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Goal: neutrino astronomy →  arrival direction reconstruction 
(target of 0.1° of accuracy)

Goals: energy and primary identification
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Lorentz boosts EAS direction = particle direction

shower axis~k
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Study of the wavefront shape
The radio wavefront should provide a good signature of the EAS direction

primary particle

neutrino/cosmic-ray/gamma-ray 
source
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detection

reconstructiondirection / energy / composition

trigger time

Method: adjust the wavefront model to the trigger times direction accuracy = wavefront shape correctness
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

Wave front shape description depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Plane Spherical Hyperbolical Conical

A detailed study of GRAND measured wave front shape needed

�x > v�t

<latexit sha1_base64="3TLQV1XNCusUvPewS6e73F32P4Y=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7ArAfUiQT14jGAekIQwO+lNhsw+mOkNhiXgr3jxoIhXv8Obf+Mk2YMmFjTUVHUz3eXFUmh0nG9raXlldW09t5Hf3Nre2bX39ms6ShSHKo9kpBoe0yBFCFUUKKERK2CBJ6HuDW4mfn0ISosofMBRDO2A9ULhC87QSB37sHULEhl9pFd0SLMHduyCU3SmoIvEzUiBZKh07K9WN+JJACFyybRuuk6M7ZQpFFzCON9KNMSMD1gPmoaGLADdTqfrj+mJUbrUj5SpEOlU/T2RskDrUeCZzoBhX897E/E/r5mgf9FORRgnCCGff eQnkmJEJ1nQrlDAUY4MYVwJsyvlfaYYR5NY3oTgzp+8SGpnRbdUvLwvFcrXWRw5ckSOySlxyTkpkztSIVXCSUqeySt5s56sF+vd+pi1LlnZzAH5A+vzByHSlFU=</latexit>

�x ⇠ v�t

<latexit sha1_base64="zr7w4+m3DhkF7zpORC0K63P7abo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIQd0VdeGygn1AE8pkOmmHTiZh5qZYQt34K25cKOLWv3Dn3zhts9DWAxfOnHMvc+8JEsE1OM63tbS8srq2Xtgobm5t7+zae/sNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgeuI3h0xpHst7GCXMj0hP8pBTAkbq2IfeDRNA8AP2NI/wEOdv6Nglp+xMgReJm5MSylHr2F9eN6ZpxCRQQbRuu04CfkYUcCrYuOilmiWEDkiPtQ2VJGLaz6YXjPGJUbo4jJUpCXiq/p7ISKT1KApMZ0Sgr+e9ifif104hvPAzLpMUmKSzj8JUYIjxJA7c5YpRECNDCFXc7IppnyhCwYRWNCG48ycvksZZ2a2UL+8qpepVHkcBHaFjdIpcdI6q6BbVUB1R9Iie0St6s56sF+vd+pi1Lln5zAH6A+vzB8xdldo=</latexit>

�x ⌧ v�t

<latexit sha1_base64="5oTA+TSfvFEfcSKCRgedhDCbePk=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUlB3RV24rGAf0IQymU7aoZNJmLkpltCNv+LGhSJu/Qx3/o3TNgttPXDhzDn3MveeIBFcg+N8W4WV1bX1jeJmaWt7Z3fP3j9o6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqGN1O/NWJK81g+wDhhfkT6koecEjBS1z7ybpkAgh+xJwQe4fwJXbvsVJwZ8DJxc1JGOepd+8vrxTSNmAQqiNYd10nAz4gCTgWblLxUs4TQIemzjqGSREz72eyACT41Sg+HsTIlAc/U3xMZibQeR4HpjAgM9KI3Ff/zOimEl37GZZICk3T+UZgKDDGepoF7XDEKYmwIoYqbXTEdEEUomMxKJgR38eRl0jyvuNXK1X21XLvO4yiiY3SCzpCLLlAN3aE6aiCKJugZvaI368l6sd6tj3lrwcpnDtEfWJ8/8sOVXw==</latexit>

(a) Small
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(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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A detailed study of GRAND measured wave front shape needed
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

~k

<latexit sha1_base64="7Qk8FCU9nkJxPtt9rrUFZVffMds=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlo1n/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOiAo/J</latexit>

~k

<latexit sha1_base64="7Qk8FCU9nkJxPtt9rrUFZVffMds=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlo1n/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOiAo/J</latexit>

~k

<latexit sha1_base64="7Qk8FCU9nkJxPtt9rrUFZVffMds=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlo1n/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOiAo/J</latexit>

~k

<latexit sha1_base64="7Qk8FCU9nkJxPtt9rrUFZVffMds=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlo1n/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOiAo/J</latexit>

�y ⌧ �x

<latexit sha1_base64="t/376CSJTDVYZtIo3SxLAlhZbdc=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRSUHdFXbisYB/QhDKZ3rRDJ5MwMxFDKPgrblwo4tbvcOffOG2z0NYDF86ccy9z7wkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWFJo15LDsBUcCZgKZmmkMnkUCigEM7GF1P/PYDSMVica+zBPyIDAQLGSXaSD370LsBrgnOsMc5Lh6PPbviVJ0p8CJxC1JBBRo9+8vrxzSNQGjKiVJd10m0nxOpGeUwLnupgoTQERlA11BBIlB+Pl1/jE+M0sdhLE0Jjafq74mcREplUWA6I6KHat6biP953VSHF37ORJJqEHT2UZhyrGM8yQL3mQSqeWYIoZKZXTEdEkmoNomVTQju/MmLpHVWdWvVy7tapX5VxFFCR+gYnSIXnaM6ukUN1EQU5egZvaI368l6sd6tj1nrklXMHKA/sD5/AL7blLo=</latexit>

16

Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Plane Spherical Hyperbolical Conical

A detailed study of GRAND measured wave front shape needed
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(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Previous works: LOPES and LOFAR 

→ hyperbolic shape
F.G. Schröder et al, 2014.
A. Corstanje et al. 2014.

What shape for near horizon EAS seen by sparse and extended arrays ?
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wavefront = propagation + curvature
propagation delay = plane wave propagation at speed c/n

time delay = intrinsic curvature of the wavefront

Wavefront shape modelling:

ICRC2021 - Valentin Decoene 4

Study of the wavefront shape
What time delays tell us about the curvature of the wavefront ?
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Consequences:

- residuals < experimental time resolution

- arrival times undistinguishable between spherical model 

and more complex model

- no direction signature → isotropic model

- identification of an emission point possible :


- composition identification ?

- axis reconstruction ?

ICRC2021 - Valentin Decoene 5

Study of the wavefront shape
Results
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

shower axis

shower core

amplitude footprint

!
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The Angular Distribution Function (ADF)
Describe the signal amplitude pattern for near horizon EAS

straightforward handle on the core position (hence direction!)
→  beaming effect + Cerenkov effect + asymmetry features (Geomagnetic/Askaryan emissions)

empirical model!



CHAPTER 3. COSMIC NEUTRINO SIGNALS 125

leading to

l
2

0

�
n

2

0 � n
2

1

�
+ �2

�
1 � n

2

1

�
+ 2l0�

�
n0 � n

2

1 cos (!)
�

= 0 . (3.37)

Replacing l0 by its expression of Equation 3.31 yields

L
2

Xmax
sin (↵)2

�
n

2

0 � n
2

1

�
+ �2

�
1 � n

2

1

�
sin (↵ � !)2 + 2l0�

�
n0 � n

2

1 cos (!)
�
sin (↵ � !) = 0 .

(3.38)

This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form

�t
4 sin (↵)

⇥
2l0n0� + n

2

1

⇤

� t
3 2 cos (↵)[2l0n0� + n1]

+ t
2 sin (↵)

⇥
n

2

1

�
2 + �2

� L
2
�

+ n
2

0L
2

Xmax
� �

⇤

+ t 2 cos (↵)
⇥
n

2

1

�
1 + �2

�
� �2

� 2l0n0�
⇤

+ sin (↵)
⇥
2l0n0� + �2

� n
2

1

�
�2 + 1 + L

2

Xmax

�
+ LXmaxn

2

0

⇤

= 0 , (3.39)

with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry interplay between emission mechanisms 


→ signal excess along the Lorentz force direction
↵
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polarisation angle

Describe the signal amplitude pattern for near horizon EAS

straightforward handle on the core position (hence direction!)
→  beaming effect + Cerenkov effect + asymmetry features (Geomagnetic/Askaryan emissions)

empirical model!
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

• Early-late asymmetry
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)
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amplitude footprint
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry interplay between emission mechanisms 


→ signal excess along the Lorentz force direction
↵
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polarisation angle

Describe the signal amplitude pattern for near horizon EAS

straightforward handle on the core position (hence direction!)
→  beaming effect + Cerenkov effect + asymmetry features (Geomagnetic/Askaryan emissions)

empirical model!
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

• Early-late asymmetry
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =
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l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)
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Figure 3.31: In blue, the toy-model time delays, in orange, Equation 3.38 and in green
Equation 3.35. From the figure we can infer a quartic polynomial for Equation 3.38 and
Equation 3.35 the roots of which exactly match the minima of the time delays. Vertical
lines are the solutions of Equation 3.38 found by a basic dichotomy search.

where B ⇠ 0.005 is the geomagnetic asymmetry strength (adjusted from simulations and in
the range of expected value, see Section 2.1.2), ↵ is the angle between the shower direction
and the magnetic field, ⌘ is the antenna angle with respect to the ~k ⇥ ~B axis, introduced
in Section 3.3.1.1.

We choose to model the Cerenkov pattern with a Lorentzian distribution, as for inclined
showers it describes best the sharp rise observed close to the Cerenkov angle. The expres-
sion of f

Cerenkov(!, �!) is given by

f
Cerenkov(!, �!) =

1

1 + 4
h

(tan (!)/ tan (!C))
2�1

�!

i2
, (3.42)

where ! is the antenna angle from the shower direction, !C is a the Cerenkov angle com-
puted from the model presented in Section 3.3.2.4 and �! is a free parameter describing
the width of the Cerenkov cone.

All the variables used in this model can be written explicitly as a function of the shower

• Cerenkov cone

geometrical Cerenkov effect description
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry interplay between emission mechanisms 


→ signal excess along the Lorentz force direction
↵
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polarisation angle

Describe the signal amplitude pattern for near horizon EAS

straightforward handle on the core position (hence direction!)
→  beaming effect + Cerenkov effect + asymmetry features (Geomagnetic/Askaryan emissions)

empirical model!
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

• Early-late asymmetry
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

energy dilution

shower axis

shower core

amplitude footprint
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Figure 3.31: In blue, the toy-model time delays, in orange, Equation 3.38 and in green
Equation 3.35. From the figure we can infer a quartic polynomial for Equation 3.38 and
Equation 3.35 the roots of which exactly match the minima of the time delays. Vertical
lines are the solutions of Equation 3.38 found by a basic dichotomy search.

where B ⇠ 0.005 is the geomagnetic asymmetry strength (adjusted from simulations and in
the range of expected value, see Section 2.1.2), ↵ is the angle between the shower direction
and the magnetic field, ⌘ is the antenna angle with respect to the ~k ⇥ ~B axis, introduced
in Section 3.3.1.1.

We choose to model the Cerenkov pattern with a Lorentzian distribution, as for inclined
showers it describes best the sharp rise observed close to the Cerenkov angle. The expres-
sion of f

Cerenkov(!, �!) is given by

f
Cerenkov(!, �!) =

1

1 + 4
h

(tan (!)/ tan (!C))
2�1

�!

i2
, (3.42)

where ! is the antenna angle from the shower direction, !C is a the Cerenkov angle com-
puted from the model presented in Section 3.3.2.4 and �! is a free parameter describing
the width of the Cerenkov cone.

All the variables used in this model can be written explicitly as a function of the shower

• Cerenkov cone

geometrical Cerenkov effect description
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry interplay between emission mechanisms 


→ signal excess along the Lorentz force direction
↵
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polarisation angle

Describe the signal amplitude pattern for near horizon EAS

straightforward handle on the core position (hence direction!)
→  beaming effect + Cerenkov effect + asymmetry features (Geomagnetic/Askaryan emissions)

empirical model!
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Cerenkov cone:

• geometrical effect → angle where all emissions arrive at same time

• signal compression → high amplitudes

!C = acos(1/n)
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used into the amplitude model:

each antenna “sees” a different 

Cerenkov cone

analytical description of 
!C = f(~x, ✓,�)
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The analytical description of the Cerenkov 
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For a GRAND Proto 300 (GP300) layout

Constraint on the lateral position ~90 m

Angular resolution ~0.07°

Stationary noise model:

- gaussian time GPS jitter of rms=5ns

- gaussian amplitude errors of 20% (conservative)

quality cuts:

- convergence cuts

- parameter space cuts

0 100 200 300
Lateral error (m)

0

10

20

30

40

mean = 89.86 std = 62.30

lateral error
shower axis

emission point 
(reconstructed)

0.0 0.1 0.2
™ (degree)

0

5

10

15

20

25 mean = 0.071 std = 0.048

shower direction

<latexit sha1_base64="MC841QS1MkowpQr3nQ8h6Ggv2ps=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RjAkkS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7Syura+Ud6sbG3v7O5V9w8ejUo1oS2iuNKdCBvKmaQtyyynnURTLCJO29H4NvfbT1QbpuSDnSQ0FHgoWcwItrnUaxrWr9b8uj8DWiZBQWpQoNmvfvUGiqSCSks4NqYb+IkNM6wtI5xOK73U0ASTMR7SrqMSC2rCbHbrFJ04ZYBipV1Ji2bq74kMC2MmInKdAtuRWfRy8T+vm9r4OsyYTFJLJZkvilOOrEL542jANCWWTxzBRDN3KyIjrDGxLp6KCyFYfHmZPJ7Vg8v6+f1FrXFTxFGGIziGUwjgChpwB01oAYERPMMrvHnCe/HevY95a8krZg7hD7zPH/YMjjI=</latexit>

 
reconstructed direction



ICRC2021 - Valentin Decoene

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic 

isotropic flux
HS1 simulations:

• real topography

• primaries: neutrino

9

Reconstruction Performances
For a GRAND-like hot spot layout



ICRC2021 - Valentin Decoene

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic 

isotropic flux
HS1 simulations:

• real topography

• primaries: neutrino

9

Reconstruction Performances
For a GRAND-like hot spot layout

0 200 400 600
Lateral error (m)

0

10

20

30

40

50 mean = 73.49 std = 87.74

0.0 0.2 0.4 0.6 0.8
™ (degree)

0

5

10

15

mean = 0.160 std = 0.133

50 100 150 200 250
Antenna number

0.0

0.2

0.4

0.6

0.8

™
(d

eg
re

e)



ICRC2021 - Valentin Decoene

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic 

isotropic flux
HS1 simulations:

• real topography

• primaries: neutrino

9

Reconstruction Performances
For a GRAND-like hot spot layout

0 200 400 600
Lateral error (m)

0

10

20

30

40

50 mean = 73.49 std = 87.74

0.0 0.2 0.4 0.6 0.8
™ (degree)

0

5

10

15

mean = 0.160 std = 0.133

50 100 150 200 250
Antenna number

0.0

0.2

0.4

0.6

0.8

™
(d

eg
re

e)

Stationary noise model:

- gaussian time GPS jitter of rms=5ns

- gaussian amplitude errors of 20% (conservative)

quality cuts:

- convergence cuts

- parameter space cuts



ICRC2021 - Valentin Decoene

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic 

isotropic flux
HS1 simulations:

• real topography

• primaries: neutrino

9

Reconstruction Performances
For a GRAND-like hot spot layout

Constraint on the lateral position ~70 m

Angular resolution ~0.1°

0 200 400 600
Lateral error (m)

0

10

20

30

40

50 mean = 73.49 std = 87.74

0.0 0.2 0.4 0.6 0.8
™ (degree)

0

5

10

15

mean = 0.160 std = 0.133

50 100 150 200 250
Antenna number

0.0

0.2

0.4

0.6

0.8

™
(d

eg
re

e)

Stationary noise model:

- gaussian time GPS jitter of rms=5ns

- gaussian amplitude errors of 20% (conservative)

quality cuts:

- convergence cuts

- parameter space cuts



ICRC2021 - Valentin Decoene

°200 0

X (km)

°5

0

5

Y
(k

m
)

Ground plane

200

400

600

800

1000

|~ E
50

°
20

0M
H

z|
(µ

V
/m

)“star-shape” simulation set:

• centered on the shower core

• “star” shaped on ground

10

Reconstruction Performances
Preliminary results on energy and mass reconstruction



ICRC2021 - Valentin Decoene

°200 0

X (km)

°5

0

5

Y
(k

m
)

Ground plane

200

400

600

800

1000

|~ E
50

°
20

0M
H

z|
(µ

V
/m

)“star-shape” simulation set:

• centered on the shower core

• “star” shaped on ground

10

Reconstruction Performances

CHAPTER 3. COSMIC NEUTRINO SIGNALS 125

leading to

l
2

0

�
n

2

0 � n
2

1

�
+ �2

�
1 � n

2

1

�
+ 2l0�

�
n0 � n

2

1 cos (!)
�

= 0 . (3.37)

Replacing l0 by its expression of Equation 3.31 yields

L
2

Xmax
sin (↵)2

�
n

2

0 � n
2

1

�
+ �2

�
1 � n

2

1

�
sin (↵ � !)2 + 2l0�

�
n0 � n

2

1 cos (!)
�
sin (↵ � !) = 0 .

(3.38)

This equation hides a quartic polynomial, which can be developed as a function of t =
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

From the ADF fit we directly obtain:

Preliminary results on energy and mass reconstruction
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numerical value for the Cerenkov position from the shower geometry only. This will allows
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
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