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Abstract. Using the ZHAireS Monte Carlo code, we show that the Fourier-spectrum of the radio emission of inclined air
showers can have a sizable intensity up to the GHz frequency range. At these frequencies only a significantly reduced
volume of the shower around the axis contributes coherently to the signal observed on the ground, which is mainly due to the
geomagnetic and charge excess mechanisms. At ground level, the maximum emission at high frequencies is concentrated in a
ring-like elliptical region defined by the intersection with the ground of a Cherenkov cone with its vertex at shower maximum.
The frequency-spectrum of inclined showers, when observed at positions close to the ring-like maximum emission region, is
in broad agreement with the pulses detected by the ANITA experiment, making the interpretation that they are due to ultra-
high energy cosmic ray atmospheric showers consistent with our simulations. These results are also relevant for ground-based
radio experiments aiming at detecting molecular bremsstrahlung radiation in the GHz range - an entirelly different emission
mechanism which is not included in ZHAireS simulations - since they present an important background for such experiments.
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1. INTRODUCTION

Experiments such as AERA [1] and EASIER [2], in the
context of the Pierre Auger Collaboration, LOPES [3]
in the context of KASCADE, and LOFAR [4] are regu-
larly detecting radio pulses from ultra-high-energy cos-
mic rays (UHECRs). These experiments typically oper-
ate in the ~ 30-80 MHz range, since the emission, be-
lieved to be mainly produced by the geomagnetic [5,
6, 7, 8] and charge excess [9, 10] mechanisms, is ex-
pected to be at least partially coherent at these fre-
quencies. There are also efforts to detect GHz emission
from extensive air showers (EAS) claimed to originate
from a different and yet unconfirmed mechanism: molec-
ular bremsstrahlung [11], such as AMBER [11], MI-
DAS [12, 13, 14], CROME [15] and EASIER [2].

Several events in the 300-900 MHz frequency-range
were serendipitously observed with the ANITA balloon-
borne antenna array flown over Antarctica. These events
have been claimed to be consistent with emission from
EAS with energies between 10'® — 5 x 10!° eV [16].
Other experiments have also recently observed GHz ra-
diation associated with EAS [15, 17] albeit at higher fre-
quencies, typically above 3 GHz. These results motivate
a careful study of the radio emission induced by UHECR
showers paying particular attention to the UHF band in
the 300 MHz - 3 GHz range.

In this work we characterize the features of the UHF
emission from EAS using ZHAireS [18], a full Monte
Carlo simulation of the air shower and its associated
radio emission. The simulation is based on the AIRES
shower code [19], and the emission is calculated using a
well established algorithm [20] obtained from first prin-
ciples [21, 22, 23]. The electric field due to each individ-
ual charged particle track produced in the shower simula-
tion is calculated, accounting for any interference effects
between tracks and the variation of the refractive index »
with altitude. The algorithm does not assume any specific
emission mechanism and correctly reproduces the radia-
tion induced by the shower excess charge and the geo-
magnetically induced charged particle separation[24].

2. CHARACTERIZATION OF RADIO
EMISSION IN THE UHF BAND

We have simulated the UHF emission of inclined show-
ers, since they strengthen the conditions for coherent
emission from different stages of shower evolution[25].
In addition it is inclined showers that have been observed
in the GHz regime by ANITA. We have simulated EAS
over Antarctica (altitude ~ 2800 m a.s.l.) with zenithal
angles between 6. = 50° and 6. = 80°, obtaining ra-
diation patterns on the ground along the East-West (E-
W) and North-South (N-S) lines intersecting the impact
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point of the shower, as shown in Fig. 1. A 55 uT mag-
netic field with a declination of 0° and an inclination of

-72.42° has been assumed. 1*
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1 B

| 6

} *’J’ v,"Out X -

| g |

Out - In Out
Out
w

Figure 1. Shower geometry: 6. is the zenithal angle of the

shower coming from the North. Antennas are placed along the
E-W and N-S lines (dotted lines). The magnetic field B used has
a declination of 0° and an inclination of -72.42°. Also drawn is
the Cherenkov cone centered at Xmax and the ellipse defined
by its intersection with the ground, where the UHF signal is
maximum.

Strong pulses on the nano-second scale are predicted
by our simulations for antennas that view the depth of
maximum shower development (Xpax) at angles very
close to the Cherenkov angle, i.e. antennas placed on the
elliptical “ring” shown in Fig. 1. This ring is defined by
the intersection of a Cherenkov cone centered at Xpax
with the ground. As the observation point moves away
from this region, to the inner or outer regions of the
Cherenkov cone, there is a significant broadening of the
time pulse, which is equivalent to a relative lowering of
the spectrum in the UHF band.
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Figure 2. Frequency spectra at the ground for a 10" eV
proton shower with a zenith angle of 6, = 80° coming from the
North and for antennas along the W-E line at several distances
from the Cherenkov ring, either on the inside or outside of the
Cherenkov cone (see Fig. 1).

In Fig. 2 we show the frequency spectra for anten-
nas lying on the ground along the W-E axis. The label
“Cherenkov” refers to the antenna that lays on the el-
liptical ring shown in Fig. 1, while the numerical labels
refer to the distance from the ring to the antenna, either
towards the shower axis (in) or away from it (out). The
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spectra clearly become steeper as the observation points
get further away from the Cherenkov ring.
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Figure 3. Fourier component (EW polarisation only) at 300
MHz as a function of distance to the shower core for a 10!
eV proton shower coming from the North with 6, = 80°. The
antennas were placed along the N-S and E-W lines shown in
Fig. 1. Negative coordinates are South (West) of the core for
antennas along the N-S (E-W) line.

In Fig. 3 we show the spectral component of the elec-
tric field at 300 MHz as a function of distance to the
shower core for antennas along the S-N and W-E axes.
The projection of the Cherenkov cone on the ground is
an ellipse with its major axis along the N-S direction as
expected.

In Fig. 4 we show the spectral components of the
electric field at 300 MHz for a 10'° eV proton shower
with three different zenith angles. The scaling of the
minor axis of the ring with sec 6, is illustrated. The axes
and area of the ring increase as the zenith angle rises
because the shower maximum is more distant from the
ground. This increase dominates the drop induced by the
decrease of the opening angle of the Cherenkov cone (i.e.
the Cherenkov angle) as the refractive index » decreases
with altitude.
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Figure 4. Fourier component (EW polarisation) at 300 MHz
as a function of the distance to the core for a 10'° eV proton
shower coming from the North with zenithal angles 6. = 60°,
70° and 80°. The antennas were placed along the E-W line
shown in Fig. 1 (negative coordinates are West of the core).



In Fig. 5 the Fourier components of the field as a
function of distance to the core are plotted for a fixed
zenith angle at different frequencies. As the frequency
drops the angular width of the Cherenkov ring broadens
(an effect already visible in Fig. 2), and eventually it
becomes broader than the Cherenkov angle itself making
a “plateau” in the radial coordinate on ground. This can
be mostly appreciated in the 50 MHz frequency line
shown in Fig. 5. There is evidence of this behaviour in the
flattening of the lateral distribution of the signal close to
the shower core in showers detected by the LOPES [26]
and LOFAR experiments [4].
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Figure 5. Fourier components (EW polarisation) of the elec-
tric field at 50, 100, 300 and 800 MHz as a function of distance
to the shower core for a 10! eV proton shower coming from
the North with 6, = 70°. The antennas were placed along the
E-W line shown in Fig. 1.

3. UHECR DETECTION BY ANITA

Observations of UHECRs in the UHF band have been
recently reported by the ANITA collaboration [16]. Most
of these events are “reflected” events, meaning that the
radiation from the shower is reflected by the Antarctic
ice sheet towards the ANITA payload. The ANITA obser-
vations exhibit power spectra (i.e. electric field squared)
falling exponentially with frequency as exp(—Vv/vy) be-
tween 300-900 MHz, with an average exponential con-
stant vp ~ 190 MHz for reflected events. The results
shown in Fig. 2 for the electric field amplitude, when
squared, fit well to an exponential fall-off in the UHF
band with an exponential constant of vy ~ 263 MHz for
an antenna located precisely in the Cherenkov ring, de-
creasing to vo ~ 169 MHz (84 MHz) for the antenna 100
m away towards the outside (inside) of the Cherenkov
ring. The interpretation that the radiation detected with
the ANITA instrument was due to extensive air showers
induced by UHECRSs [16], is consistent with our sim-
ulations. The geometry must be such that the ANITA
antennas are pointing in the direction of the reflected
radiation coming from regions close to the Cherenkov
ring on the ground. The ability of ANITA to observe
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events reflected from regions away from the Cherenkov
ring is trigger-limited. The ANITA trigger requires co-
incidences between several frequency bands [27], which
favors triggers on events with flatter frequency spectra,
such as those expected near the Cherenkov ring.

Although we have only discussed the features of the
spectrum on ground, we expect the reflection on the ice
sheet and the larger distance from the shower to the
ANITA payload to reduce the strength of the spectrum
but not to modify significantly the spectral features.

4. TIME DELAY INTERPRETATION

We investigated which regions of the shower emit co-
herently at a given frequency by calculating, for a given
observer, the delays between the arrival time of the
emission originating from different positions within the
shower with respect to the arrival time of the earliest sig-
nal. This originates from the point (P) at the shower axis
which is seen by the oberver at the Cherenkov angle. As
we move away from Py, time delays are introduced. In
order to contribute coherently at a given frequency the
magnitude of the delays must be below a fraction of the
period T of that frequency (here taken to be 7/2). If we
move longitudinally, i.e. along the shower axis, the angle
of the line of sight to the observer changes, introducing
time delays w.r.t. Py, which is seen at the Cherenkov an-
gle. If we move laterally, i.e. away from the shower axis,
the main contribution to the delays is the fact that the
shower front lags behind w.r.t. an idealized plane moving
at the speed of light due to its curvature. Near the shower
axis, these curvature time delays are approximately pro-
portional to the radius » with a constant ~ 0.2 ns/m, as
can be obtained in simulations with AIRES and is mea-
sured in experiments [28].

In Fig. 6 we show the total delays as a function of
the position in the shower from which the radio emis-
sion originates for a 10 eV shower with 70° of zenith
angle coming from the North, with the observer south of
the core on the ground, on top of the Cherenkov ring (see
Fig. 1). r is the distance to the shower axis (in the verti-
cal plane that contains the axis) and L is the longitudinal
distance to Xpax along the shower axis. All time shifts
were calculated analytically in terms of the relative posi-
tion of the radiating charges and the observer, taking into
account the index of refraction at the emission point and
the expected delay of the shower front due to its curva-
ture.

It can be appreciated that for the bulk of the shower
- contained within the Moliére radius (~ 250 — 300 m
at the depth of shower maximum) - the time delays
are below ~ 100 ns so that for this geometry and for
frequencies well below 10 MHz the emission from all
the shower is coherent.
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Figure 6. Time delays between the arrival time of the emission originating fromdifferent positions within the shower - measured
in the longitudinal L and lateral » directions - with respect to the arrival of the earliest signal. The delays were calculated for the
geometry of a proton shower of energy 10!° eV coming from the North, with a zenith angle of 6. = 70° and for an observer on the
ground, south of the core and at the Cherenkov ring. The observer sees Xmax (¥ = L = 0 m), which is P, for this geometry, at the
Cherenkov angle (see text). The longitudinal shower profile is superimposed (solid line). Right panel: Blow-up of the central region

shown on the left panel with delays relevant for the UHF band.

In the right panel of Fig. 6 we show a blow-up of
the central region of the shower to indicate the delay
structure in the region relevant for UHF emission. The
time delays for different points along the shower axis are
smaller than 1 ns for a large fraction of the shower de-
velopment, starting more than ~ 15 km above shower
maximum and finishing ~ 6 km below it. However, the
delays in the lateral direction are dominated by the in-
trinsic delay of the shower front, and particles that are
more than ~ 5 — 6 m away from shower axis have de-
lays that exceed the 1 ns scale. As a result the “coherent
volume”, i.e. the region contributing in phase, is a long
and thin volume along shower axis. This is confirmed in
full Monte Carlo simulations in which we obtained the
Fourier spectrum for this same geometry and compared
it to that obtained accounting only for particles occupy-
ing a fractional volume of the shower around the axis.
For frequencies above ~ 300 MHz the spectrum of the
whole shower is mainly due to particles with » < 10 — 20
m, as shown in Fig. 7.

This time-delay approach is also helpful in the inter-
pretation of the lateral distribution of the field at ground
level. For an observer at the Cherenkov ring, the volume
contributing coherently occupies a region of the shower
around Xpax, where the number of particles is largest (see
Fig. 6), so this observer has the maximum signal. If the
observer moves away from the Cherenkov ring, the vol-
ume contributing coherently moves upwards or down-
wards w.r.t. Xyax, into regions of the shower with less
particles, reducing the electric field. This leads to the lat-
eral distributions shown in Fig. 3 through Fig. 5. This
indicates that the measurement of the spectral compo-
nents in the UHF band at different distances to the im-
pact point can be related to the longitudinal development

of the shower.

The time-delay approach allows the interpretation of
the frequency spectrum not only in the UHF band, but
at all frequencies and all shower zenith angles, including
vertical showers (see [29]).
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Figure 7. Frequency spectra at ground for the antenna that
views Xmax at the Cherenkov angle for a 1019 ev proton shower
with a zenith angle of 6, = 80° coming from North. The
spectrum was obtained for the whole shower (“No cut") and
for particles with distances to the core » < r¢y for values of
reut =1, 5, 10, 20 and 40 m.

5. SUMMARY AND OUTLOOK

We have shown that the radio signal emitted from
UHECR air showers has a sizable intensity well into the
GHz frequency range. The UHF components are more
important for inclined showers than for vertical ones. On
the ground, the UHF signal is maximum at an elliptical
ring defined by the intersection of the Cherenkov cone
centerd at Xj,x with the ground. As the observer moves



away from the ring, the UHF signal diminishes. This
decrease gets more pronounced as the frequency is in-
creased. The size of this Cherenkov ring depends on ge-
ometry, increasing with zenith angle, and reaching hun-
dreds of meters for showers of 70°.

We have also shown that the frequency spectrum of the
pulses extend well into the GHz regime and falls with
an exponential slope with a constant that is largest at
the Cherenkov angle, diminishing as the observer moves
away from the Cherenkov ring. Predictions for short ra-
dio pulses at ns scales follow from the spectra obtained
for inclined showers. In the case of more vertical show-
ers, although the UHF components exist, the pulses are
dominated by the lower frequency components and thus
give typically a much broader pulse in time. These results
also provide an important background for experiments
that are trying to measure molecular bremsstrahlung ra-
diation from extensive air showers, and should be care-
fully considered in order to properly interpret measure-
ments made in the UHF band.

The lateral distribution for the low frequency compo-
nents of the radio pulses, typically below ~100 MHz,
has been shown to display a rather flat behavior with
distance to the shower core until the position of the
Cherenkov ring is reached [18, 30]. This behavior is con-
sistent with observations made at LOPES [26] and LO-
FAR [4] and should be taken into account when trying
to obtain the shower geometry and properties from the
radio pulse measurements [1]. Our results also suggest
that the lateral distribution of signals on the ground con-
tain information about the longitudinal development of
the shower.

Our results for the power spectra obtained close to
the Cherenkov direction are consistent with the spectra
measured at ANITA and attributed to radio pulses from
UHECR [16]. The results of the simulations made in this
work further support this hypothesis. An event-by-event
comparison of ANITA pulses that includes a simulation
of the experiment would further strengthen this claim.
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