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The mystery of ultra-high energy cosmic rays (UHECRs)

o Cosmic rays: hth energy atomic nuclei (protons, iron nuclei, etc)
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The mystery of ultra-high energy cosmic rays

o Cosmic rays: hth energy atomic nuclei (protons, iron nuclei, etc)
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The mystery of ultra-high energy cosmic rays (UHECRs)

o Cosmic rays: hth energy atomic nuclei (protons, iron nuclei, etc)
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Ultra-high energy multi-messengers (UHE)!

v probe the most powerful sources in the Universe
v/ understand the origin of ultra-high energy cosmic rays




Ultra-high energy multi-messengers (UHE)!

v probe the most powerful sources in the Universe
v/ understand the origin of ultra-high energy cosmic rays

+ Gravitationnal waves




Extensive air-showers (EAS)

primary « Hadronic component: mainly n

atmosphere :
particle . .
decaying into 4 and v

« Electromagnetic component:
et e,y

Main emissions:

e Cherenkov light

1
N \ « Fluorescence light
radio + air-Cherenkov ~ ,  \  -eeeeeed

N — telescope « Radio emission

radio light particle for fluores-
antenna  detector detector cence light

We can detect the signal originating from the electromagnetic part with
radio antennas!




How to reconstruct shower properties?
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How can we link the experimental measurement of the signal to physical properties of
the primary particle?




Fast computation of radio signals from air-showers needed

Radio signal from atmospheric extensive air-showers

2 main sources of emission

Schréder (2017) .
Macroscopic approach
shower: shower: (Holt et al., Scholten et al.)
axis : - axis :+
®Bgeo VE g
! ®e Analytical: Fast but many free
e | @
o 5 “ig o parameters
i — §Q
— ! - showerfront £_© ¢® @ 2
A% thY Microscopic approach
vxvxB vxvxB (Huege et al., Alvarez-Muiiiz, et al.)
‘__
| olarization in v . .
—d— o plane Y . Monte Carlo simulations: Accurate
«—|e— "7 atdetector AR but computationally demanding
‘_.—
Geomagnetic emission Askaryan emission

Huge number of simulations needed for upcoming large scale radio experiments
(GRAND, Auger Prime, RNO-G, Ice Cube Gen2 radio)

We need a fast and accurate tool to model the radio emission: Radio Morphing



Radio Morphing principle

Universality of air-shower (Giller et al., Gora et al. )

Idea: we can use one single Monte Carlo simulation as a reference shower to
derive the electric field from any other shower

Reference shower

ZHAireS simulation

(&,, 0., v,

r* Yro

f(

scaling of the
electric field

% 9 (pr, g[a 9’[ ’ §0t)

r*» Yro

Target shower

Radio Morphing
simulation (%, 6,, @)

* The scaling relies on simple physical principles of electromagnetism

* Hadronic interactions are only computed once (for the reference showers)

Gain in computation time of several orders of

magnitude




Radio Morphing principle

Aim: To infer the radio signal from any air-shower at any position
(%t, Oy, @)

target positions ’*

(&,, 0., v

oy simulated plane scaled plane

Version 1 (1811.01750, Zilles et al.) with limitations

Improvements: Scaling with 8, shower-to-shower fluctuations, time traces interpolation



Radio Morphing principle

Aim: To infer the radio signal from any air-shower at any position

(%[1 0’( ’ (pt) X
xmax (%r’ Or’ (0,.) I o

target positions *

*. ’5"
oy simulated plane scaled plane
Scaling s
O+, ~
Scaling of the electric field .’
. . . t gl‘ . . . t Sin at r
Scaling with the primary energy E' = gE” Scaling with the azimuth angle vaB = m vXB

r

Version 1 (1811.01750, Zilles et al.) with limitations

Improvements: Scaling with 8, shower-to-shower fluctuations, time traces interpolation



Radio Morphing principle

Aim: To infer the radio signal from any air-shower at any position

(8}, 6, @) X
Xinax (gr ) er ’ ¢r) e me

* targe w[ ositions - ,’*

A simulated plane scaled plane — ’y%
. Scaling &
0*,/
Scaling of the electric field .’
. . . t ! r . . . t Sin at r
Scaling with the primary energy E' = gE Scaling with the azimuth angle £, , = m vXB

r r

Interpolation

2D interpolation (in the shower plane) 3D extrapolation (along the propagation axis)

Version 1 (1811.01750, Zilles et al.) with limitations

Improvements: Scaling with 8, shower-to-shower fluctuations, time traces interpolation



Scaling with the zenith angle
vertical inclined

?

(6, 6)

r )

Vertical showers should develop in denser atmosphere than inclined showers

.y showeré shgweri

Additionally we have: /i\®§ axis iy
— _ I ——»

Egeo - Egeo(p) and ECC - Ece(p) \_g___/ shower front &__¢ {E‘
1V

vxvxB

polarization in
shower plane
at detector

We need K., and E . dependency with air-density!

9 Geomagnetic emission Askaryan emission



Geomagnetic and charge excess dependency with air-density

11000 ZHAireS simulations with various energy and arrival directions

Along the v X v X B baseline of antennas we have: Egeo =LE,p and E..=E x5
2n 00
- - 2
Reconstruction of the radiated energy  E_, = J d¢J |El"rdr —>E 4 seor Erad, ce
0 0

10



Geomagnetic and charge excess dependency with air-density

11000 ZHAIireS simulations wit

h various energy and arrival directions

Along the v X v X B baseline of antennas we have: E wB and E.. = E o xp
2 00
: - _ 2
Reconstruction of the radiated energy E. 4= J dqu |E|"rdr —>E rad, geo’ Erad, ce
0
. 9 2
o) = /B o/ (8 X sin ) foelP) =\ Ersg ce!®
T 8000 - B »
80000 - 00" e P °c
o’ '«-,'“..0. e ZHAireS data ,a"
Y '. ]
70000 1 ° 6000 1 ‘,‘,‘o
. .
40
2 60000{ o o) P
S % 4000 A o
W o 4= @®
500001 ,,;'/“
40000 | q)O(%)_Vl X (1 + ( k)y2 Yl)B 2000 | "Q""//
e ZHAireS data o
300002 . . . . hd . . . .
0.0002 0.0004 0.0006 0.0008 0.0002 0.0004 0.0006 0.0008
plg.cm™2] plg.cm™?]
t
Scaling with zenith angle: o Jeee P E’ o Sl Prma)
. vxB T vXxB vXvxB T vXvXB
fgeo(p)};max) fce(p)};max)
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Test of the scaling procedure
5 showers Reference library: & = 3.98 EeV, ¢" = 90° (West), 8" = [67.8,74.8, 81.3, 83.9, 86.5]
1200 target showers: &' = [0.1 — 4] EeV, ¢’ = [0 — 360], 8" = [60 — 90]

% comparison to ZHAireS simulations with corresponding parameters

. . 0.1
Relative differences between m?é
ZHAireS and Radio Morphing 8 0.0 ?T 4 ¢ ¢
S o . |
5—0.11 ¢ )
: '8
RM _ pZHAireSy ; mZHAireS ©_0.2
(Erad Erad )/ Erad -%
2-0.3
~0.4 | | | | |
65 70 75 80 85

Target zenith [Deg.]

Mean relative differences between radiated energies of ~ 10%!
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2D interpolation of the radio signal

We want to infer the radio signal at any position in space

Linear interpolation from https://arxiv.org/pdf/2008.06454.pdf (Tueros, Zilles, 2020)

2000 300 800 | —— simulation
) 5 o interpolation
° N
240 @
10001 . R . 02 600 -
é ®e $ ..o * % E
2 ) R 1805 S 400-
E 0 ‘o oooo.o.-. o:.oooo oooooooo g S !
2 *00' Dfe ; " \
i . ° i
~1000 . : N 120 < 200 ‘»1‘
. A S WAl )
—2000 ¢ 60 v v 'lvll ,1']"' K "’ “A‘"““f’;“'r\( |'r","¢“’f" ﬁ‘w'/\\‘v"lf'll" S ‘!
~4000 ~2000 0 2000 - - : : :
Northing [m] —-40500 -—-40450 'Fii?:([)r?s] —-40350 -40300

(Tueros, Zilles, 2020)

Fourier space: Electric field time traces decomposed into a phase ¢ and an
amplitude &/ interpolated independently

+ Timing accuracy of a fraction of nanosecond

 Relative differences on the peak amplitude of a few percent when outside of the
Cerenkov cone



2D interpolation of the radio signal

We want to infer the radio signal at any position in space

Linear interpolation from https://arxiv.org/pdf/2008.06454.pdf (Tueros, Zilles, 2020)

300 —— simulation
2000 1 . . 800 - Pu . .
. - l interpolation
L] N \
® e s e 240 |
10001 B 05 600 |\
£ : : —E—EM’; ..
= 0 o0 I'el g =1 ‘\
5 o = :
[f] . H ®e E L 200 i ]
—1000 . : Tea, 120 < '
.o . . E o ° t: l,'l\\ 1‘
: . 0 i tvairnct LW |
—2000 ¢ 60 v \ v 'Ilvll ,1']"' K "’ “A‘"““f’;“'r\‘ |'r","¢“’f" n‘w‘k‘fﬁh"‘ S ‘vl
_4I _2I : 2 I T T T T T
000 Oﬁgrthmg [m]o 000 —-40500 -40450 -40400 -40350 -40300
(Tueros, Zilles, 2020) Time [ns]

Fourier space: Electric field time traces decomposed into a phase ¢ and an
amplitude &/ interpolated independently

+ Timing accuracy of a fraction of nanosecond

 Relative differences on the peak amplitude of a few percent when outside of the
Cerenkov cone
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3D extrapolation: correcting for propagation effects

(Er » O, (pr) (Et » O, (pt) Ximax

Aim: extrapolate the radio Xm; targetpositions e
Signal at any position along g s e simulated plane I' scaled p|anf”’,;§}\;\"y/

. "-. scaling :‘:\: "
the shower axis 7\

We have to correct for propagation

3D extrapolation after scaling

—— simulation

300+ interpolation
€ 200
S
=
(NN

100 A \

L A IR iy
0 u Linliad
0 200 400 600 800 1000

Time [ns]

Relative difference with ZHAireS on the peak amplitude and the integral < 5%
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3D extrapolation: correcting for propagation effects

- - E, 6, 9) (E:, 6, @) Xinax
Aim: extrapolate the radio Xm; targetpositions e
Signal at any position along TN > simulated plane I. scaled planf,—"’:i—y;

. . e scaling o
the shower axis .
o
We have to correct for propagation
* Dilution of the radio signal 3D extrapolation after scaling
D
E — ﬂE —— simulation
target scaled 300+ . :
interpolation
target
€ 200
>
=
L
100 - \
. ” L P TRy
0 200 400 600 800 1000
Time [ns]

Relative difference with ZHAireS on the peak amplitude and the integral < 5%
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3D extrapolation: correcting for propagation effects

- - (Er » O, (pr) (Et » O, (pt) Ximax
Aim: extrapolate the radio = argetposiions
Signal at any position along N -, - simulated plane I. scaled plane ’,"_ — ’y;

X scaling 2
the shower axis PN

We have to correct for propagation

* Dilution of the radio signal 3D extrapolation after scaling

D
E — ﬂE —— simulation
target scaled 3001 interpolation
target
- Variation of the refractive indexn ¢,
3
kstretch cer(nscaled)/ cer(ntarget) :
100 1
E = E
target stretch™~scaled | e T
‘ iy
0. ” et
1
Xtarget scaled/ k stretch 0 200 4(')|'Ci)m e [nf;C])O 800 000

Relative difference with ZHAireS on the peak amplitude and the integral < 5%
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Radio Morphing results

Test of the whole Radio Morphing process (scaling + 3D extrapolation) for 1200
cosmic-ray air-shower simulations

Mean and RMS of relative differences with Distribution of errors on the peak
ZHAireS simulations on the peak amplitude amplitude at the antenna level
® 3.0
1 E<le3uVvVim
5 0.2 ° 2.5 [ le3<E<1le4uVim
%) ° ° = E>1e4uVvim
0.1 [ J PPY () [
® ® Y 20 7] I
65 70 75 80 85 %15

0.15 - 1.0 J_
wn
=
o 0.10 0.5 ‘
0.05 - ; ; ; ; ; 0.0+ : ; ; JEL .
65 70 75 80 85 —-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
target zenith [Deg.] relative difference peak amplitude

Mean relative differences on the peak amplitude between ~10% to 20%
91% of antennas with relative differences < 10%
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Conclusion

Radio Morphing: A fast and accurate tool for air-shower radio signals computation

Principle

(E+, 01, @1)

- Scaling of the electric field

scaling

- 2D interpolation and 3D extrapolation

Performances (compared with Monte-Carlo simulations)
 Accuracy: relative differences on the peak amplitude < 10% for 91% of antennas
- Computation time: gain of 2 orders of magnitude

Next steps

* Include Askaryan emission in the scaling with ®

- Enable to use an input value for Earth magnetic field

Even more accurate and universal method



