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Cherenkov effects in radio emission from cosmic-ray induced air showers
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Abstract: We present a macroscopic calculation of Cherenkov effects in radio emission from cosmic-ray induced air
showers. A high energy cosmic ray colliding in the atmosphere of the Earth produces a cascade of secondary charged
particles. Due to different charge-separation mechanisms, coherent radio emission is emitted with a typical wave length
of the size of this plasma cloud. The leading radio-emission mechanism is due to deflection of charged particles in the
geomagnetic field. This deflection gives rise to a net current in the plasma cloud perpendicular to its motion. We describe
a new type of Cherenkov radiation from a charge neutral current, which is due to the deviation of the index of refraction
from unity in air. We show that the Cherenkov radiation strongly modifies the emission pattern at ralatively short distances
from the core of the shower, which offers a possibility for experimental verification.
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1 Introduction

Measurements of radio emission of cosmic ray-induced air
showers at the LOPES [1], CODALMA [2], and more re-
cently also at the Pierre Auger Observatory [3] have trig-
gered the development of detailed models describing the
radio-emission mechanism. We can separate two differ-
ent types of models. On the one hand, there is the mi-
croscopic description, given by for example REAS3 [4].
These microscopic models add up the single-particle elec-
tric field contributions to obtain the full emission. On the
other hand there is the macroscopic description originally
proposed in [5], and in a renewed effort worked out in more
detail by the MGMR (Macroscopic GeoMagnetic Radia-
tion) model [6, 7, 8], and the EVA (Electric fields based on
Variable index of refraction Air shower) model [9]. In the
macroscopic approach, the relevant particle distributions
and currents in the shower are used as input in Maxwell’s
equations to calculate the electromagnetic radiation. Re-
cently it has been shown that both models are in good
agreement [10, 11]. In this paper, we follow the macro-
scopic approach given by the MGMR and EVA models.
When an ultra-high-energy cosmic ray enters the Earth’s
atmosphere, a cloud of secondary particles is created trav-
eling toward the surface of the Earth with almost the speed
of light. Charged particles inside this cloud are deflected
by the Earth’s magnetic field inducing a net transverse cur-
rent. Time variation of this current leads to coherent radio
emission over wavelengths of the typical size of the cloud,
typically less than 1 m. In addition the knock-out of elec-
trons from ambient air molecules, leads to a net varying
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charge excess in the shower front emitting Askaryan radi-
ation. The geomagnetic and Askaryan types of radiation
can be distinguished by the observed polarization [8]. In
this paper we address the effect of the index of refraction
in air. As is well known, when a signal-emitting object is
moving faster than the group velocity of the signal, a strong
amplification of the emitted signal can be seen at certain an-
gles by an observer in the medium. In the case of a single
charge moving faster than the speed of light in the medium,
defined by the vacuum speed of light divided by the index
of refraction, ¢/n, this is the well-known Cherenkov radi-
ation. In Ref. [9] it was already indicated that the devia-
tion of the index of refraction from unity cannot be ignored
in the modeling of radio emission from air showers, even
though this deviation is extremely small. Such an effect is
well-known in Cherenkov radiation, due to the Askaryan
effect. Here we show that this effect also occurs for geo-
magnetic radiation.

2 Cherenkov effects in time domain

The index of refraction in air depends on the density, and
therefore becomes a function of the height z from where
the signal is emitted n = n(z). A direct consequence of
the height dependence of the index of refraction is that an
emitted signal will not travel in a straight line. Therefore,
we build our model by defining the distance along the light
curve from the emission point to the observer, given by the
integral [ ds, as L(Z, £(')). At this point we can relate
the negative shower time when the signal is emitted, —t' =
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Figure 1: The emission height z as function of the observer
time ¢ for three different values of the index of refraction.

z/c defined by the height along the shower axis divided by
the speed of light, to the observer time ¢ by the light-cone
constraint

c(t—t) = L(&,E()). (1)

Here & is the observer position with respect to the impact
point of the shower front on the Earth’s surface, and £(t') =
(7L, —ct’ 4+ h) is the source position from where the signal
is emitted. Here 7| is the lateral distance from the shower
front, and h is the longitudinal distance behind the shower
front which moves, by definition, with the speed of light
along the shower axis. By definition, ¢t = ¢ = 0 when the

shower hits the Earth’s surface.

At this point we focus on the emission height z = —ct’,
where the signal is emitted, as a function of the observer
time ¢ when the signal is received. We do this for a fixed
geometry of a 5 - 10'7¢V air shower with a zenith angle
of § = 27 degrees seen by an observer at a distance of
100 meters from the impact point of the shower. In Fig. 1,
the emission height is plotted as a function of the observer
time. First we discuss the case for an index of refraction
equal to unity, n = 1. In this case a signal travels with the
same speed as the shower front. Now imagine two signals.
The first signal is emitted at a large height and from there
moves along a straight line towards the observer. The
second (fictive) signal is emitted at a smaller height (later
time), so we can imagine that this signal first has to travel
along with the shower before it is emitted and from there
on will move along a straight line towards the observer.
Hence the second signal has to travel a longer distance and
arrives at a later time. So signals emitted from large heights
arrive before signals emitted in a later stage of the shower
for an index of refraction equal to unity. This can be seen
by the full (red) line in Fig. 1. The situation is different
for an index of refraction larger than unity. In this case,
even though the signal that is emitted at a larger height has
to travel a shorter distance, its average speed will be the
speed of light in the medium, ¢/n. The second (fictive)
signal moving along with the shower before it is emitted at
a later time, first moves at the speed of the shower itself,
¢, before it is emitted and from there on moves with the
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speed of light in the medium ¢/n. Therefore the average
speed becomes larger for the second (fictive) signal than
the average speed of the signal emitted at an earlier time.
As a consequence, both signals could arrive at the same
time at the observer. This is shown by the dashed (purple)
line in Fig. 1, for n = 1.0003, and by the dotted (blue) line
in Fig. 1 for a realistic index of refraction depending on
height n = n(z). For later use, we also plotted the shower
profile as a function of the negative retarded shower time
in Fig. 1.

From the discussion above, we conclude that in case of
a realistic value for the index of refraction, there will be
one unique position, acting as the first point from which
the emission seems to originate. From Fig. 1, we see that
this position corresponds to an ideal time which we will
call ¢, where the time derivative dz/dct = —dt’/dt di-
verges. The meaning of this divergence is that at this exact
time we do not see an infinitesimal signal any more, but
all signals emitted around the height corresponding to the
Cherenkov time arrive at the same time at the observer and
hence the signal becomes enhanced. We can calculate the
Cherenkov times t.. and ¢/, for a fixed constant index of re-
fraction, which become

te = dyn2p2—1 )
= d/\/n2f —1. 3)

The critical emission time corresponds to a critical emis-
sion height, z. = —ct., leading to the familiar expression
for the Cherenkov angle, cos(6.) = 1/(nf3). Note that the
above discussion was done for electromagnetic radiation,
but can also be applied, for example, to sound waves (sonic
boom) or a "bow wave” of a moving ship.

3 Cherenkov effects for geomagnetic radia-
tion

We saw in the previous sections that the Cherenkov effect is
due to geometry leading to the divergence of the derivative
dz/dct = —dt’/dt, so it should equally well apply to geo-
magnetic radiation from a net charge-less current, our case,
as to the radiation from a net charge moving faster than the
speed of light in the medium, to the Askaryan effect. We
start our model with the Liénard-Wiechert potentials from
classical electrodynamics,

. JH
Al (47— () = B2 2L
PL( y f( )) Ar |D| t:t/,

“)
that have to be evaluated at the shower time ¢. The po-
tentials are given for a point-like approximation, where the

currents induced in the shower front are defined as
Ty = JH()0% (& - £(t')). ©)

The current is proportional to the total number of particles
in the shower, J*(t') oc N.(t') for the case of geomag-
netic radiation. In the previous section we showed that
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Cherenkov effects occur at the point where the time deriva-
tive dt’ /dt diverges. Mathematically, this is expressed by
the retarded distance D which can be linked to the time
derivative of the retarded time by D = L/(dt'/dt) [9]. Tt
follows that at the Cherenkov time, .., the retarded distance
vanishes and the vector potential diverges. To solve for the
vector potential, we have to include the finite extent of the
shower. The vector potential now becomes

),

(6)
where p(7, h) defines the lateral and longitudinal distri-
bution of the particles in the shower front and can be ex-
pressed by

Atz €)= [ @7 [ dnptrn) 6.7

@)

Here w () defines the lateral distribution of the particles,
and ws(r, h) defines the longitudinal distribution of the
particles as a function of the radial distance 7.

p(7, h) = 2mrw(r, h) = 2wrwy (r)wa(r, h).

The electromagnetic fields are now obtained through the
standard relation

d d
~ LAz - LAz
d{z (‘rﬂt) dct (l‘,t)

By a shift in coordinates such that the derivatives only work
on the particle distributions, we now obtain the electric
field which for pure geomagnetic radiation is given by

. 1
Ei(#,t) = fli—(:/d%/dhﬁ

dw(r,h) ., ., OJL, (t
[%Jm(tww(nh)#”} ©)

®

We see that Eq. (9) consists of two terms over which is inte-
grated. The first term inside the brackets is a convolution of
the total current, J o« N,(z), and the longitudinal deriva-
tive of the weight function, dw(r, h)/Oh. The second term
scales with the derivative with respect to the retarded time
of the shower profile J5; /0t' o< ON(t')/Ot', which is
convoluted with the weight function w(r, k). Both terms
in Eq. (9) scale with 1/|D| = (dt’/dt)/L. If we now look
at the two terms in Eq. (9), we see that for a slowly varying
value of 1/|D| the first term is an integral over the longi-
tudinal derivative of our weight function and thus becomes
small while the second term in Eq. (9) becomes leading.
This is the case for an index of refraction equal to unity,
as can be seen from Fig. 1. Nevertheless, when we look
at Fig. 1, we see that the retarded distance changes very
rapidly around the critical Cherenkov time. Therefore, at
these critical times the first term in Eq. (9) becomes the
leading term, and a strong enhancement of the emitted sig-
nal is seen. So it is this first term, which scales to the total
number of particles in the shower N, (z), which is respon-
sible for the Cherenkov effect. Here it should be noticed
that we see Cherenkov radiation from a charge-neutral ge-
omagnetic current. We will refer to this specific type of
radiation as magnetic Cherenkov radiation.
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4 Results

We saw from the previous sections that there are two
effects that we should observe when simulating the electric
field induced by an extensive air shower. The first effect
is that the pulse will arrive at a later time for an index of
refraction larger than unity. The second effect is that we
expect to see a strong amplification of our electric field
strength at the critical Cherenkov time due to a vanishing
retarded distance. To study the effects of an index of
refraction larger than unity, we will consider the full
current to be distributed in a single line and neglect the
lateral spread of the particles in the shower front, hence
w(F, h) = §(Fw(h) = 6(F)(4/L?*)he= /L, where w(h)
is chosen to fit measured arrival time distributions [13],
and L =< h >= 0.5 is chosen to give more weight to the
shower core following CONEX-MC-GEOQO simulations [9].
In Fig. 2, the electric field is plotted for a 5 - 107 eV air
shower coming in at a zenith angle of 27 degrees as seen by
an observer at a distance of 100 meters from impact point
of the shower. As we would expect from Fig. 2 it follows
that the pulse for a realistic index of refraction, n = n(z),
arrives slightly before the pulse seen for a constant index
of refraction at sea level n = 1.0003, but a relatively long
time after the pulse observed for an index of refraction
equal to unity, n = 1. Because the second term in Eq. (9)
leads for an index of refraction equal to unity we expect to
see the maximum electric field strength at the time where
the maximum of the derivative of the shower profile is
seen. This maximum occurs at around 3 ns, which is in
agreement with the position of the maximum field strength
for n = 1 in Fig. 2.
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Figure 2: The electric field due to geomagnetic radiation
fora5- 1017 eV inclined air shower with a zenith angle of
27 degrees as seen by an observer at a distance of 100 m
from the core for different values of the index of refraction,
n = 1, n = 1.0003 fixed, and n = n(z). Ignoring the
lateral extent of the shower front.
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4.1 Experimental verification and chemical com-
position

Fig. 3 shows the electric field including the lateral extent of
the shower front, w(r), which is fitted by CONEX-MC-
GEO simulations [9]. In this figure the electric field is
given at several distances from the shower core. There is
a strong enhancement of the electric field at around 100
meters from the shower axis. This enhancement is seen be-
cause the critical height corresponding to Cherenkov emis-
sion is equal to the height of the shower maximum. For
an observer positioned closer to the shower axis, the criti-
cal height corresponding to Cherenkov emission is equal to
the height where the shower is already beyond the shower
maximum, and the effect diminishes. This enhancement is
also shown in Fig. 4, where the Lateral Distribution Func-
tion (LDF) is plotted of the maximum pulse strength for
the three choices of the index of refraction. In this plot we
scaled the maximum field strength with the square-root of
the distance to keep the LDF for n = 1 on a reasonable
scale. Fig. 4 shows that the LDF for an index of refraction
deviating from unity peaks at distances where Cherenkov
effects are large close to the shower maximum, and we ob-
tain a direct handle on the position of the shower maxi-
mum, which itself is a measure for the composition of the
primary particle. Fig. 4 shows a clear difference between
the n = 1 case, where the LDF peaks to d = 0, and the
case of an index of refraction deviating from unity where
the LDF peaks at a finite distance. First hints of Cherenkov
effects might have been seen already by the LOPES collab-
oration [14], but a more detailed analysis is needed taking
into account interference effects due to the different polar-
ization behavior of the geomagnetic and Askaryan type of
radiation.
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Figure 3: The electric field due to geomagnetic radiation at
several distances from the shower axis for different values
of the index of refraction, n = 1, n = 1.0003, and n =
n(z), including the lateral extent of the shower.
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Figure 4: Pulse LDF for the three choices for the index of
refraction, n = 1, n = 1.0003, and n = n(z).
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