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We briefly review the detection of cosmic rays and ultra high energy neutrinos using ANITA detector.
We describe a rigourous formalism to handle reflection of electromagnetic waves and pulses from
spherical surface. The source is assumed to be a dipole radiator which emits over a frequency interval
200-650 MHz. The reflection is handled by using a local plane wave approximation in which the
reflected wave for each incident plane wave is assumed to be locally a plane wave. The results for
the power reflection ratio are found to be in good agreement with the HiCal experimental data.
For simple models of surface roughness we find that the reflected pulse shows the expected phase
inversion relative to the incident pulse.
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1. Introduction

Antarctic Impulsive Transient Antenna (ANITA) is a balloon based observatory desiged to detect
ultra high energy neutrinos and cosmic rays through observation of radio pulses. A cosmic ray gener-
ates an extensive air shower after collision with an atmospheric nucleus. Charged particles produced
in this shower produce a radio pulse due to propagation in the Earth’s magnetic field. This pulse may
be detected directly or after reflection from the Antarctica ice surface by the detector. An ultra high
energy neutrino can also generate such a pulse if its direction of propagation is close to horizontal.
Furthermore a cosmic neutrino can interact with ice and produce a radio pulse by the Askaryan effect.
This pulse can be detected inside ice or after emerging out into the atmosphere. By detecting such
radio pulses, the ANITA detector can deduce the properties, such as, the energy and the angle of
incidence of the primary cosmic ray particle.

The radio pulse arising due to geo-synchrotron emission is dominated by H-polarization, i.e. the
polarization of the radio wave is parallel to the Earth’s surface. The corresponding reflected pulse is
also dominated by H-polarization. The signal arising due to Cherenkov emission inside ice, however,
primarily has V-polarization. This difference provides an important tool in order to distinguish the
origin of these radio pulses. The frequency band of the ANITA detector ranges from 180 to 1200
MHz.

ANITA has so far completed four flights and imposed very stringent limits on the diffuse ultra
high energy neutrino flux [1]. It has also observed many cosmic ray events. A very interesting dis-
covery by ANITA is the so called mystery events for which the radio pulse arrives at the steep angle,
consistent with reflected signal, but does not show the phase inversion associated with reflection [4].

An important aspect to the observation process is the reflection of radio waves from the ice sur-
face, which is complicated due to the fact that the incident wave is not a plane wave and furthermore
one needs to take into account the spherical nature of the Earth’s surface and the surface roughness

effects. We have developed a rigourous theoretical formalism in order to treat the reflection of elec-
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tromagnetic waves from the Antarctica surface, assumed to be spherical. We assume that the source S
is a dipole radiator, placed at coordinates (0, 0, zp) such that the dipole vector p = J, as shown in Fig.
1. The observer Q is located at coordinates (x, 0, z). The Hertz potential, including the contribution
due to reflection, can be expressed as,

ikR

4meR

I (x,y,2) = +Fi(x,y,2), ey

I, =1, = 0and R = +/x2 + y2 + (z — 29)2. Here F is the contribution due to reflection.
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Fig. 1. A dipole source with p = J is located at S on the z axis and the receiver Q is located in the x-z plane.
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Fig. 2. Here we show the geometry corresponding to reflection from a flat surface with the origin at O. The
electromagnetic wave from the dipole at S is decomposed into plane waves each of which undergo reflection
from the surface. Here we show wave vectors corresponding to two such plane waves. For each of these plane
waves we only show the wave vector emanating from S and C and C’ correspond to the points of reflection
from the surface. All the reflected waves are added to give the final reflected wave at Q.
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2. Reflection of Electromagnetic Waves

The formalism is based on the following decomposition of the Hertz potential, Eq. 1, of dipole

radiation:
R ik (2 pEic o
- - f ezk[xsmacosﬁ+y sin & sin B+(z0—2z) cos a] sin ada/dﬁ )
R 2 0 0
applicable for 0 < z < zp. Here 7 — « is the polar angle and 8 the azimuthal angle in the spherical
polar coordinates. This essentially represents a superposition of plane waves with wave vector

I?, = k (sin@ cos BX + sin @ sin 89 — cos az?) , 3)

The corresponding electric and magnetic fields are given by

E = V(- -0)+0d
- kZ = -
H = —@xI )
Wy

The reflected wave from a smooth plane surface can now be determined by using the standard
Fresnel formalism for each incident plane wave and adding all the reflected waves. This is illustrated
in Fig. 2. The reflected wave corresponding to each incident plane wave is also a plane wave. In Fig.
2 we show two different incident plane waves undergoing reflection at the plane surface. Each plane
wave is decomposed into components perpendicular (s) and parallel (p) to the plane of incidence,
ie.,

E=FE +EP, o)
H=H +H", (6)

and treated independently. Adding contributions for all the plane waves we can determine the reflected
H or V polarized wave [2]. We find that the final result for reflection coefficient for the reflection of a
dipole radiation from a plane surface exactly matches the standard Fresnel reflection of plane waves.

3. Reflection from Spherical Surface

We next consider reflection of dipole electromagnetic radiation from the Antarctica surface which
is assumed to be spherical. We again decompose the incident sperhical wave into plane waves. The
final wave is obtained by adding reflected waves corresponding to each plane wave. In the present
case, however, the reflected wave for each plane wave is not a plane wave, as illustrated in Fig. 3. In
this figure we show an incident plane wave getting reflected at two positions C and C’ on the surface.
We see that the reflected wave vectors are not parallel and hence will not form a plane wave. However
the deviation may not be large if the radius of curvature of the spherical surface is sufficiently large.
Explicit calculations show that if the reflected wave for each incident plane wave is approximated as
a plane wave, the results agree well with experimental data for large elevation angles but not for small
angles [2]. Here the experimental results are obtained by using balloon-borne HiCal radio-frequency
transmitter. The elevation angle is the angle of the incident wave with respect to the tangent at the
point of specular reflection at the surface. In this calculation the surface roughness is taken into
account by using a model as described in [2].

In order to properly treat the reflection from a spherical surface we assume that the reflected wave
for each plane wave is locally a plane wave [3]. This means that in the neighbourhood of any point the
reflected wave can be treated as a plane wave over a small interval. We term this as local plane wave
approximation. For all the incident plane waves we choose the reflection point on the curved surface
such that the reflected wave vectors point towards the observation point Q. This is illustrated in Fig. 4.
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Fig. 3. Here we show the geometry for reflection from a spherical surface. In this case the reflected wave
corresponding to an incident plane wave is not a plane wave. Here we show two incident wave vectors for a
plane wave. We see the corresponding relfected wave vectors are not parallel and the wave front is not plane.

Fig. 4. We treat reflection from a spherical surface by assuming that for each incident plane wave the re-
flected wave can be approximated to be a plane wave in a small neighbourhood of any point. Hence we con-
sider reflected wave vectors to point directly at the observation point Q and assume that the wave fronts are
approximately plane close to Q.

Here we show two incident plane wave vectors and the corresponding reflected wave vectors, which
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point towards the observation point Q. Note that here we only need to assume that the reflected waves
are approximately plane waves in a small neighbourhood of Q. The final results on the reflection
coefficient are found to be in good agreement with the HiCal data for all elevation angles [3]. For
small elevation angles the observations show a rather dramatic decrease in the power reflection ratio
which is well described by the formalism [3].
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Fig. 5. The direct (solid line) and reflected (dashed line) pulse as a function of time. The reflected pulse
shows a phase inversion, as expected. This incident pulse is taken from HiCal emitter. The specular angle of
incidence is 63° with respect to the normal to the surface.

4. Reflection of Pulses and Implications for ANITA Mystery Events

For application to ANITA we need to consider electromagnetic pulses. We represent each pulse
as a superposition of dipole electromagnetic waves at fixed frequency and treat them by the procedure
described earlier. Let the pulse in time domain be represented by f(p). Here f(p) represents one of
the polarization components of the pulse. Its Fourier transform is given by

N-1
Foy= )" f(pe' ¥ )
p=0

The corresponding direct electric field component at propagation distance r is given by [3]

N-1
. 2nnp
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) Nr _0 rea lmag
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where F,,,[n] and F imag[n] represent respectively the real and imaginary parts of F(n). In this equa-
tion, besides the 1/r factor there are additional angle dependent factors which we have not displayed
explicitly and may be absorbed in the factors Fromln] and F imag[n]. The dipole wave at each frequency
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is further decomposed into plane waves and after adding all the reflected waves we obtain the final
pulse profile [3].

In Fig. 5 we show the reflected pulse for a particular incident pulse using the roughness model
given in [3]. We find a phase inversion, as expected. However it is not clear that this will be maintained
for all roughness models and different surface profiles. Such a study is important due to the obser-
vation of events in ANITA which are observed at a relatively steep angle, consistent with reflected
events, but do not show expected phase inversion [4]. It has been speculated that these represent new
physics [5-9], perhaps associated with a dark matter candidate decaying inside Earth and producing
an upward shower coming out of Earth. Hence it is very important to determine if some standard
physics can produce the observed phase in the reflected signal. We have tried some generalization of
the roughness models in order to study this possibility. In particular the model used in [3] is symmet-
ric relative to the specular point. We have obtained results assuming an asymmetric model. However
we find that such changes do not affect the inversion. We are currently investigating whether some
change in topography such as a slow change in slope of the surface can produce the desired effect.

5. Conclusions and Future Work

We have developed a reliable framework to handle reflection of electromagnetic waves from a
spherical surface. The source is assumed to be a dipole radiator. We assume a simple model for
surface roughness in our analysis. The results are found to be in good agreement with HiCal data and
correctly reproduce the sudden decrease in the power reflection ratio at small elevation angles. We
have also analyzed reflection of electromagnetic pulses and find the expected phase reversal. This is
important in order to find an explanation for the mystery events observed by ANITA. So far we are
unable to find a conventional explanation for these events. The formalism can be extended to treat
surfaces which may not be exactly spherical. This may be useful for the interpretation of individual
events seen in ANITA.

Acknowledgements: We thank David Besson and Steven Prohira for useful discussions. We also
thank the entire ANITA collaboration for providing us with HiCal-2 reflectivity results and HiCal-1
pulses that we use in this paper.

References

[1] P. W. Gorham et al Phys. Rev. D 99, 122001 (2019).

[2] S. Prohira et al Phys. Rev. D 98, 042004 (2018).

[3] P. Dasgupta and P. Jain, arXiv:1811.00900.

[4] P. W. Gorham et al Phys. Rev. Lett. 117, 071101 (2016).

[5] J. F. Cherry and I. M. Shoemaker, arXiv:1802.01611.

[6] L. A. Anchordoqui, V. Barger, J. G. Learned, D. Marfatia and T. J. Weiler, arXiv:arXiv:1803.11554.
[7]1 G. Huang, Phys. Rev. D98, 043019 (2018).

[8] D. B. Fox et al, arXiv:1809.09615.

[9] B. Chauhan and S. Mohanty, arXiv:1809.09615.



