
B. Revenu ARENA 2014, Annapolis1

Characterisation of the 
radio signal emission using 

the SELFAS code

Benoît Revenu 
Vincent Marin  

SUBATECH 
École des Mines de Nantes 

Université de Nantes 
CNRS/IN2P3

Karim Louédec  
LPSC 

CNRS/IN2P3-INSU-INSIS 
UGA INP 

Université de Grenoble



B. Revenu ARENA 2014, Annapolis

Basics

2

SELFAS computes the electric field emitted by the secondary e+/e- in EAS,	


!

• in a large frequency band (kHz-GHz)  

• no full shower simulation needed: based on shower universality concept	


• Longitudinal profile from GIL or CONEX	


• Energy distribution	


• Vertical and horizontal momentum direction	


• lateral distribution	


• Delay time (shower front thickness)  

• track all e+/e-  along their trajectory and sum up all individual contributions to 
the observer’s location

Lafèbre et al  
Astropart. Phys., 31(3):243 2009}
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Formalism
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For a single particle of charge q and a finite lifetime

q(t)

t1 t2 t

Charge density

Current density

Maxwell equation in Lorentz gauge:
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Shower generation

4

Input : shower + site configuration 
+ antennas location + number of particles
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Shower generation

4

Input : shower + site configuration 
+ antennas location + number of particles

Generation of the longitudinal profile 
Following GIL parameterization (Greisen-Iljina-Linsley) 

or 
Using CONEX 2r4.37 (QGSJET-II.04, EPOS — …)

!
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Shower generation

4

Input : shower + site configuration 
+ antennas location + number of particles

Generation of the longitudinal profile 
Following GIL parameterization (Greisen-Iljina-Linsley) 

or 
Using CONEX 2r4.37 (QGSJET-II.04, EPOS — …)

!

Particle n : random depth X following the longitudinal profile

Initial 
conditions

➤ Energy distribution

➤ Angular distribution

➤ Lateral distribution

➤ Delay time distribution
} !

Monte-Carlo 
Lafèbre et al  

Astropart. Phys., 31(3):243, 2009

Astroparticules

index ηi considered at the instant of emission, 
depends on the altitude of the particle i as 
follow :  

where ρair is based on the US standard model 
used to describe the evolution of the 
atmosphere density as a function of h, and 
where ηh=0 = 1.000292 corresponding to the air 
refractive index at sea level. The variation of 
the air refractive index with altitude implies that 
the field propagation from the particle i to the 
observer at ground is not a straight line, 
however, it was shown that the deviation is 
negligible. As a consequence, the propagation 
of the field in SELFAS2 is considered as a 
straight line between the antenna and the 
observer position. In order to take into account 
the variation of the air refractive index during 
the field propagation from the particle i to the 
observer, the effective air refractive index 
which has to be considered in (2) is obtained 
as follow: 

where hi is the particle altitude at the instant of 
emission, and zobs the observer altitude.  

The air refractive index being different from 
unity implies that the denominator in (1) can 
vanish when the angle θi between ni and βi, 
approaches the Cerenkov angle given by : 

Starting again from the integral expression of 
the electric field given by Eq.(11) in [3] and 
using the fact that in the Fraunhofer 
approximation, the path difference between the 
beginning and the end of a short track is given 
by the distance between these two positions 
projected onto the line of sight, the electric field 
emitted by the particle i can be rewritten as: 

with   !i = 1 - ηi βi.ni   and   αi = (ηi2e±)/(4"#0#r). 
When θi approaches the Cerenkov angle θiCer, 
the numerator and the denominator in (8) both 
vanish. Multiplying and dividing F(t) by δt, we 
recognize the first derivative of the Heaviside-
step function : 

giving us a limit to estimate the electric field 
when the observer is located on the Cerenkov 
angle. 

SELFAS Results  !
To underline the effect of the air refractive 
index, we present in this section the results 
predicted by SELFAS2 for a vertical air shower 
induced by a 1017 eV proton, in the Auger site 
configuration (geomagnetic field and ground 
altitude). In Fig.1 and Fig.2, we show the 
signal observed by antennas located at 
different distances from the air-shower axis, on 
the east side of the shower core. The results 
obtained with an air refractive index fixed to 
unity (n = 1, dotted lines) are compared to the 
results obtained with a realistic description of 
the air refractive index (n = n(h), solid lines). At 
short axis distance (less, than 300 m), the 
impact of the air refractive index on the signal 
amplitude is not negligible, particularly around 
100 m. The air refractive index influence as a 
function of the distance to the axis d is not 
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⌘i(h) = 1 + (⌘h=0 � 1)
⇢air(h)

⇢air(h = 0)
(4)

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:

t = tret +heff
Ri(tret)

c
(2)

where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
qi(tret):

qi(tret) =±e
⇥
Q(tret� ti

1)�Q(tret� ti
2)
⇤

(3)

with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
1

hi� zobs

Z zobs

hi

n(h)dh (5)

where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:

~Ei(~x, t) = ai

(
~ni

R2
i

F(t)+
1
c

∂
∂ t

 
(~ni�hi

~bi)
Ri

F(t)

!)
(7)

F(t) =
Q[t� hiRi

c �kit1]�Q[t� hiRi
c �kit2]

ki
(8)

with ki = 1� hi
~bi.~ni and ai = (h2

i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:

F(t) = d
✓

t� hiRi

c

◆
d t (9)

giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonicwhere~ni is the line of sight, ~bi the velocity of the particle
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for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
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Figure 1. East-west component of the electric field seen by 
antenna located at different distances from the air shower 
axis. The dotted lines correspond to the case of an air 
refractive index fixed to unity (n = 1), the solid lines to the 
realistic case (n = n(h)). The distance from the shower axis 
increases from left to right in the plot.

Figure 2. Frequency spectra of pulses shown in Fig.1 
(same legend). The distance from the shower axis 
increases from top to bottom.
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index ηi considered at the instant of emission, 
depends on the altitude of the particle i as 
follow :  

where ρair is based on the US standard model 
used to describe the evolution of the 
atmosphere density as a function of h, and 
where ηh=0 = 1.000292 corresponding to the air 
refractive index at sea level. The variation of 
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the field propagation from the particle i to the 
observer at ground is not a straight line, 
however, it was shown that the deviation is 
negligible. As a consequence, the propagation 
of the field in SELFAS2 is considered as a 
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observer position. In order to take into account 
the variation of the air refractive index during 
the field propagation from the particle i to the 
observer, the effective air refractive index 
which has to be considered in (2) is obtained 
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amplitude is not negligible, particularly around 
100 m. The air refractive index influence as a 
function of the distance to the axis d is not 
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⌘i(h) = 1 + (⌘h=0 � 1)
⇢air(h)

⇢air(h = 0)
(4)

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:

t = tret +heff
Ri(tret)
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where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
qi(tret):
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(3)

with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
1

hi� zobs

Z zobs

hi

n(h)dh (5)

where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonicwhere~ni is the line of sight, ~bi the velocity of the particle

i and h the air refractive index. The subscript "ret" means
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relation of propagation:
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
1
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Z zobs
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n(h)dh (5)

where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:

~Ei(~x, t) = ai
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with ki = 1� hi
~bi.~ni and ai = (h2

i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
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relation of propagation:
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
1
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Z zobs
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n(h)dh (5)

where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
1
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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Figure 1. East-west component of the electric field seen by 
antenna located at different distances from the air shower 
axis. The dotted lines correspond to the case of an air 
refractive index fixed to unity (n = 1), the solid lines to the 
realistic case (n = n(h)). The distance from the shower axis 
increases from left to right in the plot.

Figure 2. Frequency spectra of pulses shown in Fig.1 
(same legend). The distance from the shower axis 
increases from top to bottom.
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index ηi considered at the instant of emission, 
depends on the altitude of the particle i as 
follow :  

where ρair is based on the US standard model 
used to describe the evolution of the 
atmosphere density as a function of h, and 
where ηh=0 = 1.000292 corresponding to the air 
refractive index at sea level. The variation of 
the air refractive index with altitude implies that 
the field propagation from the particle i to the 
observer at ground is not a straight line, 
however, it was shown that the deviation is 
negligible. As a consequence, the propagation 
of the field in SELFAS2 is considered as a 
straight line between the antenna and the 
observer position. In order to take into account 
the variation of the air refractive index during 
the field propagation from the particle i to the 
observer, the effective air refractive index 
which has to be considered in (2) is obtained 
as follow: 

where hi is the particle altitude at the instant of 
emission, and zobs the observer altitude.  

The air refractive index being different from 
unity implies that the denominator in (1) can 
vanish when the angle θi between ni and βi, 
approaches the Cerenkov angle given by : 

Starting again from the integral expression of 
the electric field given by Eq.(11) in [3] and 
using the fact that in the Fraunhofer 
approximation, the path difference between the 
beginning and the end of a short track is given 
by the distance between these two positions 
projected onto the line of sight, the electric field 
emitted by the particle i can be rewritten as: 

with   !i = 1 - ηi βi.ni   and   αi = (ηi2e±)/(4"#0#r). 
When θi approaches the Cerenkov angle θiCer, 
the numerator and the denominator in (8) both 
vanish. Multiplying and dividing F(t) by δt, we 
recognize the first derivative of the Heaviside-
step function : 

giving us a limit to estimate the electric field 
when the observer is located on the Cerenkov 
angle. 

SELFAS Results  !
To underline the effect of the air refractive 
index, we present in this section the results 
predicted by SELFAS2 for a vertical air shower 
induced by a 1017 eV proton, in the Auger site 
configuration (geomagnetic field and ground 
altitude). In Fig.1 and Fig.2, we show the 
signal observed by antennas located at 
different distances from the air-shower axis, on 
the east side of the shower core. The results 
obtained with an air refractive index fixed to 
unity (n = 1, dotted lines) are compared to the 
results obtained with a realistic description of 
the air refractive index (n = n(h), solid lines). At 
short axis distance (less, than 300 m), the 
impact of the air refractive index on the signal 
amplitude is not negligible, particularly around 
100 m. The air refractive index influence as a 
function of the distance to the axis d is not 
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⌘i(h) = 1 + (⌘h=0 � 1)
⇢air(h)

⇢air(h = 0)
(4)

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:
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where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
qi(tret):
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
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. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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with ki = 1� hi
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonicwhere~ni is the line of sight, ~bi the velocity of the particle
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with ±e the charge of the particle (positron or electron),
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1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
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hi(hi)bi
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
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i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.
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In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
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which has to be considered in (2) is obtained as follow:
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The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
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more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer
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ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.
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To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:

F(t) = d
✓

t� hiRi

c

◆
d t (9)

giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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Figure 1. East-west component of the electric field seen by 
antenna located at different distances from the air shower 
axis. The dotted lines correspond to the case of an air 
refractive index fixed to unity (n = 1), the solid lines to the 
realistic case (n = n(h)). The distance from the shower axis 
increases from left to right in the plot.

Figure 2. Frequency spectra of pulses shown in Fig.1 
(same legend). The distance from the shower axis 
increases from top to bottom.

Astroparticules

index ηi considered at the instant of emission, 
depends on the altitude of the particle i as 
follow :  

where ρair is based on the US standard model 
used to describe the evolution of the 
atmosphere density as a function of h, and 
where ηh=0 = 1.000292 corresponding to the air 
refractive index at sea level. The variation of 
the air refractive index with altitude implies that 
the field propagation from the particle i to the 
observer at ground is not a straight line, 
however, it was shown that the deviation is 
negligible. As a consequence, the propagation 
of the field in SELFAS2 is considered as a 
straight line between the antenna and the 
observer position. In order to take into account 
the variation of the air refractive index during 
the field propagation from the particle i to the 
observer, the effective air refractive index 
which has to be considered in (2) is obtained 
as follow: 

where hi is the particle altitude at the instant of 
emission, and zobs the observer altitude.  

The air refractive index being different from 
unity implies that the denominator in (1) can 
vanish when the angle θi between ni and βi, 
approaches the Cerenkov angle given by : 

Starting again from the integral expression of 
the electric field given by Eq.(11) in [3] and 
using the fact that in the Fraunhofer 
approximation, the path difference between the 
beginning and the end of a short track is given 
by the distance between these two positions 
projected onto the line of sight, the electric field 
emitted by the particle i can be rewritten as: 

with   !i = 1 - ηi βi.ni   and   αi = (ηi2e±)/(4"#0#r). 
When θi approaches the Cerenkov angle θiCer, 
the numerator and the denominator in (8) both 
vanish. Multiplying and dividing F(t) by δt, we 
recognize the first derivative of the Heaviside-
step function : 

giving us a limit to estimate the electric field 
when the observer is located on the Cerenkov 
angle. 

SELFAS Results  !
To underline the effect of the air refractive 
index, we present in this section the results 
predicted by SELFAS2 for a vertical air shower 
induced by a 1017 eV proton, in the Auger site 
configuration (geomagnetic field and ground 
altitude). In Fig.1 and Fig.2, we show the 
signal observed by antennas located at 
different distances from the air-shower axis, on 
the east side of the shower core. The results 
obtained with an air refractive index fixed to 
unity (n = 1, dotted lines) are compared to the 
results obtained with a realistic description of 
the air refractive index (n = n(h), solid lines). At 
short axis distance (less, than 300 m), the 
impact of the air refractive index on the signal 
amplitude is not negligible, particularly around 
100 m. The air refractive index influence as a 
function of the distance to the axis d is not 
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where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:
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where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
qi(tret):
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
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i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonicwhere~ni is the line of sight, ~bi the velocity of the particle

i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
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observer. The life-time of the particle i is described by
qi(tret):
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with ±e the charge of the particle (positron or electron),
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1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:

~Ei(~x, t) = ai
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more detailed demonstration is available in [24], using
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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qi(tret):

qi(tret) =±e
⇥
Q(tret� ti

1)�Q(tret� ti
2)
⇤

(3)

with ±e the charge of the particle (positron or electron),
ti
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i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.
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In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
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particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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implies that the denominator in Eq.(1) can vanish when
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angle given by:
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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Figure 1. East-west component of the electric field seen by 
antenna located at different distances from the air shower 
axis. The dotted lines correspond to the case of an air 
refractive index fixed to unity (n = 1), the solid lines to the 
realistic case (n = n(h)). The distance from the shower axis 
increases from left to right in the plot.

Figure 2. Frequency spectra of pulses shown in Fig.1 
(same legend). The distance from the shower axis 
increases from top to bottom.
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index ηi considered at the instant of emission, 
depends on the altitude of the particle i as 
follow :  

where ρair is based on the US standard model 
used to describe the evolution of the 
atmosphere density as a function of h, and 
where ηh=0 = 1.000292 corresponding to the air 
refractive index at sea level. The variation of 
the air refractive index with altitude implies that 
the field propagation from the particle i to the 
observer at ground is not a straight line, 
however, it was shown that the deviation is 
negligible. As a consequence, the propagation 
of the field in SELFAS2 is considered as a 
straight line between the antenna and the 
observer position. In order to take into account 
the variation of the air refractive index during 
the field propagation from the particle i to the 
observer, the effective air refractive index 
which has to be considered in (2) is obtained 
as follow: 

where hi is the particle altitude at the instant of 
emission, and zobs the observer altitude.  

The air refractive index being different from 
unity implies that the denominator in (1) can 
vanish when the angle θi between ni and βi, 
approaches the Cerenkov angle given by : 

Starting again from the integral expression of 
the electric field given by Eq.(11) in [3] and 
using the fact that in the Fraunhofer 
approximation, the path difference between the 
beginning and the end of a short track is given 
by the distance between these two positions 
projected onto the line of sight, the electric field 
emitted by the particle i can be rewritten as: 

with   !i = 1 - ηi βi.ni   and   αi = (ηi2e±)/(4"#0#r). 
When θi approaches the Cerenkov angle θiCer, 
the numerator and the denominator in (8) both 
vanish. Multiplying and dividing F(t) by δt, we 
recognize the first derivative of the Heaviside-
step function : 

giving us a limit to estimate the electric field 
when the observer is located on the Cerenkov 
angle. 

SELFAS Results  !
To underline the effect of the air refractive 
index, we present in this section the results 
predicted by SELFAS2 for a vertical air shower 
induced by a 1017 eV proton, in the Auger site 
configuration (geomagnetic field and ground 
altitude). In Fig.1 and Fig.2, we show the 
signal observed by antennas located at 
different distances from the air-shower axis, on 
the east side of the shower core. The results 
obtained with an air refractive index fixed to 
unity (n = 1, dotted lines) are compared to the 
results obtained with a realistic description of 
the air refractive index (n = n(h), solid lines). At 
short axis distance (less, than 300 m), the 
impact of the air refractive index on the signal 
amplitude is not negligible, particularly around 
100 m. The air refractive index influence as a 
function of the distance to the axis d is not 
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(4)

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:
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where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
qi(tret):
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
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1
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:

~Ei(~x, t) = ai

(
~ni

R2
i

F(t)+
1
c

∂
∂ t

 
(~ni�hi

~bi)
Ri

F(t)

!)
(7)

F(t) =
Q[t� hiRi

c �kit1]�Q[t� hiRi
c �kit2]

ki
(8)
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i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
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both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
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deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
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into short tracks along which the velocity is considered
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In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)
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the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti
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into short tracks along which the velocity is considered
as constant.
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In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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1 and ti
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In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:
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where h0 = 325 and a = 0.1218 km�1. The variation
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which has to be considered in (2) is obtained as follow:
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and zobs the observer altitude.
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implies that the denominator in Eq.(1) can vanish when
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angle given by:
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.
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To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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Figure 1. East-west component of the electric field seen by 
antenna located at different distances from the air shower 
axis. The dotted lines correspond to the case of an air 
refractive index fixed to unity (n = 1), the solid lines to the 
realistic case (n = n(h)). The distance from the shower axis 
increases from left to right in the plot.

Figure 2. Frequency spectra of pulses shown in Fig.1 
(same legend). The distance from the shower axis 
increases from top to bottom.

Astroparticules

index ηi considered at the instant of emission, 
depends on the altitude of the particle i as 
follow :  

where ρair is based on the US standard model 
used to describe the evolution of the 
atmosphere density as a function of h, and 
where ηh=0 = 1.000292 corresponding to the air 
refractive index at sea level. The variation of 
the air refractive index with altitude implies that 
the field propagation from the particle i to the 
observer at ground is not a straight line, 
however, it was shown that the deviation is 
negligible. As a consequence, the propagation 
of the field in SELFAS2 is considered as a 
straight line between the antenna and the 
observer position. In order to take into account 
the variation of the air refractive index during 
the field propagation from the particle i to the 
observer, the effective air refractive index 
which has to be considered in (2) is obtained 
as follow: 

where hi is the particle altitude at the instant of 
emission, and zobs the observer altitude.  

The air refractive index being different from 
unity implies that the denominator in (1) can 
vanish when the angle θi between ni and βi, 
approaches the Cerenkov angle given by : 

Starting again from the integral expression of 
the electric field given by Eq.(11) in [3] and 
using the fact that in the Fraunhofer 
approximation, the path difference between the 
beginning and the end of a short track is given 
by the distance between these two positions 
projected onto the line of sight, the electric field 
emitted by the particle i can be rewritten as: 

with   !i = 1 - ηi βi.ni   and   αi = (ηi2e±)/(4"#0#r). 
When θi approaches the Cerenkov angle θiCer, 
the numerator and the denominator in (8) both 
vanish. Multiplying and dividing F(t) by δt, we 
recognize the first derivative of the Heaviside-
step function : 

giving us a limit to estimate the electric field 
when the observer is located on the Cerenkov 
angle. 

SELFAS Results  !
To underline the effect of the air refractive 
index, we present in this section the results 
predicted by SELFAS2 for a vertical air shower 
induced by a 1017 eV proton, in the Auger site 
configuration (geomagnetic field and ground 
altitude). In Fig.1 and Fig.2, we show the 
signal observed by antennas located at 
different distances from the air-shower axis, on 
the east side of the shower core. The results 
obtained with an air refractive index fixed to 
unity (n = 1, dotted lines) are compared to the 
results obtained with a realistic description of 
the air refractive index (n = n(h), solid lines). At 
short axis distance (less, than 300 m), the 
impact of the air refractive index on the signal 
amplitude is not negligible, particularly around 
100 m. The air refractive index influence as a 
function of the distance to the axis d is not 
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where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
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relation of propagation:
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where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
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with ±e the charge of the particle (positron or electron),
ti
1, the retarded instant of creation of the moving particle

i by sudden acceleration from ~vi = 0 to ~vi(tret) and ti
2,

the retarded instant when the particle i stops by sudden
deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti

1 and ti
2 is subdivided

into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
CERENKOV EFFECT

In the new version of SELFAS2 presented here, the influ-
ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:
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where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
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though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
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both vanish. Multiplying and dividing F(t) by d t, we rec-
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
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deceleration from ~vi(tret) to ~vi = 0. The total track length
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into short tracks along which the velocity is considered
as constant.

3. AIR REFRACTIVE INDEX AND
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in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
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model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
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which has to be considered in (2) is obtained as follow:
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The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:
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Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.
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To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)
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is not monotonic
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ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
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model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:

h(h) = 1+h0 exp(�ah)⇥10�6 (4)

where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
field propagation from the particle i to the observer at
ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
position. In order to take into account the variation of the
air refractive index during the field propagation from the
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which has to be considered in (2) is obtained as follow:
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The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
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giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.
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To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic

where~ni is the line of sight, ~bi the velocity of the particle
i and h the air refractive index. The subscript "ret" means
that the quantities inside the bracket [...]ret have to be
evaluated at the retarded time tret related to t by the
relation of propagation:

t = tret +heff
Ri(tret)

c
(2)

where Ri is the distance between the particle i and the
observer. The life-time of the particle i is described by
qi(tret):

qi(tret) =±e
⇥
Q(tret� ti

1)�Q(tret� ti
2)
⇤

(3)

with ±e the charge of the particle (positron or electron),
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deceleration from ~vi(tret) to ~vi = 0. The total track length
of the particle i contained between ti
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into short tracks along which the velocity is considered
as constant.
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ence of the air refractive index (different from the unity)
in the calculation of the signal emitted by the shower, is
now taken into account and is described in Eq.(1) and in
Eq.(2) by the variables hi and heff respectively. The value
of the air refractive index hi considered at the instant of
emission, depends on the altitude of the particle i. The
model adopted in SELFAS2 to describe h as a function
of the altitude h (in km) is described in [22] and is given
by:
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where h0 = 325 and a = 0.1218 km�1. The variation
of the air refractive index with altitude implies that the
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ground is not a straight line, however, it was shown in
[23] that the deviation is negligible. As a consequence,
the propagation of the field in SELFAS2 is considered
as a straight line between the antenna and the observer
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air refractive index during the field propagation from the
particle i to the observer, the effective air refractive index
which has to be considered in (2) is obtained as follow:

neff =
1

hi� zobs

Z zobs

hi

n(h)dh (5)

where hi is the particle altitude at the instant of emission,
and zobs the observer altitude.

The air refractive index being different from unity
implies that the denominator in Eq.(1) can vanish when
the angle qi between ~ni and ~bi, approaches the Cerenkov
angle given by:

cos(q Cer
i ) =

1
hi(hi)bi

. (6)

Starting again from the integral expression of the electric
field given by Eq.(11) in [9] and using the fact that in the
Fraunhofer approximation, the path difference between
the beginning and the end of a short track is given by the
distance between these two positions projected onto the
line of sight, the electric field emitted by the particle i
can be rewritten as:

~Ei(~x, t) = ai

(
~ni

R2
i

F(t)+
1
c

∂
∂ t

 
(~ni�hi

~bi)
Ri

F(t)

!)
(7)

F(t) =
Q[t� hiRi

c �kit1]�Q[t� hiRi
c �kit2]

ki
(8)

with ki = 1� hi
~bi.~ni and ai = (h2

i e±)/(4pe0er) (al-
though we use here the Lorentz gauge, a similar and
more detailed demonstration is available in [24], using
a coulombian gauge). When qi approaches the Cerenkov
angle q Cer

i , the numerator and the denominator in Eq.(8)
both vanish. Multiplying and dividing F(t) by d t, we rec-
ognize the first derivative of the Heaviside-step function:

F(t) = d
✓

t� hiRi

c

◆
d t (9)

giving us a limit to estimate the electric field when the
observer is located on the Cerenkov angle.

4. SELFAS2 RESULTS

To underline the effect of the air refractive index, we
present in this section the results predicted by SELFAS2
for a vertical air shower induced by a 1017 eV proton,
in the Auger site configuration (geomagnetic field and
ground altitude). In Fig.1 and Fig.2, we show the sig-
nal observed by antennas located at different distances
from the air-shower axis, on the east side of the shower
core. The results obtained with an air refractive index
fixed to unity (n = 1, dotted lines) are compared to the
results obtained with a realistic description of the air re-
fractive index (n = n(h), solid lines). At short axis dis-
tance (less, than 300 m), the impact of the air refractive
index on the signal amplitude is not negligible, particu-
larly around 100 m. The air refractive index influence
as a function of the distance to the axis d is not obvi-
ous as we see in Fig.3: the ratio En=1(d)

En(h)(d)
is not monotonic
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Figure 1. East-west component of the electric field seen by 
antenna located at different distances from the air shower 
axis. The dotted lines correspond to the case of an air 
refractive index fixed to unity (n = 1), the solid lines to the 
realistic case (n = n(h)). The distance from the shower axis 
increases from left to right in the plot.

Figure 2. Frequency spectra of pulses shown in Fig.1 
(same legend). The distance from the shower axis 
increases from top to bottom.
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FIGURE 1. East-west component of the electric field seen by
antenna located at different distances from the air shower axis. The
dotted lines correspond to the case of an air refractive index fixed
to unity (n = 1), the solid lines to the realistic case (n = n(h)). The
distance from the shower axis increases from left to right in the plot.

FIGURE 2. Frequency spectra of pulses shown in Fig.1 (same
legend). The distance from the shower axis increases from top to
bottom.

when d decreases. By analogy with a point-like source
moving faster than the speed of light in a medium, the
non-monotonic lateral distribution shown in Fig.3 can be
considered as an equivalent of the well know "Cerenkov
ring" that we can observe in Fig.4. However, for the case
of a charge distribution (as it is the case for the shower
front) the "ring" observed here is a mix of various effects:

• field enhancement when the observation angle
approach q Cer

i (see previous section), which is
summed up for particles of various energies and
directions (due to angular dispersion);

• time compression of the signal due to the air refrac-
tive index effect on the field propagation (see [17]
for instance), which increases the high frequencies
amplitude, particularly when the observer is close to
the Cerenkov angle, as is shown in Fig.1 and Fig.2.

�
�

�

�

�

�

�
�

� � �
�

�

�

�
�

10 20 50 100 200 500 10000.1

1

10

100

1000

104

ground distance �m⇥

ab
sf
ie
ld
st
re
ng
th
�⌅V⇧

m
⇥

vertical, 1017eV, proton, Auger B⇥field, ground 1400 m

� n⇤n⇤h⌅� n⇤1

FIGURE 3. Lateral distribution of the absolute field strength of
the pulses amplitude, observed for antenna located at the north of the
ground shower core. The dotted lines correspond to the case of an air
refractive index fixe to unity (n = 1), the full line to the realistic case
(n = n(h)).

FIGURE 4. Ground footprint of the east-west polarized radio sig-
nal deposited by the air shower (obtained using the maximum of the
signal amplitude in the full band).

The air refractive index effect on the radio signal, fre-
quently called "Cerenkov effect", is not trivial and should
not be compared directly to the classical "Cerenkov radi-
ation". Additionally to the "ring structure" of the radio-
signal profile at ground, the east-west asymmetry of the
radio signal due to the interference between the trans-
verse current contribution and the charge excess contri-
bution (see [7, 8, 9, 14] for more details), implies a com-
plex structure of the radio signal observed at ground as
we can see in Fig.4. This shows that caution must be
taken with 1-dimensional profiles with azimuthal invari-
ance, which are frequently used for experimental studies.

The characterization of the "ring effect" could be of
a great interest because its diameter is directly linked
to the geometry of the air shower and to the distance
between the source and the observer. Assuming that the
depth of the maximum of the radio emission is different
for a shower initiated by a proton from that initiated by
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antenna located at different distances from the air shower axis. The
dotted lines correspond to the case of an air refractive index fixed
to unity (n = 1), the solid lines to the realistic case (n = n(h)). The
distance from the shower axis increases from left to right in the plot.

FIGURE 2. Frequency spectra of pulses shown in Fig.1 (same
legend). The distance from the shower axis increases from top to
bottom.

when d decreases. By analogy with a point-like source
moving faster than the speed of light in a medium, the
non-monotonic lateral distribution shown in Fig.3 can be
considered as an equivalent of the well know "Cerenkov
ring" that we can observe in Fig.4. However, for the case
of a charge distribution (as it is the case for the shower
front) the "ring" observed here is a mix of various effects:

• field enhancement when the observation angle
approach q Cer

i (see previous section), which is
summed up for particles of various energies and
directions (due to angular dispersion);

• time compression of the signal due to the air refrac-
tive index effect on the field propagation (see [17]
for instance), which increases the high frequencies
amplitude, particularly when the observer is close to
the Cerenkov angle, as is shown in Fig.1 and Fig.2.
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signal amplitude in the full band).

The air refractive index effect on the radio signal, fre-
quently called "Cerenkov effect", is not trivial and should
not be compared directly to the classical "Cerenkov radi-
ation". Additionally to the "ring structure" of the radio-
signal profile at ground, the east-west asymmetry of the
radio signal due to the interference between the trans-
verse current contribution and the charge excess contri-
bution (see [7, 8, 9, 14] for more details), implies a com-
plex structure of the radio signal observed at ground as
we can see in Fig.4. This shows that caution must be
taken with 1-dimensional profiles with azimuthal invari-
ance, which are frequently used for experimental studies.

The characterization of the "ring effect" could be of
a great interest because its diameter is directly linked
to the geometry of the air shower and to the distance
between the source and the observer. Assuming that the
depth of the maximum of the radio emission is different
for a shower initiated by a proton from that initiated by
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dotted lines correspond to the case of an air refractive index fixed
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distance from the shower axis increases from left to right in the plot.

FIGURE 2. Frequency spectra of pulses shown in Fig.1 (same
legend). The distance from the shower axis increases from top to
bottom.

when d decreases. By analogy with a point-like source
moving faster than the speed of light in a medium, the
non-monotonic lateral distribution shown in Fig.3 can be
considered as an equivalent of the well know "Cerenkov
ring" that we can observe in Fig.4. However, for the case
of a charge distribution (as it is the case for the shower
front) the "ring" observed here is a mix of various effects:

• field enhancement when the observation angle
approach q Cer

i (see previous section), which is
summed up for particles of various energies and
directions (due to angular dispersion);

• time compression of the signal due to the air refrac-
tive index effect on the field propagation (see [17]
for instance), which increases the high frequencies
amplitude, particularly when the observer is close to
the Cerenkov angle, as is shown in Fig.1 and Fig.2.
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The air refractive index effect on the radio signal, fre-
quently called "Cerenkov effect", is not trivial and should
not be compared directly to the classical "Cerenkov radi-
ation". Additionally to the "ring structure" of the radio-
signal profile at ground, the east-west asymmetry of the
radio signal due to the interference between the trans-
verse current contribution and the charge excess contri-
bution (see [7, 8, 9, 14] for more details), implies a com-
plex structure of the radio signal observed at ground as
we can see in Fig.4. This shows that caution must be
taken with 1-dimensional profiles with azimuthal invari-
ance, which are frequently used for experimental studies.

The characterization of the "ring effect" could be of
a great interest because its diameter is directly linked
to the geometry of the air shower and to the distance
between the source and the observer. Assuming that the
depth of the maximum of the radio emission is different
for a shower initiated by a proton from that initiated by
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when d decreases. By analogy with a point-like source
moving faster than the speed of light in a medium, the
non-monotonic lateral distribution shown in Fig.3 can be
considered as an equivalent of the well know "Cerenkov
ring" that we can observe in Fig.4. However, for the case
of a charge distribution (as it is the case for the shower
front) the "ring" observed here is a mix of various effects:

• field enhancement when the observation angle
approach q Cer

i (see previous section), which is
summed up for particles of various energies and
directions (due to angular dispersion);

• time compression of the signal due to the air refrac-
tive index effect on the field propagation (see [17]
for instance), which increases the high frequencies
amplitude, particularly when the observer is close to
the Cerenkov angle, as is shown in Fig.1 and Fig.2.
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nal deposited by the air shower (obtained using the maximum of the
signal amplitude in the full band).

The air refractive index effect on the radio signal, fre-
quently called "Cerenkov effect", is not trivial and should
not be compared directly to the classical "Cerenkov radi-
ation". Additionally to the "ring structure" of the radio-
signal profile at ground, the east-west asymmetry of the
radio signal due to the interference between the trans-
verse current contribution and the charge excess contri-
bution (see [7, 8, 9, 14] for more details), implies a com-
plex structure of the radio signal observed at ground as
we can see in Fig.4. This shows that caution must be
taken with 1-dimensional profiles with azimuthal invari-
ance, which are frequently used for experimental studies.

The characterization of the "ring effect" could be of
a great interest because its diameter is directly linked
to the geometry of the air shower and to the distance
between the source and the observer. Assuming that the
depth of the maximum of the radio emission is different
for a shower initiated by a proton from that initiated by
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Comparison with single events
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Up to some GHz
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FIGURE 8 – Effet de l’indice de réfraction de l’air sur le signal reçu dans les antennes –
confidentiel. Les simulations sont réalisées par SELFAS2 pour une gerbe verticale de pro-
ton à 1018 eV. La polarisation observée est Est-Ouest (EW) avec un détecteur parfait. Le
signal récolté par des antennes à quatre positions différentes est simulé pour un indice de
réfraction égal à un, ou pour un indice différent de un. (haut) Signal temporel. (bas) Spectre
en fréquences du signal enregistré.

possibilité de simuler tout type de primaire et d’avoir de véritables fluctuations gerbe-
à-gerbe. La Figure 9(a) nous montre une cinquantaine de profils obtenus par CONEX
pour proton et fer.

Le résultat obtenu pour le premier événement enregistré par le réseau d’antennes EA-
SIER est donné en Figure 9(b) pour les cas proton et fer [19]. Cinquante gerbes ont été si-
mulées pour chaque primaire. La simulation nous indique que ces événements auraient une
configuration toute particulière (et rare) en se situant exactement dans le cercle dit Cheren-
kov où l’indice de réfraction de l’air amplifie le signal. La même simulation avec un indice
de réfraction de l’air égal à un nous donne un signal plus de dix fois inférieur. Ce cercle
Cherenkov peut être observé sur la Figure 9(c) dans le cas d’une gerbe verticale initiée par

10

extend the mechanisms observed in the 
MHz domain to the GHz domain	



take into account the effect of a realistic 
refractive index

Proton

300 MHz - 1.2 GHz
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Up to some GHz
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FIGURE 8 – Effet de l’indice de réfraction de l’air sur le signal reçu dans les antennes –
confidentiel. Les simulations sont réalisées par SELFAS2 pour une gerbe verticale de pro-
ton à 1018 eV. La polarisation observée est Est-Ouest (EW) avec un détecteur parfait. Le
signal récolté par des antennes à quatre positions différentes est simulé pour un indice de
réfraction égal à un, ou pour un indice différent de un. (haut) Signal temporel. (bas) Spectre
en fréquences du signal enregistré.

possibilité de simuler tout type de primaire et d’avoir de véritables fluctuations gerbe-
à-gerbe. La Figure 9(a) nous montre une cinquantaine de profils obtenus par CONEX
pour proton et fer.

Le résultat obtenu pour le premier événement enregistré par le réseau d’antennes EA-
SIER est donné en Figure 9(b) pour les cas proton et fer [19]. Cinquante gerbes ont été si-
mulées pour chaque primaire. La simulation nous indique que ces événements auraient une
configuration toute particulière (et rare) en se situant exactement dans le cercle dit Cheren-
kov où l’indice de réfraction de l’air amplifie le signal. La même simulation avec un indice
de réfraction de l’air égal à un nous donne un signal plus de dix fois inférieur. Ce cercle
Cherenkov peut être observé sur la Figure 9(c) dans le cas d’une gerbe verticale initiée par
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Iron

SELFAS

extend the mechanisms observed in the 
MHz domain to the GHz domain	



take into account the effect of a realistic 
refractive index

300 MHz - 1.2 GHz

No MBR evidence in the GHz signal
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Down to some kHz
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Predicted mechanisms:	


!

contribution of the usual geomagnetic and charge excess contributions during the shower 
development in the air	



+	


the transition radiation when the shower front hits the ground	



+	


the coherent Bremsstrahlung of e+/e- when they reach the ground level	



[Revenu ICRC2013, Rio]

(Coulomb gauge)

New contribution below 20 MHz, vertical polarization,	


monopolar pulse with amplitude decreasing with 1/dcore 

(as already observed in the past by AGASA, Gauhati group, EAS-radio…)

sudden death 
of the shower}
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Conclusion
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• SELFAS is a simple code, easy to use and fast: good for extensive use event by event  

• it describes well the data (RAuger, CODALEMA, AERA, LOFAR…) in the range 20-200 MHz  

• CONEX is used to generate the longitudinal profile  

• the radio emission is now well understood 

• at lower frequencies, a new phenomenon appears: the electric field emission by the shower 
sudden death when reaching the ground 
EXTASIS is a dedicated experiment in Nançay, inside CODALEMA, under progress


