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Since the year 2000 the radio detection technique has become a well established method to probe
cosmic-ray-induced air showers. In this work, we discuss the coherent transition radiation pro-
duced when the particle cascade crosses a boundary surface. Standard transition radiation is the
emission induced due to a net charge crossing between different media. We show that a similar
effect is expected for a net charge-neutral transverse current crossing a boundary. We discuss the
implications of this transition radiation component for the coherent radio emission from a high-
energy cosmic-ray-induced particle cascade hitting Earth. We show that this component cannot be
neglected for balloon-based experiments such as ANITA, or detectors below the boundary surface
such as ARA.
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1. Introduction

The radio detection technique is currently a well established method to probe high-energy
cosmic-ray air showers [1, 2]. The two main radio emission mechanisms from a cosmic-ray air
shower are due to the geomagnetic and charge-excess mechanisms. The geomagnetic emission
originates from charged leptons that are deflected in Earth’s magnetic field, inducing a net trans-
verse current in the air shower front. This emission was first noted by Kahn and Lerche [3], and
detailed in [4]. The charge-excess emission was predicted by Askaryan [5], and originates from
the net excess charge build up inside the cascade due to ambient electrons that are scattered to
relativistic energies.

The radio emission itself is understood by considering the time variation of the net charges
and currents in the cascade front. One crucial aspect in understanding the radio emission from a
cosmic-ray air shower is coherence, which occurs at wavelengths larger than the typical, projected,
dimensions of the high-energy cascade. Strongly depending on the observer location, these dimen-
sions can be of the order of several cm when the shower maximum is observed at the Cherenkov
point close to the cascade axis, to several meters for observers located further out [6, 7]. It im-
mediately follows that, depending on the observer geometry, coherent emission is expected in the
MHz-GHz region.

For a typical ground-based radio detector, these mechanisms provide a very accurate descrip-
tion of the observed radio emission. In this work we discuss that for observers located far from
the air-Earth boundary a different emission has to be considered, coherent transition radiation from
the air shower traversing from air into Earth or more interestingly ice. This emission was already
discussed in [8, 9, 10] where the focus was put on transition radiation from the net excess charge
in the cascade front, where in [11, 12, 13], the sudden death signal due to the absorption of the air
shower by Earth was considered. In this work, we show that transition radiation is a geometrical
effect and as such is not limited to a net charge traversing a boundary layer, but applies equally
well to the geomagnetically induced current in the air shower front, to which we will refer to as
CTR-GM.

We show that coherent transition radiation is expected to be large for observers located away
from Earth’s surface. This is of special interest in context of the two ‘anomalous’ events detected
by the balloon based interferometer and neutrino observatory ANITA [14, 15, 16]. Although the
main goal of the ANITA experiment is the detection of high-energy neutrinos interacting in the
Antarctic ice sheet, ANITA has detected dozens of cosmic-ray air shower signals [17]. These
signals are characterized by their polarization, which is found to be aligned with the plane of the
geomagnetically induced current. These events are detected either directly for Earth skimming
showers at large zenith angles, or through the emission that is reflected off the ice for showers at
smaller zenith angles. The difference between the direct and reflected signals are found in a flip in
polarity, defined as the sign of the main peak in the polarization plane, where such a flip is indeed
expected for a reflected signal.

The two so-called ‘anomalous’ events detected by ANITA are observed to originate from the
ice, similar to the reflected cosmic-ray air showers. However, their polarity is flipped compared to
what one would expect for a reflected cosmic-ray air shower signal, and hence the signal appears
to be ’direct’, originating from an upward moving particle cascade. Nevertheless, such an upward
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moving particle cascade implies an extremely energetic primary particle that traversed a large path
through Earth. Given the ANITA exposure and the needed energy of the primary, this effectively
rules out any particle currently known within the standard model of particle physics [18]. In this
work we show that coherent transition radiation from a high-energy (down-going) cosmic-ray in-
duced air shower hitting the air-ice surface can lead to the observed polarity signature by ANITA
and as such provides a natural, standard model, explanation for the observed events.

2. Geometry: From Cherenkov effects to transition radiation

In this work, we largely follow [8] and [19], which describe coherent transition radiation from
a cosmic-ray air shower hitting the air-ice boundary. In [8], it was argued that coherent transition
radiation can be interpreted as a superposition of the vanishing of the induced electromagnetic
potential in one medium, also referred to as the sudden death signal, and the sudden appearance of
the potential in another medium. There is one caveat with calculating coherent transition radiation
starting with the standard potentials from classical electrodynamics, which lies in the fact that
these potential are derived under the assumption of an infinite homogeneous medium. As such
the potentials are typically not defined at the boundary, where boundary conditions have to be
applied. Other, more direct approaches are found by calculating the boundary emission directly
from Maxwell’s equations [13].

We first consider the Liénard-Wiechert potentials from classical electrodynamics, which are
given by,

Aµ(~x, t) =
Jµ

D

∣∣∣∣
t ′
. (2.1)

The potential is constructed in two parts, first there is the ‘source’, Jµ , with µ = 0 denoting the
charge component leading to the scalar potential and µ = 1−3 denoting the currents inducing the
vector potentials. The geometry is contained in the denominator 1/D = (1/L) (dt ′/dt), where L
denotes the optical path length to the observer, t ′ denotes the emission time, and t the observer
time. The geometry is captured by the infinitesimal product dt ′/dt, taking care of the projection of
the current at the observer location. It is now interesting to study the relation between the emission
time and the observer time, t ′(t), for different observer geometries.

Defining t = t ′ = 0 as the time when the (fictive) cascade front defined to be moving with the
speed of light along the shower axis hits the observer plane. As such, the emission height is directly
linked to the emission time z =−ct ′. In Fig. 1, we consider the z(t) ∝ t ′(t) relation for a vertically
incoming cosmic-ray air shower hitting the air-ice boundary at 3 km above sea level. The observer
is located at an impact parameter of 40 m from the cascade axis, 100 m below the air-ice boundary.
The full red line indicates the z(t) relation for the in-air emission, the dashed purple line indicates
the z(t) relation for the in-ice emission, and the full green line indicates the total number of particles
inside the cascade as denoted on the top x-axis. It follows that in-air signals emitted at early times
(large heights) are delayed by the medium and arrive late. We then see a ’perfect’ time from which
the signal arrives first at which the full red line turns. At this time, the observer sees a finite part
of the particle cascade at once, which is know as the Cherenkov effect. This is also reflected in
the potentials through the product dt ′/dt, which diverges, and has to be regularized [20]. We then
observe that in-air signals emitted at later times arrive late.
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Figure 1: The z(t) ∝ t ′(t) relation for the geomagnetic and/or Askaryan emission from a vertically
incoming cosmic-ray air shower hitting the air-ice boundary at 3 km above sea level. The observer
is located at an impact parameter of 40 m from the cascade axis, 100 m below the air-ice boundary.
The full red line indicates the z(t) relation for the in-air emission, the dashed purple line indicates
the z(t) relation for the in-ice emission, and the full green line indicates the total number of particles
inside the cascade as denoted on the top x-axis. The y-axis is shifted by 90 m for visualisation
purposes, figure taken from [19].

The situation now becomes interesting if we consider the boundary, where there is a discon-
tinuity in the product dt ′/dt. At this point, the observer sees a strong ’shock’ in the potential,
transition radiation. Since this ’shock’ in the potential is a purely geometrical effect, similar to
the Cherenkov effect illustrated above, both transition radiation as well as Cherenkov effects apply
equally well to the net excess charge in the cosmic-ray air shower, as well as to the geomagnetically
induced transverse current. Solving for the fields in these situations becomes non-trivial, and for
details we refer to [8, 19].

3. The ANITA anomalous events

In the previous section we have shown that the z(t) ∝ t ′(t) relation is discontinuous at the
boundary. This can be understood by considering the different paths through which the charges
and currents in the cascade front are observed once it is positioned directly above the boundary
compared to the situation directly below the boundary. This is shown in Fig. 2. Please note that
in Fig. 2 we only consider the relativistically boosted paths in the forward direction, as the emission
from a charge or current in the back lobe, moving away from the observer, is highly suppressed.

For the in-ice observer discussed in the previous section, we see that the charges and cur-
rents observed directly above the boundary are seen through a completely different path (label 2
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Figure 2: The geometry for coherent transition radiation within a distance ε from the air/ice in-
terface. The geomagnetically induced current observed through the relativistically boosted path
is given by the red line (label 1). The current is observed through the reflected path for an in-air
observer and through the refracted path for an in-ice observer. The relativistically boosted path
through which the current is observed from directly below the boundary is given by the solid ma-
genta line, label 3. Hence, the relativistically boosted current directly below the air-ice interface
will be observed by an in-ice observer, where it instantly vanishes for an in-air observer. Figure
taken from [19].

in Fig. 2), compared to the signal emitted directly below the boundary (label 3 in Fig. 2). This
leads to the observed ’shock’ in the potential, and hence very strong transition radiation. For the
in-air observer (ANITA) the relativistically boosted current is observed through the reflected path
(label 1 in Fig. 2). Once the cascade crosses the air-ice boundary, this path completely vanishes and
with it the associated potential and again very strong coherent transition radiation is expected. It
should be noted that there is still the non-boosted (direct) path for both the in-air emission as well
as the in-ice emission. The charges and currents are observed to move relativistically away from
the observer for these direct paths and hence this emission is highly suppressed and can be ignored
in practice.

It follows that for the ANITA geometry, we do expect strong coherent transition radiation to
play a significant role once a significant charge (CTR) and/or current (CTR-GM) crosses the air-
ice interface. In [12] and [8], it is discussed that for particle cascades with zenith angles below
70 degrees, in combination with elevated boundary surfaces this is the case. To investigate if
this is the situation for the anomalous events detected by ANITA, in Fig. 3 we show the fraction
of particles hitting the boundary surface with respect to the maximum number of charges inside
the cascade (for more details on the air shower simulations we would like to refer to [19]). It
immediately follows that the two anomalous events indicated in solid red are outliers within this
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distribution and indeed strong coherent transition radiation is expected.

So can coherent transition radiation from the geomagnetically induced current provide a flip in
polarity? For this we first have to consider the polarization plane of this emission. Charges within
an air shower are deflected via the Lorentz force in Earth’s magnetic field, which in Antarctica
points vertically. As such, the in-air geomagnetic emission will be polarized along the induced
geomagnetic current in the horizontal plane. Since the CTR-GM originates from the same source–
the geomagnetically induced current –CTR-GM will lie in the same horizontal plane.

Now it is the polarity of the signal, the sign of the dominant peak of the emission, which
becomes interesting. In Fig. 4 a), we show the expected electric field for a shower with a similar
geometry as the ANITA anomalous event observed at a zenith angle of 55 degrees, hitting the air-
ice boundary 3 km above sea level, with the observer located 30 km above the air-ice boundary.
The field is observed at an angle of 2 degrees from the specular of the cascade axis (figure taken
from [19]). It follows that indeed the polarity of the transition radiation is opposite to the polarity of
the in-air emission, allowing for the observed polarity flip. For comparison, in Fig. 4 b), we show
the expected emission from a 70 degrees inclined air shower. In this situation the total particle
number at the air-ice interface –and hence the total current– becomes negligible, and the observed
field is dominated by the in-air geomagnetic emission.
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Figure 3: The base 10 log of the mean value of Nb/Nmax for each ANITA-1 CR and the two
‘anomalous’ events (AE). The leftmost bin contains all values smaller than -5.
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Figure 4: The expected radio emission from a down-going cosmic ray air shower hitting an air-ice
boundary at 3 km above sea level. The observer is located 30 km above sea level, and observes
the emission which reflects from the air-ice interface at an angle of 2 degrees from specular with
respect to the shower axis. The (striped) red line indicates the the in-air emission bouncing of the
ice towards the detector. The (dashed) blue line indicates the emission due to the vanishing of the
potential at the boundary. The total field at the observer is given by the (full) purple line. Figure
taken from [19].

4. Conclusions

Coherent transition radiation is not limited to a net charge, but applies equally well to a charge-
neutral current. Its application is found in cosmic-ray induced air showers hitting a boundary
surface and is of special interest in view of the two anomalous events detected by the ANITA ob-
servatory. We have shown that the two anomalous events detected by ANITA are outliers within
the detected cosmic-ray distribution by ANITA in the sense that a significant amount of charge
and current in the cascade front hits the air-ice interface. These are the main conditions for strong
CTR-GM to occur. Since the in-air emission and the CTR-GM are both caused by Earth’s mag-
netic field, both are expected to lie within the same polarization plane. Furthermore it is shown that
the polarity, the sign of the dominant peak in the observed field is inverted when CTR-GM is in-
cluded. As such coherent transition radiation from the geomagnetically induced transverse current
for a down-going cosmic-ray air shower forms a natural, standard model, explanation for the two
anomalous events detected by ANITA.
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