ~ Tather ¥ LAAAIL . ' 'l.' 'l.l.i.iii_ 'i‘I ".l

SOOBOANE B8 SOOR X L LY
8 COOoustBetsssssstsstsssenss.
VY 'Hvuh5ﬁ"ﬂﬂﬂ?ﬁ?ﬁ?ﬁ?ﬁ?ﬁ?ﬁ?ﬁ?ﬁ#ﬁ’
e L e b 11 2
SN eNeese a0
AT T OO Y
Jasennes wsenssveneenessenin
A S A A A O
BOOBEBEOEOEOBANNS AL
SROBBARO BRSNS NEROeeaY
SOBEABNEEOE S YY)

B Y OOy
. - OO0
" OO OO Y
1ﬂnﬁﬁfllﬁﬂf'.ﬂﬂf'

Monday, February 22, 2010



Radio detection in Argentina

prototype fully autonomous (acquisition, WIFI
transfer, solar panels and batteries)
same CODALEMA dipolar antenna
2 polarisation measurements
offline detection of coincidences with Auger SD

To CLF (~ 900 m)

/

139m / N\ 139m

To Mage (866 m)  / \_ To Celeste (866 m)

Appolinario
_-"".C

To Tania (866 m)
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Radio detection in Argentina

event density map (km?.day”)

first coincidence in July
2007

57 events in coincidence
with Auger SD
(up to Feb 2010)

| coincidences with showers
| up to 1 km from the
antenna (axis distance)

capacity to detect
horizontal showers
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Radio detection in Argentina

Auger events seen by the di  diNg ]

radio setup el d6 do sin @
82% from South 57 events
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The threefold coincidence

gps = 943609544
monday 2009-Nov-30 09:45:29 UTC

ntanks=5

xcore=-8838.37
ycore=-3953.46
energy (EeV)=2.19300 (not CIC)
axdist-Al= 163.1177 m
axdist-A2= 80.6342 m
axdist-A3= 183.1924 m




CDAS reconstruction

Sd Event Display | FD Event Display | Hybrid Event Display | Help |

~— Events list Stations list — —Display
1792) 200933303938, 5 stations, 2C183C284C4 ] IRIEIEICE T ERGEL)

1793) 200933303943, 6 stations, TOT2C183C2 g 02) 0205 (3364 ns, 18.7 VEM) |_Lateral distribution function fit _|
1794) 200933303945, 5 stations, TOT2C183C2 03) 0118 (3424 ns, 15.6 VEM)
1785) 200933303947, 5 stations, TOT2C183C2 04) 1351 (4467 ns, 802.7 VEM)
1796) 200933303950, 5 stations, TOTZC1&3C2 05) 0203 (6763 ns, 14.6 VEM)
1787) 200933303952, 5 stations, 2C1&3C284C4
1798) 200933303955, 5 stations, TOT2C1&3C2
1759) 200333303964, 5 stations, TOT2C183C2
1800) 200933303965, 9 stations, TOT2C1&3C2
1801) 200933303967, S stations, TOT2C1&3C2
1802) 200933303975, S stations, TOT2C1&3C2
1803) 200933303976, S stations, 2C183C284C4
184041 21N9333N39R4 A statinns TOT?C1A3C2

| B

f—..‘.". :

A IIII]I'

| =51 | IIIIIII

— Array

ES
v :

| 77 | IIII"I

L l L
800

Mon Nov 30 09:45:44 2009
X=-8838 + 23m
Y=-3953+ 47m
At = 5.2ns

0=51.1%0.5deg
¢ =-150.5 * 0.3/sin(8) deg

R=145+4.2km

Ra 79.8 deg - Dec-42.5 deg

-~ Status

selected file: S(1000)= 6.47 + 0.96 VEM

Jops/pauvger/Malargue/Raid/data/Prod/v0rs fAuger /200911 /ad_2009_11_ 29 12h E=219 EeV + 15% (staa'stical)
Manimun number of triggered stations: §

Trigger velected: all of them, 1964 evento.

Date of this event: Mon Nov 30 09:45:44 2009 (GPS 943609544)

< 2
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CDAS reconstruction

Sd Event Display | 7D Event Display | Hybrid Event Display | Help |

— Events list Stations list |- Display

3946) 200933303948, 4 stations, TOT2C1&3C2  ]|01) 0103 (0 ns, 6.3 VEM) ,

3947) 200933303347, 5 stations, TOT2C1&3C2 02) 0205 (3364 ns, 18.7 VEM) [_Lateral distribution function fit |

3948) 200933303948, 3 stations, TOT2C1&3C2 03) 0118 (3424 ns, 15.6 VEM)

3949) 200933303949, 3 stations, TOT2C1&3C2 04) 0203 (6763 ns, 14.6 VEM)
2 stations, TOTZ2C1&3C2

3951) 200933303951, 4 stations, 2C1&3C234C4

3952) 200933303952, 5 stations, 2C1&3C284C4

3953) 200933303953, 2 stations, DIA_NOCHE

3954) 200933303954, 2 stations, MOULIN_ROUGE

3955) 200933303955, 5 stations, TOT2C1&3C2

3956) 200933303956, 4 stations, 2C1&3C284C4 —u

3957) 200933303957, 4 stations, TOT2C1&3C2

395/ 2ZNN9333N3958 4 statinns TOT?C1&3C2 :j

— Array

||ljxn;_ljxlxllx11_11111111‘1111

700 750 800 850 900 950

Mon Nov 30 09:45:44 2009
X=-8869 + 53m
Y=-3970 + 50m
At=3.3ns

0=51.1+0.5deg
¢ =-150.4 + 0.4/5in(0) deg

R=11.9%0.0km

Ra 79.8 deg -~ Dec-42.5 deg

— Status

selected fila: S(1000)= 6.50 + 0.91 VEM

/sps/pauger /Malargue/Raid/data/Prod/v0rs/Auger/2009/11/ad_2005_11_235_1Zh F=220 EeV + 14% (statistical)
Minaimun number of traiggered stations: 0

Trigger selected: all of them, 4330 events.

Date of this event: Mon Nov 20 09:45:44 2009 (GPS 943609544)

< 2]
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Radio reconstruction

943609544
R B —T1 T T T 1T ' T ' T T T T T3
) ]
Mage Celeste
] o o |
35 —
'f_‘ L5 uelifngriey
b
g “r / A 2 A 3 h
-
4.5 -
- o -
Tania -
5.0 —
I | 1 I 1 I l 1 ! 1 I | 1 ! ! L | 1 ! I
9.5 9.0 8.5 8.0
X (km)

Monday, February 22, 2010



Trigger rates on
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Radio reconstruction

nano Al = 31795498l
nano A2 = 317954647
nano A3 = 317954976

radio angular difference SD CDAS
theta = 51.37 theta = 51.02
phi = 209.74 phi = 209.53

Auger angular resolution
for this 6 and
multiplicity :




Radio reconstruction

A3 flltered V1943609544

A1 flltered V1 943609544

A2 filtered V1 943609544
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Radio reconstruction

given the Auger SD core position
and the direction, compute the profile in the band [50-70] MHz:

E;fY = Ey" exp(—d;/do)
By ~ 900 uV/m  dy ~ 265 m

5 —
EgY /(v x B).EW| ~ 1220 1V /m
From CODALEMA:
FEW /|(7 x B).EW| = 10°Ecic®, b= —15.93, a = 1.05

so that

in very good agreement (10 %) with Auger value:
1.57 - 2.45 - (old CIC, MC+muons, new CIC)
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Radio detection in Argentina

Local Station T2 Efficiency

AMIGA,
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Radio detection in Argenftina,

® : dependence with
shower parameters, in order to understand the
emission mechanisms of the electric field

® check wether the radio technique
the shower parameters

® of the cosmic rays above the ankle
with super-hybrid measurements (SD, FD, radio)

threshold around 10!"2 eV,
5 000 expected events per Year,
1 000 above 108 eV
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Radio detection in Argenftina,

160 autonomous radio-stations over 20 km? on the
AMIGA and HEAT site
frequency band 30-80 MHz
stage 1: 20-25 stations, may 2010 ?
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Thanks !
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