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Abstract

Currently, the technique to detect neutrinos at the EeV energy scale by the radio
signals emitted when they interact in glacial ice, is making the transition from small
prototype experiments to full discovery-scale detectors. In the summer of 2021, con-
struction started for the Radio Neutrino Observatory Greenland (RNO-G), the first
detector large enough to be sensitive to the expected flux of cosmogenic neutrinos.

With the prospect of the first detection of a neutrino using the radio technique,
the ability to reconstruct their properties from the radio signal becomes more and
more important. The goal of this thesis is to develop methods that would allow
for the reconstruction of the energy of a neutrino detected by RNO-G or a similar
detector.

At the same time, radio detection is a well-established technique for cosmic ray
observatories. The radio emission from air showers is due to very similar effects, and
shares many properties with the radio signals expected from high-energy neutrinos.
Thus, air showers can be a useful test case when trying to develop reconstruction
techniques for radio neutrino detectors.

To reconstruct the energy of an air shower, radio cosmic ray observatories usually
use the amplitude of the radio signal measured at a number of different locations.
Such an approach is not feasible for a radio neutrino detector, because most events
are expected to only be detected by a single radio station. Therefore, the first task
was to develop a way to reconstruct the energy of an air shower using only a single
detector station. This was accomplished by first using a technique called forward
folding, which fits an analytic model to the measured waveforms, to determine the
radio signal’s frequency spectrum. By using the shape of this spectrum as a proxy
for the angle under which the radio signal is recorded, called the viewing angle, the
shower energy can be reconstructed with a resolution of around 15%.

The forward folding technique used to reconstruct the radio signal from an air
shower relies on an accurate analytic model for the radio signal. This works well
for the radio signals from air showers, whose spectrum can be described quite accu-
rately by a simple exponential function, but applying it to signals from a neutrino
poses some challenges. Their frequency spectrum is more complex and more diffi-
cult to predict on a per-event basis. Additionally, because the first radio detection
of a neutrino has yet to occur, these models have to rely purely on simulations and
are hard to verify experimentally. The solution to this was to use a method called
Information Field Theory, and determine the most likely radio signal from the mea-
sured waveforms via Bayesian inference. Instead of an analytic model, the spectrum
is described by its correlation structure, which makes very few a priori assumptions
about the radio signal. The method is in fact shown to be flexible enough to be
applied to radio signals from both air and neutrino-induced showers.

Finally, these techniques are combined to reconstruct the energy of neutrinos de-
tected by a single RNO-G station. The location of the shower is determined using
the differences in the signal arrival time between different antennas. The frequency
spectrum of the radio signal is determined using the Information Field Theory method
and used as a proxy for the viewing angle to estimate the shower energy. The energy
of the neutrino that caused the shower is estimated using Bayes’ theorem, taking into
account the energy resolution of the detector and the unknown interaction inelastic-
ity.
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Zusammenfassung

Die Methode, hochenergetische Neutrinos anhand von Radiosignalen, die sie
erzeugen, wenn sie in Eis interagieren, zu detektieren, befindet sich derzeit auf dem
Weg von kleinen Prototyp-Experimenten zu den ersten Neutrino-Observatorien. Mit
dem Bau des Radio Neutrino Observatory Greenland (RNO-G), der im Sommer 2021
begann, entsteht auf Grönland gerade der erste Detektor, der groß genug ist, um den
Fluss kosmogener Neutrinos zu messen.

Mit der Aussicht auf die erste Messung eines Neutrinos mittels Radiodetek-
tion wird es immer wichtiger, aus diesen Signalen die Eigenschaften des Neutrinos
rekonstruieren zu können. Ziel dieser Arbeit ist es daher, Methoden zu entwickeln,
mit denen die Energie der von RNO-G gemessenen Neutrinos bestimmt werden
kann.

Radiosignale werden bereits benutzt, um Luftschauer zu detektieren. Kosmische
Strahlung erzeugt Signale durch ähnliche Prozesse wie Neutrinos, sodass diese sich
in vielen Eigenschaften ähneln. Es kann daher hilfreich sein, zunächst Luftschauer
zu betrachten, um Methoden für Neutrinodetektoren zu entwickeln.

Radio-Detektoren messen das Radiosignal eines Luftschauers meistens an meh-
reren Positionen, um aus diesem "Fußabdruck" die Energie des Schauers zu bes-
timmen. Für einen Detektor wie RNO-G ist ein ähnlicher Ansatz nicht möglich,
da ein Neutrino meistens nur von einer einzigen Detektorstation registriert wird.
Folglich muss die Messung einer einzigen Station genügen. Zunächst wird das Fre-
quenzspektrum des Signals mit einer Methode namens forward folding bestimmt, bei
der ein analytisches Modell an die gemessenen Daten angepasst wird. Die Form des
Spektrums dient dann dazu, den Betrachtungswinkel auf den Schauer abzuschätzen
und dessen Einfluss auf das Radiosignal auszugleichen. Dadurch kann die Schaueren-
ergie mit einer Auflösung von etwa 15% bestimmt werden.

Zwar funktioniert die forward folding-Methode gut, um das Radiosignal von Luft-
schauern zu rekonstruieren, sie setzt aber ein analytisches Modell der Signale vo-
raus. Während bei Luftschauern das Spektrum durch eine einfache Exponential-
funktion gut beschrieben werden kann, ist es bei Radiosignalen von Neutrinos deut-
lich komplexer und nur schwer vorherzusagen. Ausserdem beruhen solche Vorher-
sagen auf Simulationen, die nur schwer experimentell zu überprüfen sind.

Eine Alternative bietet eine Methode namens Information Field Theory, bei der
das wahrscheinlichste Radiosignal für die gemessenen Daten anhand Bayesscher
Inferenz bestimmt wird. Das zu erwartende Radiosignal wird dabei anstatt durch
ein analytisches Modell durch seine Autokorrelation beschrieben. Dadurch enthält
diese Methode nur wenige a priori Annahmen bezüglich des zu erwartenden Sig-
nals und ist flexibel genug, um sowohl auf Luftschauer als auch auf Signale von
Neutrinos angewandt zu werden.

Damit kann die Methode, die zur Messung der Energie von Luftschauern en-
twickelt wurde, auf Neutrinos übertragen werden, die durch eine RNO-G-Station
detektiert werden: Zuerst wird der Ort des Schauers anhand der Ankunftszeiten
des Radiosignals bei den Antennen der Station bestimmt. Anschließend wird das
Spektrum des Radiosignals mittels Information Field Theory rekonstruiert und ver-
wendet, um die Energie des Teilchenschauers zu ermitteln. Zuletzt wird die Energie
des Neutrinos, unter Berücksichtigung der Detektorauflösung und der unbekannten
Inelastizität der Neutrinointeraktion, bestimmt.
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Chapter 1

Finding the Sources of
Ultrahigh-Energy Cosmic Rays

Although cosmic rays have been known to exist for more than a hundred years [1],
they are still among the more puzzling phenomena in astrophysics. Their energies
can reach up to 1× 1020 eV, far beyond anything achievable with particle accelera-
tors on earth, which makes the question about their origins all the more fascinating.
But to this day, despite the efforts of thousands of physicists and enormous experi-
ments, the sources of cosmic rays remain a mystery.

1.1 Ultra-High Energy Cosmic Rays

The cosmic ray spectrum has its maximum at an energy of 0.3 GeV and extends up to
1011 GeV, where it shows a steep cutoff. Between those two energies, the cosmic ray
flux is steadily decreasing following a power law Φ ∝ E−γ, with a few breaks where
the spectral index γ changes (see Fig. 1.1). The two most prominent of theses breaks
have been labeled the knee and the ankle. At the lower energies, the spectral index
has a value of γ ≈ 2.7. At the knee, around E ≈ 2.0× 1015 eV, the spectral index
starts to change to a value of γ ≈ 3.0 and returns to γ ≈ 2.7 at the ankle, around
E ≈ 2× 1018 eV. Finally, there is a cutoff, where the cosmic ray flux begins to drop
sharply. Measurements by the Telescope Array and the Pierre Auger Observatory,
the two larges cosmic ray detectors, place this cutoff at different energies, 60 EeV and
40 EeV, respectively [8, 9], though both are compatible if systematic uncertainties are
considered [6].

The arrival directions of cosmic rays at earth are close to isotropic. At lower
energies, this is to be expected due to the deflection of cosmic rays by magnetic fields,
which leads to a diffuse, random walk-like, propagation, and an isotropization, thus
losing information about the direction of their sources. At energies on the EeV scale
though, a proton from a nearby extragalactic source should only be deflected by a
few degrees, and provide information about its origin. Despite this, as of today only
large-scale deviations from isotropy have been found in the directions of UHECRs
at 5σ significance.

At energies above 4 EeV, the Pierre Auger Observatory reports a dipole in the
direction distribution [10] and an anisotropy in the right ascension of cosmic rays
[11], while the Telescope Array (TA) discovered a clustering at energies above 57 EeV
[12], dubbed the hot spot.

These findings are strong evidence for an extragalactic origin of cosmic rays at
the highest energies, as the higher density of sources in the galactic plane should
lead to a clustering of cosmic ray directions. The fact that the large-scale anisotropies
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FIGURE 1.1: The three most important messenger particles for high-
energy astrophysics: Diffuse γ-ray flux measured by Fermi [2], astro-
physical neutrino flux from IceCube high-energy starting events [3]
and νµ [4] as well as the atmospheric neutrino background [5]. For
the cosmic ray flux, measurements by the Pierre Auger Observatory

and Telescope Array [6] as well as KASCADE-Grande [7].

point away from the galactic center further supports this conclusion. It is also note-
worthy that the TA hotspot is coincident with the location of the nearby starburst
galaxy M82 [13]. Data from the Pierre Auger Observatory also suggests a significant
contribution from M82, as well as from the nearby radio galaxy Centaurus A [14].
Though not at a 5σ level, these correlations further support an extragalactic origin
of UHECRs.

Although these nearby objects may contribute to the UHECR flux, the small level
of these anisotropies indicates that it is predominantly not originating from a few
nearby, but instead a larger number of more distant sources. This has motivated
the search for correlations between cosmic rays and catalogues of specific classes of
astrophysical objects that are considered potential sources. But so far none of these
have yielded statistically significant results at the 5σ level [15, 16, 17, 18].

To better understand the deflection of cosmic rays by magnetic fields, it is im-
portant to understand their chemical composition. The cosmic ray flux is in general
dominated by light elements, especially hydrogen, but becomes heavier around the
knee [19, 20], until it returns towards a light composition again. This is generally
explained, along with the steepening spectrum, as the shift from galactic to extra-
galactic sources. Under this model, galactic cosmic ray spectrum is limited by the
rigidity R = E

Z , where Z is the atomic number. This causes the lighter cosmic rays to
reach their maximum energy first and the composition to become heavier. Eventu-
ally, even iron, the heaviest element expected to be abundant in cosmic rays, reaches
its maximum energy and only the extragalactic flux remains. An increase in the
cosmic ray mass is also observed between the ankle and the cutoff [21, 22, 23], but
it is not yet clear if this is due to cosmic rays reaching their maximum rigidity or
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propagation effects. There is also some disagreement between measurements by the
Pierre Auger Observatory and the Telescope Array, with the Telescope Array data
suggesting a lighter composition. Despite this, both measurements are compatible
with each other within systematic uncertainties.

The generally accepted acceleration mechanism for galactic cosmic rays is first
order Fermi acceleration inside astrophysical shocks. In this scenario, material is
ejected from some source and collides with another medium at rest, creating a shock
front. Magnetic fields trap particles, which propagate diffusively and will occasion-
ally cross the shock front from one medium into the other. In doing so, it will gain
an amount of energy ∆E proportional to its prior energy. This cycle repeats until the
particle diffuses out of the shock region and acceleration stops. It can be shown [24]
that such a process produces a power law spectrum with a spectral index

γ = − ln(1− Pe)

ln(1 + ∆E)
+ 1 ≈ Pe

∆E
+ 1 (1.1)

where Pe is the probability of the cosmic ray to escape from the acceleration re-
gion in any given cycle. For an ideal shock (in which the speed of the shock front
is much faster than the speed of sound in the medium) in interstellar gas Pe

∆E ≈ 1,
predicting a spectral index γ ≈ 2. This is harder than the cosmic ray spectrum mea-
sured on earth, but the difference can be explained by propagation effects. Thus, the
Fermi acceleration mechanism offers a general template for a cosmic ray source.

Shocks have been observed in a number of astrophysical objects. The open ques-
tion is which of those, if any, are able to accelerate cosmic rays all the way up to
the highest energies observed on earth. The Hillas diagram offers one criterion for
an object to be able to reach the highest cosmic ray energies[25]. To conclude mul-
tiple acceleration cycles, the particle needs to be confined to the source region by
magnetic fields. This is only possible if the gyroradius

r =
E

e · Z · B (1.2)

is smaller than the source region. In this equation E is the cosmic ray energy, B is
the magnetic field strength, e the elementary charge and Z the atomic number of the
nucleus. While this is a necessary, but not a sufficient condition, some conclusions
can already be drawn from it. Heavier elements, with a larger Z, have a smaller gy-
roradius and therefore fulfill the Hillas condition up to higher energies. This would
lead to a rigidity-dependent cutoff in the cosmic ray spectrum, that may explain the
shift in the cosmic ray composition around the ankle.

One class of astrophysical objects that provides ideal conditions for first order
Fermi acceleration to occur are supernova remnants (SNRs). During a supernova,
matter is violently ejected from the star. As the ejecta propagate, they sweep up
material from the interstellar medium, producing a shock front with strong mag-
netic fields. In some cases, a pulsar forms in the center of the supernova remnant
(pulsar wind nebula), whose strong magnetic fields continue to eject plasma into its
surroundings. Though SNRs provide ideal conditions for particle acceleration, and
are the most abundant galactic gamma ray sources, the Hillas criterion restricts their
maximum cosmic ray energy to around ∼1 PeV. This is around the knee and fits
neatly with the heavier composition observed there. Therefore, SNRs are generally
accepted to be the primary sources of galactic cosmic rays up to PeV energies, while
energies above that are dominated by a different, extragalactic, source population.

What exactly these extragalactic cosmic ray sources are, is still an open question.
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To answer it, we do not have to solely rely on cosmic rays, but can also make use of
other messenger particles, like high-energy neutrinos.

1.2 Neutrino Astronomy

One of the main challenges when trying to identify the sources of UHECRs is their
deflection by magnetic fields. Fortunately, as the cosmic rays are accelerated, they
will occasionally interact with matter or photon fields at or near the source. These in-
teractions produce new particles, the most common of which are pions. The charged
pions decay into muons and electrons, along with the corresponding neutrinos and
antineutrinos

π− → µ− + νµ → e− + νe + νµ + νµ

π+ → µ+ + νµ → e+ + νe + νµ + νµ
(1.3)

On the other hand, neutral prions predominantly decay into gamma photons

π0 → 2γ

This process implies a connection between high-energy neutrinos1, cosmic rays and
gamma rays.

Gamma rays have been observed from a large number of astrophysical objects,
providing strong evidence for particle acceleration. However, the detection of gamma
emission is not necessarily a proof of the acceleration of hadronic cosmic rays, as it
may also stem from purely leptonic processes, such as inverse Compton scattering,
where high-energy electrons scatter on target photons, increasing their energies up
to several TeV. One possible origin for these target photons is through synchrotron
emission by the same electrons in the source’s magneteic field. In that case, the re-
sult is a characteristic energy spectrum, with a synchrotron peak at keV-MeV and a
compton peak at TeV energies, which has been observed at a number of gamma ray
sources [26, 27, 28].

Gamma rays as messenger particles for astronomy also have some limitations
because of their propagation. At high energies, gamma rays interact efficiently with
lower-energy photons from the extragalactic background light and the cosmic mi-
crowave background. These interactions produce pairs of electrons and positrons,
thus dissipating the photon energy and effectively making the universe opaque to
high-energy gamma rays [29, 30]. Therefore, gamma ray astronomy is either lim-
ited to sub-TeV energies or to sources within the pair production interaction length,
which is around 300 GMpc at 1 TeV [31], so the high-energy gamma rays from the
distant sources we expect for UHECRs are most likely invisible to us.

Neutrinos on the other hand, can propagate through the universe over practi-
cally infinite distances. They also cannot be produced efficiently by leptonic pro-
cesses, making them a smoking gun for the acceleration of hadronic cosmic rays.
Their small interaction cross section also allows them to escape from environments
that would be opaque to photons. These properties make neutrinos, at least in the-
ory, ideal messengers for the search for UHECR sources.

1Because in practice ν and ν are extremely hard to tell apart using the experiments we are concerned
with, we will drop this distinction from here on.
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The existence of an astrophysical neutrino flux was first shown by the IceCube
detector, a 1 km3 neutrino detector at the South Pole, in 2013 [32, 33]. The latest re-
sults from the IceCube collaboration report a spectral index of γ = 2.87+0.20

−0.19 [3], close
to that of cosmic rays. Their arrival directions are distributed isotropically, with no
association to the galactic plane, which is strong evidence for an extragalactic origin.
Searches for correlations between neutrino directions and astrophysical source cata-
logs have so far not shown any clear connections, further evidence that cosmic rays
are not produced by a small set of luminous sources, but a larger population of more
common objects [34, 35].

The production process through pions suggests an ratio of 1:2:0 between the
three neutrino flavors νe:νµ:ντ, but through neutrino oscillations this changes to a
1:1:1 ratio expected at earth. The flavor ratio measured by the IceCube experiment
is consistent with this prediction, though uncertainties are still rather large [36, 37].

Neutrinos and gamma rays offer another approach to the search for the cos-
mic accelerators, that is not available using cosmic rays. Some source candidates,
like gamma ray bursts, supernovae and tidal disruption events only last a relatively
short time (by astronomical standards, at least). Over the large distances from these
objects to us, even small deflections of cosmic rays prolong their travel times by hun-
dreds of years compared to optical or radio signals. For gamma rays and neutrinos,
their timing can give valuable hints at their origin. In fact, some of the best exper-
imental evidence for neutrino emission from supernovae comes from the detection
of neutrinos coinciding with the supernova 1987A. Since then, multi-messenger as-
tronomy has be come more sophisticated, involving ’classical’ observatories, as well
as detectors for gamma rays, neutrinos and gravitational waves. Instruments with
a large field of view send out alerts that can trigger follow-up observations by other
observatories. Because they can see the entire sky at once, neutrino observatories are
a potent instrument to send out those alerts.

In recent years, multimessenger observations of neutrinos and electromagnetic
emissions have drawn attention to two source classes associated with supermassive
black holes: active galactic nuclei (AGNs) and tidal disruption events (TDEs).

In an active galactic nucleus, the supermassive black hole at the center of a galaxy
accretes matter from the environment around it, forming an accretion disk. In some
cases, matter is ejected in powerful jets, which can reach well into the intergalactic
medium. These jets can reach relativistic speeds and have long been theorized to
be possible sources for UHECRs [38, 39]. Some AGNs, called blazars, have their
jets pointed directly at earth, which makes them a prime source candidate for high-
energy neutrinos.

On September 22nd 2017, IceCube detected a muon neutrino with an energy of
230 TeV and issued an alert that triggered follow-up observations in the radio, opti-
cal, X-ray and gamma band [40]. These observations showed the blazar TX0506+056,
coincident with the neutrino’s arrival direction, to be in a flaring state. This marks
the first successful association between an individual neutrino event and its source
at a significance of 3σ. Additionally, archival data showed a neutrino flare from the
same blazar in 2014-15 at a significance on 3.5σ [41], though puzzlingly this was not
accompanied by an increase in gamma ray emission.

A tidal disruption event (TDE) occurs when a star approaches a supermassive
black hole and is torn apart by tidal forces. One such TDE was discovered in coin-
cidence with a neutrino detected by IceCube [42]. Multi-wavelength observations
supported a multi-zone emission model, with an outflow as well as a UV photo-
sphere around the central engine, which would be an ideal source for neutrinos.
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While these observations identify two promising source candidates, the lack of
correlations between neutrinos and blazar catalogues or TDEs constrain the maxi-
mum contributions of these object classes to the total neutrino flux to 27% [43] and
39% [44], respectively. This means that a large part of the neutrino sources are still
unaccounted for.

1.3 The Case for EeV Neutrinos

So far, astrophysical neutrinos have been detected with energies up to the tens of
PeV range. This upper energy limit is due to the sharply falling spectrum and the
limited size of detectors. However, certain source classes, like AGN [45] and gamma
ray bursts [46, 47] have been theorized to also produce substantial EeV neutrino
fluxes. EeV neutrino fluxes from other sources, like TDEs [48], are expected be too
low to be detectable in the near future.

In fact, identifying an EeV neutrino source would provide clear evidence of cos-
mic ray acceleration to at least∼10 EeV, since neutrinos produced via the pion chan-
nel typically carry about 5% or the primary cosmic ray energy. In the other hand, a
PeV neutrino is a clear sign of hadronic cosmic ray acceleration, but not necessarily
up to the EeV regime.

Additional ultra-high energy neutrinos, called cosmogenic neutrinos, are expected
to be produced during the propagation of ultra-high energy cosmic rays [49]. Cosmic
rays can interact with photon fields. If the center of mass energy of the interaction is
larger than the mass of the delta resonance, it can efficiently produce charged pions,
which decay into neutrinos, as shown in E.1.3.

The most abundant photons in the universe are from the cosmic microwave back-
ground (CMB), which have a peak photon energy of 0.2 meV. Because of this the
minimum cosmic ray energy for efficient pion production is at ∼5× 1019 eV. For
heavier elements, it is even higher as the Lorentz factor of a heavier cosmic ray is
smaller for the same energy. At lower energies, other photon fields, like the ex-
tragalactic background light, can serve as scattering targets as well. This produces
neutrinos predominantly in the PeV range and is a secondary effect at EeV energies
[50].

The cosmic ray loses energy in through this effect, called the the GZK effect,
leading to a suppression of the UHECR flux at the highest energies. This would be
a possible explanation for the cutoff of the cosmic ray spectrum and the tendency
towards a heavier composition. Alternatively, the cutoff may also be due to the
cosmic ray sources reaching their maximum energies and the heavier composition
due to rigidity-dependent acceleration [9]. Detecting the UHE neutrinos produced
by the GZK effect, or constraining their flux, would give a clearer answer to this
question.

Predictions about the scale of this cosmogenic neutrino flux can vary by several
orders of magnitude depending on model assumptions [51, 52, 53, 9]. The assump-
tion of a lighter composition, especially one with a large proton fraction, at the high-
est energies, generally leads to a higher cosmogenic neutrino flux, because of the
smaller Lorentz factor for a heaver nucleus with the same energy. Because Telescope
Array measurements suggest a higher cutoff energy and a lighter cosmic ray com-
position, models based on its data set tend to predict a more optimistic cosmogenic
neutrino flux than ones based on Pierre Auger Observatory data. The choice of sim-
ulation codes for the cosmic ray propagation, and the assumptions made therein, can
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also influence the predicted neutrino flux [54]. Cosmogenic neutrinos could help to
clarify these uncertainties.

Failing to detect cosmogenic neutrinos would put constraints on composition of
cosmic rays above the minimum GZK energy. Because we know that cosmic rays
with larger energy exists, a lack of cosmogenic neutrinos allows us to set limits on
the proton fraction of cosmic rays at the highest energies [55]. This would have
implications for correlations studies between cosmic ray directions and source cat-
alogues, as a stronger deflection through magnetic fields needs to be assumed, and
could confirm or exclude models that predict a substantial high energy proton frac-
tion [56].

While UHECRs at an energy of, for example, 60 EeVare limited to the GZK hori-
zon of about 50 Mpc and gamma rays are attenuated through photo-pair production
with extragalactic background light photons, neutrinos at any energy have a prac-
tically infinite range and may be the only way to observe distant sources of high-
energy particles. This leads to an interesting relationship between the evolution of
UHECR sources over cosmic time and the abundance of UHE neutrinos [55]: Cosmic
ray sources at high redshifts are beyond the GZK horizon, so any cosmic rays emit-
ted by them can not reach us. However, any neutrinos they produced still can. So
source classes that are more common at higher redshifts, such as gamma ray bursts
[57] or AGNs [58] should lead to a higher cosmogenic neutrino flux than sources
that tend to be closer, like TDEs [59, 48].

For these reasons, UHE neutrinos are a promising messenger particle to identify
the sources of UHECRs. The direction of detected neutrinos can be used to point
to their sources and issue real time alerts, like it is done at lower energies, but with
the added benefit that they are directly related to the highest-energy cosmic rays.
Measuring the UHE neutrino flux and spectrum could put significant constraints on
models about composition, propagation and their sources.

The most promising technique to actually observe UHE neutrinos is the detec-
tion of radio signals from particle showers in glacial ice. This is a relatively new
technique, which is just now making the transition from a few pathfinder experi-
ments to the first discovery-scale detector. Accordingly, reconstruction techniques
for this new type of observatory have to be developed, which is the focus of this
thesis, in particular regarding the neutrino energy.

Meanwhile, the radio technique is well-established for the detection of cosmic
rays. The radio emission from air showers is well understood and reconstruction
techniques have already been developed. This presents an interesting opportunity:
Because their radio emissions are very similar, we can use air showers as a test case
to develop techniques we intend to use for showers in ice.
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Chapter 2

Detecting Cosmic Rays with Radio
Signals

At energies above the PeV range, the cosmic ray flux drops to levels on the order of
a few particles per square meter per year, and direct detection becomes unfeasible.
Because cosmic rays cannot penetrate through the atmosphere to ground level, ex-
periments for direct cosmic ray detection have to be carried by high-altitude balloons
or satellites, which limits their size as well as the duration of the experiment. At the
highest cosmic ray energies around 1020 eV, the flux is on the order of a few parti-
cles per square kilometer per century, requiring cosmic ray observatories to cover
thousands of square kilometers to be able to detect even a few of them.

The way to solve this problem is to detect secondary particles from cosmic ray
interactions in the atmosphere. They produce a shower of secondary particles, called
an extensive air shower, spread out over a large area, up to several square kilometers
at the highest energies. By detecting these secondary particles, only a small fraction
of the area of the detector has to be instrumented. The obvious downside is that any
information about the primary cosmic ray, such as its direction, energy and particle
type has to be inferred from the air shower. Doing so is a difficult process and re-
quires a thorough understanding of the mechanics of air showers. In this chapter
I will discuss the physics of air showers, how they can be used to reconstruct the
primary cosmic ray properties, and how measuring their radio emissions can help
in this.

2.1 Air Shower Physics

As a cosmic ray propagates through the atmosphere, it will eventually interact with
a nucleus in the air, starting an air shower. The basics of the development of this air
shower can be understood using the Heitler model, which provides a very simplified
base on which to build [60]. In the Heitler model, a particle with an energy E0 crosses
a distance λ, called the interaction length, after which it produces two new particles of
the same kind, each of which has the energy E1 = E0/2. This process repeats, with
each particle of the nth generation having an energy En = E0

2n , until En falls below
a threshold energy and the process stops. Though the model is very simple, it is a
good qualitative description and makes some accurate quantitative predictions: The
number of particles Nmax at the shower maximum scales linearly with the energy of
the primary cosmic ray, while the distance the shower propagates before reaching
the maximum is proportional to the logarithm of the primary cosmic ray energy.
Still, the development of real air showers is more complicated and additional effects
must be considered.
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The Heitler model only considers one interaction between shower particles and
the air. In reality, the particles in the shower constantly lose energy and some of
them decay. Because of this, the number of particles in the shower does not follow
the simple exponential growth up to the maximum suggested by the Heitler model,
and decreases quickly afterwards.

A more accurate description of the shower development is given by the Gaisser-
Hillas curve [61]:

N(X) = Nmax ·
X− X0

Xmax − X0

Xmax−X0
λ

· exp
(

Xmax − X
λ

)
(2.1)

where Nmax is the maximum number of particles in the shower and λ the hadronic
interaction length. The parameters X0 describes the atmospheric depth at the point
of the first cosmic ray interaction and Xmax the depth of the shower maximum. They
are given in terms of the slant depth, which is defined as

X(h) =
1

cos(θ)

∫ ∞

h
dz ρ(z) (2.2)

where θ is the zenith angle of the shower, h is the height above ground and ρ is
the altitude-dependent density of the air. X0 and Xmax are strongly correlated to
each other, as a shower that starts deeper in the atmosphere also tends to reach its
maximum at a larger depth.

For a more detailed description of the processes in air showers, it is useful to dif-
ferentiate between four different parts: The hadronic, electromagnetic and muonic
components, and the invisible energy.

As the name suggests, a hadronic shower is driven by collisions of hadrons with
the nuclei of air molecules, which produce more hadrons that continue the shower
development. The most common hadrons produced in these cascades are the neutral
and charged pions. Because the primary cosmic ray’s first interaction will typically
be via the strong force, an air shower starts with a hadronic shower that serves as
the "backbone" for the other components.

The π0 has a mean lifetime of only τπ0 = 8.52 · 10−17s, so a newly created π0

almost always decays into two photons before it collides with another air molecule.
These photons produce e+/e− pairs through pair production, which in turn produce
high-energy photons through bremsstrahlung. This process repeats, causing an elec-
tromagnetic shower, as long as Eγ > 2 · mec2. Once the gamma energy falls below
this threshold, pair production stops and the electromagnetic shower dies out as its
constituent particles lose energy in non-radiative processes. Therefore, the hadronic
component of an air shower is always accompanied by many smaller electromag-
netic sub-showers, which together make up the electromagnetic shower component.

The interaction length of a hadronic shower is longer than the radiation length
of electromagnetic showers. On the other hand, hadronic interactions typically pro-
duce more new secondary particles than electromagnetic ones, which leads to a
faster dissipation of the particle energy. The consequence is that electromagnetic
showers are characterized by a larger number of interactions, each of which has a
relatively small impact on the overall shower development by itself. Therefore, elec-
tromagnetic showers tend to be more regular and less affected by shower-to-shower
fluctuations.

The charged pions produced in the hadronic shower component primarily decay
into muons (which make up the muonic component of the shower) and neutrinos.
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Because the neutrinos do not interact further and muons only deposit a small frac-
tion of their energy in the atmosphere, the energy they carry, called the invisible
energy, makes up around 5-20% of the total shower energy and cannot be measured
directly. Instead, it has to be inferred from Monte Carlo simulations [62, 63], or the
number of muons detected at ground level [64].

Charged pions have a much longer lifetime τπ± = 2.60 · 10−8s than their neu-
tral counterparts, so high-energy π± in an air shower can have decay lengths on
the same order of magnitude as their interaction lengths. This leads to an interesting
connection between the shower profile and the spectrum of the muonic shower com-
ponent. High-energy muons have to be produced at an early stage of the shower de-
velopment, when the individual particles still have a high energy. The high-energy
pions needed to produce muons are more likely to interact before they can decay if
they are produced in the denser, lower part of the atmosphere. Therefore a shower
with a smaller X0 tends to have a larger muonic component than one which devel-
oped deeper in the atmosphere. The same is true for more inclined showers, as they
have to propagate a longer distance before reaching the denser parts of the atmo-
sphere [65, 66]. The low-energy muons are produced at a later point in the shower
by pions that have less energy and are therefore likely to decay before interacting
regardless of air density. But the probability of the muon to decay before it reaches
the ground becomes relevant, so inclined air showers produce a smaller number of
low-energy muons at ground level.

In addition to pions, neutrinos can also be produced through the decay of charmed
mesons produced in the air shower [67]. These prompt neutrinos follow a harder
spectrum and are expected to become dominant over the conventional neutrino pro-
duction around energies of 100 TeV, though at these energies the neutrino flux is
dominated by neutrinos from astrophysical sources, making the detection of prompt
neutrinos difficult [68].

Detection methods for extensive air showers can broadly be divided into two
categories: Detection of particles at ground level and detection of light emitted by
the shower. In many experiments, two or more of these methods are combined.

For particle detection at ground level, scintillation or water-cherenkov detectors
are deployed on a grid. The spacing between individual detectors can vary from
∼10 m (like the KASCADE detector [69]) or less to the ∼1.5 km of the Pierre Auger
Observatory [70] and the Telescope Array [71]. Which spacing to choose depends
on the targeted cosmic ray energy range. Lower-energy air showers have a smaller
footpring on the ground and therefore require a close spacing. To cover the large
areas required at the highest energies, the spacing has to increased, which is possible
due to the larger shower footprints.

As an air shower propagates through the atmosphere it emits Cherenkov light
on a cone with an opening angle of ∼1 ◦. The observatories using this effect can be
divided into imaging and non-imaging Cherenkov detectors. The non-imaging tech-
nique, applied in experiments like TAIGA [72], uses an array of wide-angle light de-
tectors to detect the ring of light on the ground created by the Cherenkov emission.
An imaging air Cherenkov telescope (IACT) uses a mirror to focus the Cherenkov
light into a camera. Though IACTs can also detect cosmic rays [73], their small field
of view makes them best suited for gamma ray observatories [74, 75, 76, 77]. The
spacing of non-imaging Cherenkov detectors is limited by the small opening angle
of the Cherenkov cone, so these are used for energies up to the ∼100 PeV range. For
higher energies, the fluorescence light that is emitted from air molecules that were
excited by the air shower are used. This emission is isotropic, which has the advan-
tage that it can be detected from any angle, but at the cost of an overall dimmer light
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than from the Cherenkov effect. This makes the air fluorescence technique most use-
ful at EeV energies, like the HiRes experiment [78] and the Pierre Auger Observatory
[79].

The total number of particles in an air shower is proportional to its energy, but the
particle number in the shower front at a given time changes as the shower evolves
(see Eq. 2.1). Air cherenkov or fluorescence detectors detect light emitted through-
out the shower development, provided it is fully developed before it reaches the
ground, and can therefore use the atmosphere as a calorimeter to reconstruct the
cosmic ray energy. Particle detectors on the ground can only measure a slice through
the shower’s profile and need to correct for the atmospheric depth of the detector’s
location. Most commonly, a function describing the lateral distribution of particles
in the shower front is fitted to the measurements from multiple detector stations and
the particle number at a specific reference distance from the shower axis is used as
an energy estimator [8, 80].

The cosmic ray composition is more difficult to infer from air shower observa-
tions. The effect a different primary particle has on the shower development is most
relevant at the very early stages, where the relatively small number of parameters
also makes random fluctuations more relevant. Therefore it is easier to measure the
overall composition of the cosmic ray flux, than measuring the particle type for a
specific event.

The atmospheric depth X0 at which a cosmic ray will undergo its first hadronic
interaction and begin the shower development is randomly distributed following an
exponential distribution

p(X0) ∝ exp
(
−X0 · A2/3

λ

)
(2.3)

where A is the mass number of the particle and λ the hadronic interaction length.
From this equation follows that X0 tends to be smaller, and has smaller shower-to-
shower fluctuations, for heavier primary cosmic rays. Additionally, heavier cosmic
rays have a larger particle multiplicity in their first interaction, which makes the
shower develop faster and further reduces fluctuations in the early shower develop-
ment. Because the X0 parameter is difficult to measure in practice, the mean value
〈X0〉 and standard deviations σX0 of the depth of the shower maximum are com-
monly used to estimate the composition of EeV cosmic rays. As a fluorescence tele-
scope sees an air shower from the side, the longitudinal profile can be reconstructed
from the light emission [81, 82].

Because high-energy muons are produced more efficiently higher in the atmo-
sphere, air showers from heavy primaries have a larger muonic component. If a
detector can distinguish between muons and the other shower particles, this can be
used to measure the cosmic ray composition [19]. The fact that muons only rarely
scatter during their propagation to earth can also be used to estimate the atmo-
spheric depth at which they were produced, which is correlated with the shower
maximum [83]. However, interactions in the early stages of shower development
take place at center of mass energies beyond what is achievable with accelerators.
Therefore, interaction models have to be extrapolated from measurements at lower
energies, which introduces systematic uncertainties. Measurements by the Pierre
Auger Observatory reported a measured muon content that is inconsistent with the-
oretical predictions [84].
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FIGURE 2.1: Example frequency spectra for the radio signal from an
air shower with an energy of 1018 eV energy and 65 ◦ zenith angle
observed at different distances d from the shower axis. For each dis-

tance, the approximate viewing angle ϕ is also given.

2.2 Radio Signals from Air Showers

As an air shower propagates through the atmosphere, it is affected by the Lorentz
force due to the Earth’s magnetic field, which accelerates positive and negative
charge in opposite directions. However, particles in the shower undergo frequent
collisions with molecules of the air, each of which effectively randomizes their lat-
eral movement. Together, the result is a drift of positive and negative charges in
opposite directions along ~v × ~B, the direction of the Lorentz force, where ~v is the
shower axis and ~B the geomagnetic field vector [85].

At the same time, electrons in the atomic shells of the surrounding material are
scattered and join the shower front. Low-energy positrons in the shower also annihi-
late with electrons in the environment and are removed. The result is the build up of
a net negative charge of the shower front, that grows with the shower development
and decreases as the electromagnetic shower component dies out [86].

On a macroscopic level, these effects can be understood as inducing two time-
varying currents, one perpendicular to the shower axis, one along it, that produce
the radio signal [85]. The emission due to the Lorentz force, called geomagnetic emis-
sion, is usually the dominant radio signal from air showers. The signal from the
the net negative charge of the shower front, called Askaryan or, in the context of
air showers, charge excess emission, is subdominant, but will become important for
showers in denser media. On a microscopic level, each electron and positron in the
shower front emits a small radio signal. The overall emission from the shower can
be simulated as the coherent sum of these smaller radio signals [87].

Thinking of the radio signal from an air shower as a sum of many smaller sig-
nals emitted as the shower evolves is also helpful to understand the structure of
the radio signal on the ground, called the radio footprint. For an observer located on
the Cherenkov cone, all of these pulses arrive at the same time1 and interfere con-
structively, resulting in a single, short pulse. As the observer moves away from the
Cherenkov cone, the arrival times of the individual pulses differ and the resulting

1Because the index of refraction changes with altitude, this is not exactly the case, but the discrep-
ancy is small.
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pulse becomes longer. Another way to view this process is in the frequency do-
main: Two radio signals arriving with a time difference ∆t are shifted by a distance
∆l = c/n · ∆t relative to each other. As long as the wavelength λ is much smaller
than ∆l, the effect of the offset on the signal amplitude is minor. However, the loss in
coherence is larger the shorter the wavelength, so the radio signal is shifted to lower
frequencies, in addition to weakening overall, as an observer moves away from the
Cherenkov cone [88] (see Fig. 2.1). As a result, the Cherenkov ring is more pro-
nounced at higher frequencies [89]. At frequencies below ∼100 MHz, the depth of
the shower front is smaller than the wavelength and signal coherence is maintained
over whole footprint, and no Cherenkov ring is visible.

The shape of the radio footprint is further complicated by interference between
the two emission mechanisms. The geomagnetic emission is polarized in the direc-
tion of the Lorentz force ~ev×B, while the charge excess emission is polarized radially
around the shower axis. Therefore, for an observer in a positive~ev×B direction from
the shower axis, both signals are co-polarized and interfere constructively, while
they interfere destructively for an observer on the opposing side. The result is an
asymmetry in the radio footprint [90]. The difference in polarization also allows to
distinguish between the two emission mechanisms [91] and to measure their relative
contributions to the total signal, showing that the charge excess emission makes up
about 5 % to 20 % of the radio signal [92, 93].

The radio signal from an air shower is strongly beamed forward and the area
illuminated by the radio signal, called the radio footprint is relatively small, on the or-
der of hundreds of meters. The exception are very inclined showers, for two reasons:
First, the shower maximum, where most of the radio emission is produced, is fur-
ther away from the observer on the ground. Second, the ground plane is at an angle
to the shower axis, so that the projection from the shower plane to the ground en-
larges the footprint even further. As a consequence, the radio footprints of inclined
showers can grow to a size of several kilometers [94].

2.3 Air Shower Detection with Radio Antennas

The possibility to detect cosmic rays using radio signals was first explored in the
1960s [95]. Though radio signals were detected in coincidence with air showers, the
technology available at the time prevented it from being a useful tool for cosmic ray
detection. This only changed relatively recently, when new digital technology made
it possible to record the radio wave forms.

Radio detectors for cosmic rays are most commonly used along with "conven-
tional" air shower detectors instead of as stand-alone experiments. This was initially
helpful to understand the physics of radio emission from air showers, because data
from other detectors could be used as a reference. For example, the LOPES exper-
iment could use the KASCADE detector [96] it was co-located with. Now that the
radio signals from air showers are well understood, this configuration allows both
detectors to compliment each other. Examples for such configurations are Tunka-
Rex [97] with the Tunka-133 and Tunka-Grande detectors or the Auger Engineering
Radio Array (AERA) [98] with the other detectors of the Pierre Auger Observatory.
As part of the Auger Prime upgrade, the the observatory will obtain a radio ex-
tension covering the whole array to extend radio detection to the highest energies
[99, 100]. Though self-sufficient triggering on the radio signal itself has been shown
to work in principle [101], most radio cosmic ray experiments use other detectors
for triggering, either the cosmic ray observatory they are co-located with, or a set of
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dedicated particle detectors. Another way to "build" a radio cosmic ray detector is to
use an existing radio telescope, as is done with LOFAR [102, 103] and proposed for
the low-frequency component of the Square Kilometer Array (SKA-Low) [104]. Both
were designed as interferometric radio telescopes, but can be used for air shower
detection as well. Such a detector comes at a low cost, because existing hardware
can be used, but the design is not optimized for air shower detection and uptime
may be limited because other operations have priority.

The most common design for radio detectors is an array of individual stations.
Each station uses 2 cross-polarized antennas, to measure the two horizontal com-
ponents of the electric field. Adding a third antenna to measure all polarization
components of the radio signal has been experimented with, for example at LOPES
[105], but this design is rarely used. The spacing of the stations depends on the target
energy, and the goals of the experiment. A small spacing, like LOFAR or SKA-low,
allows for a more detailed measurement of the radio footprint, but the smaller detec-
tion area limits such an observatory to lower energies. Increasing the spacing allows
to cover a larger area, but fewer stations will observe a signal and the maximum
useful spacing is limited by the size of the radio footprint. The 1.5 km spacing of the
Auger Prime radio detector is only feasible by focusing on very inclined showers,
where the radio footprint has a size of several kilometers [94].

Air showers can also be detected using a smaller set of antennas clustered rela-
tively close together. This approach is used for neutrino detectors, like ANITA [106]
or BEACON [107, 108], which are also sensitive to cosmic rays, but will be discussed
in more detail later.

Most radio detectors today operate in the 30 MHz to 80 MHz band. This is where
the amplitude of the radio signal reaches its maximum (see Fig. 2.1) and is detectable
inside the whole radio footprint instead of only on the Cherenkov ring. Even more
important is the fact that this frequency band is little used for radio communica-
tions, making it relatively quiet for observatories near inhabited areas. Still, radio
frequency (RF) noise, mostly from man-made sources is a major challenge, as they
can mimic radio signals from air showers [109].

Because the amplitude of the radio signal is proportional to the number of par-
ticles, it can be used to measure the cosmic ray energy. The most precise way to do
this is to fit a description of the lateral signal distribution of the radio signal on the
ground, either from a parametrization or a simulated template, to the amplitudes of
the radio signals detected in several stations and use it as an estimator for the cos-
mic ray energy [110, 111, 112]. The obtainable energy resolution with this technique
is competitive with other methods and may be used as an alternative way to cali-
brate the absolute energy scale of a cosmic ray observatory [113] or to cross-calibrate
different experiments [114, 115].

As discussed in Sec. 2.2, the radio signal is almost exclusively produced by the
electrons and positrons in the shower front, so the radio method actually is only mea-
suring the energy of the electromagnetic shower component. If the muonic compo-
nent is measured by another detector, the ratio between electromagnetic and muonic
shower component can be used to measure the cosmic ray composition (see Sec.2.1).
This was for example done using AERA along with the AMIGA Muon Detector of
the Pierre Auger Observatory and achieved resolutions comparable to other meth-
ods [116, 117]. While AMIGA only covers a relatively small part of the area of the
Pierre Auger Observatory, the method can be extended to the whole array with the
Auger Prime upgrade, which will install radio antennas on every detector station.
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For very inclined air shower, the radio antennas measure the electromagnetic com-
ponent, while the water Cherenkov detector is only sensitive to the muonic compo-
nent, as the electromagnetic showers die out before reaching the ground [118, 99].

The other approach to determine the chemical composition of cosmic rays, mea-
suring the shower maximum Xmax, can also be done with the radio method. The
smaller the atmospheric depth Xmax of the shower maximum, the further it is away
from the ground. This increases the size of the radio footprint, and can be used to
reconstruct Xmax[119]. The relative contributions of the geomagnetic and charge ex-
cess emission processes change with the shower maximum as well. The change in
the shape of the radio footprint resulting from this can be used for an even more
precise measurement of the shower maximum [120, 112] which is competitive with
other methods.

Radio detectors can offer valuable capabilities for cosmic ray observatories, but
so far they have mostly focused on the shape of the radio footprint for their measure-
ments. This is mainly due to the small frequency band they operate in. Extending
this band would allow to use the shape of the frequency spectrum in the event re-
construction and open up new possibilities for air shower observation.

2.4 Using the Frequency Spectrum for Air Shower Recon-
struction

Fig. 2.1 shows how the shape of the frequency spectrum changes with the viewing
angle from which the shower maximum is seen by an antenna: Higher frequencies
are strongest on the Cherenkov cone and then die off as the observer moves away
from it in either direction. Leveraging this relationship to reconstruct the cosmic
ray energy is the basic idea behind the publication Reconstructing the cosmic-ray
energy from the radio signal measured in one single station [121] (see chapter
4). By using the frequency spectrum of the radio signal as a proxy for the viewing
angle, the cosmic ray energy can be reconstructed from the radio signal measured at
a single location. Reconstructing the energy from a single radio station has already
been done before (e.g. [122]) by extrapolating the measured amplitude to a reference
distance, but for this the position of the shower core had to be known using the data
from another detector, as opposed to this new method, which only needs the radio
detector.

One application of this method is the cross-calibration of the energy scale of two
cosmic ray observatories using the radio technique [113]. This has already been done
with existing radio extensions of some observatories [114, 115], but the systematic
uncertainties can be relatively large if the used radio antennas differ, and not all
observatories have their own radio detector. A solution to this problem is a mobile
array of radio stations [123], that is moved from one observatory to the other. Using
the frequency spectrum of the radio signal reduces the number of necessary radio
stations or allows to spread the available radio stations over a larger area to record
more air shower events.

Another application is the detection of air showers by radio neutrino detectors,
where they can be used as a calibration source and proof of concept for the detec-
tor performance. The ARIANNA experiment, which was used as an example in
the publication, has demonstrated its sensitivity to cosmic rays, whose energy was
reconstructed by an algorithm that also used the shape of the frequency spectrum
[124], and achieved an energy resolution around 50%. This new method offers a
more precise energy reconstruction and also works at lower signal-to-noise ratios. It
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has already been tested using cosmic ray events detected by ARIANNA and results
were consistent with expectations [125].

The ANITA experiment reported the detection of air showers as well [126]. The
method they developed to reconstruct their energy is also based on the shape of
the frequency spectrum [127], but relied on a large set of Monte Carlo simulations
specifically produced for each cosmic ray event and required a relatively high signal-
to-noise ratio. Though the method presented in this thesis only considered down-
going air showers, it can likely be adapted and offers the advantage of a smaller
computational cost and a lower required signal-to-noise ratio, which will be espe-
cially useful for ANITA’s successor experiment PUEO [128], which aims for a lower
trigger threshold for air shower events.

Despite its usefulness to improve air shower detection, the main motivation to
develop this method was as a test case for radio neutrino detection. Because in-ice
radio detectors rely on the detection of radio signals by a single detector station, a
similar reconstruction technique will be necessary to determine the energy of de-
tected neutrinos. Because radio signals from air showers are much better under-
stood than those produced by neutrino interactions, they are a valuable test case to
demonstrate the validity of this method.
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Chapter 3

Detecting Neutrinos with Radio
Signals

The neutrino flux on Earth is dominated by solar neutrinos produced by nuclear fu-
sion processes in the Sun, whose spectrum reaches up to MeV energies, above which
neutrinos produced in air showers become dominant [129]. These foregrounds dom-
inate over any flux that may stem from other astrophysical sources. It is only above
energies of 100 TeV that the atmospheric neutrino flux drops low enough for an as-
trophysical flux to be detectable [32, 33, 68]. Thus, if we want to use neutrinos to
identify the sources of cosmic rays, we are limited to the high-energy regime, where
the flux of neutrinos is so small that gigantic detectors are required to observe them.

3.1 Signatures of High-Energy Neutrino Interactions

While the small cross section of neutrinos makes them attractive messengers for as-
tronomy, it makes detecting them difficult in practice, because they will also be un-
likely to interact with whatever detector material one may choose. The only known
solution to this is to monitor large enough volumes of relatively dense material. The
two most common materials used for this are water or ice, because they are some-
what transparent to light and occur naturally in large quantities.

At energies >10 GeV, the predominant interaction of neutrinos with matter is
deep inelastic scattering with an atomic nucleus. Though the interaction cross sec-
tion is initially small, allowing neutrinos to pass through Earth unhindered, it in-
creases roughly linearly with neutrino energy [130]. At energies above 40 TeV, the
cross section is large enough for the Earth to become opaque to neutrinos [131].

A neutrino can interact in one of two ways: Either via a neutral current (NC) in-
teraction, mediated by the Z0 boson, or a charged current (CC) interaction, mediated
by the W± bosons. In an NC interaction with an atomic nucleus via deep inelastic
scattering, momentum is transferred from the neutrino to a nucleon, without any
changes in flavor. This momentum transfer then initiates a hadronic shower. The
fraction of the neutrino energy that is transferred to the nucleon is described by the
inelasticity y and heavily shifted towards small values of y [132], causing an irre-
ducible uncertainty when trying to estimate the neutrino energy from the energy of
the particle shower for these events.

If the neutrino interacts via a CC interaction, it produces a charged lepton corre-
sponding to the neutrino flavor in addition to the momentum transfer to the nucleon.
The three lepton types each produce a different signature, giving neutrino detectors
some sensitivity to the neutrino flavor, provided they can distinguish between them.

At a center of mass energy close to the W± mass 80.38 GeV, corresponding to
a neutrino energy of 6.3 PeV, the interaction between a νe and an electron shows a
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resonance that greatly increases the cross section through the production of an on-
shell W+ boson [133]. An interaction consistent with this resonance was recently
detected by the IceCube collaboration [134].

The electron produced by a νe causes an electromagnetic shower to develop to-
gether with the hadronic shower, making it difficult to distinguish this event type
from an NC interaction. On the other hand, the entire neutrino energy ends up in
these cascades, making it ideal for energy measurements.

The leptons produced by the other two neutrino flavors, the µ and τ, have larger
masses which reduces their cross section and allows them to propagate through
the detector material. At energies below ∼1 TeV, their energy loss dE

dX is mostly
through ionization of the surrounding material, but radiative losses become dom-
inant at higher energies [135, 136]. These radiative losses are e+/e− pair production
and bremsstrahlung, which cause an electromagnetic shower, and photonuclear in-
teractions, which produce hadronic showers. As a result, high-energy µ and τ are
accompanied by showers, which will have implications for radio detectors later.

Both µ and τ are unstable and decay into lighter particles. For the muon the
dominant decay mode is

µ− → νµ + νe + e−

which results in the production of an electromagnetic shower by the electron. In
practice however, its relatively long lifetime allows a muon at GeV or higher energies
to propagate several kilometers before decaying. Therefore, the decay of a high-
energy muon will in most cases happen outside of the detection volume.

The τ lifetime, on the other hand is short enough for it to decay close to its pro-
duction point, except at ultrahigh energies. The τ is the only lepton heavy enough
to decay into mesons, with decays into a τ neutrino and one or more pions making
up a combined branching ratio of 64.79%. The two leptonic decay channels

τ− → e− + νe + ντ

τ− → µ− + νµ + ντ

have similar branching ratios of 17.89% and 17.39%. A hadronic decay will result in a
hadronic shower and the decay into an electron in an electromagnetic shower, while
a µ will just propagate without a shower. Except for the last decay channel, a CC
interaction of a ντ will result in two showers, one from the initial neutrino interaction
and one from the τ decay. These double bang event signatures are a clear sign for τ
neutrinos, and two such events have been observed by the IceCube detector [37].
Though very distinctive in theory, the cascades for the two identified double bang
candidates were only separated by 16 m and 17 m from each other, which made it
difficult to identify them in practice. At EeV energies, the opposite problem becomes
relevant: The τ mean decay length is on the order of tens of kilometers, which means
it will most likely decay outside of the detection volume. Because of this, an EeV
double bang event signature is not necessarily a sign of a τ decay but more likely to
be caused by radiative losses from a µ or τ [137].

Showers in water or ice are governed by the same processes as air showers (Sec.
2.1), but affected by the higher density and therefore more frequent scattering of
particles in the shower front. The most obvious consequence of this is a shorter
shower, on the order of ∼10 m at EeV energies [138], as compared to the several
kilometers of air showers. Similarly, the lateral width of showers in denser material
is also smaller than in air. The shorter time scales between scatterings also suppress
the production of high-energy muons because π± will in most cases interact again
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before they decay into muons.
At high energies, electromagnetic showers are affected by the Landau-Pomeran-

chuk-Migdal (LPM) effect [139, 140, 141]. The emission of bremsstrahlung by an
electron in the shower front is not immediate but spread out over a small distance,
called the formation length. The same is true for e+/e− pair production by a pho-
ton. For a highly relativistic electron, or a high-energy γ, the formation length can be
larger than the mean free path of the electron and scatterings can no longer be treated
as independent. If that is the case, interference between scatterings causes a sup-
pression of the bremsstrahlung and pair production cross sections. As a result, the
shower is elongated to 100 m length or more. Because the energy loss increases with
decreasing energy, particles whose energy drops below the LPM threshold quickly
lose their remaining energy, and the longitudinal shower profile becomes more ir-
regular as well [137]. While a hadronic shower is not directly affected by the LPM
effect because of the shorter length scales of the strong force, one may expect the
electromagnetic sub-showers that accompany it to still be elongated. This is not the
case for two reasons: First, the higher multiplicity of hadronic interactions causes the
energy of individual particles to drop below the energy threshold for the LPM effect
more quickly. Second, these sub-showers are predominantly initiated by the decay
of π0 into photons. At energies above∼6.7 PeV, the π0 decay length is larger than its
interaction length in ice, so that electromagnetic showers are suppressed. The result
is that the electromagnetic sub-showers typically start with energies below the LPM
threshold [142].

3.2 Optical Neutrino Detectors

Detectors for astrophysical neutrinos in the TeV to PeV energy range work by de-
tecting the Cherenkov light from neutrino interactions in water or ice. Most events
detected by these types of experiments can be divided into two classes: Tracks from
muons and cascades from showers. TeV muons can propagate through several kilo-
meters of water or ice, so even a kilometer-scale detector is not large enough to fully
contain most events. Therefore, part of the muon energy is deposited outside the
detector volume and the energy resolution is somewhat limited. On the other hand,
because a muon emits Cherenkov light over a long distance, its direction can be re-
constructed at sub-degree accuracy [143, 144]. The effective volume for νµ is also
increased because muons created by interactions outside the detection volume can
enter the detector. On the other hand, muons produced in air showers can reach
the detection volume as well, which makes them an additional background to muon
neutrinos [145, 146]. They can be mitigated by only using muon tracks that start in-
side the detection volume or propagate upwards, or to use a detector at the surface
to veto muons that are coincident with air showers [147]. Using a surface veto has
the added benefit of reducing the background from atmospheric neutrinos as well
as muons, but reduces the field of view to neutrinos coming from the direction of
the surface detector.

Cascades from neutral current interactions or charged current interactions of νe
and ντ on the other hand often deposit their full energy inside the detection volume
and therefore offer a better resolution than tracks, around the ∼10 % level [144, 148].
The pointing resolution, on the other hand, is less precise because the cascade only
propagates over a relatively short distance [32]. This is especially the case if ice is
used as the detection medium, because Cherenkov photons are scattered multiple
times before reaching the detector, so that the Cherenkov ring is not visible.
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The field of high-energy neutrino astronomy using km3-scale detectors in wa-
ter or ice is currently very active, with several new experiments currently under
construction and upgrades to existing ones on the horizon. One of the first large
underwater neutrino detectors was the ANTARES experiment in the Mediterranean
sea [149]. It consists of twelve cables which are anchored to the sea floor at 2475 m
depth and held up by buoys, and hold a total of 885 digital optical modules (DOMs),
which detect light, digitize the signal and send it to the surface. Though it could
not detect a significant astrophysical flux above the atmospheric background [150],
ANTARES was able to observe neutrino oscillations [151].

Building on experience from ANTARES, the KM3NeT telescope is currently un-
der construction in the Mediterranean sea [152]. It will consist of the low-energy
detector ORCA for energies above ∼1 GeV and the high-energy detector ARCA for
the TeV to 100 PeV range, which are deployed at separate sites. The design is similar
to ANTARES, with DOMs being suspended on strings. For ARCA, these are 230
strings at a spacing of 90 m between them to reach a detector volume of ∼1 km3.
Though the detector is still under construction, the first deployed ARCA strings
were already able to observe atmospheric muons and use them to measure neutrino
oscillation parameters [153, 154, 155].

Like KM3NeT, the Baikal-GVD experiment uses photomodules suspended on
strings [156], but instead of the deep sea, it is located in lake Baikal at a depth of
∼1270 m below the surface. The strings are arranged in groups of 8 strings each,
with a spacing of 60 m. The goal is to reach a detection volume of 1 km3. The 8
clusters that have so far been installed, with an effective volume of 0.4 km2, already
demonstrated the detection of some neutrino candidates [157, 158].

Currently the largest neutrino detector is the IceCube Neutrino Observatory in
the ice sheet at the South Pole [159]. It consists of 5160 DOMs suspended on strings
inside 86 boreholes at a depth of 1450 m to 2450 m below the surface. The spacing of
125 m between boreholes and 17 m vertical spacing between DOMs allows IceCube
to detect neutrinos with energies above 100 GeV inside a volume of 1 km3. A set of
8 strings with a closer spacing of 41 m to 105 m and vertical spacing of 7 m between
DOMs is used to detect neutrinos with a lower energy threshold of 10 GeV in order
to measure neutrino oscillations using atmospheric neutrinos [160]. To date, IceCube
is currently the only experiment that has detected a flux of high-energy astrophysical
neutrinos [32] above the background of atmospheric neutrinos and has measured its
spectrum up to PeV energies [161]. The IceCube Gen2 proposal calls for the extension
of IceCube with 120 new strings with an increased spacing of 240 m from each other
[162], which would extend the sensitivity up to ∼10 PeV.

In water, the maximum spacing between photodetectors is limited by the ab-
sorption length of water, which is on the order of tens of meters [163, 164]. The
absorption length of ice is longer, but light is scattered by small air bubbles and im-
purities in the ice, with scattering lengths of tens of meters [165]. Along with the
difficulty of drilling kilometer-deep holes or deployment in the deep sea, this limits
the volume that can be instrumented by optical modules at an affordable price. For-
tunately, particle showers in ice also produce radio signals. These can be detectable
over distances of kilometers, which makes them a promising signal for high-energy
neutrino detectors.
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FIGURE 3.1: Example spectra of the radio emission from a νe with
an energy of 1018 eV undergoing a charged current interaction ob-
served at different viewing angles ϕ relative to the Cherenkov angle.
Left: Signals from the hadronic shower (solid) and the electromag-
netic shower (dotted). Right: Signals resulting from the combination

of the hadronic and the electromagnetic showers.

3.3 Radio Signals from Neutrinos

Radio emission from particle showers in ice is governed by the same principles as
from air showers (see Sec. 2.2), but with some key differences due to the different
medium. The shorter scattering lengths of particles in the shower front suppress
the geomagnetic emission process, so that only the Askaryan effect is relevant in
practice. The higher index of refraction in ice (∼ 1.78 in deep ice) means that the
shower front propagates much faster than the radio signal. Instead of being beamed
forward, the radio signal is emitted around the much wider Cherenkov cone (∼56 ◦

opening angle). Because of this, the relevant scale for coherence of the radio signal
around the Cherenkov angle is not the depth, but the lateral width of the shower
front, which is around 10 cm [166]. As a result, the maximum in the frequency spec-
trum is at higher frequencies than for a signal from an air shower. Typical spectra
for radio signals from showers in ice are shown in Fig. 3.1. While the spectrum of
the radio signal from a hadronic shower has a rather simple and predictable spec-
trum, this is not always the case for electromagnetic showers. If the shower is af-
fected by the LPM effect, its longitudinal profile is more irregular and may have
several maxima. The individual shower maxima each effectively emit their own ra-
dio signal, which interfere. Depending on the distance between maxima, viewing
angle, and frequency, those signals may interfere constructively or destructively. As
a consequence, the radio signal from such a shower has a more irregular, and prac-
tically impossible to predict, spectrum. In addition, charged-current interactions of
νe produce both a hadronic and an electromagnetic shower, whose radio signals also
interfere. The result is an even more irregular frequency spectrum.

The Askaryan effect in dense media has been observed experimentally using ac-
celerator beams and the resulting radio signal was consistent with theoretical predic-
tions [167, 168, 169]. Simulation tools [138, 170] are not yet as advanced as those for
air showers and use either parametrizations of the frequency spectrum [171, 172], or
semi-analytic models which calculate the emission from a charge excess shower pro-
file [173]. The situation is expected to improve with the new version of the CORSIKA
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simulation software [174], which will also be able to simulate showers in materials
like ice, and which has already been used successfully for microscopic simulations
of the radio emission of air showers [175].

Though there is no relevant background from atmospheric neutrinos at the ener-
gies at which radio detectors operate, muons from air showers may be a significant
background. They can penetrate deep into the ice and start a particle shower there
through radiative losses [137]. Because the muon itself is invisible to a radio detec-
tor, it may easily be mistaken for one produced by a neutrino. The severity of this
background is difficult to estimate because of uncertainties on the number of high-
energy muons produced in air showers, but they may occur with a rate similar to
actual neutrino detections. A possible way to mitigate this is to use a surface radio
array as a veto for the air shower [176].

While propagation effects on the signal, other than the 1
r weakening with dis-

tance, are negligible for air showers, this is not the case in ice, and the radio signal
may be altered in several way as it propagates to the detector.

The uppermost layer of the ice sheet, called the firn, is made up of snow that is
under pressure from the weight of the material above it. As the pressure increases
with depth, the snow is compacted and slowly turns into bulk ice at a depth of
∼100 m to 200 m, depending on the location. The index of refraction changes as
well, from around 1.3 near the surface to 1.78 in the deep ice. Measurements of the
index of refraction profile n(z) [177, 178] suggest it follows a function

n(z) = n0 − ∆z · exp(z/z0) (3.1)

where n0, ∆z and z0 have to be determined from measurements.
The changing index of refraction causes the radio signals to bend downwards as

they propagate towards the surface, which has two major consequences for radio
neutrino detectors. The first is that for an antenna at a given depth there exists a
so-called "shadow zone" from where a radio signal cannot reach the antenna. This
shadow zone starts near the surface, increasing in depth with distance from the sta-
tion, and is smaller the deeper in the ice an antenna is. Horizontal propagation of
radio signals from a pulser in the shadow zone has been observed [177], though they
are not expected for a smooth n(z) profile. They may be due to discontinuities in the
index of refraction profile or reflective ice layers and could in principle give radio
detectors some sensitivity to showers in the shadowed regions. In practice, the cou-
pling of the radio signal to these propagation channels is around the percent level,
so this is only a minor effect.

The other consequence is that, in addition to reaching the antenna directly, the
radio signal may first propagate up to a point above the antenna and then refract
downwards again, or it may be reflected off the surface of the ice. For most event
geometries, this means that there are two raytracing solutions and therefore two
radio pulses can be detected from the same shower. Because the two signals are
emitted in directions corresponding to difference viewing angles, their amplitude
can be very different, and often only one of them is actually strong enough to be
detectable above the noise floor. If the shower is far away from the detector, or the
antenna is placed close to the surface, the difference in viewing angle is smaller and
events with two pulses (called DnR events, for "direct and reflected/refracted") are
more likely to be observable.

During propagation, the radio signal is attenuated by the ice. Together with the
1/r decrease with distance, the weakening of the radio signal amplitude E after it
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travels a distance l is described by the relation

E = E0 · exp
(
− l

latt

)
· lre f

l
(3.2)

where E0 is the electric field amplitude at a reference distance lre f and latt the
attenuation length. The attenuation length of glacial ice has been measured to be on
the order of 1 km [179, 180, 181, 182]. The attenuation length increases with lower ice
temperature, which leads to a depth-dependent attenuation length profile for deep
glacial ice. As the ice near the bottom tends to warm up, the attenuation lengths
near the bottom are shorter as well.

Birefringence has been shown to exist at the South Pole [183], but is expected to
be less pronounced at locations with a slower ice flow, such as near Summit Station,
Greenland [184]. The consequence of birefringence is that the index of refraction pro-
file, and therefore the signal propagation, is dependent on the signal polarization,
causing a difference in the arrival times between different polarization states. This
can have an impact on the trigger efficiency, as a signal may arrive as two weaker
pulses instead of a single strong one and may complicate event reconstruction. On
the other hand, if birefringence is well understood, the time differences between the
polarization state is a possible alternative way to determine the propagation length
of the radio signal. Unfortunately, birefringence at current and proposed radio de-
tector sites has not yet been thoroughly characterized, though efforts to improve on
this are ongoing.

Attenuation limits the distance at which a radio signal from a particle shower
can be detected, as it needs to be above the thermal noise level when reaching the
detector. Because the signal amplitude is proportional to the shower energy, this
makes the energy range of an in-ice radio detector somewhat ill-defined. With lower
neutrino energies, the effective volume of the detector also decreases until it is too
small to be of any practical use. Where exactly this point is, is of course subjective,
but typically values around 1017 eV are given as the minimum neutrino energies for
in-ice radio detectors.

3.4 Radio Neutrino Detectors

The two main detection methods for UHE neutrinos are shown in Fig. 3.2. A neu-
trino can interact in ice and produce a shower, which is picked up by antennas in the
ice [166, 185]. For ντ, an alternative channel is the production of a τ lepton through
an interaction in the ground. The τ lives long enough to escape into the atmosphere,
where it decays and produces an air shower, which can be detected. Because this
channel is ultimately about the detection of an air shower, cosmic ray observatories
can have some sensitivities to τ neutrinos as well. This is why some of the tightest
current constraints on the EeV neutrino flux are from the Pierre Auger Observatory
[186].

The idea behind the GRAND experiment [187] is to build a radio air shower de-
tector that is optimized for this ντ channel. An array of antennas would be installed
on one slope of a valley to detect radio signals from the mountains on the other side,
which serve as a neutrino target. A total of 200,000 antennas are foreseen to cover an
area of 200.000 km2. These would not all be at the same site, but split into arrays of
around 10,000 antennas each. The detector would work similar to those described in
Sec. 2.3, but in a relatively wide frequency band of 50 MHz to 200 MHz, so that the
Cherenkov ring of the radio footprint can be imaged.
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FIGURE 3.2: Illustration of the two most important detection chan-
nels for radio neutrino observatories: A neutrino interacts in ice and
produces a shower (A), whose radio signal is recorded by antennas in
the ice, or a ντ interacts in the ground and produces a τ, whose decay

in the atmosphere produces an air shower (B).

To reduce the number of required antennas, the BEACON [107, 108] and TAROGE
[188] experiments use small arrays of around 10 antennas on mountaintops with
high prominence above the surrounding area. The necessary sensitivity is achieved
thanks to the large area that is overlooked and an interferometric trigger allows BEA-
CON to lower its energy threshold to 100 PeV. Like GRAND, such a detector would
be distributed over several sites to achieve the desired sensitivity.

To increase the overlooked area, the ANITA experiment [106, 189, 190, 191], and
its (planned) successor PUEO [128] use a high-altitude balloon, flying over Antarc-
tica. Horn antennas on the balloon payload are sensitive to radio emission from the
τ decay channel, or from neutrino-induced showers in the ice. Though the high alti-
tude makes it possible to view ∼1.5× 106 km2 of ice at once, it comes at the cost of a
limited experiment life time (under 1 month per flight) and a higher energy thresh-
old of 1 EeV due to the large distance to the shower. The ANITA experiments did not
report any neutrino detection, but the observation of a total of 6 of so-called "mys-
tery events", that were consistent with an upwards-going air shower [192, 193, 194].
However, they were too far below the horizon to stem from a ντ, as it would have
been absorbed while propagating through the earth. Though several possible expla-
nations have been investigated [195, 196, 197, 198, 199], the origin of these events is
still undetermined.

The other approach for neutrino detection with the radio technique is to install
antennas directly in glacial ice. The RICE experiment [200, 201] deployed 20 dipole
antennas in boreholes near the South Pole at depths from 100 m to 300 m. It demon-
strated the feasibility of building an in-ice radio neutrino detector in Antarctica and
operating it over several years and set new limits on the neutrino flux above 10 PeV.

Building on the experience with RICE, the Askaryan Radio Array (ARA) experi-
ment was constructed [202]. It increased the volume of the monitored ice, compared
to RICE, with a total of 5 radio stations, each representing an independent detector.
Each station uses four 200 m deep boreholes arranged in a square with a width of
15 m. At the bottom of each hole are 2 bicone antennas for the vertical (Vpol), and
2 quadslot antennas for the horizontal (Hpol) polarization component of the radio
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FIGURE 3.3: The Radio Neutrino Observatory Greenland (RNO-G).
Left: Drawing of one of the detector stations. From [206] Right: Pho-
tograph of one of the RNO-G stations. The red flags mark the loca-

tions of antennas below the snow.

signal. For calibration, two additional holes with one Vpol and one Hpol antenna
each are located about 40 m to each side of the station. One of the ARA stations
was equipped with a phased antenna array, which allowed to trigger on radio sig-
nals with an SNR as low as 2 [203] by coherently summing the signal from 10 Vpol
antennas.

A different approach was taken by the ARIANNA experiment on the Ross Ice
Shelf in Antarctica [204]. Instead of in deep boreholes, antennas are buried in trenches
only 1 m to 2 m below the snow surface. This comes at the cost of a smaller detec-
tion volume per station due to shadowing effects from the index of refraction profile
(see Sec. 3.3), but has the advantage that the antenna design is also not restricted
by the size of the boreholes, allowing the use of more sensitive logarithmic-periodic
dipole antennas (LPDAs). Station designs have been iterated on for different sta-
tions, and some stations have been reconfigured, another advantage of the shallow
deployment. In general, a station uses four or eight downward-pointing LPDAs 1,
which can be supplemented by additional dipole antennas to improve the sensitiv-
ity to the vertical electric field component [205]. Each station is designed to operate
autonomously, drawing power from a solar panel, potentially supplemented by a
wind turbine. This way, the low per-station effective volume is offset by a lower
per-station cost and easier deployment, allowing for a larger number of stations.
Additionally, the ice-water interface at the bottom of the ice shelf acts as a mirror
for the radio signals, increasing the detection volume and the field of view of the
detector.

The in-ice radio detectors discussed so far are too small to be sensitive to all but
the most optimistic expected neutrino fluxes. With the Radio Neutrino Observatory
Greenland (RNO-G), the first discovery-scale radio detector is currently under con-
struction [206]. The first three detector stations were deployed near Summit Station

1Antennas can also be pointed upwards, which makes the station sensitive to air showers.
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at the top of the Greenland ice shelf in summer 2021, with a total of 35 planned to be
built until 2024.

Each RNO-G station (see Fig.3.3) can be divided into a deep and shallow compo-
nent. The shallow component is designed similar to ARIANNA, with LPDAs buried
just below the snow surface. The LPDAs are grouped in three trenches of three LP-
DAs each. The middle LPDA is pointing upwards in order to detect air showers to
use as a calibration source and to veto possible muon backgrounds. To each side
of it is an LPDA pointing downward and to the side at an angle of 60 ◦, which are
intended for neutrino detection. Thanks to their good broadband sensitivity, the
LPDAs can improve the reconstruction of the radio signal, but their shallow deploy-
ment means most events will be in their shadow zone.

The deep component is more similar to the ARA experiment, with antennas de-
ployed in three boreholes with a depth up to 100 m. Two of these holes contain a so-
called helper string, with two vertically polarized dipole antennas (Vpols) and one
quadslot antenna for the horizontal polarization component (Hpol). Additionally,
one radio pulser on each helper string can be used to generate calibration signals.

The third string, called power string, is more densely instrumented. At the bottom
is a set of four Vpol and two Hpol antennas with a spacing of 1 m. These four Vpol
antennas are combined into a phased array trigger, like the one developed for the
ARA experiment. Further up the string, with a spacing of 20 m are three more Vpol
antennas. The signal from each antenna is fed into a low-noise amplifier directly
above it, from where it is sent to the data acquisition (DAQ) system at the surface
via a Radio Frequency over Fiber transmitter. There it is amplified once more, digi-
tized and saved onto an SD card. A Long Term Evolution (LTE) telecommunications
network transmits the data to a server at Summit Station, from where it is sent south-
wards via a satellite link. Additionally, a Long Range Wide Area Network (LoRaWAN)
antenna at each station is available as a backup in case of problems with the LTE net-
work. Power is provided from two solar panels and internal batteries, which limits
operations to about 70% of the year. During the polar night, the stations switch into
a low power mode, in which no data is taken. The possibility of extending winter
operations by installing wind turbines, like those developed for ARIANNA [204], is
currently being explored.

The experience gained from RNO-G will also influence the planned Gen2 up-
grade to the IceCube detector [162]. Along with an extension of the optical array, it
will include an array of radio stations to extend the sensitivity towards higher ener-
gies. Though the design is not finalized yet, the baseline design consists of several
hundred deep stations, similar to RNO-G, supplemented by ARIANNA-like shal-
low stations. Therefore, reconstruction techniques developed for RNO-G will also
be applicable to IceCube-Gen2.

3.5 Energy Reconstruction for Radio Neutrino Detectors

The main goal of this thesis is to develop a method to measure the energy of neutri-
nos detected by RNO-G. Because the inelasticity of the neutrino interaction cannot
be measured, this in practice means to reconstruct the energy of the shower. Only
for charged current interactions of electron neutrinos can this limit on the neutrino
energy resolution be overcome, because the entire neutrino energy ends up in the
two showers that are produced in the interaction. To be able to use this, a method
to identify such events is necessary. While this is likely possible in principle, it is
beyond the scope of this thesis.
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In addition to measuring the neutrino spectrum at the highest energies, deter-
mining the energy of showers detected by RNO-G would also help to reduce the
background of showers produced by muons from air showers. Their spectrum is
steeply falling with energy [137], so the shower energy is one criterion that may be
used to distinguish between muon background and signals from neutrinos.

The energy fluence φE of the radio signal arriving at an antenna of the detector
station is connected to the energy of the shower Es via the relation

√
φE ∝ Es · f (ϕ) · exp

(
l

latt

)
/l (3.3)

The last term is the distance dependence from Eq. 3.2, and f (ϕ) represents the de-
pendence on the viewing angle ϕ.

To correct for the influence of the viewing angle on the radio signal, we adapt
the method presented in Sec. 2.4 and use the shape of the frequency spectrum as
a proxy for the viewing angle. Doing so first of all requires a way to reconstruct
the radio signal that also works for the low signal-to-noise ratios expected for most
detected neutrino events. In the case of air showers, this was solved by fitting an an-
alytic model of the signal to the measured voltage waveforms [207]. Similar meth-
ods have also been developed for neutrino detection [208, 209, 210], using signal
templates instead of an analytic model. These work well for the predictable spectra
from hadronic showers, but not for the more irregular signals from the interference
between the radio signals from the hadronic and electromagnetic showers produced
by νe undergoing charged current interactions (see Fig. 3.1).

I developed a new method that can reconstruct these more complicated spectra,
as well as the signals from hadronic showers, which is presented in the publication
Reconstructing non-repeating radio pulses with Information Field Theory (Chap-
ter 5). The reconstruction utilizes Information Field Theory [211, 212], a probabilistic
method that allows signal inference from noisy data. The amplitude of the spectrum
is described by its correlation structure, similar to a Gaussian process, so instead of
using a specific parametrization or a physical model, only the "smoothness" of the
spectrum is specified. Thus, only minimal prior assumptions about the spectrum are
made, and the reconstruction can resolve "unexpected" features in the spectrum, like
those arising from the interference between hadronic and electromagnetic shower
signals. The method is in fact general enough to also work for air shower signals,
which offers a practical test case using real data or (in this case) a well-verified sim-
ulation software.

Being able to resolve these features in the radio spectrum offers a way to identify
charged-current interactions by electron neutrinos and thereby can give radio neu-
trino detectors some flavor sensitivity for νe. The accuracy of radio emission simula-
tions can also be verified by comparing measured radio spectra to predictions. This
is not as easy with the forward folding technique, for which the used template has to
be assumed to be accurate.

Using the Information Field Theory technique to reconstruct the radio signal, I es-
timate the neutrino energy, with a method described in the publication Reconstruct-
ing the neutrino energy for in-ice radio detectors (Ch. 6). This is the first energy
reconstruction method developed for a deep detector design such as RNO-G. The
ARIANNA collaboration has developed energy reconstructions for a shallow detec-
tor design, based on forward folding [208] and machine learning [213]. These rely
heavily on the presence of a DnR signal, which is much more likely for a shallow
detector, so a different approach is needed for RNO-G.
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The location of the neutrino interaction vertex is determined using a lookup table
of signal travel times from given positions to each antenna to calculate the expected
differences in signal arrival times between each pair of antennas. The position with
the best agreement between expected and measured arrival times is found using the
correlations of measured waveforms with a template, allowing the use of channels
with a very low signal-to-noise ratio. With the interaction vertex known, the electric
field spectrum is reconstructed with the Information Field Theory method. Finally, the
shape of the spectrum is used as a proxy for the viewing angle, an approach which
was adapted from the air shower reconstruction in Ch. 4.

The resolution on the shower energy under realistic conditions is estimated via a
Monte Carlo simulation. Finally, the achievable neutrino energy resolution resulting
from this and uncertainties in the neutrino interaction are estimated via Bayesian
statistics.

Because there are still many uncertainties concerning RNO-G, the energy recon-
struction method was deliberately designed to avoid making assumptions that were
not strictly necessary or well-founded. Especially our knowledge about the ice prop-
erties around Summit Station and the propagation of radio signals through the ice
is likely to improve in the near future. These changes can easily be incorporated by
updating the lookup tables holding the signal travel times that were used for the
vertex reconstruction. In a similar way, if our understanding of the relationship be-
tween the radio signal’s frequency spectrum and the viewing angle improves, this
can be incorporated by updating the used parametrization. Additionally, using a
more "traditional" approach to reconstruct the energy is more transparent about
what assumptions are made and how they affect the result, especially compared
to machine learning methods. This is especially advantageous for a new detector
concept that has yet to detect its first neutrino.
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Chapter 4

Energy Reconstruction for Radio
Cosmic Ray Detectors

4.1 Declaration of Authorship

The publication “Reconstructing the cosmic ray energy with the radio signal mea-
sured in one single station”, published in the Journal of Cosmology and Astroparti-
cle Physics, Volume 10, in 2019, describes a method to to reconstruct the energy of
an air shower using measurements of the radio signal at a single location.

The basic idea to use the shape of the frequency spectrum for the energy recon-
struction came from Anna Nelles and Christian Glaser. I developed the parametriza-
tions to correct for the effect of the viewing angle and other factors like the distance
to the shower maximum and to distinguish between observers inside and outside
the Cherenkov ring. The forward folding method for the electric field reconstruction
was mainly developed and implemented by Christian Glaser, though I contributed
some improvements to its accuracy.

The study on the reconstruction performance and the effects of systematic un-
certainties was also done by me, using the NuRadioReco software framework. Some
reconstruction modules (for example filtering, resampling and the direction recon-
struction) were already part of NuRadioReco. The code to perform the reconstruction
steps that are the main focus of this paper was developed and implemented by me.

The text was first written by me, and then reviewed by the coauthors. All figures
in the publication were produced by me.

4.2 Publication: Reconstructing the cosmic-ray energy from
the radio signal measured in one single station
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Abstract. Short radio pulses can be measured from showers of both high-energy cosmic
rays and neutrinos. While commonly several antenna stations are needed to reconstruct the
energy of an air shower, we describe a novel method that relies on the radio signal measured
in one antenna station only. Exploiting a broad frequency bandwidth of 80 − 300 MHz,
we obtain a statistical energy resolution of better than 15% on a realistic Monte Carlo set.
This method is both a step towards energy reconstruction from the radio signal of neutrino
induced showers, as well as a promising tool for cosmic-ray radio arrays. Especially for hybrid
arrays where the air shower geometry is provided by an independent detector, this method
provides a precise handle on the energy of the shower even with a sparse array.

Keywords: cosmic rays detectors, ultra high energy cosmic rays, neutrino detectors

ArXiv ePrint: 1905.11185

1Corresponding author.

c© 2019 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2019/10/075



J
C
A
P
1
0
(
2
0
1
9
)
0
7
5

Contents

1 Introduction and scientific motivation 1

1.1 Method 2

1.2 Experimental context 2

2 Radio signal reconstruction 3

2.1 Arrival direction 3

2.2 Electric field 4

3 Energy estimator 5

3.1 Procedure 6

3.2 Correction for the viewing angle 7

3.3 Inside vs. outside of the Cherenkov cone 9

4 Obtainable energy resolution 11

4.1 Monte Carlo data-set 11

4.2 Energy resolution 12

4.3 Systematic effects of hardware uncertainties 14

5 Discussion 15

5.1 Implications for cosmic-ray detectors 15

5.2 Implications for neutrino detectors 16

6 Conclusions 16

A Parameterization for other locations on Earth 17

B Monte Carlo data set 19

1 Introduction and scientific motivation

There is still no commonly accepted answer to the question of the origin of ultra-high energy
cosmic rays. Detecting the radio emission of showers may bring us closer to an answer. Either
through the detection of air showers, exploiting the excellent energy and composition resolu-
tion that comes with the radio method [1–5], or through the detection of the neutrino coun-
terpart of ultra-high energy cosmic rays. Neutrinos can either be generated in interactions at
the sources (astrophysical neutrinos), allowing for multi-messenger detection of for example
gamma-rays and neutrinos [6–8] or as cosmogenic neutrinos [9–11]. These neutrinos are cre-
ated through the interaction of ultra-high energy cosmic rays during propagation with the cos-
mic microwave or other photon backgrounds, making the neutrino flux sensitive to the compo-
sition of cosmic rays [12–14]. All models predict a low flux of these neutrinos beyond 1016 eV
meaning that current detectors like IceCube are too small to detect a significant flux [15] at
the highest energies. Due to the long attenuation length of radio waves of O(1 km) in ice [16–
18] allowing for sparse instrumentation, radio neutrino detectors are a promising alternative.
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1.1 Method

When reconstructing particle showers, be it neutrino or cosmic-ray induced, typically two
aspects are relevant: the energy and the shower development, i.e. the shower maximum for
air showers and the vertex position for neutrinos. Radio detection of air showers has reached
maturity already, where the energy is typically derived from reconstructing the footprint of
the shower on ground [2, 19–21]. To this end, the footprint is sampled by many antennas. The
radio footprint is typically smaller than the particle footprint, since it is primarily governed
by the width of the Cherenkov cone, which depends on the distance to the shower maximum
and not the energy of the shower. Especially for events with small zenith angles, this results
in measurable signals on only a radius of the order of 100 m around the shower axis. In order
to sample this footprint with at least three antennas, the radio arrays have to be relatively
densely spaced. A much wider spacing would be needed to cost-effectively cover large areas,
as it is the case for e.g. the radio component of the proposed AugerPrime upgrade to the
Pierre Auger Observatory [22]. At a spacing on the order of 1 km the chances of being able to
sample the full footprint of an air shower are small, unless targeting very horizontal showers
(> 60◦) [23]. A similar challenge presents itself to proposed radio-based in-ice neutrino detec-
tors (e.g. [24, 25]). With a detector spacing of more than 1 km it is unlikely for the radio signal
from a neutrino interaction to be detected by more than one station. Since radio-neutrino
detectors with surface antennas are also sensitive to air showers, detecting cosmic rays and
reconstructing their energy will be a valuable tool for validating neutrino arrays, much like
using muons in optical-Cherenkov neutrino experiments. Air showers show signal characteris-
tics very similar to neutrino showers, making them both a background and a calibration tool.

In order to fully exploit this calibration signal, radio detection of air showers will need
new reconstruction methods for neutrino arrays. In turn, sparse air-shower arrays may
also benefit from these methods. We will present a method that derives the energy of an
air shower from the signal in a single detector station, exploiting the shape of the frequency
spectrum. This method, while carrying merit in itself, can also be seen as step towards energy
reconstruction for neutrinos. For the neutrino reconstruction additional complexities such
as a much wider Cherenkov angle, frequency-dependent attenuation [16–18], and a strongly
changing index of refraction leading to curved paths will have to be treated. However, we
anticipate that using the shape of the frequency spectrum will also be essential for the energy
reconstruction of neutrinos.

1.2 Experimental context

Since all large radio neutrino arrays are still in the proposal stage [24–27], we have developed
a method based on CoREAS Monte Carlo simulations [28]. However, in order to embed this
method in realistic conditions, we have adopted a station design used in the pilot-stage array
of ARIANNA [29], which has already been used for air shower detection [30]. A similar surface
component employing log-periodic dipole antennas (LPDAs) is foreseen for all proposed in-
ice neutrino arrays, which makes this a solid choice for air-shower reconstruction [24, 25]. We
note that the detailed modelling of a detector is not critical for the success of the method,
as long as a wide frequency range (> 100 MHz) is detected.

For the purpose of this article, we adopt a station layout of four upward-facing LPDAs
buried in the snow at a depth of roughly 2 m below the surface. The antennas are distributed
around a central tower, which in practice might be used for power and communications, but
simply serves as symmetry center for this example. LPDAs on opposite sides of the central
tower are 8 m apart from each other and form a pair, as they have the same orientation and
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therefore measure the same polarization. One pair measures the north-south, the other the
east-west polarization of the radio signal.

We adopt typical ARIANNA hardware characteristics. They include a very broad-band
LPDA, which is filtered with a 80 MHz high-pass and a 500 MHz low-pass filter. After ampli-
fication the signal is digitized by an analog-digital converter (ADC) with a sampling rate of
1 GHz. We also use the ARIANNA-style dual-threshold trigger scheme with a 4σ coincidence
between at least two channels required for the station to trigger. As noise is an important
factor for radio arrays, we use recorded noise from the set-up in Moore’s Bay [30]. Adopting
ARIANNA characteristics allows us to study the influence of real hardware characteristics as
well as background effects to avoid an idealized study of the reconstruction capabilities. In
appendix A we describe cross-checks for other locations on Earth, to exclude that the height
and geomagnetic field at the ARIANNA site are a relevant factor.

In this analysis, we only use data from a single station and neglect possible additional
information from other stations detecting the same air shower. While there will be some
station coincidences in an array with a spacing in the order of 1 km, especially for horizontal
showers, we use this conservative estimate to develop the reconstruction algorithm. The
reconstruction of an individual shower will of course improve, if information from two or
more stations is provided.

2 Radio signal reconstruction

The first step in the event reconstruction is the retrieval of the electric field from the voltage
traces measured in the antennas, which in turn have to be retrieved from the recorded ADC
counts. To do so, we use the NuRadioReco software framework. A detailed description of
NuRadioReco and its event reconstruction methods is presented elsewhere [31], so only the
reconstruction of the signal direction and the electric field will be covered here briefly, as
they are essential for the energy reconstruction.

2.1 Arrival direction

The distance of 8 m between two antennas with the same orientation is small compared to
the size of the air shower footprint at ground level. Therefore the radio signal measured in
the two channels of an antenna pair can be expected to be very similar, only shifted by the
difference in signal travel time between the antennas.

We define the correlation

ρ(∆n) =

∑
i(V1)i · (V2)i−∆n√∑
i(V1)2

i ·
√∑

i(V2)2
i

(2.1)

between the voltage time traces V1 and V2 of the two channels in each pair, shifted by ∆n
samples relative to each other. The correlation ρ(∆n) is normalized to −1 < ρ(∆n) < 1 to
make it independent of the signal amplitudes.

Assuming a plane-wave front, we calculate the expected time difference and the corre-
sponding ∆n between antennas of each channel pair for a given signal direction and calculate
ρ(∆n). The direction of the recorded signal is determined by finding the direction for which
the sum of ρ(∆n) of both channel pairs is largest. Using this method, an angular resolution
better than 1 ◦ is achieved for signals that exceed a signal-to-noise ratio of 4.1

1We define the signal-to-noise ratio (SNR) as the ratio between half the peak-to-peak amplitude and the
noise RMS.
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Figure 1. Example of the electric-field reconstruction using the standard and the forward folding tech-
nique. Left panels: voltage traces of four spatially displaced antennas. Shown are both the time- (top)
and frequency domain (bottom). The solid blue curve represents the measured voltages whereas the
dashed orange curve shows the analytic solution of the forward folding technique. Channels 0,2 and 1,3
are parallel, the measured signal only differs in noise contribution. Upper right panels: reconstructed
electric field trace using both the standard (gray) and forward folding (dashed orange) technique in
comparison to the simulated true (solid blue) values. Lower right panels: reconstructed amplitude
spectrum using both techniques in comparison with the simulated truth (color scheme same as above).

2.2 Electric field

With the incoming direction of the radio signal known, it is possible to reconstruct the 3-
dimensional electric field trace from the voltage traces measured by the antennas. Since
the distances between a station’s antennas are small, we can assume that all four channels
measured the same electric field. Then, in Fourier space, the voltage traces in the antennas
for a given electric field Eθ,φ are given by




V1(f)

V2(f)

. . .

Vn(f)




=




Hθ1(f) Hφ1 (f)

Hθ2(f) Hφ2 (f)

. . .

Hθn(f) Hφn(f)




(
Eθ(f)

Eφ(f)

)
+ noise, (2.2)

where Hθi and Hφi are the antenna responses of the ith antenna to the θ and φ components
of the electric field. Eq. (2.2) is an overdetermined system of linear equations that can be
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solved for Eθ(f) and Eφ(f) via a χ2 optimization to reconstruct the electric field. However,
this method does not respond well to noise in the voltage traces [31]. We therefore use
the so-called forward folding method instead, which provides a more accurate electric field
reconstruction, especially with regards to the frequency spectrum by using an analytic model
of the radio signal.

In the frequency domain, the electric field can be approximated by the equation

(
Eθ
Eφ

)
=

(
Aθ

Aφ

)
10f ·mf exp(∆ j) (2.3)

that depends on only four parameters: the signal amplitudes Aθ, Aφ of the two orthogonal
polarizations, the frequency slope mf and a frequency-independent phase offset ∆. f is the
frequency and j the imaginary unit.

The electric field is reconstructed by calculating Vi(f) for a given Eθ(f), Eφ(f) using
eq. (2.2) and optimizing Aθ, Aφ, mf and ∆ through a χ2 fit to the recorded voltage time
traces. An example of such a forward folding reconstruction is displayed in figure 1. The
voltage traces were generated by folding the electric field from an air shower simulated using
CoREAS [28] with the detector response and adding a noise trace recorded by an ARIANNA
station in the field. It shows that the forward folding method avoids the problem of over-
estimating the electric field at higher frequencies that the standard method suffers from,
resulting in a more accurate spectrum reconstruction. Especially the reconstruction of the
frequency slope mf is much more accurate than with the standard method. For a detailed
comparison between the performance of the two methods, see [31].

From the electric field trace we calculate the energy in the radio signal per unit area,
called the energy fluence [2]

ΦE = ε0 · c ·∆t ·
∑

i

| ~E(ti)|2 (2.4)

where ε0 is the vacuum permittivity, c is the vacuum speed of light and ∆t is the sampling
rate. We note that we do not need to subtract noise from the energy fluence, because the
forward-folding technique reconstructs an electric field free of noise.

3 Energy estimator

Our goal is to use the energy fluence ΦE as an estimator in order to measure the energy
in the electromagnetic shower. In our scenario, each air shower is only detected by a single
radio station and no additional information about the shower geometry is available. Thus,
an energy reconstruction from the energy fluence at a single point is challenging, as it is
influenced by a number of factors other than the shower energy:

Angle to the magnetic field: the dominant emission process for air showers is the so-
called geomagnetic emission, whose energy fluence is proportional to sin2(α) where α
is the angle between the shower axis and the geomagnetic field.

Distance to the shower maximum: the radio signal gets weaker with increasing distance
between the shower and the radio antenna. Since the largest part of the radio signal is
emitted near the shower maximum, the signal energy fluence roughly scales with the
geometric distance to the shower maximum dXmax squared.
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Viewing angle: we define the viewing angle ϕ as the angle between the shower axis and a
line from the shower maximum to the antenna. Emission is strongest if ϕ is close to the
Cherenkov angle (defined by cos(ϕCherenkov) = 1

n , where n is the index of refraction at
the shower maximum) and becomes weaker the larger the difference between the two
gets.

For an estimator to achieve a good energy resolution, we need to take these factors into
account and correct for them.

3.1 Procedure

Correcting for the angle to the magnetic field is rather straightforward, since the shower
axis is very close to the signal direction and the magnetic field at any site can be measured
directly. For the correction, it is useful to introduce a coordinate system that has one axis
aligned with the shower axis ~v, one in the direction of the Lorentz force ~v× ~B and the third
one perpendicular to those two ~v × (~v × ~B). The energy fluence can then be split into the
energy fluence of the two polarizations Φ~v× ~B and Φ~v×(~v× ~B). Since only the geomagnetic

emission, which is polarized in the ~v × ~B direction, is affected by the angle to the magnetic
field, only Φ~v× ~B is corrected for this effect.

The distance dXmax to the shower maximum is harder to account for, because the atmo-
spheric depth Xmax of the shower maximum is unknown. Fortunately, however, this effect is
most relevant for inclined showers, where the shower maximum is far away from the observer.
In this case, event-by-event fluctuations of Xmax have little effect and dXmax is mainly a func-
tion of the zenith angle [32]. It is therefore sufficient to assume a typical value for Xmax and
calculate the expected dXmax based on the shower inclination. Based on [33] we use an average
Xmax of 750 g

cm2 .2 To make sure that this assumptions was correct, we checked for correlations
between the uncertainties on the reconstructed energy and Xmax and found no such biases.

This lets us correct for those two effects by defining a corrected energy fluence

Φ′E =

(
1

sin2(α)
ΦE,~v× ~B + ΦE,~v×(~v× ~B)

)
·
(
dXmax

1 km

)2

(3.1)

which will be used as the basis for the energy estimator. We note that we ignore the influence
of the second order charge-excess emission process on the ΦE,~v× ~B-component as it is small
enough to not limit the resulting energy resolution. Since geomagnetic and charge excess
emission can interfere both constructively and destructively depending on where the observer
is on the ~v × ~B axis, the effect of the charge excess emission will largely average out and
not lead to a systematic offset. In the future, the term sin2(α) may be replaced by a2 +
(1− a2) sin2(α) following the same approach as in [34] where a is the relative strength of the
charge-excess component that depends on the distance to Xmax and the shower axis, and can
be parameterized as function of zenith angle using the work of [32].

The third correction for the effect of the viewing angle is more complex and has to be
assessed in a Monte Carlo study. We use a first set of simulated air showers to derive the
correction factor for the viewing angle and a second set to test the full energy reconstruction
(see section 4).

2In fact, the value chosen for Xmax has very little effect on the energy reconstruction. If a different Xmax

had been chosen, the zenith-dependent parameterization of the effect of the viewing angle (section 3.2) would
compensate this.
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The Monte Carlo data set was produced using 545 CoREAS [28] simulations of proton-
induced air showers and their radio emission. The showers cover an energy range of 1016−
5× 1019 eV and random arrival directions with zenith angles between 0 ◦ and 80 ◦ and a
uniform azimuth distribution. The energy range is set by the typical threshold of radio signals
above the thermal and Galactic noise floor. This depends in detail on the experimental set-up
but is typically at several PeV.

For each shower, the radio signal was simulated at 160 positions arranged in a star-like
pattern around the shower core at an altitude of 30 m above sea level (the height of the
ARIANNA detector on the Ross Ice shelf), and the detector response to the radio signal at
each position was simulated. Radio simulations are in general time consuming, but every
observer position can be used independently providing additional statistics. Also, since the
radio signal stems from the electromagnetic component of the air shower, which is in general
rather smooth, small air shower sets provide enough information. We find that we are not
statistics limited (see also appendix A).

A simple-threshold trigger was simulated by requiring that at least two channels
recorded a pulse larger than 60 mV (∼ 3Vrms) for the reconstruction to continue. A 10th or-
der Butterworth bandpass filter with a passband of 80−300 MHz was applied and a full event
reconstruction was performed, using the forward folding technique described in section 2.2.
The resulting data set was used to develop an energy estimator that can also account for the
effect of the viewing angle.

3.2 Correction for the viewing angle

The shape and amplitude of a radio pulse emitted by an air shower differs depending on the
viewing angle ϕ under which it is seen. Under small viewing angles, signals from different
stages in the shower’s development arrive simultaneously, leading to an amplified emission
over a wide frequency band [35]. The resulting dependency of the frequency spectrum on ϕ
has already been observed in the 30 − 80 MHz band [23, 36–38] and is used to reconstruct
air shower energies by the ANITA experiment [39]. The method used by ANITA, however,
requires dedicated Monte Carlo simulations for each reconstructed event and is therefore not
suitable for large arrays with regular detections.

The radio signal is strongest if the viewing angle coincides with the Cherenkov angle at
the location of the shower maximum. In this case, the radio signals emitted at the shower
maximum add up coherently, leading to an amplification of the signal. If the event is seen
from further off the Cherenkov cone, overlapping signals lose coherence and the amplitude
decreases, as can be seen in the top row of figure 2. However, shorter wavelengths lose coher-
ence faster than longer ones. The effect this has on the frequency spectrum can be observed
with the frequency slope parameter mf (see eq. 2.3), shown in the bottom row of figure 2.
The small absolute value of mf at the Cherenkov angle corresponds to a relatively flat fre-
quency spectrum, while the larger mf off the Cherenkov cone corresponds to a sharp dropoff
towards higher frequencies in the spectrum. The event-by-event fluctuations in

√
Φ′E/Eshower

and mf are large for θ < 10◦, but they decrease with increasing zenith angle. It is also worth
noting that neither the change in

√
Φ′E nor in mf is symmetric around the Cherenkov angle.

Since mf is a function of ϕ − ϕCherenkov, it is possible to use it as a proxy for the
viewing angle. This is done in figure 3, which shows

√
Φ′E/Eshower as a function of mf , with

small |mf | corresponding to events seen by observers close to the Cherenkov ring and larger
|mf | to those seen from further off the Cherenkov angle. Events are split into two groups:
those where the station is located inside the Cherenkov ring and those seen from outside
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Figure 2. Top row: energy fluence of the radio signal over electromagnetic shower energy as a
function of the viewing angle relative to the Cherenkov cone. Bottom row: frequency slope parameter
mf as a function of the viewing angle relative to the Cherenkov cone. Each column represents a
different range of zenith angles θ. The Cherenkov angle is calculated using the index of refraction of
the air at the shower maximum.

of it. While
√

Φ′E/Eshower and mf show a clear correlation for larger zenith angles, the
scatter for the θ < 10◦ events is very large. This is likely due to the small angle between the
shower axis and the geomagnetic field, which causes the charge-excess emission to become
more prevalent compared to the geomagnetic emission. Since both signal components have a
different polarization, they interfere constructively at positions in positive ~v× ~B direction and
destructively in negative ~v× ~B directions. This causes the lateral distribution function (LDF)
of the radio signal to no longer be rotationally symmetric in the shower plane. Together with
the smaller dependence on the viewing angle (figure 2), this leads to the large scatter (see
also discussion in appendix A).

We divide the events into 20 zenith angle bins with equal sky coverage and fit the
function √

Φ′E
Eshower

= A · exp(−s · (|mf | ·GHz)0.8) (3.2)

to the distribution in each bin separately for events seen from within and from outside of
the Cherenkov cone. The results are shown in figure 4. The zenith dependence of A can be
parameterized by a second-order polynomial, the one of s by a straight line. The specific
values for this parametrization are shown in table 1.

Using these parameterizations, eq. (3.2) can now be solved for Eshower to obtain an
energy estimator using the zenith angle θ and the radio energy fluence ΦE and frequency
slope mf . However, since events viewed from inside the Cherenkov cone have to be treated
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Figure 3. Energy fluence of the radio signal over electromagnetic shower energy as a function of the
frequency slope parameter mf for different zenith angles θ. Events are split into two categories: those
viewed from inside the Cherenkov cone are displayed in blue, those from outside in orange. The lines
show the parametrization eq. 3.2 for the center of the zenith angle bin.

Figure 4. Results of the fits of eq. (3.2) for the different zenith bins. A quadratic and a linear
function were fitted to the zenith dependence of the parameters A and s, respectively, and are shown
as solid lines. Results for events seen from inside the Cherenkov ring are shown in blue, those seen
from outside in red. Zenith angle bins θ < 30◦ were excluded from the fits.

separately from those seen from outside of it, a way to distinguish between the two is needed,
which will be addressed in the next section.

3.3 Inside vs. outside of the Cherenkov cone

When reconstructing the electric field in section 2.2, we approximated the frequency depen-
dence of log10(|~E(f)|) by a straight line. As is shown in figure 5, the actual radio signal
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Figure 5. Spectra of the radio signals from the same air shower measured inside (blue) and outside
(orange) of the Cherenkov ring. Both spectra deviate from the exponential parametrization used by
the forward folding method, but while the spectrum curves upwards outside the Cherenkov ring, it
curves downward inside of it. The sharp drop at 80 MHz and 300 MHz is caused by the bandpass filter.

Figure 6. Left: relation between the spectrum slope parameter mf and the quadratic correction
parameter nf for events with zenith angles θ ≤ 30◦. The color signifies the viewing angle ϕ relative
to the Cherenkov cone, with events inside the Cherenkov cone in blue and outside in red. Right:
distribution of the viewing angles ϕ relative to the Cherenkov cone for events above and below the
black dotted cutoff line in the left plot.

deviates from this, with the frequency spectrum curving downward at higher frequencies for
events seen from inside the Cherenkov ring and upward for those seen from outside of it.
While the difference is small enough that it does not need to be taken into account when
reconstructing ΦE and mf , it can be used to distinguish between the two event categories.

We extend the reconstruction of the electric field by an additional step, in which we
modify eq. (2.3) by introducing an additional 2nd order term in the exponent:

(
Eθ
Eφ

)
=

(
Aθ

Aφ

)
10f ·mf+(f−80MHz)2·nf exp(∆ j) (3.3)
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This pulse is fitted to the recorded voltage traces as described in section 2.2, using the results
from fitting eq. (2.3) as starting values. The amplitudes Aθ and Aφ are allowed to change,
while mf is kept constant.

The relation between ϕ, mf and nf is shown in figure 6. Showers seen from within
the Cherenkov ring tend to have a smaller nf than those seen from outside of it. A simple
linear function (black dotted line) can be used to separate the events into two groups: those
above the line and those below it. Several cuts have been tested leading to similar efficiency
and purity, so we have chosen to use the simplest. The histogram on the right shows the
viewing angles relative to the Cherenkov cone of the two groups, demonstrating that these
provide a good separation between events viewed from within and outside of the Cherenkov
ring. A fraction of 90% of the events are either identified correctly or are less than 0.05 ◦

away from the Cherenkov angle. A mistake in the separation of events this close to the
Cherenkov ring will result only in minor uncertainties on the reconstructed energy, as the
energy parametrizations for both cases are very similar near the Cherenkov angle. One may
notice that for large |mf |, the discriminator seems to work very poorly, as events outside the
Cherenkov ring tend to have small values of nf . In principle, this could be improved by also
defining a maximum value for |mf | above which all events are classified as being outside the
Cherenkov ring. In practice however, the signals from these events are so weak that they are
unlikely to be detected, making this additional step unnecessary.

As it was the case for the energy parametrization, this method works best for inclined
showers. The difference in nf for showers seen from within and outside of the Cherenkov
ring tends to increase with the zenith angle. For small zenith angles, both event categories
mostly overlap.

Knowing if the station is inside or outside of the Cherenkov ring, eq. (3.2) can now be
used to determine the electromagnetic shower energy. The resulting energy reconstruction
algorithm has been implemented as the cosmicRayEnergyReconstructor module in the Nu-
RadioReco software framework [31], where one can see the full implementation in detail and
use it to reconstruct the energy accordingly [40].

4 Obtainable energy resolution

Having developed an energy parametrization and a way to distinguish between air showers
seen from inside and outside the Cherenkov ring, these can now be combined to reconstruct
the shower energy. By performing this energy reconstruction on simulated air showers and
comparing the result to the true energy, we can determine its performance under realistic
conditions.

4.1 Monte Carlo data-set

To estimate the uncertainty of the reconstructed energies, a set of 200 CoREAS [28] simu-
lations of air showers and their radio emissions was used. To mimic a realistic data set, the
showers had an isotropic distribution of incoming directions up to a zenith angle of 80◦ and
energies in the range of 1017 eV < E < 1020 eV with a spectral index of −2. For each air
shower, the radio signal was simulated at 160 positions, arranged in a star-like pattern around
the shower core. To achieve a realistic distribution of station positions, for each simulated air
shower, 20 random positions within a radius of 2 km around the shower core were produced.
For each of these random positions, the simulated electric field closest to it was determined
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Figure 7. Uncertainties on the reconstructed energies for air showers with a zenith angle of θ ≥ 30◦

(green) and θ < 30◦ (black). For θ ≥ 30◦ the distribution has a median of −0.01+0.21
−0.11 with the uncer-

tainties representing the 68% quantile. Fitting a Gaussian function to the histogram yields an average
of µ = −0.03 and a standard deviation of σ = 0.10. Note that the rightmost bin is an overflow bin.

and used in the analysis. More detailed information on the used Monte Carlo set is provided
in appendix B.

Simulated electric field traces were folded with the antenna response and the effect of
the signal chain was simulated to obtain the voltage traces. To account for the effect of noise,
one of 100,000 forced-trigger events recorded by ARIANNA stations were randomly selected
and its recorded voltage trace added. A dual-threshold trigger [29] was simulated by requiring
the voltage pass both an upper and a lower threshold of ±80 mV (about 4 times the typical
noise RMS) within 5 ns in at least 2 channels. Of the 4,000 radio pulses, 597 passed this se-
lection. A 10th order Butterworth filter with a pass-band of 80−300 MHz was applied to the
voltages and a reconstruction of the incoming direction and the electric field was performed.
The electromagnetic shower energy was estimated from eq. (3.2). Since the electric field
reconstruction corrects for the detector response to the radio signal and the same detector
description was used for simulation and reconstruction, the effect of uncertainties on the hard-
ware components is neglected here. These concerns are addresses separately in section 4.3.

4.2 Energy resolution

The resulting energy resolution is shown in figure 7. While the energy reconstruction does
not work well for vertical showers, for more inclined showers the distribution has a median
of −0.01+0.21

−0.11 with the uncertainties representing the 68% quantile. While the uncertainty is
small for most events, there are several outliers where the energy was greatly overestimated.
Most of these outliers happen with events that have a low signal-to-noise ratio. Because
some periods have a higher noise level than normal [41], even a trigger with a threshold
of 80 mV can produce events with a small signal-to-noise ration. Another problem can
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Figure 8. Left: energy resolution for air showers with a zenith angle of θ ≥ 30◦ if a cut requiring the
signal-to-noise ratio of at least one channel in each pair to be larger than 4 is applied, compared to the
resolution without any cuts. In this case, the median is −0.02+0.12

−0.10 with the uncertainties representing
the 68% quantile. Fitting a Gaussian function to the histogram yields an average of µ = −0.03 and
a standard deviation of σ = 0.08. Right: achievable energy resolution if reliable information if the
air shower was seen from inside or outside of the Cherenkov ring was available from another source.
In this case, the distribution has a median of −0.02+0.15

−0.11 with the uncertainties representing the 68%
quantile. Fitting a Gaussian function to the histogram yields an average of µ = −0.03 and a standard
deviation of σ = 0.10.

occur with the direction reconstruction. Because each channel pair measures a different
polarization, it is possible for the radio pulse to only be detected in one pair. In this case,
the direction reconstruction is likely to produce a wrong result which in turn leads to a
wrong reconstruction of the electric field and the energy. We therefore impose a stricter
cut requiring that at least one channel in each pair has as SNR > 4. The resulting energy
resolution is shown in figure 8 (left). With this cut, most of the outliers disappear and the
resolution improves, with a median of −0.02+0.12

−0.10.

It turns out that most of the outliers in figure 7 are caused by events viewed from within
the Cherenkov ring being mistaken for events seen from outside of it. While an ARIANNA-
like detector has no other way to identify if the station was inside or outside the Cherenkov
ring, this task may be trivial for other radio detector designs, for example those that are
part of a hybrid detector. Figure 8 shows the energy resolution if reliable information if the
shower was seen from inside the Cherenkov ring or outside of it was available from some other
source. In this case most outliers disappear and the resulting distribution has a median of
−0.01+0.15

−0.11 with the uncertainties representing the 68% quantile, having applied no SNR-cut.
The remaining outliers are still mostly events with a relatively low signal-to-noise ratio, in
which the electric field reconstruction did not converge properly.

It should be noted that this method, like all radio methods, reconstructs the energy in
the electromagnetic cascade of the shower [34]. To get the cosmic ray energy, the invisible
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Figure 9. Effect of uncertainties in the amplifier response on the energy reconstruction. Top Left:
resolution of the reconstructed electromagnetic shower energy if the amplifier gain is scaled by a factor
of p = 0.9 (eq. 4.1). Top Right: resolution of the reconstructed electromagnetic shower energy if the
amplifier gain is modified by eq. 4.2 with q = 0.1. Bottom: gain of the amplifiers used for the event
simulation and reconstructions that resulted in the shower energy reconstructions shown above.

energy, which can be up to ∼ 20% of the total shower energy, has to be taken into account
as well [42].

4.3 Systematic effects of hardware uncertainties

Up to this point, the event simulation and reconstruction have used the same detector descrip-
tion, implying perfect knowledge of the detector response. This is, of course, not realistic, so
in this section we will investigate the effect of hardware uncertainties on the energy resolution.

The procedure is as follows: we repeat the same simulation and reconstruction as in sec-
tion 4, but when the detector response is simulated, certain aspects of the detector description
are modified. Then, we reconstruct the event using the original detector description. This
mimics the effect that uncertainties in the hardware would have on the event reconstruction.

The first investigated uncertainty is a deviation in the orientation of the antennas. We
produce two sets of simulated events with one of the antennas rotated by 2◦ and 5◦ around the
z-axis and perform a full event reconstruction using the default antenna orientation on both
sets. The uncertainties on the reconstructed energies show no significant difference to those in
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figure 7. We therefore conclude that the influence of uncertainties on the antenna orientation
on the reconstructed energy is negligible since 5◦ precision in the antenna orientation is easily
achievable.

For the effect of uncertainties on the antenna or amplifier gain g(f), we consider two
different effects: the gain may be off by a constant factor for all frequencies. In that case,
the energy fluence of the reconstructed radio signal would change, but the frequency slope
mf would remain unchanged. To test this, we scale the gain g by a constant factor p:

g′ = p · g (4.1)

If the uncertainties in the amplifier gain are frequency-dependent, they may influence
the reconstructed frequency slope mf . To investigate this, the gain is modified by

g′(f) = g(f) ·
(

1 + q · f − 200MHz

200MHz

)
(4.2)

Because we operate in the 80−300 MHz frequency band, this means the gain will be increased
at one edge of the frequency band and decreased at the other by the same factor q/2. This
modification will mainly affect the reconstruction of mf , while the effect on ΦE should be
small.

The effect of these modifications to the amplifier gain are shown in figure 9. On the
left, the gain was scaled by p = 0.9, on the right the slope was modified by q = 0.1. In both
cases, the median shifted by ≈ 10% compared to figure 7.

We tested changes in the amplifier gain for several values of p in the range 0.9 < p < 1.1
and q in the range −0.1 < q < 0.1. In both cases, the shift of the median of the energy
resolution is roughly linear with respect to p and q. The width of the Gaussian function fitted
to the histogram showed little change, but the upper limit of the 68% quantiles increased for
some modified amplifier gains. This was caused by errors in determining if the air shower
was seen from inside or outside the Cherenkov ring, which caused additional outliers. Under
the assumption of a known shower geometry, the 68% quantiles remained constant.

5 Discussion

We demonstrated that the signal detected by a single radio station is sufficient to accu-
rately measure the energy in the electromagnetic part of an air shower. While the statistical
uncertainty is better than 15%, additional systematic uncertainties from the hardware re-
sponse, namely their influence on the energy fluence and the frequency spectrum, have to be
considered, underlining the importance of a thorough calibration.

The estimator was developed in the context of a surface station of a neutrino array, but
the concept can be applied to different detectors, both for cosmic rays and neutrinos, as long
as the signal is measured in a broad-band going beyond 100 MHz.

5.1 Implications for cosmic-ray detectors

Our results may be applied to dedicated radio-based cosmic ray detectors in order to improve
the accuracy of energy measurements. However, it requires a larger frequency band than the
30−80 MHz band that most radio detectors today operate in, for two reasons: a larger
frequency band makes the measurement of the frequency slope parameter mf easier, as
simply more data points are available for the reconstruction. Also, in the 30−80 MHz band,
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the frequency spectrum can not be described by a simple exponential function [36, 37], so a
more complex parameterization would have to be used, which makes the reconstruction more
challenging. Together with an improved signal to noise ratio at higher frequencies [43], this
makes the use of frequency bands outside the 30−80 MHz band an attractive option.

The method developed in this paper is especially well suited for sparse arrays (antenna
spacing ∼ O(km)), where many events are only detected by a small number of stations.
Sparse arrays also often focus on the detection of inclined air showers, for which this method
yields the best results.

In addition, combining the radio measurement of a shower with the measurement of
muons provides an excellent estimator for the primary particle. It is shown in [44] that
the ratio of the energy in the electromagnetic component of the shower, represented by the
radio energy estimator, and the hadronic component, derived from the muonic component
can be used as powerful discriminator. Thus, building a hybrid detector of radio antennas
and muon detector, may successfully address the composition problem. If using the energy
reconstruction method presented here, the array can even be sparse and therefore low-cost
and competitive. It is also worth noting that one of the major sources for uncertainties is
confusion between showers seen from inside and outside the Cherenkov ring. For hybrid
experiments combining radio with other detection methods, this issue may be trivial (see
e.g. [45]). We also developed and parameterized this method for a detector located at the
South Pole and at the site of the Pierre Auger Observatory in Argentina (see appendix A).

5.2 Implications for neutrino detectors

The ability to measure the shower energy is a crucial requirement for any radio-based neu-
trino observatory. Experiments attempting to detect neutrino interactions in ice space their
stations so far apart that a signal is expected to be only detected by a single station in
most cases. This makes the ability to reconstruct the energy of a particle cascade from the
measurement by one station alone essential.

By using air showers as a test case, we have explored a feasible way to achieve this.
Because of the similarities between radio signals from air showers to those from neutrino-
induced cascades in the ice, it is to be expected that our approach can be applied to neutrino
detection as well. However, the radio signal from neutrinos shows additional complexities,
such as an unknown vertex position, propagation effects through the ice and no dominant
signal polarization due to a negligible geomagnetic emission. Therefore, further development
is necessary in order to apply this method to neutrino detections. However, this method illus-
trates how a large band-width can be instrumental for the reconstruction and that methods
like the forward folding of the pulse are robust to noise contributions.

6 Conclusions

We have presented a method to reconstruct the energy in the electromagnetic cascade of an
air shower using radio signals recorded in the 80−300 MHz band by a single detector station.
By using a forward folding technique, we are able to measure the frequency spectrum of the
signal more accurately and use it to estimate the viewing angle in relation to the Cherenkov
angle. This information is combined with the energy fluence and the signal direction to
provide an energy estimator.

The accuracy of this method under realistic noise conditions and using a realistic trigger-
ing scheme was investigated. For events with a sufficiently high signal-to-noise ratio, statisti-
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cal uncertainties around 10% are achievable for the energy. Uncertainties in the orientation
of the antennas were shown to be negligible while uncertainties in the amplifier gain have
a significant effect and propagate linearly as systematic uncertainties on the reconstructed
shower energy.

For cosmic-ray detectors, this method can be used to improve the accuracy of energy
measurements, especially in sparse arrays, where often only measurements from a small num-
ber of stations are available. Regarding neutrino detectors, we have shown that it is possible
to reconstruct the energy of a particle cascade from the signal of a single radio station, indi-
cating a possible route towards the energy reconstruction for neutrinos at the highest energies.
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A Parameterization for other locations on Earth

Two additional tests were performed for other locations on Earth. The first location was the
South Pole, which is the location of IceCube and its future extension IceCube-Gen2, which
is planned to include a large radio array. Compared to Moore’s Bay, the South Pole is at a
higher elevation of 2800 m above sea level. While the geomagnetic field is nearly vertical at
both the South Pole and Moore’s Bay, it is weaker at the South Pole. Figure 10 shows the
dependence of the corrected energy fluence of the radio signal Φ′E and spectral slope mf for
different zenith angles for a radio detector at the South Pole. The distribution looks similar to
the one shown in figure 2, indicating that the same method will work. Because of the higher
elevation, the shower maximum is much closer to the detector than at Moore’s Bay and in
some cases, the shower can even be clipped by the ground before reaching its maximum.
Shower clipping is a known issue for the radio detection of air showers [2] and reduces the
achievable accuracy, as an unknown fraction of energy has not been deposited in the shower.

The second location we simulated was the site of the Pierre Auger Observatory, where
the Auger Engineering Radio Array (AERA) is located [2]. Also, the Auger Observatory is
in the process of being upgraded with radio antennas at all surface detectors [22]. The two
main differences compared to Moore’s Bay are the higher elevation of roughly 1500 m and the
geomagnetic field, which has a zenith angle of 54 ◦ and is weaker compared to Moore’s Bay.
Figure 11 shows the dependence of the corrected energy fluence Φ′E and spectral slope mf on
the viewing angle for a station at an elevation of 1564 m, where the Pierre Auger Observatory
is, and at sea level (same longitude and latitude). As one can see, the differences in elevation
only have a minor influence. The overall trend is again the same, one even observes less
scatter at small zenith angles.

For a station in Antarctica, the energy of an air shower with a small zenith angle is
difficult to reconstruct, because two effects coincide: the steep and featureless lateral distri-
bution at small zenith angles and an almost vertical magnetic field. For small zenith angles,
small angles α to the geomagnetic field cause the radio signal to no longer be rotationally
symmetric around the shower axis. In addition, the lateral distribution of Φ′E and mf is flat-
ter and provides less discrimination power for the position with respect to the shower axis.

– 17 –



J
C
A
P
1
0
(
2
0
1
9
)
0
7
5

Figure 10. Lateral distributions of the energy fluence (top) and spectral slope (bottom) for simulated
air showers at the South Pole at an altitude of 2800 m above sea level. This figure is equivalent to
figure 2, so a more detailed description can be found there.

A = (a · θ2 + b · θ + c) · 1018

m
√
eV

s = m · θ + n

a b c m n

Moore’s Bay

ϕ < ϕCherenkov 442.46 -281.75 324.96 -0.1584 -0.07943

ϕ > ϕCherenkov 394.08 -308.36 436.30 0.8070 -1.4098

South Pole

ϕ < ϕCherenkov 976.30 -1213.43 626.98 -0.2273 0.05627

ϕ > ϕCherenkov 643.39 -667.08 478.06 1.3372 -2.1653

Auger

ϕ < ϕCherenkov 229.96 -123.75 110.51 -0.1445 -0.09820

ϕ > ϕCherenkov 214.46 -111.01 119.18 0.5936 -1.1763

Table 1. Zenith dependence of the parameters A and s from eq. (3.2) for a station at Moore’s Bay,
the South Pole and the site of the Pierre Auger Observatory.

Because of the inclined magnetic field at the Auger site, the scatter at small zenith angles is
smaller. Small values of α instead occur for more inclined showers, where they pose a smaller
problem because of the more pronounced dependence of Φ′E and mf on the viewing angle.

The parametrizations shown in eq. (3.2) and figure 4 have been calculated for the South
Pole and the Auger site as well and are shown in table 1 along with the ones for Moore’s Bay.
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Figure 11. Lateral distributions of the energy fluence (top) and spectral slope (bottom) for simulated
air showers at the site of the Pierre Auger Observatory. Simulations were done for detector stations
at sea level (blue) and at an elevation of 1564 m above sea level, the elevation of the Pierre Auger
Observatory (orange). This figure is equivalent to figure 2, so a more detailed description can be
found there.

A detailed investigation of the achievable energy resolution at these locations would go
beyond the scope of this paper, but it stands to reason that our method also works elsewhere
and might even be able to provide better energy measurements for small zenith angles at
locations with a less vertical magnetic field.

B Monte Carlo data set

The Monte Carlo data set to evaluate the performance of the energy estimator was gen-
erated by randomly generating an incoming direction for the cosmic ray from an isotropic
distribution and an energy from a distribution with a spectral index of −2. Out of a set of
CoREAS files, the one with properties most similar to those generated was selected for each
generated event. The resulting distribution of zenith angles, azimuths and energies is shown
in figure 12.

In each individual CoREAS file, observers are placed on a star-shape like pattern. Ob-
servers are placed symmetrically around the shower axis on the ~v× ~B− and the ~v× (~v× ~B)−
axis, as well as on two lines bisecting the angle between the two axes.
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Figure 12. Zenith angles (left), azimuth angles (center), and energies (right) of the Monte Carlo
data set used to evaluate the performance of the energy estimator.
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[44] E.M. Holt, F.G. Schröder and A. Haungs, Enhancing the cosmic-ray mass sensitivity of
air-shower arrays by combining radio and muon detectors, Eur. Phys. J. C 79 (2019) 371
[arXiv:1905.01409] [INSPIRE].

[45] Tunka-Rex collaboration, Tunka-Rex: energy reconstruction with a single antenna station,
EPJ Web Conf. 135 (2017) 01004 [arXiv:1611.09614] [INSPIRE].

– 22 –



55

Chapter 5

Electric Field Reconstruction

5.1 Declaration of Authorship

The publication “Reconstructing non-repeating radio pulses with Information Field
Theory”, published in the Journal of Cosmology and Astroparticle Physics, Volume
4, in 2021, describes a method to use Information Field Theory to reconstruct radio
signals from particle showers.

Information Field Theory was mainly developed by Torsten Enßlin and his group.
I learned about this technique after attending the ECAP astroparticle School. It was
my idea to apply this technique to the problem of signal reconstruction in neutrino
detectors and was encouraged by my supervisor to independently pursue this anal-
ysis. IFT algorithms have been made available via the nifty software package, which
was also used for this publication. I have developed and implemented the electric
field reconstruction algorithm, with help from Philipp Frank, using the nifty and Nu-
RadioReco software frameworks. The study on the reconstruction performance of the
neutrino pulses was also done by me.

The majority of text of the publication was written by me, except for section 1.4
(an explanation of Information Field Theory), which was written by Philipp Frank.
The text was reviewed and improved by all authors after that. All of the figures,
except for the image of an RNO-G station in Fig. 3 (which was created by the RNO-
G collaboration) were created by me.

5.2 Publication: Reconstructing non-repeating radio pulses
with Information Field Theory
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Abstract. Particle showers in dielectric media produce radio signals which are used for the
detection of both ultra-high energy cosmic rays and neutrinos with energies above a few PeV.
The amplitude, polarization, and spectrum of these short, broadband radio pulses allow us to
draw conclusions about the primary particles that caused them, as well as the mechanics of
shower development and radio emission. However, confidently reconstructing the radio signals
can pose a challenge, as they are often obscured by background noise. Information Field
Theory offers a robust approach to this challenge by using Bayesian inference to calculate the
most likely radio signal, given the recorded data. In this paper, we describe the application
of Information Field Theory to radio signals from particle showers in both air and ice and
demonstrate how accurately pulse parameters can be obtained from noisy data.

Keywords: cosmic rays detectors, neutrino detectors, ultra high energy cosmic rays, ultra
high energy photons and neutrinos
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1 Introduction

The origin of the most energetic cosmic rays is still not conclusively identified. One ap-
proach to this problem could be multi-messenger astrophysics, where several types of cosmic
particles are used to identify the sources of these ultra-high energy cosmic rays (UHECRs).
Whatever sources produce UHECRs likely also emit high-energy neutrinos [1, 2], which are
not deflected on their way to Earth. Additionally, the most energetic cosmic rays can in-
teract with the cosmic microwave background to create high-energy neutrinos via the GZK
effect [3–5]. Finding these cosmogenic neutrinos would also allow us to draw conclusions
about the origins of UHECRs [6].

Considering this connection, it is not surprising that both cosmic ray and neutrino
detectors face the same main problem at the highest energies: the steeply falling flux requires
large effective areas, which lead to the construction of cosmic ray observatories that cover
thousands of square kilometers [7, 8] and neutrino detectors with fiducial volumes on the
cubic kilometer scale [9–11]. This is possible by not detecting UHECRs directly, but the
showers they produce when interacting with the Earth’s atmosphere, in the case of cosmic
rays, or bodies of water or ice, in the case of neutrinos. One way of detecting these showers
is to measure the radio signals they produce.
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1.1 Detecting radio signals from particle showers

The emission of radio signals by particle showers in dielectric media has been proposed as
early as the 1960s [12, 13]. At the time, technical limitations prevented its practical use
for particle detectors, but advances in digital technology have turned this technique into
a powerful method to detect high-energy particle showers. While it is used successfully
for the detection of cosmic rays in several experiments (e.g. [14–16]), the use for neutrino
detection in ice is just about to transition from prototype experiments [17, 18] to discovery-
scale detectors [19, 20].

For a particle shower to emit strong radio signals, two conditions have to be met: first,
there needs to be a separation of positive and negative charges in the shower front and the
signals produced over the length of the shower profile need to overlap coherently, e.g. [21].
The separation of charges can be caused by two primary mechanisms: the Askaryan effect
is the formation of a negative net charge in the shower front because positrons annihilate
with electrons in the surrounding matter and Compton scattering accelerates electrons to
become part of the shower. The other effect, called geomagnetic emission is the separation of
charges by the Lorentz force from the geomagnetic field, which creates a positive and negative
pole in the shower front. Because of its relatively high density, in ice the Askaryan effect is
dominant. For air showers, geomagnetic emission is usually stronger, but the Askaryan effect
has a significant contribution. It is possible to distinguish between both by the different
polarization of their radio signals [22]. With Askaryan emission, the polarization is radial
towards the shower axis while geomagnetic emission produces polarization in the direction
of the Lorentz force.

The second required condition is similar to the Cherenkov effect. If an observer is posi-
tioned at the Cherenkov angle (∼ 1◦ in air, ∼ 54◦ in ice) all radio emission produced during
the shower development reaches it at the same time, leading to constructive interference.
This means that the radio signal is strong on a cone around the shower axis. Compared to
light in the visible spectrum, however, the much longer radio waves can maintain coherence
more easily, so that even a few degrees off the Cherenkov angle, the radio signal is still strong
enough to be detected, especially at lower frequencies.

After the radio signal has been emitted, it needs to propagate to the detector, during
which it can be altered by propagation effects. For air showers, this is very straightforward:
air is almost perfectly transparent for radio waves, so attenuation is negligible and the only
modification to consider is a decrease in the electric field amplitude | ~E| ∼ 1

R with distance
R of the observer from the shower maximum due to a widening of the illuminated area. In
ice, the propagation of the radio signal from the emission region to the observer is much
more complicated. The index of refraction of glacial ice changes with depth, which causes
the ray path of the radio signal to be bent downward, instead of propagating in a straight
line. Horizontal propagation of the radio signal has been observed as well [23–25], it seems,
however, a secondary effect. The radio signal can also be reflected at the ice surface. Because
of this, it is possible for multiple radio pulses from one shower to reach the same antenna.
The attenuation length of radio signals in ice is on the order of 1 km [26–28], meaning that
the absorption of the signal on the way to the detector has to be taken into account. The
attenuation length is also frequency-dependent, meaning that it can change the shape of the
frequency spectrum of the signal.
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Figure 1. Examples of the radio signals from a particle shower in ice with a deposited energy of
1× 1018 eV observed at a distance of 2 km in the time domain (top) and frequency domain (bottom).
Left: radio signals from hadronic showers. Middle: radio signals from electro-magnetic showers. Right:
superposition of the signals from a hadronic and an electro-magnetic shower. For better readability,
the different pulses have been shifted in time. Simulations were performed with the NuRadioMC
software framework [30] using the ARZ emission model [31].

1.2 Properties of radio signals from particle showers
The radio signal from a particle manifests as a short, linearly polarized pulse with a duration
of the order of a few nanoseconds. In general, the amplitude of the radio signal is proportional
to the shower energy Eshower, making it possible to reconstruct the energy of the primary
particle from the radio signal. In practice, however, it is often easier to use the energy fluence
of the radio signal

φE = c · ε0 ·
∫
~E2(t)dt (1.1)

for energy reconstruction, which scales with shower energy as φE ∼ E2
shower [29].

The amplitude also depends on the angle between the shower axis and the direction in
which the signal is emitted, the so-called viewing angle. This is shown for in-ice showers in
figure 1: as the difference between viewing angle and Cherenkov angle increases, the radio
waves emitted during the development of the shower lose coherence and the overall signal be-
comes weaker. Looking at the frequency spectrum, this decrease in amplitude is not uniform
over the whole bandwidth, but shorter wavelengths lose coherence more quickly and are sup-
pressed. This means that, unless the viewing angle is very close to the Cherenkov angle, the
radio signal is usually stronger at lower frequencies. This viewing angle dependence means
that the shape of the frequency spectrum is an important property for the reconstruction of
the shower energy, as it can be used as a proxy to correct for the loss of coherence if the
radio signal is observed off of the Cherenkov angle. This technique has already been shown to
work in the case of air showers [32] and is expected to be the preferred method for neutrino
detection [19].

– 3 –



J
C
A
P
0
4
(
2
0
2
1
)
0
7
1

In the case of air showers, the frequency spectrum roughly follows an exponential func-
tion [33], for showers in ice, its shape is more complicated, as shown in figure 1. While a
hadronic shower still produces a radio signal with a rather regular spectrum, a high-energy
electro-magnetic shower is affected by the LPM effect [34, 35], making it longer and less
smooth [36]. This means that there are effectively multiple smaller shower maxima, whose
radio emissions interfere with each other, leading to a more irregular shape of the frequency
spectrum. Even if the shower energy is too small for the LPM effect to occur, the charged-
current interaction of an electron neutrino in ice will produce two particle showers: one
hadronic shower from the nuclear recoil and one electro-magnetic shower from the electron
produced in the interaction. The radio emissions from both showers interfere, which also
leads to a rather complicated shape of the frequency spectrum. This makes it difficult to find
a general analytic parameterization of the frequency spectrum, like it exists for air showers.

Because of these relationships between shower properties and the radio signal, calculat-
ing the electric field is an important step in the event reconstruction process of many radio
detection experiments. In this paper, we present a new method to reconstruct the electric
field from noisy antenna measurements, the software for which is freely available as part of
the NuRadioReco software package [33]. How to best use the results from this method will
depend on the specific detector setup and the goal of the analysis. One may also imagine
using the presented method for event identification, however, we focus on reconstruction and
provide a small outlook on possible applications in section 3.4.

1.3 Reconstructing the electric field from noisy data
For the reconstruction of the electric field E(t) of the radio pulse from the recorded time-
dependent voltage traces (waveforms) U(t), it is useful to transform them into the frequency
domain via Fast Fourier Transformation (FFT) to get the frequency spectrum Vi(f). The
electric field is also expressed in the frequency domain by the two components Eθ(f) and
Eφ(f), which describe the polarizations in the ~eθ and ~eφ directions, respectively.1 If the
incoming direction (θ, φ) of the radio signal is known, the antenna response of channel i to
the ~eθ and ~eφ components of the electric field can be expressed by the vector effective length
Hθi (f, θ, φ) and Hφi (f, θ, φ). The result is a system of linear equations, connecting the electric
field to the waveform recorded by each channel:




V1(f)
V2(f)
. . .
Vn(f)


 =




Hθ1(f) Hφ1 (f)
Hθ2(f) Hφ2 (f)
. . .
Hθn(f) Hφn(f)




(
Eθ(f)
Eφ(f)

)
(1.2)

If data from enough channels (n = 2) is available, in principle, solving this system of
equations yields a reconstruction of the electric field (e.g. [37]). In practice, however, the
recorded voltage waveforms are always contaminated by a certain amount of noise, so the
resulting electric field will be contaminated, too. Especially, if the system of equations is
over-determined (n > 2) an exact solution for (1.2) does not exist. In this case, the electric
field is typically reconstructed by minimizing the sum of the squared errors on Vi(f) for each
frequency bin (e.g. [33]).

This method works well in many situations, but it has some shortcomings, especially for
low signal-to-noise ratios (SNR): figure 2 shows an example, in which the radio signal from an

1Since the detector is in the far field, the electric field in ~er direction can be assumed to be 0.
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Figure 2. Example for the electric field reconstruction from noisy data by solving (1.2). Left: signals
with (blue solid) and without noise (orange dotted) in the time-domian (top) and frequency domain
(bottom). Right: reconstructed electric field (green solid) in the time domain (top) and frequency
domain (bottom) compared to the true noiseless electric field (orange dotted).

air shower is reconstructed from the waveforms measured by two logarithmic-periodic dipole
antennas (LPDAs). Both are pointing directly upwards and are angled 90 ◦ relative to each
other, so that one is sensitive to the north-south and the other to the east-west component
of the electric field. If one of the components of the electric field is small, as is the case for
the ~eθ component in this example, it is overestimated, because noise is interpreted as coming
from the radio signal. Especially if none of the antennas has a high sensitivity to one of the
electric field components, errors in the reconstruction of the signal polarization can be large.
For example, this would be the case for very inclined air showers, for which ~eθ is almost
vertical, if it is detected by the antennas are only sensitive to the horizontal electric fields.

Another issue the shape of the frequency spectrum. It is usually not possible to construct
a broadband antenna that has a uniform sensitivity over the entire frequency band. This can
cause the reconstruction to overestimate the electric field at frequencies with low sensitivity,
as any noise there is interpreted as being caused by the radio signal and not by noise. In
figure 2, this is what causes the reconstructed electric field spectrum to rise with higher
frequencies.

For these reasons, more advanced reconstruction methods are needed if one wants to use
the electric field polarization and especially the shape of the spectrum for event reconstruc-
tion. In the case of air showers, a forward folding method has previously been developed,
which fits a parameterization of the frequency spectrum to the data [32, 33]. Such parameter-
izations also exist for particle showers in ice, so the same approach is in principle possible for
neutrino detectors. There are, however, caveats. While the shape of the frequency spectrum
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is relatively simple for hadronic showers and low-energy electromagnetic showers, the LPM
effect causes the shower to become elongated and more irregular at high energies, which
in turn makes the shape of the spectrum more irregular (see figure 1). On top of that,
charged-current interactions of νe cause both a hadronic and an electro-magnetic shower,
whose signals can interfere and cause a complicated spectral shape. This makes forward
folding with a single signal parameterization a challenging approach for neutrino detectors.

Additionally, it seems prudent to avoid too much reliance on parameterizations derived
from theoretical calculations. No neutrino interaction in ice has so far been identified by
its radio signal, which would confirm that the spectrum of the electric field matches the
predictions. Also, building bias-free confidence in these models when having detected a
neutrino, will not be possible, if the reconstruction of the electric field is already using
model-predictions. On top of that, propagation effects could alter the radio signal on its way
from the source to the detector e.g. [24, 25, 38, 39]. These will be difficult to incorporate
into an analytic parameterizartion, especially if the ice properties are not well known.

Therefore, we need a method that can reconstruct the electric field from the noisy
waveforms recorded by the antennas, while also making only minimal, and well-founded,
assumptions about what the result should look like. Information Field Theory can provide
such a method.

1.4 Information Field Theory (IFT)

IFT [40, 41] is a statistical field theory developed to perform probabilistic reasoning about
quantities (i.e. fields) that are defined over a continuous space. Specifically it extends infor-
mation theory to square-integrable functions and allows for a probabilistic inference of such
functions from noisy and incomplete observational data. IFT has successfully been applied
in the past to various astrophysical data analysis tasks such as for example radio interfer-
ometry [42, 43], galactic tomography [44, 45], and galactic all sky imaging [46]. As fields are
infinite dimensional quantities whereas the data is always finite dimensional, such inference
problems are ill-posed and therefore a prior model is inevitable.

In this work a prior model for the electric field is defined by means of a generative
process. Specifically

E = s (ξ) , (1.3)

where all elements of ξ follow the same probability distribution, called standard distribution,
and therefore are independent and identically distributed random variables. Note that ev-
ery continuous prior process can be expressed as a generative process by means of inverse
transform sampling. In this work the standard distribution is set to be a zero mean Gaus-
sian distribution with unit variance. This makes sampling from the prior distribution (see
figure 4) very straightforward as a sample from the prior process is defined as the result of
applying the generative mapping s to a sample from the standard distribution.

Combining the prior model with the likelihood of observing the measured voltage U
given the electric field E gives rise to the joint distribution of U and ξ via the product rule
for probabilities as

P (ξ, U) = P (U |E = s (ξ)) P (ξ) = P (U |E = s (ξ)) N (ξ|0,1) , (1.4)

which is proportional to the posterior distribution P (ξ|U) up to a normalization factor
independent of ξ.
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For all but the simplest combinations of prior processes and likelihoods, integration
w.r.t. the posterior is not possible analytically and therefore posterior expectation values
cannot be computed directly and have to be approximated numerically. In this work we
employ an approximation method based on variational inference, specifically we use Metric
Gaussian Variational Inference (MGVI) [47]. MGVI approximates the posterior distribution
as a Gaussian distribution with the additional constraint that the covariance is set to be the
inverse of the Fisher-Metric, evaluated at the mean of the Gaussian distribution. Approx-
imation is achieved by numerical minimization of the forward Kullback-Leibler divergence
between the posterior distribution and the approximation w.r.t. the mean. This provides an
accurate estimation of the first moment in terms of the mean, and provides a lower bound to
the second moment of the posterior distribution. The posterior is accessed via sampling from
the approximate distribution and posterior expectation values are approximated by means
of sample averages. Further details of the numerical approximation can be found in [47].

2 Using IFT for the reconstruction of electric-field pulses

Using IFT to reconstruct the electric field of a radio pulse means, stated in IFT terms,
constructing the probability P(E|U), which states the probability of the electric field, given
the voltages measured by the radio antennas and prior assumptions. For this, we need a
model for the prior distribution of the electric field, a model of the detector response, which
connects the electric field to the measured voltages, and of the noise.

We do this for two distinct, but similar use cases: the radio detection of neutrinos and
of cosmic rays.

2.1 Use case: in-ice neutrino detection
For the case of in-ice detection of neutrinos, we show a simulation study of the Radio Neutrino
Observatory in Greenland (RNO-G) [19]. RNO-G will consist of a total of 35 independent
detector stations, placed on a grid with a spacing of 1.5 km at Summit Station, Greenland.
Because of the large spacing, most neutrinos will be detected by only one station. Therefore,
we consider only a single RNO-G station for this simulation study.

The layout of one RNO-G station is shown in figure 3. It can be separated into a shallow
and a deep component. The shallow component consists of 3 arms with 3 logarithmic-periodic
dipole antennas (LPDAs) on each of them. While they have excellent broadband sensitivity,
their shallow depth makes it less likely that a radio signal from within the ice can reach
them, so for most events, measurements from the LPDAs will not be available. The deep
component consists of 3 holes going down to a depth of 100 m below the surface, in which
cable strings with radio antennas on them are placed. One of the strings, called power string,
holds a total of 9 antennas. Four of them are vertically polarized (Vpol) antennas spaced
1 m apart, which form a phased array trigger at the very bottom of the string. Three more
Vpol antennas are positioned with a spacing of 20 m further up the string. Additionally, two
horizontally polarized (Hpol) antennas are placed directly above the phased array. The other
two so-called helper strings are more sparsely instrumented, with two Vpol and one Hpol
antennas at a depth of about 100 m.

The design of the radio antennas is limited by the width of the boreholes they have to fit
in. As shown in figure 3, for this reason the Vpol antennas have a higher gain than the Hpol
antennas and a maximum gain at lower frequencies. Together with the fact that the radio
signals detected with RNO-G tend to be more strongly polarized in the vertical direction,
this means that the signal detected by the Hpol channels will often be hidden below the noise
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Figure 3. Left: one of the 35 stations that make up the RNO-G detector. The figure shows the
station design as used for this analysis. RNO-G is still under construction and the station design may
change. In particular the performance of the Hpol antennas will likely improve over what is shown in
this article. For details, see [19], from where this figure is taken. Right: response of the amplifier and
the antenna of the Vpol (top) and Hpol (bottom) channels as used in this analysis.

level, while it is only visible in the Vpols. It should be noted that at the time of writing the
Hpol design of RNO-G was not finalized and this analysis uses the performance parameters
of a first iteration, so experiment related performance will change in the future.

Depending on the arrival direction, the radio signal will reach each antenna at a different
time. For a full reconstruction of the neutrino properties, this timing offset has to be obtained
from data. How to do this best is beyond the scope of this paper. We therefore calculate
the correct time offset from the location of the simulated interaction vertex. Radio-based
neutrino detectors have shown sub-nanosecond timing accuracy and the ability to reconstruct
the signal direction to better than 1 ◦ [18, 48], so correcting for time differences will likely
not be the determining uncertainty.

For the purpose of demonstrating the IFT approach, we will only use the signals in
the four Vpols making up the phased array and the two Hpols directly above them. These
are located sufficiently close to each other that the radio signals reaching those antenna are
very similar for most events. However, this is very dependent on the event geometry, so
especially if the distance between the neutrino interaction vertex and the detector station is
small, there can be differences in the signal, even between neighboring channels of the phased
array. These manifest mostly as differences in the signal amplitude, while the shape of the
spectrum tends to change less.
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2.2 Model building

Using IFT for the purpose of reconstructing short, non-repeating pulses, first a model of the
expected pulse has to be developed. The approach to modelling the signal and the detector
response is as follows: first, the amplitude and the complex phase factor of the electric field
spectrum are modeled independently from each other as real and complex numbers in the
frequency domain, and then multiplied together. Next, the response of the antenna and the
amplifier, which are also modeled in the frequency domain, are applied to this to get the
spectrum of the voltages measured by each channel. Finally, the result is transformed into
the time domain where it can be compared to the data.

To have the electric field amplitude on a predictable scale, we normalize the waveforms
of all used channels, so that their overall maximum value is equal to 1. As this normalization
factor is known, it can be reapplied afterwards to obtain the correct electric field strength.
Because the detector is only sensitive in a certain range of frequencies, we apply a 10th order
Butterworth filter with an according passband (in this case 132 MHz to 700 MHz) to the
channel waveform.

The electric field spectrum is split into its amplitude E(f) and phase ϕ(f):

E(f) = E(f) · exp(i · ϕ(f)) (2.1)

We model the amplitude E(f) as a correlated, positive random process by means of a log-
normal process, in which s(f) = log(E(f)) obeys a Gaussian statistics. The correlation
structure Sf,f ′ := 〈s(f) s(f ′)〉(s) of the logarithmic amplitude is assumed to be statistically
homogeneous in f , but the exact form of S is unknown prior to observation. Following the
prior model described in [43], we express S in terms of its eigen-spectrum τ(k) = |A(k)|2,
with k being the Fourier partner of f and A(k) an amplitude modulating function that
turns standard white noise excitation variables ξ′(k) into the Fourier space variables s(k) =
A(k) ξ′(k) that exhibit the correct statistics, Sk,k′ := 〈s(k) s(k′)〉(s) = 2πδ(k − k′) τ(k). We
place a prior on τ(k) such that it is preferably a power-law like spectrum ∝ k−α, but allow
for possible, differentiable deviations from this. We visualize this model by drawing random
samples from the generative process and by plotting the results in figure 4. The top left plot
shows the spectral power modulation function A(k) for the function describing the electric
field amplitude.2 The slope α/2 of this determines the smoothness of the electric field prior,
with a steeper power spectrum (larger α) resulting in a smoother prior. The resulting electric
field spectra are shown in the top right of figure 4. They are relatively smooth as a result
of our choice of α, but other than that no prior assumptions are made, except for the 10th
order Butterworth filter that is applied at the edges of the detector’s passband. The small
differences in the direction into which the radio signal reaching different channels was emitted
can lead to small differences in the signal strength between channels. We want the model
to be able to account for this. In case the signal-to-noise ratio is relatively small, we do not
expect to be sensitive to such differences anyway, and would rather avoid adding additional
free parameters. Anticipating the variation between channels is rather difficult as this is
very dependent on the event geometry, so we opt for a simple measure here: if the signal-to-
noise ratio (SNR)3 of any of the measured waveforms is above 10, we multiply the spectrum

2Technically, this is a spectrum of a spectrum, and therefore k is defined in the time domain. We forego
this subtlety here and use the notation that is usually used for the power spectrum.

3We define the signal-to-noise ratio as half the peak-to-peak amplitude, divided by the root-mean-square
of the noise.
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Figure 4. Samples drawn from the prior distribution of the IFT model. Top left: amplitude power
of the Fourier modes k of the function describing the electric field spectrum. Top right: spectrum
of the electric field. For better readability, all samples have been normalized to the same maximum
value. Botton left: spectrum of the channel voltage. Bottom right: voltage trace in the time domain.

amplitude for each channel with an additional parameter a. This parameter’s Gaussian prior
distribution is centered around 1 with a standard deviation of σa = 0.1, which means that
we assume the difference between channels to be relatively small, unless the data shows
otherwise. If none of the channels reaches an SNR of 10, this parameter is left out, which
forces the electric field at each channel to be the same. Whether or not to include this
parameter is ultimately a judgement call. In general, it is better to avoid unnecessary free
parameters in the model, on the other hand measuring these differences between channels
provides additional information that could be used for the neutrino reconstruction and may
be necessary for the IFT model to be able to fit the data. A simple SNR cut to decide this is
rather crude and somewhat arbitrary, but it is good enough for our purposes here and may
easily be substituted for a more advanced decision process, should it become necessary.

The electric field consists of a single, very short pulse. Modelling the phase as constant
over the entire spectrum would result in a pulse at t = 0 that rolls over into the end of
the waveform. Since a shift in the time domain corresponds to a slope of the phase in the
frequency domain, we can shift the model pulse to the correct position in the waveform, by
modelling the phase ϕ(f) as a linear function

ϕ(f) = ϕ0 +mf (2.2)

where ϕ0 and m are Gaussian variables. By choosing the mean m̄ and standard deviation
σm of the slope m, we can encode the position of the pulse in the recorded waveform as well
as the uncertainty on it. This is useful, since the exact position of the pulse maximum can
depend on the amplitude of the spectrum as well as the phase, making it tricky to determine
the correct slope that should be used for the phase model ahead of time. Group delay in
the antenna or amplifier response can also introduce small time offsets. With this fitting
procedure, small timing errors of a few nanoseconds can be adjusted for.
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Thus, the full prior distribution for E(f) is given as

P (E(f)) =
∫
. . .

∫
δ
(
E(f)− es(f)+i(ϕ0+mf)

)
N (s|0, S(τ)) P(τ)

N
(
ϕ0|ϕ̄0, σ

2
0
)
N
(
m|m̄, σ2

m

)
dsdτdϕ0dm. (2.3)

The spectra of the θ and ϕ components of the electric field are identical to each other in
shape, so the polarization can be described by a single parameter, called polarization angle
defined as tan(ϕpol) = |Eφ|

|Eθ| . This allows us to split the electric field spectrum into its ~eθ and
~eφ components:

~E(f) = E(f) · cos(φpol) · ~eθ + E(f) · sin(φpol) · ~eφ (2.4)
We want avoid to restrict the polarization a priori, so we model its prior probability with
a Gaussian, but set the standard deviation σφ so large that it has negligible influence on
the posterior distribution. This would in principle allow us to later on incorporate prior
knowledge by decreasing σφ and setting the mean accordingly, if additional information is
available, for example from the event geometry.

The antenna response to the radio signal is expressed through the vector effective length
~Hi(f, θ, φ) = Hθi (f, θ, φ) · ~eθ +Hθi (f, θ, φ) · ~eφ, (2.5)

with f being the frequency, θ and φ the zenith and azimuth angles of the incoming radio
signal and ~eθ and ~eφ their respective base vectors. The voltage over the antenna output is
then given by

Vant
i (f) = ~E(f) · ~Hi(f, θ, φ) = E(f) cos(φpol)Hθi (f, θ, φ) + E(f) sin(φpol)Hφi (f, θ, φ) (2.6)

The complex amplifier response Ai(f) can also be expressed by a multiplication in the fre-
quency domain, yielding the voltage as it is recorded by the digitizer:

Vi(f) =Ai(f)·Vant
i (f) =Ai(f)·E(f)·

[
cos(φpol)·Hθi (f,θ,φ)+sin(φpol)·Hφi (f,θ,φ)

]
(2.7)

The product of the amplifier and the antenna responses has been normalized, so that their
overall maximum value (over all channels) is 1. As with the normalization of the voltage wave-
forms this can be reversed afterwards in order to get the correct values for the electric fields.

As these calculations are just a series of multiplications of each element of E(f) with a
scalar, they can be expressed as a diagonal operator D that is applied to the electric field
spectrum. The result is shown in the bottom left of figure 4. The prior samples for the voltage
spectra look much more similar to each other than the electric field spectrum samples. This
is because the antenna and amplifier characteristics have a large influence on the shape of
the spectrum. Finally, the voltage V(f) is transformed into the time domain by applying
the Fourier transformation operator F (figure 4, bottom right). The time shifts between the
samples is due to the allowed uncertainty on the slope of the phase function.

This allows us to calculate the probability P(U |E) that a given electric field model yields
the voltage measured by the detector. As any discrepancies between the voltage expected
from the electric field model FDE(f) and the actual data must be due to the noise N ,
this means:

P(U |E) = P(N = U −FDE) (2.8)
If we have a probability for the noise distribution (which will be presented later) this allows
us to calculate the posterior probability for a given electric field:

P(E|U) ∝ P(E) · P(N = U −FDE) (2.9)
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2.3 Use case: air shower detection
The radio signals from cosmic ray-induced particle showers in the atmosphere are produced
by similar mechanisms to those from neutrino-induced showers in ice and share many features.
Therefore, IFT can be used here as well to reconstruct the electric field. Additionally, since
radio signals from air showers are better understood, they are offer a useful cross-check to
test reconstruction methods for neutrino detectors.

While RNO-G has three upward-pointing LPDAs for air shower detection, we will use
a different neutrino detector as a test case. The ARIANNA experiment [17] consists of 9
autonomous detector stations located on the Ross Ice Shelf in Antarctica and 2 more at the
South Pole. Each station has 4 or 8 (depending on the station type) LPDAs, similar to those
used for RNO-G, deployed at a depth of about 2 m below the ice surface. Two each of the
antennas form a pair, which means that they are oriented parallel to each other, so that
they measure the same component of the electric field. While most of the stations have their
antennas pointed downwards, to detect radio signals coming from within the ice, they can be
turned upwards as well, which turns the station into a cosmic ray detector. This was already
used in the past to detect several cosmic ray events [48].

In addition to cosmic ray detection at the Ross Ice Shelf, we want to simulate another
scenario as well: the reconstruction of inclined air showers at the site of the Pierre Auger
Observatory in Argentina. The observatory is currently undergoing an upgrade, in which
radio antennas will be installed on all water Cherenkov detector tanks [7]. Because of the
large distance between the antennas, the radio array will be mainly focused on inclined
showers, whose radio footprint on the ground is large enough to cover multiple stations. With
antennas only sensitive to the horizontal components of the radio signal, reconstructing the
electric field can be challenging for the reasons explained in section 1.3. In the arctic or
antarctic, there is a trivial solution for this problem: the geomagnetic field is almost vertical,
which means that the ~eϕ component is dominant, so the ~eθ component can just be ignored
when estimating the energy fluence of the electric field. This is not necessarily the case at
the Auger site, where the magnetic field is only inclined around 30 ◦ and weaker. Thus, we
want to show how this problem can be addressed via IFT.

Since all the assumptions made about the signal from in-ice showers also hold for air
showers, only a few modifications to account for the different detector design are necessary:
the antenna and amplifier response are simply replaced with the ones for the ARIANNA
detector. They are sensitive at different frequencies, so the passband of the Butterworth
filter that is applied is changed to 100 MHz to 500 MHz. Additionally, part of the radio
signal will be reflected at the air-ice interface, but since the fraction of the signal that is
reflected can be calculated separately for the ~eθ and ~eφ component, and only depends on the
incident angle otherwise, this is done by simply modifying the antenna response. The radio
footprint of an air shower at ground level is so large compared to the distance between the
antennas that the scaling factor a between channels can be ignored.

2.4 Noise models
Modelling the noise for a detector at a given location is challenging, as there are typically
many different sources: foremost human activity, but also emission from the Galactic center
or other celestial objects as well as thermal emission from the surrounding ice or the detector
itself can all contribute different forms of noise.

For the use case of air shower detection with ARIANNA, one can simply use real data:
each detector station is regularly triggered on a timer. Since actual signal events are very
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rare, it can be assumed that these forced trigger events contain only noise, and their voltages
can simply be added to the simulated waveforms in order to obtain simulated noisy data.

The noise distribution obtained from the ARIANNA forced trigger events is nearly
Gaussian. This is likely due to the fact that most of the noise is thermal noise produced in
the amplifiers, rather than impulsive signals picked up by the antennas from the surroundings.

This is not necessarily going to be the case for RNO-G, whose amplifiers are targeting
a lower noise level. Its location in the arctic also means that the galactic center, which is
a major source of radio emission in the sky, is not within the field of view. We therefore
assume that most of the noise comes from thermal radio emission which is picked up by the
antennas. We model this noise in the frequency domain, with a Rayleigh distribution on the
amplitude of each frequency bin and a uniform distribution over 0 < ϕ ≤ 2π of the phase and
the polarization angle. In principle, antennas at different depths could detect different noise,
as radio signals from the surface get attenuated and the temperature of the surrounding ice
changes. For simplicity, we here assume the noise level to be the same for all channels.

In IFT, the easiest way to model noise is to assume a Gaussian distribution around 0,
with a standard deviation σN , which is set for each channel individually by calculating the
root mean square of the voltages outside the signal region. Thus we can substitute the noise
term in eq. (2.9) with a Gaussian distribution P(N) = N (N |0, σN ).

This means we are technically using a slightly wrong noise model for a typical radio
neutrino detector. However, it turns out that this does not hinder a precise electric field
reconstruction and serves to demonstrate the resilience of our reconstruction to small errors
in the noise model. In principle, our measurement model can easily accommodate more
complex noise distributions, should the need arise.

3 Performance of the electric field reconstruction

With the posterior probability in eq. (2.9), we can reconstruct the electric field by finding its
maximum. We do this using the software package nifty [49], which provides the necessary
tools to formulate the described IFT models and perform the variational inference. In this
section, we create realistic datasets from simulated neutrino and air shower signals and
evaluate the ability of nifty to recover the original signal using our signal and data model.

3.1 Set-up of neutrino simulations

We use the NuRadioMC and NuRadioReco software packages [30, 33], to simulate the ra-
dio signals from neutrino-induced particle showers detected by an RNO-G station. In the
first step, neutrino interactions are randomly generated in a cylinder of radius 5 km around
the station up to a depth of 3 km, corresponding roughly to the thickness of the ice sheet
at the RNO-G site. The neutrino energy is chosen randomly between 5.0× 1016 eV and
1.0× 1020 eV, following the combined spectrum of a GZK flux model [6] and the extension of
the astrophysical neutrino spectrum measured by IceCube [50]. Neutrino flavors are assigned
assuming a 1:1:1 mixing between the three flavors. In the second step, the radio emission
is simulated using the ARZ model [31] and the signal is propagated through the ice. If the
radio signal reaches the detector, the electric field is folded with the antenna and the am-
plifier response, which yields the voltage measured by each channel. We simulate a simple
threshold trigger, that triggers if the maximum voltage in the lowest channel of the phased
array is above 20 mV.
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If the detector is triggered, we add noise with a root mean square of 10 mV, as described
in section 2.4. Then the signal is upsampled to a sampling rate of 5 GHz and a 10th order
butterworth filter with a passband of 132 MHz to 700 MHz, corresponding to the band where
antenna and amplifier are sensitive, is applied.

Finally, we perform the electric field reconstruction on the resulting waveforms, using
the four channels of the phased array and the two horizontal polarization antennas on the
power string.

3.2 Test of the electric field reconstruction

The result of one of these reconstructions is shown in figure 5. We show only one of the
Vpol and one of the Hpol channels, as the reconstruction results and the recorded waveforms
are practically identical to the other channels, except for different noise. The reconstructed
waveform matches the original signal very closely, even towards the end of the pulse, where
it drops below the noise level. This is possible because much of the pulse shape is dictated by
the group delay of the antenna and the amplifier, which is well known. We can estimate lower
bounds on the uncertainties by drawing samples from the approximate posterior distribution
provided by MGVI. The samples are shown in figure 5 as thin black lines, to visualize their
variance. The uncertainty on any signal property, like for example the polarization, can be
characterized thereby. For this, one calculates this quantity for each sample individually
and investigates its resulting distribution, for example by providing its standard deviation as
calculated from the samples.

We want to quantify the performance of the electric field reconstruction by looking at
properties of the radio signal that are important for the reconstruction of the neutrino that
produced the particle shower the radio signal came from. How well these are reconstructed
will depend mainly on the signal-to-noise ratio, so we will show results divided into separate
groups by the maximum SNR of any of the channels used in the reconstruction. The SNR is
calculated by taking half the maximum peak-to-peak amplitude of the signal before the noise
was added and dividing it by the root mean square of the noise that is added. The reason
we use the waveform without noise to calculate the amplitude is that otherwise, it would be
influenced by the noise as well as the underlying signal. If the signal is not much bigger than
the noise level, its value is mostly influenced by random fluctuations in the noise. So, even
though it is harder to calculate for real data, this definition makes it easier to compare low-
SNR events when judging the performance of the electric field reconstruction. The trigger
threshold and simulated noise level have been chosen so that the lowest SNR are around 2,
which is also the expected trigger threshold for RNO-G.

The first quantity to check is the energy fluence ΦE of the radio signal (see eq. (1.1)),
which is needed to reconstruct the shower energy, from which the neutrino energy can be
estimated. We look at the reconstruction quality of

√
ΦE , which is proportional to the

shower energy, so the relative uncertainty on
√

ΦE propagates directly to the uncertainty on
the shower energy.

The result is shown in figure 6. On the left, it shows a scatter plot of the reconstructed
vs. actual

√
ΦE . Except for a few outliers, the reconstruction is very close to the actual

value, with a resolution on
√

ΦE of around 20% even for events with SNR < 4 (see table 1).
Because each antenna views the shower at a slightly different angle, the electric field at
each antenna can have a different energy fluence, especially if the shower is relatively close.
The horizontal errorbars extend from the minimum to the maximum energy fluence of all six
channels used for the reconstruction, with the data point being at the mean. This also means
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Figure 5. A result of an electric field reconstruction, shown for one of the Vpol (top) and one of the
Hpol (bottom) antennas. 1st and 3rd row: waveforms of the noisy data (blue), the noiseless signal
(orange) and the reconstructed voltages (green). 2nd and 4th row: spectrum of the channel voltage
(left) and of the ~eθ (center) and ~eφ (right) component of the electric field. The thin black lines show
posterior samples, drawn to visualize and quantify the uncertainties of the reconstruction. The 2nd
orange line in the spectrum plots is a 2nd radio pulse from another raytracing solution, potentially
visible in the waveform.

that the channels can have different signal-to-noise ratios, so the colors show the maximum
SNR of all channels used in the reconstruction. For most events, the uncertainty on the
energy fluence of the ~eφ component is larger than on the ~eθ component. This is because
there are only two Hpol antennas, compared to the four Vpols, which also are less sensitive.
Together with the fact that the signals tend to be polarized more vertically, this means that
often there is only a very small signal in the waveforms recorded by the Hpol channels. In
that case, only an upper limit on the ~eφ component of the electric field can be given. This
is also the reason why the energy fluence tends to be more often under- than overestimated,
as shown in table 1.
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Figure 6. Reconstructed energy fluence of the radio signal from simulated neutrino-induced particle
showers detected with RNO-G. Left: scatter plot of the reconstructed vs. the true square root of the
energy fluence of the radio signal. Errorbars on the y-axis show the uncertainty estimated by the
IFT algorithm, errorbars on the x-axis cover the range of values for the electric fields at all channels
used in the reconstruction, with the data point being at the mean. The colors show the maximum
signal-to-noise ratio of all channels used in the reconstruction. Top right: stacked histogram of the
relative uncertainty on

√
ΦE for different signal-to-noise ratios. Bottom right: uncertainties on the

reconstructed
√

ΦW as a multiple of the estimated uncertainty. For comparison, a Gaussian function
with σ = 1 as drawn as well. The left- and rightmost bins in each histogram are overflow bins.

The IFT reconstruction algorithm also provides an estimate of the uncertainty σ√Φ on√
ΦE , shown as vertical errorbars. The bottom right of figure 6 shows the difference between

reconstructed and actual
√

ΦE divided by σ√Φ. It follows a Gaussian distribution with σ = 1,
as would be expected if the estimated uncertainties are accurate.

There are some outliers, even at large signal-to-noise ratios, where the energy fluences
are greatly underestimated. These can occur if either the data does not match the IFT model
(which can happen for a few reasons) or if the reconstruction converges on a local minimum,
usually because of a wrong phase. Fortunately, these errors are usually easy to spot on an
individual event level and can be cut before an analysis. They are discussed in more detail
in appendix A.

To reconstruct the shower energy and the neutrino direction, it is also important to
know the shape of the electric field spectrum, as this contains information about the angle
under which the detected radio signal was emitted. The frequency at which the electric
field spectrum reaches its maximum varies a lot, depending mostly on the viewing angle and
shower type (see figure 1) and may even be outside of the detector bandwidth, but for signals
that are off-cone by more than 1 ◦ it tends to be somewhere around 250 MHz. Therefore we
compare the energy fluence in the frequency bands at 130 MHz to 250 MHz and at 250 MHz
to 500 MHz to give an estimate on how quickly the spectrum drops off after the maximum
(if it drops at all). The reason for not using the whole bandwidth up to 700 MHz is that
the antenna response depends on the incoming direction of the radio signal, and for some
directions the sensitivity starts dropping at about 500 MHz (see figure 3). From these fluences
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Figure 7. Reconstruction of the spectral shape parameter s for radio signals detected with RNO-G.
Left: reconstructed vs. true simulated s. Horizontal errorbars show the range of values for all chan-
nels used for the reconstruction, vertical errorbars show uncertainty estimates by the reconstruction
algorithm. Right: uncertainties on the reconstructed s divided by the uncertainties estimated by the
reconstruction algorithm.

we calculate a shape parameter s = ΦE
130−200MHz/ΦE

200−500MHz, which we compare to the one
from the simulated electric fields. This estimator for the viewing angle has the advantage
that it is well-defined for any electric field spectrum. If we, for example, had used the position
of the maximum of the spectrum, this would we be ill-defined for events where it is outside
the RNO-G band or if there are multiple peaks.

As figure 7 shows, the IFT method is able to reconstruct the shape rather well for events
with SNR > 3, with the exception of some outliers. Uncertainties tend to be larger than
the lower bound estimated by the IFT algorithm. One may also notice that many of the
events with a low signal-to-noise ratio are clustered in the lower left corner, with roughly
the same reconstructed values for s. These are events that are viewed relatively close to
the Cherenkov angle, for which the IFT reconstruction returns a flat frequency spectrum,
as there is not enough information for a more detailed spectrum reconstruction. This result
is useful though, since the falling spectrum of events further off the Cherenkov angle is still
reconstructed well, so some information about the viewing angle is maintained.

The third parameter to look at is the polarization of the radio signal. The electric field
vector points towards the shower axis, which helps to constrain the direction the neutrino
came from, which makes the polarization an important quantity for the reconstruction of the
arrival direction. We quantify the polarization by defining a polarization angle

φpol = tan−1
(√

ΦE
φ /
√

ΦE
θ

)
(3.1)

where ΦE
φ and ΦE

θ are the energy fluence of the ~eφ and ~eθ components of the radio signal.
This implies that the polarization angle lies in the range 0◦ ≤ φpol ≤ 90◦ by definition, where
φpol = 0◦ means that the signal is polarized in ~eθ direction.

– 17 –



J
C
A
P
0
4
(
2
0
2
1
)
0
7
1

Figure 8. Reconstructed electric field polarization of the simulated radio signals detected with
RNO-G. Left: reconstructed vs. true polarization angles. Errorbars represent the uncertainties
estimated by the IFT reconstruction algorithm. Colors signify the maximum signal-to-noise ratio
out of all channels used in the reconstruction. Top right: stacked histogram of the uncertainties on
the reconstructed polarization angles for different signal-to-noise ratios. Bottom right: uncertainties
on the reconstructed polarization angle divided by the estimated uncertainties. For comparison, a
Gaussian function with σ = 1 has been drawn as well.

The results are shown in figure 8 and table 1. Even at signal-to-noise ratios below 4,
the polarization can be reconstructed with an uncertainty of around 13 ◦, which improves
to better than 5 ◦ for SNR > 8. The resolution of the polarization measurement is mostly
limited by the lower sensitivity and smaller number of the Hpol antenna, as even a large SNR
in the Vpol channels does not necessarily mean that there is also a large SNR in the Hpol
channels. This is also the reason why the polarization reconstruction performs better for
larger φpol: if the polarization angle is small, there is no detectable or only a very weak signal
in the Hpol antenna waveform, so in practice, only an upper bound on ΦE

φ can be estimated.
The errors on the reconstructed polarizations match the IFT estimates for the lower

bound on the uncertainty rather well. It is worth mentioning that there is a potential
systematic error on the polarization due to the detector layout: while the differences in
signal polarization between channels are small enough to be insignificant, the overall signal
strengths may vary. Because the ~eθ and ~eφ components of the electric field are measured
by different antennas, this variation leads to wrong polarization reconstruction. This is a
limitation of the detector, which is ignored in the IFT model, so it cannot be included in the
uncertainty estimate.

3.3 Reconstruction of pulses from air showers
To test the IFT reconstruction of radio pulses from air showers, we use two sets, each con-
taining 70 simulated air showers and their radio emission, generated with the CoREAS soft-
ware [51]: one for a detector on the Ross-Ice-Shelf in Antarctica and one at the site of the
Pierre Auger Observatory in Argentina. The main differences between these two locations
are the different geomagnetic field and the different altitude, which is sea level at the Ross
Ice Shelf and 1560 m a.s.l. at the Auger site. The cosmic ray energies are randomly dis-
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2 ≤ SNR < 4 4 ≤ SNR < 8 8 < SNR
∆ΦE

68% quantile [−0.37, 0.34] [−0.30, 0.11] [−0.28, 0.05]
median −0.06 −0.07 −0.06
∆
√

ΦE

68% quantile [−0.20, 0.16] [−0.16, 0.05] [−0.15, 0.03]
median −0.03 −0.04 −0.02
∆φpol

68% quantile [−12.4 ◦, 13.8 ◦] [−9.5 ◦, 7.8 ◦] [−4.9 ◦, 4.2 ◦]
median 0.3 ◦ 0.7 ◦ 0.0 ◦

Table 1. Uncertainties on the reconstructed signal energy fluence ΦE , its square root and the
polarization for radio signals by an RNO-G station. For each property, the 68% quantile and the
median of the distribution of reconstruction errors are given.

tributed between 5.0× 1017 eV and 1.0× 1020 eV with a spectral index of −2. The cosmic
ray directions are distributed isotropically, with the air showers at the Auger site restricted
to zenith angles θ > 50◦, as we want to test the suitability of the method for inclined showers
specifically. For each shower, the electric field is simulated at a set of positions arranged
around the shower core in a star-like pattern (see e.g. [52]). For each simulated shower, a set
of 20 positions around the shower core is chosen at random and the station positions closest
to each position are selected, which results in a realistic distribution of shower axis positions
relative to the station. The electric field is folded with the response of each antenna and
amplifier to get the waveform recorded by each channel. As we do not have the detector
response of the Auger radio component, we use the ARIANNA detector for both locations.
A time shift is applied to the waveforms to account for the difference in travel time between
antennas. We simulate a trigger by requiring that the signal in at least two channels passes
both a minimum and a maximum threshold of −20 mV and 20 mV, respectively, within 5 ns
of each other. This is similar to the trigger used in the ARIANNA experiment [48], except
that the threshold corresponds to roughly 2σ, compared to the 4σ trigger that is actually
used. We chose a lower threshold, because we are triggering on the noiseless waveforms, so
pure noise triggers are not an issue, and we are especially interested in the performance of
the IFT method at low signal-to-noise ratios.

The waveforms for each channel are cut to a length of 256 samples, to match the length
of the noise samples measured by the ARIANNA detector and a randomly selected noise
recording is added to each channel. We do not have any recorded noise from the Auger
site, so we use recordings from Moore’s Bay for both detector locations. The waveforms are
upsampled to a sampling rate of 5 GHz and a 10th order butterworth filter with a passband
of 100 MHz–500 MHz as applied. Then the electric field reconstruction is performed. We use
the settings as for the neutrino case, except for the slope of the phase. This is because the
ARIANNA antennas and amplifiers introduce a different delay to the radio signal, which has
to be corrected for.

To assess the quality of the electric field reconstruction, we use the same three properties
as for the neutrino case: the signal energy fluence, the shape parameter and the polarization.
The results for the square root of the signal energy fluence are shown in figure 9 and 10 for a
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Figure 9. Reconstruction of the energy fluence of radio signals from air showers detected with an
ARIANNA-like detector at Moore’s Bay. Left: reconstructed vs. actual

√
ΦE of the radio signal. The

vertical error bars show the uncertainties estimated by the IFT reconstruction algorith. Top right:
error on the reconstructed

√
ΦE of the radio signal for different signal-to-noise ratios. Bottom right:

errors on the reconstructed
√

ΦE divided by their estimated uncertainties.

Figure 10. Reconstructed energy fluence of the radio signals from inclined air showers detected with
an ARIANNA-like radio detector at the site of the Pierre Auger Observatory. Left: scatter plot of
the reconstructed square root of the energy fluence

√
ΦE vs. the actual energy fluence of the radio

signal. The errorbars show the uncertainty estimated by the IFT reconstruction algorithm. Top right:
stacked histogram of the errors of the reconstructed

√
ΦE for different signal-to-noise ratios. Bottom

right: errors of the reconstructed
√

ΦE as a multiple of the estimated uncertainty. For comparison,
a Gaussian function with σ = 1 is drawn as well. The left- and rightmost bins in each histogram are
overflow bins.
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Figure 11. Reconstruction of the spectral shape parameter s for radio signals from air showers
detected with an ARIANNA station at Moore’s Bay. Left: reconstructed vs. actual shape parameter.
Error bars show the uncertainties estimated by the IFT algorithm. Right: errors on the reconstructed
shape parameter divided by its estimated uncertainties.

detector at Moore’s Bay and the site of the Pierre Auger Observatory, respectively. Because
the LPDAs are more sensitive than the Hpol antennas used for RNO-G, especially for the
~eφ component, the energy fluence reconstruction performs better than in the neutrino case.
Because we used real noise, some events had maximum SNRs lower than 2, which are shown
in gray in the scatter plot, but left out of the histograms.

For the shape of the frequency spectrum, we use the ratio between the energy fluence in
two different frequency ranges again, but we chose different passbands this time. The reason
is, that the spectra of radio signals from air showers reach their maximum typically around
80 MHz, which is outside of the recorded band, and is much weaker at higher frequencies
than the signals from a shower in ice. Therefore, for many events, the energy fluence in
the 250 MHz–500 MHz is practically 0, making that parameter useless. Instead, we use the
130 MHz–170 MHz and the 170 MHz–250 MHz passbands. The results are shown in figure 11
and figure 12. For events with SNR > 3, the reconstruction works well, though uncertainties
are again underestimated.

The results of the polarization reconstruction are shown in figure 13 and figure 14. Even
at SNR just over 2, the uncertainty on the reconstructed polarization angle is around 10 ◦
and drops to a few degrees at higher SNR (see table 2). Interestingly, the uncertainties are
roughly the same between the simulations for Moore’s Bay and the inclined showers at the
Auger site, despite the low sensitivity to ~eθ for inclined showers.

3.4 Implications for radio detectors

We have shown that Information Field Theory can be used to reconstruct radio signals
detected with the Radio Neutrino Observatory in Greenland (RNO-G), even at low signal-
to-noise ratios just above the trigger threshold.

The energy fluence of the radio signal is proportional to the square of the shower energy,
so the relative uncertainty on

√
ΦE translates directly to the uncertainty on the shower energy.
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Figure 12. Reconstruction of the spectral shape parameter s for radio signals from inclined air
showers detected with an ARIANNA-like detector at the site of the Pierre Auger Observatory. Left:
reconstructed vs. true shape parameter. Error bars show the uncertainties estimated by the IFT
algorithm. Right: errors on the reconstructed shape parameter divided by its estimated uncertainties.

Figure 13. Reconstruction of the polarization for radio signals from air showers detected with an
ARIANNA-like detector at Moore’s Bay. Left: reconstructed vs. actual polarization angle. Error bars
show the uncertainties estimated by the IFT algorithm. Top right: stacked histogram of the error on
the reconstructed polarization angle for different signal-to-noise ratios. Bottom right: errors on the
reconstructed polarization angles divided by the estimated uncertainties.
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Figure 14. Reconstruction of the polarization for radio signals from inclined air showers detected
with an ARIANNA-like station at the site of the Pierre Auger Observatory. Left: reconstructed vs.
actual polarization angle. Error bars show the uncertainties estimated by the IFT algorithm. Top
right: stacked histogram of the error on the reconstructed polarization angle for different signal-to-
noise ratios. Bottom right: errors on the reconstructed polarization angles divided by the estimated
uncertainties.

However, the uncertainty on the fraction of the neutrino energy that is deposited into the
shower is around a factor of 2 [53], thus dominating over the uncertainty on the energy
fluence. Therefore, further improving the energy fluence reconstruction will have very little
effect on the reconstructed neutrino energies.

The shape of the electric field spectrum affects both the energy and the neutrino direc-
tion reconstruction, as it depends on the angle to the shower axis at which the signal is emit-
ted. As shown in figure 1, this relationship is difficult to quantify in general and to attempt
this beyond the scope of this paper. As we are not aware of another robust method to obtain
the frequency spectrum at low SNR events, other than fitting a specific electric field model
to the data [33], IFT currently seems like the best option to do this for neutrino detection.

The resolution on the signal polarization is mainly limited by the low gain of the
horizontally-polarized antennas resulting from their constrained geometry. The polariza-
tion is needed to constrain the neutrino direction: if one only knows the direction of the
radio signal, the neutrino direction can only be constrained to a cone with an opening angle
equal to the emission angle, which is close to the Cherenkov angle. Using the fact that the
radio signal is polarized radially around the shower axis, a measurement of the polarization
can be used to resolve where on the cone the neutrino direction is. Thus, if the polarization
angle is misreconstructed by a small angle ∆φpol it causes the neutrino direction to be off by

δ ≈ sin(θC) ·∆φpol ≈ 0.8 ·∆φpol (3.2)

with a Cherenkov angle θC = 56◦.
While these IFT results already look promising, it should be noted that only six out of

the 24 channels available for RNO-G were used in this study. This was done because the IFT
model used required the radio signal at all used channels to have a very similar shape and
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Moore’s Bay
2 ≤ SNR < 4 4 ≤ SNR < 8 SNR < 8

∆ΦE

68% qtl. [−0.17, 0.62] [−0.13, 0.12] [−0.11, −0.02]
median 0.20 −0.01 −0.07
∆
√

ΦE

68% qtl. [−0.08, 0.28] [−0.07, 0.06] [−0.05, −0.01]
median 0.10 −0.01 −0.04
∆φpol

68% qtl. [−17.3 ◦, 3.2 ◦] [−8.6 ◦, 3.61 ◦] [−1.5 ◦, 2.7 ◦]
median −2.8 ◦ 0.0 ◦ 0.4 ◦

Auger
2 ≤ SNR < 4 4 ≤ SNR < 8 SNR < 8

∆ΦE

68% qtl. [−0.29, 0.62] [−0.17, 0.12] [−0.13, −0.01]
median 0.07 −0.03 −0.07
∆
√

ΦE

68% qtl. [−0.15, 0.27] [−0.09, 0.06] [−0.07, 0.00]
median 0.04 −0.01 −0.03
∆φpol

68% qtl. [−8.0 ◦, 11.0 ◦] [−3.8 ◦, 5.7 ◦] [−1.5 ◦, 2.0 ◦]
median 1.1 ◦ 0.2 ◦ −0.3 ◦

Table 2. Uncertainties on the reconstruction of the signal energy fluence ΦE , its square root and
the polarization angle φpol for radio signals from air showers detected by an ARIANNA station at
Moore’s Bay and from inclined air showers detected by an ARIANNA station at the site of the Pierre
Auger Observatory. For each quantity, the 68% quantiles and the median of the distribution of errors
in the reconstructions are given. For ΦE and

√
ΦE they are relative errors, fpr φpol they are absolute

errors, in degrees.

roughly the same amplitude, which can be assumed to be always the case for the channels
in the phased array and the Vpol antennas directly above them, but not necessarily for the
others. How much the radio signal varies between channels depends on the event geometry,
most importantly the distance to the shower. So if the event geometry is known, one can
determine if it makes sense to include additional channels. This decision can also depend
on the signal-to-noise ratio and the goal of the reconstruction: if some channels have a very
high SNR, it may make sense to reconstruct each of them individually to compare the radio
signal at different positions, while at low SNR, all available channels may be necessary to get
a estimate of the signal properties. While these considerations are beyond the scope of this
paper, they can lead to further improvements in the signal reconstruction. Finally, additional
channels could be included by dropping the requirement that the spectral shape has to be
identical from the IFT model. IFT offers options to build models in which the shape of the
spectrum is correlated between channels, but does not have to be the same.
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As in the neutrino case, the energy of cosmic-ray induced air showers is proportional
to the square root of the energy fluence of the radio signal. While the uncertainty on the
signal energy fluence for a detector at Moore’s Bay is comparable to the one obtained with
the standard reconstruction [33], IFT performs much better regarding the polarization, with
a similar accuracy to the forward folding method.

To our knowledge, the only radio detector currently using the shape of the frequency
spectrum for cosmic ray detection is ANITA [54], where a parametrization was fitted to the
electric field spectrum of the radio signal in order to estimate the energy. As the electric
field was reconstructed by unfolding the measured voltages and the antenna responses, this
approach requires a large signal-to-noise ratio, so IFT could be used in order to lower the
reconstruction threshold. A similar approach has been developed for ground-based cosmic
ray detectors [32], in which the forward folding technique was used to reconstruct the radio
signal. While IFT would likely not improve the precision of the energy reconstruction, not
having to rely on a specific parametrization can be an advantage in itself, if one wants to use
a lower passband where the parametrization with an exponential function no longer holds
or if the origin of the radio signal may not be entirely clear. Unfortunately, most radio
detectors have to limit their band to the 30 MHz to 80 MHz band, because of the noise from
radio communications at other frequencies. This small band limits the use of the spectrum
for event reconstruction.

When reconstructing the simulated data set for the Pierre Auger Observatory, the IFT
method showed a similar performance, demonstrating that it also works for inclined showers.
Currently, the Pierre Auger Observatory only uses the horizontal components of the electric
field if the incoming zenith angle is larger than 60 ◦ [14], meaning that information about the
full radio signal is lost and the signal polarization is practically unknown. With IFT, the full
electric field could be made available, which should improve the performance of the event
reconstruction.

3.5 Cross-check: electric field reconstructions on pure noise
If a detector is self-triggering, there is a chance that a random noise fluctuation is mistaken
for a genuine trigger. In this case, it is desirable that the electric field reconstruction is
not forced to return a realistic-looking result, but either provides evidence that something is
wrong or returns a result that looks non-physical to make it clear that no signal was present.

To test how IFT behaves, we run the same reconstruction we used for RNO-G events,
but this time the channels recorded pure noise. A typical example of the result of such a
reconstruction is shown in figure 15. The reconstructed electric field is very small, so that
the reconstructed voltage is very small as well, compared to the noise level. This alone is
evidence that there is likely no actual radio pulse in the data, but looking at the thin gray
lines visualizing the uncertainties, we see that the electric field being 0 is within the margin
of error. Thus, this result can be considered a “correct” electric field reconstruction, as it
returns that the radio signal is, at most, very small.

3.6 Cross-check: systematic uncertainties
So far we used the same detector response for the simulations and the reconstruction, which
implies perfect knowledge of the detector properties. In reality, this is of course hardly possi-
ble. While the response of most parts of the signal chain can be measured with great precision
in the lab prior to deployment, modelling of the antennas carries larger uncertainties. The
surrounding ice, for example, influences the antenna response, which is difficult to recreate
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Figure 15. Results of the reconstructed electric field of an RNO-G event containing only noise, for
one of the Vpol (top) and Hpol (bottom) channels. 1st and 3rd row: waveforms of the data (blue) and
reconstructed voltage (green). 2nd and 4th row: spectrum of the voltage (left) and the ~eθ (center) and
~eφ component of the electric field. The thin black lines are the samples used to estimate uncertainties,
which are drawn to visualize the uncertainties on the reconstruction.

in the lab. Therefore the most common way to solve this problem is to use simulations and
cross check them with pulser measurements after deployment.

In addition, the antenna gain and phase response also depends on the signal arrival
direction at the antenna, so a incorrect reconstruction of the signal direction will also result
in using an incorrect antenna response.

For RNO-G several revision of Vpol antennas and bore-hole diameters were considered
and fully simulated. We can make use of this to mimic the effect of an incorrect antenna
model by running the IFT reconstruction on the same event as shown in figure 5, except this
time the antenna model for an earlier revision is used. This represents a very pessimistic
assumption about the uncertainty on the antenna model, as the for the revision included
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Figure 16. Result of the electric field reconstruction for the same event as shown in figure 5, but for
this an incorrect Vpol model is used for the reconstruction.

simulations were run with a borehole almost twice as wide, resulting in both a different
overall shape and resonances in the model.

The result is shown in figure 16. At first sight, it looks like the reconstruction of the
electric field performed rather poorly. However, voltages measured in the channels are still
reconstructed well. Comparing the two antenna models in detail, it explains that the electric
field amplitudes at frequencies below 200 MHz and above 400 MHz are overestimated, since
the used Vpol model is much less sensitive there.

From this illustrative exercise, we can conclude that a systematic uncertainty on the
antenna response it not an issue for the IFT method itself, but will influence how the voltages
measured by the channels are translated into an electric field.
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4 Conclusion

One of the key steps in the event reconstruction for radio-based particle detectors is deter-
mining the electric field of the radio signal from the voltage waveforms measured with its
antennas, which is difficult to do accurately because they are always contaminated by noise
from the surrounding environment. The Information Field Theory method presented in this
paper offers a solution to this issue.

When applied to a simulated neutrino event, IFT moderately improves the reconstruc-
tion of the overall electric field amplitude, but its main strength lies in the ability to recon-
struct the shape of the frequency spectrum and the polarization, even at low signal-to-noise
ratios. This is especially important for neutrino detectors, where most events are expected
to be close to the trigger threshold, and the low event rate prohibits strict quality cuts. Ex-
periments like the Radio Neutrino Observatory Greenland (RNO-G) or the radio component
of IceCube-Gen2 will certainly profit from applying IFT to the detected pulses. By using a
non-parametric model for the frequency spectrum, we make minimal prior assumptions about
the expected signal, which is an advantage for an experiment attempting the first detection
of a neutrino-induced particle shower via its radio signal.

Making minimal assumptions about the radio signal also has the advantage that the
same method can be applied to other kinds of radio pulses, like those emitted by an air
shower. The improved electric field measurement allows new reconstruction methods using
the shape of the frequency spectrum and the polarization of the radio signal. With IFT, it
is also possible to reconstruct the full electric field for inclined air showers.

For these reasons, Information Field Theory can be a valuable asset to improve the
precision of radio-based particle detectors and move their analysis threshold to lower energies.
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A Failed reconstructions

As shown in, for example, figure 6, sometimes the IFT reconstruction produces outliers,
where the result does not come close to the actual radio signal. These outliers occur mainly
for two reasons.

In the case of the neutrino detector, there can be events that do not match the IFT
model. The most common cause is when two different radio pulses arrive shortly after another
and overlap. This can happen with certain event geometries, in which the propagation time
differences between the ray that reaches the antenna directly and the one that is refracted
downwards are very small.

The other way a double pulse can occur is if a high-energy electron neutrino interacts
via charged current interaction. This produces two showers: one hadronic shower from the
nucleon recoil and one electromagnetic shower from the electron produced in the process.
Usually, both showers overlap and their radio signals can be treated as coming from a single
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shower. However, at high energies the LPM effect [34, 35] elongates the electromagnetic
shower [36]. As the particle showers propagate through the ice faster than the radio signals,
there can be a noticeable time difference between the signal from the hadronic and the
electromagnetic showers. In that case, there are practically two different radio pulses.

As we assume that only one radio signal is present in the data, the model is thus not
suitable those two situations.

The second reason for the IFT reconstruction to fail is that the variational inference
can converge on a local minimum, if the slope of the phase is estimated incorrectly. This
can cause the IFT reconstruction to estimate a wrong signal timing, and only fit to part of
the radio pulse. This is especially a problem for detectors where a large group delay in the
signal chain elongates the signal recorded by the channels. This is the case for the current
ARIANNA detector and argues for a signal chain with less group delay for future detectors.

For in-ice showers, a second effect plays a role: because the shower front propagates
significantly faster than radio signal, signals from the early stage of the shower development
arrive after the ones from the later stages, if the observer is located inside the Cherenkov ring.
To such an observer, it looks like the shower propagation is happening in reverse, and the
radio signal is mirrored on the time axis. In Fourier space, this corresponds to a sign change
in the slope of the linear function describing the phase, compared to an observer outside
the Cherenkov ring. The prior probability distribution of the slope is centered around one
value, so only one of these cases (the observer outside the Cherenkov ring in this paper) is
taken into account. Fortunately, most of the phase of the measured voltage is dictated by
the antenna and amplifier response, so the reconstructions usually work for observers inside
the Cherenkov ring as well. Nevertheless, the reconstruction quality could be improved by
testing both configurations of the phase slope and determining which one yields a better
result. An additional benefit would be the ability to determine which side of the Cherenkov
ring the antenna is on, which provides additional insight on the event geometry.

Fortunately, both of these mis-reconstructions are easily identified. A typical example
is shown in figure 17: the reconstruction converged on a pulse timing that misses the start of
the radio signal and tries to find a solution that matches the tail of the pulse. However, much
of pulse shape is dictated by the group delay of the antenna and amplifier, so it is difficult to
find a reconstruction for the amplitude of the frequency spectrum that matches the data. The
result is a spectrum that has multiple peaks and drops to zero in between. This feature in the
spectrum can be used to identify events where the electric field reconstruction likely failed.

Of course, assuming that the signal timing is known, it is also possible to check if the
signal time of the reconstructed radio pulse matches.
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Figure 17. Results of a failed electric field reconstruction of an event detected by an RNO-G station.
Shown are one of the Vpol (top) and one of the Hpol (bottom) channels. 1st and 3rd row: waveform of
the data (blue), the actual signal (orange) and the reconstruction (green). 2nd and 4th row: spectrum
of the channel voltage (left) and the ~eθ (center) and ~eφ (right) component of the electric field. The
thin gray lines are the samples used for uncertainty estimation.
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Chapter 6

Energy Reconstruction for RNO-G

6.1 Declaration of Authorship

The method to reconstruct the energy of neutrinos detected by the Radio Neutrino
Observatory Greenland (RNO-G) presented in the publication “Reconstructing the
neutrino energy for in-ice radio detectors”, accepted for publication to the European
Physical Journal C, was developed and implemented by me.

The simulations were performed by me using the NuRadioMC software frame-
work, which was also used for the event reconstructions. Some of the software
modules used in the reconstruction chain (such as bandpass filtering, resampling
and noise simulation), were already part of the NuRadioMC framework. The code
performing the major new techniques described in the publication (vertex recon-
struction, electric field reconstruction and energy reconstruction) was both method-
ologically developed and implemented by me. All figures, except Fig. 2 (a schematic
design by the collaboration) were also produced by me.

The text of the publication was written by me. It then underwent a collaboration
internal review by Anna Nelles, Christian Glaser, and Simona Toscano, who sug-
gested improvements to both text and figures. I implemented the changes. After
that, it was distributed to the entire collaboration for review, where additional tex-
tual improvements were suggested.

The paper was submitted to the European Physical Journal on July 5, 2021 and ac-
cepted for publication on January 17, 2022.

6.2 Publication: Reconstructing the neutrino energy for in-
ice radio detectors
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Abstract Since summer 2021, the Radio Neutrino Ob-
servatory in Greenland (RNO-G) is searching for astro-

physical neutrinos at energies >10 PeV by detecting the
radio emission from particle showers in the ice around
Summit Station, Greenland. We present an extensive

simulation study that shows how RNO-G will be able
to measure the energy of such particle cascades, which
will in turn be used to estimate the energy of the in-
coming neutrino that caused them. The location of the

neutrino interaction is determined using the differences

ae-mail: christoph.welling@desy.de, authors@rno-g.org

in arrival times between channels and the electric field
of the radio signal is reconstructed using a novel ap-
proach based on Information Field Theory. Based on

these properties, the shower energy can be estimated.
We show that this method can achieve an uncertainty of
13% on the logarithm of the shower energy after mod-

est quality cuts and estimate how this can constrain the
energy of the neutrino. The method presented in this
paper is applicable to all similar radio neutrino detec-
tors, such as the proposed radio array of IceCube-Gen2.
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1 Neutrino detection with radio antennas

Neutrinos are unique messengers for high-energy astro-

physical phenomena. Without an electric charge, they
are not deflected by magnetic fields on their way to
Earth and as they only interact via the weak force at

very low cross-sections, they can travel vast distances
undisturbed. Unfortunately, this also means they only
have a small chance to interact within any detector one
may build to observe them. For the high-energy neu-

trino observatories, the solution to this problem is to
instrument large volumes of water [1,2] or ice [3,4] and
detect Cherenkov light from charged particles created

from neutrino interactions. This approach has led to
the discovery of an astrophysical neutrino flux [5] and
even the identification of some likely source candidates
[6,7] for neutrinos beyond the 100 TeV energy scale. To

explore the energy range beyond that, even larger de-
tection volumes than the ∼1 km3 of the largest current
optical detectors are required. Extending them to the

necessary sizes would require large expenses in money
and labor, because of the optical properties of water
and ice. Deep sea water has an absorption length on

the order of tens of meters [8]. While absorption lengths
are larger in deep glacial ice, light gets scattered, with
scattering lengths also on the order of tens of meters
[9]. This limits the maximum possible spacing for opti-

cal detection modules, and thereby the affordable size
of the detector.

Fortunately, high-energy particle showers in cold ice
emit radio signals that are hardly scattered and show
attenuation lengths around ∼1 km[10,11,12]. This al-

lows for the construction of a detector like the Ra-
dio Neutrino Observatory in Greenland [13], which will
monitor a volume of around 100 cubic kilometers, mak-
ing it a promising candidate for the first detection of

EeV neutrinos.

Ultra-high energy neutrinos are expected to be pro-

duced by astrophysical sources (e.g. [14,15,16,17,18])
and by interaction of ultra-high energy cosmic rays in-
teracting with cosmic photon backgrounds [19,20,21,

22]. Cosmogenic neutrino fluxes are predicted to show
different energy spectra than neutrinos from astrophys-
ical sources, so distinguishing between them with any
radio neutrino detector will require the ability to recon-

struct the neutrino energy. The different models for as-
trophysical sources differ in their predicted high-energy
neutrino spectra, so a spectrum measurement would

provide valuable information to constrain these scenar-
ios, especially when combined with information from
other cosmic messengers. A good energy estimation is

also important to efficiently suppress a background of
high-energy muons that drops quickly with energy [23].

1.1 Radio emission from particle showers in ice

When a high-energy neutrino interacts, a fraction of

its energy is transferred through deep-inelasting scat-
tering with nucleons, which causes a hadronic shower
to develop. In this hadronic shower, among other par-
ticles, pions are created. The neutral pions decay into

two photons that cause electromagnetic sub-showers.
Although the end product that produces the radio emis-
sion are many electromagnetic sub showers, these show-

ers are referred to as hadronic showers. If an electron
neutrino undergoes a charged current interaction, next
to the hadronic shower, an electron is created which

initiates an electromagnetic cascade. In that case, two
particle showers are present, whose radio signals over-
lap. Charged current interaction of νµ and ντ can occur
as well and create µ or τ particles, but these do not

emit radio signals and are practically invisible for a ra-
dio detector by themselves. They may, however, cause
secondary particle showers as they decay or propagate

through stochastic energy losses which provides a de-
tectable signature [23]. Therefore, in practical terms,
the event reconstruction for a radio-based neutrino de-

tector can be thought of as the reconstruction of a par-
ticle cascade.

As a particle shower develops in the ice, electrons
in the ice are kicked out of their atomic shells and
swept along in the shower. Additionally positrons in

the shower front annihilate with electrons in the ice.
Both effects cause an excess of negative charges to de-
velop in the shower, which emits radio signals as they
propagate [24,25]. This process has been confirmed ex-

perimentally in several dense media, including ice, at
particle accelerators [26,27,28] and in air showers [29,
30], where it is a subdominant emission process. If an

observer is located on the Cherenkov cone (∼56 ◦ open-
ing angle in ice), the radio emission of the entire shower
development interferes constructively, i.e. reaches the
observer at the same time, and causes a signal strong

enough to be detected with radio antennas. Because
of the longer wavelength, the radio signal can still be
detectable a few degrees off the Cherenkov cone. As

an observer moves away from the Cherenkov cone, the
shorter wavelengths lose coherence first, leading to an
overall weakening of the signal as well as a change in the

shape of the frequency spectrum [31,32]. In the case of
a charged-current interaction by an electron neutrino,
two showers are created, whose radio signals interfere,
leading to a more complex spectrum of the radio signal.

At high energies, the electromagnetic shower is elon-
gated by the LPM effect [33,34], which can increase its
length to hundreds of meters, compared to the ∼10 m

typical for a hadronic or lower-energy electromagnetic
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Fig. 1 Layout of one of the 35 detector stations that will
make up the Radio Neutrino Observatory Greenland (RNO-
G). From [13]

shower, and cause a more irregular shower development
[35,36,37]. This change also affects the radio signal, as
signals from different parts of the shower interfere with

each other [38,39]. The result is a reduction of the radio
emission and an irregular electric field spectrum with
multiple maxima.

1.2 The Radio Neutrino Observatory Greenland

The Radio Neutrino Observatory Greenland (RNO-G)
[13] is a detector for neutrinos with energies above 10 PeV,

currently under construction near Summit Station on
top of the ice sheet of Greenland. RNO-G is scheduled
to be completed with 35 detector stations in 2023, mak-

ing it the first discovery-scale detector for neutrinos at
these energies.

The stations are positioned on a square grid with a
spacing of 1.25 km between stations. With this spacing,
many neutrino events will only be detected by a single

station, which maximizes the effective volume of the de-
tector, but presents a challenge for the reconstruction.
In this paper, we will assume that only data from a sin-

gle station is available, effectively turning each station
into an independent detector.

An RNO-G station (see Fig. 1) can be seen as con-
sisting of two sections: A shallow component with an-
tennas buried about 2 m below the snow surface and
a deep component with antennas placed in holes at a

depth of up to 100 m. Both are centered around a DAQ
box housing the station electronics and a small tower
for communication antennas and solar panels.

The shallow component consists of three sets of three
logarithmic-periodic dipole antennas (LPDAs) each, in-

stalled 2 m below the ice surface at a horizontal distance
of 11 m from the station center. One LPDA in each set
is pointed upwards, to detect air showers, while the oth-
ers are pointed downwards at a 60 ◦ angle, making them

sensitive to neutrino signals from below. The LPDAs
have the advantage of being very sensitive, but they can
only be deployed close to the surface because of their

size (140 cm height, 146 cm width). At these shallow
depths, the observable ice volume is smaller because of
shielding effects from the changing index of refraction

in the upper 100 m of the ice, so that only about 20%
of triggered neutrino events are expected to be visible
in the shallow component [13].

The deep component consists of three vertical ca-
bles, called strings, in boreholes going down to a depth
of 100 m below the snow surface. One of the strings,

called power string, holds a phased array consisting of
four vertically polarized (Vpol) antennas. A phased ar-
ray works by overlaying the signals from all four chan-

nels to reduce the noise, which was tested on the ARA
detector [40] and will allow RNO-G to trigger on radio
signals with a signal-to-noise ratio (SNR)1 as low as 2.
Directly above the phased array are two horizontally

polarized (Hpol) antennas. Further up the string are
three more Vpol antennas with a spacing of 20 m from
each other.

The other two strings, called helper strings, are more
sparsely instrumented, with two Vpol and one Hpol an-

tenna on each string. Additionally, each string holds a
radio pulser that can be used to calibrate the detector.

The Vpol antenna uses a fat dipole design with a
height of 60 cm and a diameter of 12.7 cm, which is
sensitive in the ∼50 MHz to 600 MHz band and has an

antenna response that is symmetric in azimuth. For the
horizontal polarization, quadslot antennas with a height
of 60 cm and a diameter of 20.32 cm are used, whose de-
sign is mostly limited by the diameter of the borehole

[41]. Because of this constraint, the Hpol antennas have
a smaller overall sensitivity and are only sensitive in the
∼200 MHz to 400 MHz range. Combined with the ten-

dency of the neutrino-induced radio signals to be more
vertically polarized and stronger at lower frequencies,

1We define the SNR as half the peak-to-peak voltage ampli-
tude divided by the root mean square of the noise.
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this means only a small signal will be visible in the Hpol
channels, if at all, for most events.

After a signal is received by one of the downhole an-
tennas, it is fed into a Low Noise Amplifier (LNA) and

sent to the surface via a Radio Frequency over Fiber
(RFoF) transmitter. At the surface, the signal is ampli-
fied again by an LNA inside the DAQ box, digitized and
stored on an SD card. This signal chain has a passband

of 130 MHz to 700 MHz. From the DAQ the signals are
transferred to a server at Summit Station via LTE com-
munication. All components of the signal chain are lo-

cated in separate RF-tight housings, which helps keep
the noise level low, at an expected root mean square
(RMS) of ∼10 mV.

1.3 General reconstruction strategy

In general, the amplitude of the electric field ~E of the

radio signal from a particle shower is proportional to
the shower energy. In practice, it is more convenient to
use the energy fluence of the radio signal

ΦE = c · ε
∫

~E2(t)dt, (1)

where c is the speed of light and ε the permittivity. Its
square root is proportional to the shower energy as well,
but has the advantage of being easier to determine from

data and less affected by fluctuations from noise than
the electric field amplitude.

The other parameters that affect the radio signal
received at the detector can be expressed with the re-

lation

√
ΦE ∝ Eν · κ · exp

(
− l

latt

)
/l · f(ϕ) (2)

where Eν is the neutrino energy, κ is the fraction of the

neutrino energy that is transferred into the shower, ϕ
is the viewing angle, l is the distance the radio signal
travels in the ice before reaching the antenna and latt
is the attenuation length of the ice. Based on this, we
will first reconstruct geometric shower parameters and
the energy of the particle shower, and then use this to
estimate the neutrino energy.

This study focuses on the reconstruction based on
the deep component of RNO-G. Due to the phased ar-
ray trigger, this component is expected to detect most
neutrino signals. An energy reconstruction study for

the ARIANNA experiment has been performed previ-
ously [42,43]. Since the surface component of RNO-G
has been modeled after the ARIANNA experiment, the

reconstruction strategy should be similarly applicable
for potential events detected with the LPDAs only.

Fig. 2 Square root of the energy fluence of the radio signal
emitted by a particle shower in ice divided by the shower
energy as a function of the ratio between the energy flu-
ence in different passbands for hadronic (left) and electromag-
netic (right) showers. Radio signals were generated using the
ARZ2019 model [44] for shower energies between 1 × 1015 eV
and 1 × 1019 eV. The upper plot uses a lower passband of
130 MHz to 300 MHz and an upper passband of 300 MHz
to 500 MHz, the lower plot uses 130 MHz to 200 MHz and
200 MHz to 300 MHz. Colors show the viewing angle rela-
tive to the Cherenkov angle. The viewing angle is calculated
with respect to the position of the maximum of the charge-
excess profile. The black line shows the parametrization for
the hadronic showers.

2 Influence of the viewing angle

The last term in Eq. 2 parametrizes the contribution of
the viewing angle, defined as the angle between the di-
rection into which the signal is emitted and the shower

axis. At the Cherenkov angle, the radio emission over
the entire shower development interferes constructively,
leading to a strong signal. As the viewing angle moves

away from the Cherenkov angle, the radio signal gets
weaker, but not equally over the whole frequency range.
Shorter wavelengths lose coherence faster, which allows

us to use the shape of the frequency spectrum of the
radio pulse as a proxy for the viewing angle. This tech-
nique has already been demonstrated to work for air
showers [45], so we adapt it here for neutrino detection.

To quantify the shape of the frequency spectrum,
we define a slope parameter

s = ΦE130−300/Φ
E
300−500 (3)
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as the ratio between the energy fluence of the radio
signal in the 130 MHz to 300 MHz and the 300 MHz to
500 MHz passbands. More details of the procedure to
reconstruct the electric field and the parameter s are

discussed in Sec. 4.

The relation between the slope parameter and the
energy fluence of the radio signal is shown in the up-

per plot of Fig. 2 for a fixed distance between shower
and observer of 1 km and neglecting any attenuation by
the ice. It is convenient to only use the energy fluence
in the lower passband to estimate the shower energy,

because it is less dependent on the viewing angle than
higher frequencies, and also easier to reconstruct, be-
cause of the higher sensitivity of the Vpol antennas at

lower frequencies.

For hadronic showers, the relation between lg(s)
and

√
ΦE/E can be parameterized by a parabola, for

electromagnetic showers the relation is more compli-

cated: The radio emission stems from the electrons and
positrons in the shower, so the signal from electromag-
netic showers tends to be a bit stronger than for hadronic

showers of the same energy. However, outliers with a
much weaker signal originate from showers affected by
the LPM effect. These showers are elongated and/or
show an irregular development, which can effectively

lead to several shower maxima. This causes a loss of co-
herence of the radio signal emitted as the shower devel-
ops, thus, weakening it. It should also be noted that for

such long showers, an observer will see different parts at
different viewing angles, making this parameter rather
ill-defined.

Since no method to distinguish between neutrino

flavors has yet been developed for RNO-G, we assume
that no information about the flavor or the interac-
tion type (charged vs. neutral current) is available. We

therefore only parameterize the relationship the between√
ΦE/E and s for hadronic showers with a parabola,

and then use the result for both shower types.

If the difference between viewing and Cherenkov an-

gle is large, the electric field spectrum can drop to close
to 0 in the 300 MHz to 500 MHz band. The parametriza-
tion still holds for these cases, but even small uncertain-

ties in the shape of the reconstructed spectrum can lead
to large changes in the s parameter. We found empiri-
cally that we can mitigate this problem by using a slope
parameter s′ if s is larger than 10. This new slope pa-

rameter s′ is defined similarly to s, but using the energy
fluences in the 130 MHz to 200 MHz and the 200 MHz to
300 MHz bands, which can be parameterized the same

way as s (see Fig. 2, bottom). The values of the param-
eters of the parabola fit are listed in Tab. 1.

p2 p1 p0

s 4.70 −22.20 29.99
s′ 6.46 −16.00 12.49

Table 1 Parameters of the parabola parametrization to the
hadronic showers shown in Fig. 2 that are used to reconstruct
the shower energy from Eq. 4.

Using this parametrization, the shower energy can

be calculated from the radio signal using

Esh =

√
ΦE130−300/eV

p2 · lg(s)2 + p1 · lg(s) + p0
· EeV

=
√
ΦE130−300/eV · fϕ(s) · EeV

(4)

where pi are the parameters of the parabola from Tab. 1.
If the s parameter is larger than 10, ΦE130−200 and s′ are

used instead. The points in Fig. 2 are not exactly on
the parametrization line. We can calculate the shower
energy from Eq. 4 for these showers using the true val-
ues of ΦE and s and compare them to the true shower

energy. The difference is an estimate of the relative un-
certainty on the shower energy we get from the chosen
parametrization. Using the 68% quantile as a criterion,

the relative uncertainty is 9%, which will turn out to
be a subdominant uncertainty. However, these calcula-
tions were done at a fixed distance of 1 km and without
the effects of attenuation. So before this equation can

be used, the electric field needs to be reconstructed and
the distance to the shower needs to be known to correct
for attenuation during propagation.

3 Vertex reconstruction

After a neutrino event has been identified, the first step
in the reconstruction process is to determine the loca-

tion of the neutrino interaction. This is important for
the energy reconstruction in order to be able to correct
for the attenuation stemming from the signal propaga-

tion through the ice and the 1
r weakening of the signal

amplitude with distance. Knowing the vertex location
also allows us to determine the angle at which the ra-

dio signal arrives at the detector, which determines the
antenna response.

3.1 Radio signal propagation through ice

The index of refraction n of glacial ice is not uniform
but decreases with depth. Measurement from the South
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Pole, Moore’s Bay and Summit Station [46,47] all sug-
gest that the index of refraction profile can be param-
eterized as a function of the depth z by

n(z) = n0 −∆ze
z/z0 (5)

where n0, ∆z and z0 are fit parameters that have to be

determined from measurements. Because of this, the
radio signals do not travel in a straight line but are
bent downwards. Additionally, a radio signal may be

reflected at the ice surface and reach the detector this
way. This lets us divide the ray trajectories into three
categories:

– direct ray : The ray path is bent, but the depth is

monotonically in- or decreasing over the entire tra-
jectory.

– refracted ray : The ray starts going upwards, but
eventually bends downwards and reaches the detec-

tor from above.
– reflected ray : The ray is reflected at the ice surface

and reaches the detector from above.

In many cases, two of these solutions exist and the an-

tenna detects two radio pulses from the same particle
shower. These kinds of events, dubbed DnR events, be-
come more likely with increasing vertex distance, as the

launch angles for both ray paths become more similar,
making it more likely for both to be close enough to the
Cherenkov angle for a strong enough signal.

Another consequence of the changing index of re-

fraction is the existence of so-called shadow zones from
where the refraction prevents the radio signal from reach-
ing the antenna at all. These shadow zones become
smaller the deeper in the ice the antenna is placed, so

in many cases only the deeper antennas of the detector
are able to receive signals.

Contrary to these naive assumptions, horizontal prop-
agation of radio signals from the shadow zones has been

observed at the South Pole, the Ross Ice Shelf as well as
Summit Station in Greenland [46,47], likely due to lo-
cal deviations from a smooth density profile. However,
the measurements at Summit Station suggest that this

propagation mode only has a coupling at the percent
level, so it will be ignored in this paper. Additionally,
birefringence may lead to a direction- and polarization-

dependent index of refraction, which has been observed
at the South Pole [48]. As of the time of writing, no
such measurements are available for Summit Station,

so this effect will be ignored here as well.

Assuming an index of refraction profile of the form
as in Eq. 5, it is possible to find an analytic solution to
the ray tracing problem [39]. For more complex profiles,
other methods are available [49,50], but at the cost of

larger computing times.

Fig. 3 Visualization of the template correlation method to
determine the timing differences between channels. Top row:
Zoom of waveforms of signal and template. Second row: Noisy
waveforms (blue) and the original signals (orange) of three
different channels. Third row: Correlation of those waveforms
with the template. Fourth row: Product of the template cor-
relation for channel 1 with those for the other two channels.
Bottom row: Maximum of the product of the correlations for
two channels as a function of the time shift applied to one of
them.

3.2 Reconstruction method

To reconstruct the position of the interaction vertex, we
first present a method to determine the relative timing

between waveforms in two different channels, then we
show how to use this knowledge for the vertex recon-
struction.

Most neutrino events detected by RNO-G are ex-
pected to be just above the noise threshold, so a method
that also works at low signal-to-noise ratios is needed.
In the first step we apply a 10th order Butterworth

filter with a passband of 130 MHz to 300 MHz to the
waveforms to remove frequencies where noise is likely
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to be dominant over the actual radio signal from the
shower.

A convenient way to determine the timing difference
between two waveforms is to calculate the correlation
function between them, given by the equation

ρ(∆n) =

∑
i(V1)i · (V2)i−∆n√∑
i(V1)2i ·

√∑
i(V2)2i

(6)

where ∆n is the number of samples by which one wave-
form has been shifted and V1 and V2 are the voltages
measured by both channels. The denominator is a nor-

malization, so that ρ(∆n) = 1, if both waveforms are
identical. However at low SNRs, performance of this
method diminishes, as spurious correlations between

noise become likely. To avoid this, we use a template
that was derived by folding an electric field with the
detector response, as discussed in the next paragraph.
This process is visualized in Fig. 3: The top row shows

three waveforms (orange) to which random noise was
added, resulting in a noisy signal (blue). The three
waveforms are identical, except that channel 3 was shifted

by 50 ns. The second row shows the correlations of these
waveforms with a template, which is identical to the
original waveform as well in this example. In the next
step (third row) we combine two of these correlations by

multiplying them with each other. Note that for chan-
nels 1 and 2 there is a sharp peak, which is missing for
channels 1 and 3. This is because the timing difference

between channels 1 and 2 is 0, so their correlations have
their maxima at the same position. Because of the 50 ns
timing difference between them, the correlation maxima

for channels 1 and 3 are at different positions and disap-
pear when both are multiplied. So for there to be a peak
in their product, one of the correlations would have to
be shifted by 50 ns. Turning this reasoning around, we

can determine the time difference between two wave-
forms by calculating their correlation functions with a
template and shifting one of the correlations to find

when their product has the largest maximum. This is
shown in the bottom row of Fig. 3: For channels 1 and
2 the product of their correlation functions (from here
on called correlation product) has its highest maximum

at a time shift of 0 ns, for channels 1 and 3 it is at 50 ns,
which is the correct result. By using the correlations to
a template, the height of the maximum is also weighted

by how signal-like the channel waveforms are, which
will become useful later. While RNO-G records data
with a sampling rate of 2.4 GHz, the Nyquist-Shannon

sampling theorem [51] allows us to increase the timing
precision by resampling the waveform. We use an up-
sampling to 5 GHz to achieve a time binning of 0.2 ns.
The advantage this approach has compared to corre-

lating the waveforms directly is that it avoids spurious

Fig. 4 Examples of waveforms measured by an RNO-G Vpol
channel, filtered to the 130 MHz to 300 MHz passband, for
different viewing angles (top) and zenith angles of the signal
arrival direction (bottom).

correlations in the noise. Even at SNRs as low as 2.5,

the time shift between waveforms can be determined
with sub-nanosecond precision.

This leads to the question what template to use. In
the previous example, the template was identical to the
signal, but in reality, the signal depends on the viewing

angle and the direction from which the signal reaches
the antenna. Fortunately, in the relatively small band
of 130 MHz to 300 MHz, the shapes of the waveforms
are mostly determined by the response of the antenna,

amplifier and filters which are very well known. This is
demonstrated in Fig. 4: While changes in the viewing
angle and the signal arrival direction change the height

of the individual peaks of the waveform, the position
of each peak remains unchanged and their correlations
with another waveform will have their maxima at the

same positions as well. Therefore, the choice of which
template to use has only a minor influence on the result
of the timing reconstruction.

With a way to identify the relative timing of the ra-
dio signals, the next step is to use them to reconstruct

the location of the neutrino vertex. Because of refrac-
tion, calculating the signal travel times from a given
point to one of the antennas is not straightforward,
and somewhat computationally expensive. Therefore,

for each antenna depth used by RNO-G, a lookup table
with travel times for a grid of possible vertex positions
is created. By assuming radial symmetry of the propa-

gation times, only the radial distance and the depth of
the vertex position relative to the antenna need to be
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considered2. Because of the changing index of refrac-
tion, two ray tracing solutions exist, so the propaga-
tion times for both are stored. Using lookup tables has
two advantages: It saves time, because the ray tracing

only has to be done once, and it does not make any
assumptions about the propagation. Moreover, we are
able to calculate the propagation times for any given

vertex position. So if changes to the ice model are nec-
essary or more advanced ray tracing methods become
available, all that is necessary is to update the lookup

tables. For this paper, a grid spacing of 1 m in horizon-
tal distance and 2 m in depth was used. This provides
adequate precision, though we did not test how a larger
spacing would impact the results.

With these lookup tables, the difference in signal

arrival times between two channels can be determined
for any potential vertex position. Then the product of
template correlations for the corresponding time shift is
calculated. By doing this for all channel pairs, the sum

of all correlations can be used as an estimator for how
well the signal timings match a given vertex position.

At this point, we do not know if the radio signal
reached the detector via the direct, reflected or refracted
path. While we know which channels measured a pulse

above a certain SNR, a signal may still be present in
the others, but hidden in the noise. Adding the result
of the correlation product for channels without a sig-

nal or assuming the wrong ray type fortunately does
not have serious negative effect on the reconstruction.
The correlation of the template with pure noise is so
small that it has little influence on the overall correla-

tion sum for all channel pairs. If the wrong ray type is
used, the correlation product may have a large enough
maximum at a specific vertex position, but this point

is usually far enough away from where other channel
pairs have their maximum to not affect the reconstruc-
tion. Furthermore, for the correct ray types, all channel

pairs with a signal will have their largest correlations
corresponding to the same point, while wrong ray types
or spurious correlations will result in large correlations
at different points for each channel pair. Therefore, we

use all possible pairs of Vpol channels together, and
sum up the correlations for all possible combinations
of ray types. The only condition is that the two chan-

nels are sufficiently far away from each other. If both
channels are part of the phased array or on the same
helper string, they are too close to be useful for vertex
reconstruction, and therefore not used.

2To date, no measurements from Summit Station suggest any
significant radial asymmetry for ray propagation. Should this
change, the lookup tables would need to be adapted, which
increases their size and computational cost, but is not a fun-
damental problem.

Fig. 5 Scan to restrict the vertex search volume. Results
are projected in the horizontal distance v. depth plane, with
the colors showing the maximum correlation sum over all az-
imuths. The black lines mark the volume in which the finer
scan will be performed. The red dot marks the true vertex
position.

In principle, we could now do a scan on a 3D grid
over the entire detector volume, sum up the correlation
products for all channel pairs at each point and find its

maximum, but this would take too long and consume
too much memory to be practical. Instead, we first per-
form a scan on a grid with a larger spacing. A con-
venient choice is to use cylindrical coordinates with a

spacing in radius of 100 m, 2.5 ◦ in azimuth and 25 m in
depth, and calculate the correlation sums for all points
on this grid. We flatten this grid into 2 dimensions by

taking the maximum correlation sum over all azimuths
for each pair of radii and depths and fit a line to the
radius vs. depth graph of the points with the largest
correlation sums. To identify the azimuth of the neu-

trino vertex position, we sum up the correlations for all
points belonging to the same azimuth and find the max-
imum. The result is a line in 3D space around which be

lay a cuboid that marks the search volume (see Fig. 5).

Now the search volume is small enough to perform

a scan over a smaller grid within a reasonable computa-
tional envelope. The result is shown in Fig. 6. The scan
was done in 3D but we again only show the projection

onto the horizontal distance r.

This already yields good results, but can be fur-

ther improved if DnR pulses are present. In most cases
with DnR pulses, only one of them will be clearly vis-
ible while the other is hidden in the noise. However,
even these small signals can still yield valuable infor-

mation. Using the time difference between DnR pulses
works the same way as before, except this time the tem-
plate correlation is done for a channel with itself. Like

for the correlation between channels, we use the corre-
lation products from all channels, as they are already
weighted by the correlation with a template and spuri-

ous correlations usually disagree with the results from
other channels, so they do not pose a problem. The
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Fig. 6 Vertex reconstruction. Results are projected into the
horizontal distance vs. depth (top) or east vs. west plane (bot-
tom), with the colors showing the maximum correlation sums
over all azimuths and depths, respectively. The left side shows
results in coordinates relative to the station position. Zones
that are outside the search volume are in white. The right
shows coordinates relative to the vertex search region. The
red dots mark the true vertex position, the black dots the
position with the largest correlation sum.

effect of this can be seen in Fig. 7. Similarly to the cor-
relations between channels, DnR correlations also have
the shape of lines, but there are two advantages that

make them very useful when combined with the results
from correlating different channels: The time differences
between DnR pulses change much more with vertex dis-

tance than the differences between channels, leading to
much thinner lines. The lines are also at a different an-
gle, so the point where they cross with the lines from
the correlation sums between channels can be very well

constrained. The contribution of the DnR pulses to the
correlation sum is much smaller than from the channel
pairs, for two reasons: The two pulses tend to differ in

amplitude, so one of them is often just above, or even
hidden under, the noise, so their correlation is small.
Additionally the number of channel pairs is larger than

the number of channels.

3.3 Performance of vertex reconstruction

To assess the performance of the neutrino vertex recon-

struction (and of the energy reconstruction steps follow-
ing after this), we produce a simulated data set using
the NuRadioMC [39] and NuRadioReco [52] software

packages. First, we generate a set of 107 neutrinos with
isotropic directions, which interact at randomly selected

Fig. 7 Use of DnR pulses for vertex reconstruction. Top:
Correlation sum using only the correlation products between
channels. Middle: Correlation sum using DnR pulses. Bottom:
Sum of both correlation between channels and DnR pulse
correlation. Results are shown projected into the horizontal
distance vs. depth plane, with colors showing the maximum
correlation sum over all azimuths. The red dot marks the
actual vertex position, the black dot the point with the largest
correlation sum.

points inside a cylinder with a radius of 3.9 km and a

depth of 2.7 km below the ice surface (corresponding
roughly to the ice thickness at Summit Station). En-
ergies are randomly distributed between 5.0× 1016 eV
and 1.0× 1019 eV with a spectrum following the exten-

sion of the spectral index measured by IceCube [53]
combined with a model of the expected flux from the
interaction of ultra-high energy cosmic rays with the

cosmic microwave background and other photon fields
[22]. Interactions are generated assuming a 1:1:1 flavor
mixing due to oscillations and a probability of 0.71 to

interact via charged current interaction. Absorption of
the neutrino in the Earth is taken into account by ap-
plying a weighting to events when evaluating the results
later.

For each generated shower, the radio emission is cal-
culated using the ARZ2019 model [44] and propagated
to each detector antenna using an analytic ray tracing

method [39]. If the radio signal reaches an antenna, it
is folded with the response of the antenna and of the
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Fig. 8 Stacked histograms showing the performance of the
vertex reconstruction method. Top: Difference between re-
constructed and actual distance between shower and station.
Middle: Relative uncertainties on the reconstructed distance.
Bottom: Ratio between the expected attenuation of the radio
signal using the reconstructed and the actual distance to the
shower. Events are divided into four categories: Those where
only channels of the phased array or on the helper strings
detected a signal with SNR > 2.5, and those where 1, 2, or
3 of the additional channels on the power string detected a
signal with SNR > 2.5. The outermost bins in all plots are
overflow bins.

amplifier. As a proxy for the phased array trigger of
RNO-G, the trigger is simulated as a simple high-low
threshold trigger that triggers if the voltage exceeds a
maximum of 20 mV and a minimum of −20 mV in both

of the lower two channels of the phased array. If a trig-
ger signal is given, Rayleigh-distributed noise with an
RMS of 10 mV is added to the waveform of each chan-

nel. This means triggering at the 2σ level, which is the
expected performance of the full phased array trigger.
It should be noted that the trigger is performed before

noise is added. With the real detector, most triggers
will be from noise and have to be removed. But as event
identification is not the focus of this paper, we assume
a 100% pure event sample.

Finally, the waveforms are upsampled to a sam-

pling rate of 5 GHz and the vertex reconstruction is
performed.

btm & 1 btm & 2 btm & 3

drec − dsim

median [m] 38 28 0
σ68% [m] [-118, 469] [-91, 235] [-80, 115]

∆d/dsim

median 0.04 0.03 0.00
σ68% [-0.11, 0.59] [-0.07, 0.29] [-0.06, 0.11]

attrec/attsim

median 0.96 0.97 1.00
σ68% [0.63, 1.12] [0.77, 1.08] [0.90, 1.07]

bottom btm & 1+ btm & 2+

drec − dsim

median [m] 7 8 8
σ68% [m] [-302, 287] [-156, 204] [-85, 146]

∆d/dsim

median 0.01 0.01 0.01
σ68% [-0.25, 0.35] [-0.12, 0.21] [-0.06, 0.14]

attrec/attsim

median 0.99 0.99 0.99
σ68% [0.74, 1.33] [0.83, 1.14] [0.87, 1.07]

Table 2 Median and 68% quantiles of the absolute and
relative uncertainties on the vertex distance, and the ra-
tio between reconstructed and actual attenuation factor
exp(−d/latt)/d. In the upper table, events are divided into
categories where at least one of the channels at ∼100 m depth
has detected a pulse with SNR ≥ 2.5, as well as exactly one,
exactly two or exactly three of the upper channels on the
power string. In the lower table, categories where at least one
of the channels at ∼100 m depth has detected a signal and
where at least one, two or three of the channels further up
the power string detected a signal with SNR ≥ 2.5.

The results are shown in Fig. 8 and Tab. 2. The
signal arrival direction is much easier to reconstruct

than the vertex distance, so we will only focus on the
distance here. It turns out that for the performance of
the vertex reconstruction, the SNR of the waveforms
matters less than which channels detect a signal at all.

Therefore it is useful to divide events into categories
depending on which channels recorded a signal with
SNR > 2.5, which is the SNR around which the signal

becomes large enough to be reliably identified using the
template correlation method.

Because the phased array trigger is at the bottom of

the power string and the interaction vertex can lie in the
shadow zone of the channels further up for some event
geometries, the channels at ∼100 m depth are the most
likely to detect a signal. Because they are all at roughly

the same depth, their signal amplitudes, and therefore
their SNRs, tend to be similar. As Fig. 8 shows, only
the channels at the bottom of the detector are usually

not enough to reconstruct distance to the vertex. If a
signal with SNR > 2.5 is available from one more chan-
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Fig. 9 Distribution of shower locations relative to the de-
tector station for events that have signals with SNR > 2.5
only for the channels at ∼100 m depth and for 1, 2, or 3 of
the other channels on the power string as well. For better
readability, only every second event is drawn.

nel (typically the antenna at 80 m), the distance recon-

struction is already good enough for the uncertainty on
the signal attenuation to be better than a factor of 2.
Additional channels improve the results even further.

Fig. 9 shows the distribution of vertex locations
grouped per number of channels with a signal. The fig-

ure shows that rather than simply distance, the vertex
location most prominently determines which of the up-
per channels detect a signal, as the vertex may simply
be in the shadow zone for the channels further up. The

shower energy plays a role as well, because channels at
different depths will see the shower at slightly different
viewing angles. So at least some of them have to be fur-

ther off the Cherenkov angle and require a larger shower
energy for the radio signal to still be strong enough to
be detected. Additionally, showers with lower energies

need to be closer to the station to be detectable, trans-
lating into larger differences between viewing angles.
Fig. 10 shows the fraction of events falling into each
of these categories as a function of energy relative to

all triggered events. It also shows the probability for a
DnR pulse to be detected by at least one channel, which
greatly improves the vertex reconstruction (see Fig. 11

in comparison to Fig. 8). It shows an even greater de-
pendence on shower energy, because the differences in
viewing angles are larger between DnR signals than be-
tween channels. This makes the aforementioned effects

even more significant, so that DnR pulses only become
relevant at higher energies. One should keep in mind,
however, that these efficiencies do not include the effi-

ciency of identifying a neutrino event in the first place.
Also, the phased array trigger is approximated with a
simple threshold and some aspects of RNO-G, e.g. the

noise level, are not yet confirmed by data at the time
of writing.

Fig. 10 Reconstruction efficiency based on a simplified trig-
ger simulation. Probability for an event to have at least one
channel with SNR > 2.5 in one of the channels at ∼100 m
depth and to have SNR > 2.5 in the additional channels
on the power string as well, as a function of shower energy
(top) and neutrino energy (bottom). The dotted lines show
the probability that at least one channel detected a second
pulse that also has SNR > 2.5.

4 Electric field reconstruction

Next to the vertex distance, we need to reconstruct the

electric field of the radio signal from the recorded volt-
age waveforms. The Vpol and Hpol antennas are almost
exclusively sensitive to the ~eθ or ~eφ components of the

electric field, so in principle one could simply divide the
spectrum of the voltages by the response of antenna and
amplifier in the frequency domain to obtain the spec-
trum of the electric field. Unfortunately, this method

requires signals to have a large SNR. Especially if the
antenna has a relatively low sensitivity, as is the case
for the Hpol antennas, thermal noise can be amplified

and distort the result.

Instead, we use a method based on Information Field
Theory [54,55], which allows us to reconstruct even low-

SNR events by including prior knowledge about the
properties of the radio signal. This method is described
in detail in [56], where RNO-G is also given as an ap-

plication example. Therefore we will only give a brief
description of the method here.
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Fig. 11 Stacked histograms showing the performance of the
vertex reconstruction for events where at least one channel
detected two radio signals (DnR) with SNR > 2.5. Top: Dif-
ference between reconstructed and actual distance from sta-
tion to shower. Middle: Relative uncertainty on the distance
reconstruction. Bottom: Ratio of reconstructed and actual at-
tenuation of the radio signal on its way from shower to detec-
tor. Events are divided into the same categories as in Fig. 8,
but a much smaller subset of events (see Fig. 10) shows DnR
signals.

4.1 Electric field reconstruction method

The problem of electric field reconstruction can be thought
of as determining P (E|U), the probability of the radio
signal having a given frequency spectrum E , given the

measured voltages U , defined in the time domain, and
finding the most likely electric field. Using Bayes’ the-
orem, this probability can be calculated using

P (E|U) ∝ P (E)P (U |E), (7)

if the prior probability P (E) for the spectrum and the
probability P (U |E) for the measured voltages given a
specific frequency spectrum are known.

We split the frequency spectrum into its absolute

value and a phase

E(f) = E(f) · exp(i · ϕ(f)) (8)

and model each component separately.

The absolute value of the frequency spectrum is
modeled using a generative process

s(f) = lg(E(f)) (9)

s(f) follows Gaussian statistics, with a correlation
structure which is defined by its eigen-spectrum τ(k),

which follows a power-law τ ∝ k−α, where k is the
wave number3, though small deviations from that are
allowed. The slope α/2 determines the smoothness of
the electric field spectrum: A large value for α means

only small k in the eigenspectrum of s(f), leading so a
very smooth s(f), which becomes more and more jagged
with decreasing α, as larger k become more likely. We

choose a value for α/2 that results in a rather smooth
electric field spectrum, but leave the parameter some
freedom to vary, should the data suggest a more jagged

spectrum. With this, we can assign a prior probabil-
ity to any E(f), because the probability distribution of
s(f) is defined.

The phase is modeled by a linear function

ϕ(f) = ϕ0 +mf (10)

where ϕ0 and m are Gaussian random variables. Such
a phase leads to a single, short pulse, as is expected
from an Askaryan signal. The slope m corresponds to
a time shift in the time domain and is set based on

the previously determined signal timing. It is, however,
given some room to vary within a few nanoseconds, to
correct for possible errors in determining the pulse time.

Finally, the polarization of the radio signal is de-
scribed by a parameter φpol called polarization angle,
so that

~E(f) = E(f) · cos(φpol) · ~eθ + E(f) · sin(φpol) · ~eφ (11)

The polarization angle is also modeled as a Gaussian

random variable, but with a standard distribution cho-
sen large enough to only have a negligible effect on the
posterior distribution.

From equations 8-11, we can construct an operator
that maps s, ϕ0, m and φpol onto E(f). This operator
is invertible, which allows us to assign a prior probabil-
ity to any E(f). To do so, we calculate the values for

s(f), ϕ0, m and φpol that lead to the given E . Because
the prior probabilities for these variables are known,
and assumed to be independent of each other, we can

calculate their joint probability

P (E) = P (s, ϕ0,m, φpol)

= P (s) · P (ϕ0) · P (m) · P (φpol)
(12)

3Technically, since E(f) is defined in the frequency domain,
k is defined in the time domain. We will ignore this subtlety
here and use the notation that is most commonly used to
describe the correlation structure.
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as the product of the individual probabilities.

The antenna and amplifier responses are applied to
the electric field, which can be expressed in the fre-

quency domain by a diagonal matrix D. Then the result
is translated into the time domain via a Fourier trans-
formation F to obtain the expected voltage waveform

U(t) = FDE(f). Neglecting uncertainties on the detec-
tor description and signal model, the difference between
the expected and measured waveforms must be due to
the noise N:

P (U |E) = P (N = U −FDE)

= N (U −FDE|0, σN )
(13)

where the last term expresses the assumption that the

noise is drawn from a Gaussian distribution centered
around 0 V with a standard deviation of σN , which
can be determined from forced trigger data. With this,

the maximum of Eq. 7 can be determined using Metric
Gaussian Variational Inference [57].

A strength of this method is that it only makes some

general and well-founded assumptions about the prop-
erties of the radio signal. Considering that no experi-
ment has yet detected a neutrino via its Askaryan emis-

sion, not relying on any physical model for the electric-
field reconstruction is an advantage in itself, as it allows
us to verify emission models by comparing the recon-
structed electric field spectra to predictions.

The reconstruction method requires the radio sig-
nal received by all channels to be very similar, which is

the case if the antennas are close enough together. How
much the radio signal differs between channels depends
very much on the event geometry, which is not known
at this point, except for the vertex position. Thus, there

are three groups of channels that can be used to recon-
struct the electric field, assuming they detected a radio
signal: The phased array channels along with the two

Hpol antennas directly on top of them, and the three
channels at the bottom of each helper string. In prin-
ciple, the electric field could also be reconstructed for

the other channels on the power string, but since they
do not have any nearby Hpol antennas, it would have
to be limited to the ~eθ component. It is also unlikely
that a single channel will yield a better reconstruction

than a group of three or six, so these channels are not
used for the electric field reconstruction.

4.2 Performance of the electric field reconstruction

To asses the performance of the electric field recon-

struction, we continue from the vertex reconstruction
in Sec. 3.3.

In order to reconstruct the electric field of the ra-

dio signal, it is first necessary to identify which chan-
nels actually recorded a signal with a sufficiently high
SNR. Only a tiny fraction of the radio signals that trig-

ger RNO-G are actually from neutrinos, while the vast
majority will come from thermal fluctuations or other
radio sources in the environment. How to identify the
few genuine neutrino events is its own topic, so here

we assume that some method to do so is available. We
can safely assume this is the case, as a proper event
identification is necessary before an energy reconstruc-

tion could even start. We already used SNR = 2.5 as
the analysis threshold, so we assume that if a pulse
has SNR ≥ 2.5 in any channel, it can be identified and

we just use the true pulse position as input. If a pulse
is found, a region of ±50 ns around it is marked as a
signal region. It should be noted that this only serves
to mark the relevant section of the waveforms for the

electric field reconstruction and no further information
from this pulse finder is used. Any pulse with a lower
SNR is classified as not found. As before, the maxima

and minima are calculated from the noiseless waveforms
for the purpose of calculating the SNR.

Next, we need to identify the directions from which
the radio signals are received at each antenna. Using

the reconstructed vertex position, we can calculate the
expected signal propagation times for each ray path.
With the template correlation method used for the ver-

tex reconstruction, the signal arrival time is determined
and compared to the expectation for each ray tracing
solution to identify the most likely ray path. Once the

correct ray tracing solution is found, the signal arrival
direction and time shift relative to the other antennas
can also be determined. This is done for every signal
region. However, for most events, the Hpol channels

will not detect a signal with a sufficiently high SNR to
identify a signal region. In order to be able to use them
for the electric field reconstruction, a linear function is

fitted to the arrival times and zenith angles4 as a func-
tion of depth of the Vpol antennas on the same string
as the Hpol. This function is then used to extrapolate
these values for the Hpol antennas. While this approach

assumes a planar wave front, it is accurate enough for
antennas that are spaced as closely as in this case.

As discussed above there are three groups of chan-

nels for which the electric field can be reconstructed:
The phased array along with the two Hpol antennas di-
rectly above it, and the antennas on each of the helper

strings. In principle, the phased array has twice the
number of channels and is, thus, most promising to use
for reconstructing the radio signal. However, depend-
ing on the event geometry, the SNR can vary greatly

4The azimuth is the same for all antennas on the same string.
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Fig. 12 Ratio between the square root of the energy fluence
of the reconstructed and the actual radio signal detected at
the power string (top) and the two helper strings (bottom).
Results are divided into categories by the maximum signal-
to-noise ratio of the channels used for the reconstruction. The
outermost bins are overflow bins.

between strings. Therefore, we reconstruct the electric
field for all channel groups (provided a signal region

was found).

The performance of the electric field reconstruction
with regards to the energy fluence φE of the radio sig-
nal is shown in Fig. 12. Except for a few outliers, which

were shown to be easily identifiable in [56], the energy
fluence is well-reconstructed, with the 68% quantiles
at about 20% or better, even for low-SNR events, as
shown in Tab. 3. Interestingly, the reconstructions us-

ing helper strings perform roughly as well as using the
power string, even though only half as many channels
are available.

In addition to the energy fluence, the shape of the

electric field spectrum, expressed by the parameter s
(see Eq. 3), is also needed to correct for the effect of
the viewing angle (see Eq. 4). Fig. 13 shows the ratio

of the energy estimator
√
φEfϕ(s) calculated from the

reconstructed and from the true electric field spectrum.
To reconstruct the shower energy, these still have to be

corrected for propagation effects, which will be done in
the next section. Because the attenuation length in ice
is frequency dependent, correcting for attenuation will
change the shape of the frequency spectrum as well, but

this effect is small. Therefore, Fig. 13 gives an estimate
of the uncertainty on the shower energy due to the elec-
tric field reconstruction. Looking at the 68% quantiles

of the energy estimator compared to the energy fluence
alone (see Tab. 3), the viewing angle correction fϕ(s)

Fig. 13 Ratio of the square root of the energy fluence mul-
tiplied with the correction factor fϕ(s) for the viewing angle
defined in Eq. 4 calculated from the reconstructed and the
actual radio signal at the power string (top) and each of the
two helper strings (bottom). For events where s > 10, fϕ(s′)
was used instead. Events are divided into categories by the
maximum signal-to-noise ratio of the channels used in the
reconstruction. The outermost bins are overflow bins.

2.5 ≤ SNR < 4 4 ≤ SNR < 6 6 ≤ SNR
√
φE Power String

median 0.98 0.96 0.99
σ68 [0.79, 1.17] [0.79, 1.08] [0.85, 1.14]

√
φEfϕ(s)

median 0.94 0.93 0.98
σ68 [0.71, 1.17] [0.74, 1.08] [0.76, 1.18]
√
φE Helper Strings

median 1.02 1.00 1.01
σ68 [0.85, 1.17] [0.87, 1.10] [0.88, 0.14]

√
φEfϕ(s)

median 0.98 0.97 1.01
σ68 [0.73, 1.33] [0.74, 1.28] [0.85, 1.26]

Table 3 Median and 68% quantiles σ68 of the ratios between
reconstructed and actual square root of the energy fluence
shown in Fig. 12, as well as between the energy estimators√
φEfϕ(s) calculated from the reconstructed and the actual

electric field shown in Fig. 13. Shown are results for the chan-
nel groups at the bottom of the power string and of the helper
strings, as well as for different maximum SNRs.

increases the total uncertainty relatively little. This is

because the expression in Eq. 4 is a function of the log-
arithm of s, so changes to s have a smaller impact.
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5 Shower energy reconstruction

All information can now be combined to reconstruct

the shower energy. First, a correction for the attenua-
tion of the radio signal on its way from the shower to
the station is needed. With the location of the shower

known, the ray tracing can be redone to determine the
path of the radio signal. Because the attenuation length
changes with depth and frequency, the path loss L(f)

is defined in the frequency domain using

L(f) = exp

(
−
∫

1

latt(~x, f)
ds

)
(14)

by integrating over the ray path. latt(~x, f) is the depth-

and frequency-dependent attenuation length. With this,
we calculate the frequency spectrum of the electric field
corrected for propagation effects as

E0(f) = E(f)/L(f)/

(
l

lref

)
(15)

where l is the length of the ray path from the interaction
vertex to the detector and lref the reference distance for
which the parametrization Eq. 4 was calculated, in our

case 1 km.

After these corrections the shower energy can be

calculated from Eq. 4. Reconstructed electric fields are
available from all three strings for 60% of events, while
for 22% of the cases the reconstruction can use two of

the strings. Just for 18% of the events the electric field
can be reconstructed for one string only. If more than
one field reconstruction is available, the shower energy
is calculated per electric field and the final result is

calculated as the mean of the energies.

5.1 Performance of the shower energy reconstruction

The results of the reconstruction of the shower energy

are shown in Fig. 14. An energy resolution of better
than a factor of 2 is achieved, if at least one of the
channels of the power string above the phased array

detected a pulse of SNR ≥ 2.5 and improves further
if at least 2 additional channels are available. Unsur-
prisingly, the energy reconstruction works better for

hadronic showers than for events from charged-current
interactions of electron neutrinos, where potentially in-
terfering hadronic and electromagnetic shower are present.
The 68% quantiles on the lg(Erec

sh /E
sim
sh ) is [−0.15, 0.18]

with the 1 channel cut and [−0.13, 0.12] with the 2
channel cut. On a linear scale the 68% quantiles of
Erec

sh /E
sim
sh are [0.58, 1.66] and [0.65, 1.49], respectively.

The uncertainty is smaller for events that only produce
a hadronic shower, with a 68% quantiles of [0.70, 1.54]

Fig. 14 Ratio between reconstructed and actual shower en-
ergy for all events (top), hadronic showers (middle) and
charged-current interactions of electron neutrinos (bottom).
Shown are results of events where at least one of the chan-
nels at ∼100 m as well as at least one (blue) or at least two
(orange) of the other channels on the power string detected a
signal with SNR≥ 2.5. The outermost bins are overflow bins.

and [0.74, 1.34], while for events that produce both a
hadronic and an electromagnetic shower it is [0.47, 1.86]

and [0.57, 1.63] for the 1 channel and the 2 channels
cuts, respectively.

The energy resolution as a function of neutrino en-
ergy is shown in Fig. 15, along with Fig. 16 showing the
statistical power of each energy bin. For hadronic show-

ers, the relative uncertainty decreases with increasing
energy, which is not the case for the events with electro-
magnetic showers. Especially if at least 2 of the channels

above the phased array have a signal with SNR ≥ 2.5,
the reconstruction tends to underestimate for shower
energies above ∼1× 1018 eV. This is roughly the energy

where the LPM effect starts to have a strong impact
on the radio signal from the electromagnetic shower.
This effect is already visible in Fig. 2, but another ef-
fect is relevant here as well: Because the electromag-

netic shower is elongated, but the hadronic one is not,
their maxima may be seen at different viewing angles,
so that only one of the radio signals is detected, while

the other falls below the noise level. In that case, we are
practically only reconstructing the energy of one of the
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Fig. 15 Median and 68% quantiles of the ratios between
reconstructed and actual shower energies as function of neu-
trino energy. The results are shown for events that only pro-
duced a hadronic showers, as well as for charged-current in-
teractions of electron neutrinos. The top panel shows events
where at least one of the channels at ∼100 m detected a pulse
with SNR ≥ 2.5 as well as at least one of the other channels
on the power string, the bottom panel shows results with at
least two additional channels on the power string.

Fig. 16 Number of events contained in each of the energy
bins in Fig. 15. Events are divided into the same categories
as explained in Fig. 15

subshowers. If the energy further increases, the electro-
magnetic shower will consist of multiple spatially dis-
placed sub showers [39]. Then, only the energy of one of
the sub showers might be reconstructed which further

complicates the reconstruction. As we are still defining
the true shower energy as being equal to the neutrino
energy for these events, this causes the Erec

sh /E
sim
sh to

decrease for these events.

5.2 Influence of systematic uncertainties

So far, we have assumed a perfectly calibrated detec-
tor without any experimental uncertainties except for
interference with thermal noise. This is not achievable

in reality. At the time of writing, RNO-G is in its first
deployment season, which of course means that no in-
situ calibration data is available. A thorough estima-

tion of systematic uncertainties will only be possible
later when the performance of RNO-G is tested in the
field. Instead, we will explore common sources of sys-
tematic uncertainties to estimate what uncertainties on

the detector performance would be acceptable for the
energy resolution to remain useful. In particular, the
three most important uncertainties are the antenna re-

sponse, timing uncertainties between different channels,
and the index of refraction of the ice.

The antenna responses for RNO-G have been care-

fully simulated, but in-situ calibration of the antennas
after deployment is challenging. Calibration campaigns
to verify the simulated antenna responses are planned
for future deployment seasons, but some uncertainty

is unavoidable. The same is true for the response of
the amplifiers or any other element of the signal chain.
However, as these have been calibrated in the lab be-

fore deployment, mimicking the situation in the field,
the antenna uncertainties are expected to be larger than
the uncertainties on the amplifier response. By assum-

ing uncertainties on the antenna response and investi-
gating the effect it has on the energy reconstruction, we
can estimate the required accuracy with which the an-
tennas will have to be calibrated. We will consider two

primary ways for the antenna response to affect the re-
sult: A wrong overall amplitude, or a wrong shape of
the antenna response.

If the overall amplitude of the antenna response
is wrong, the consequences are straightforward:

√
φErec

is proportional to the amplitude of the antenna re-

sponse, and also proportional to the energy estimator.
This means the relative uncertainty on the amplitude
of the antenna response simply propagates linearly onto

the reconstructed energy. More problematic are differ-
ences in overall scale between antennas. However, since
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Fig. 17 The estimated shower energy according to Eq. 4, cal-
culated for the radio signals from simulated hadronic showers
using the true s parameter (blue, solid) and an s parameter
that is under- (orange) or overestimated (green) by 20%.

great care has been taken to produce uniform anten-
nas, we will not discuss this uncertainty at this point
without in-field data to suggest large differences. Other

radio-based detectors have demonstrated antenna cali-
brations at the 10% level [58], so we do expect to be able
to obtain a similar performance. It should also be noted
that systematic differences between Hpol and Vpol an-

tennas can introduce uncertainties in the reconstruction
of the electric field, similarly to an overall amplitude
mismatch.

An incorrect shape of the antenna response is hard
to quantify, but can be assessed qualitatively. In [56] it

is shown that Information Field Theory can still recon-
struct the electric field if there are uncertainties on the
shape of the antenna response, as well as uncertainties

on the phase of the antenna and signal chain, but the
same difference will show up in the shape of the re-
constructed electric field spectrum. This means that as
a consequence the reconstructed slope parameter s (see

Eq. 3) would be affected. To see what an uncertainty on
s would mean for the reconstructed energy, we generate
radio signals from simulated hadronic showers, in the

same way as was done to create Fig. 2. Then we deter-
mine ΦE and s and use it to estimate the energy using
Eq. 4, but after applying an error to s. Even assum-

ing a 20% uncertainty on s from the antenna response,
Fig. 17 shows that it has only a very small influence
on the reconstructed shower energies, only shifting the
mean of the Erec/Esim distributions by -0.05 and 0.04

compared to using the true s. While the uncertainties
on the antenna responses that RNO-G will have is un-
known at this point, these results provide guidance to

what precision the detector needs to be calibrated.

Uncertainties on the timing can be caused by de-

lays in the signal chain that are unaccounted for. These
can be reduced by careful calibration before deployment
and are expected to be very stable in time. A more

severe cause of uncertainties is due to the position of
the antennas, either because of the leeway on their ex-

Fig. 18 Ratio between reconstructed and actual shower en-
ergy if a random time offset drawn from a normal distribution
with σt = 0.3ns is applied to each channel. Shown are results
of events where at least one of the channels at ∼100 m as
well as at least one (blue) or at least two (orange) of the
other channels on the power string detected a signal with
SNR≥ 2.5. The outermost bins are overflow bins.

act position within their hole or because of some tilt
of the hole itself. This would have the same effect as

an uncertainty on the timing, because the radio sig-
nal arrives at a different time from what is expected
for the assumed antenna positions. To simulate this we

shift the waveforms of each channel by a random off-
set drawn from a normal distribution with a standard
deviation of σt = 0.3 ns and redo the energy recon-
struction. The ARA collaboration has shown a timing

calibration to around 0.1 ns or better [59], so this is a
rather pessimistic assumption. Comparing the resulting
energy reconstruction (Fig. 18) to Fig. 14 we see that

the number of outliers is increased, especially if only
one of the channels above the phased array detected
a radio signal. Most events still remain little affected
and the 68% quantiles on lg(Erec

sh /E
sim
sh ) only grow from

[−0.16, 0.18] to [−0.19, 0.20] or from [−0.13, 0.12] to
[−0.17, 0.14] with the 1 or 2 channel cut, respectively.

Finally, we consider uncertainties on the index of
refraction of the ice. A profile of the index of refraction

as a function of depth of the ice near Summit Station
has been developed [47], but only to a depth of 120 m.
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Fig. 19 Ratio between reconstructed and actual shower en-
ergy if the index of refraction models used for simulation and
reconstruction differ. Shown are results of events where at
least one of the channels at ∼100 m as well as at least one
(blue) or at least two (orange) of the other channels on the
power string detected a signal with SNR ≥ 2.5. The outer-
most bins are overflow bins.

In the future, dedicated measuring campaigns will de-
velop a profile for the entire detection volume, as it has

been done in other places. A compilation of index of
refraction measurements at various places in Antarc-
tica can be found at [46] along with the parameters

for the parametrization in Eq. 5. To assess the effect
that uncertainties of these measurements have on the
energy reconstruction, we rerun the Monte Carlo sim-
ulations, but change the ∆z parameter of the index of

refraction profile from the original value of ∆z = 0.51
to ∆z = 0.50 and the z0 parameter from 37.25 m to
36.25 m. We then rerun the entire energy reconstruc-

tion assuming the original values of ∆z and z0. Both of
these assumed uncertainties are similar to those shown
in [46].

Fig. 19 shows the impact that ice model uncertain-
ties have on the reconstructed energy, resulting in 68%

quantiles of [−0.29, 0.28] and [−0.27, 0.23] on lg(Er/Es)
for the 1 channel and 2 channel cuts, respectively. This
means uncertainties on the index of refraction profile of

the ice can have a significant impact on the energy re-
construction and careful calibration measurements will

be required. For completeness, it should be mentioned

that this study does not yet account for other poten-
tial ice effects such as birefringence or layers in the ice,
as discussed in [60]. However, information about these

effects on radio emission in the ice at Greenland are
currently not quantifiable beyond speculation, which is
why we chose to exclude them at this point.

6 Neutrino energy

If a neutrino interacts in the ice, only a certain frac-
tion of its energy will be transferred to the nucleon it
interacted with, while the rest remains with the neu-

trino (in the case of neutral current interactions) or the
charged lepton created (in the case of charged current
interactions). This fraction is randomly distributed and
can typically not be measured for a given event, so it

represents an irreducible uncertainty on the achievable
energy resolution of any neutrino detector. In the case
of an electron neutrino interacting via charged current

interaction (referred to as a νe+CC event), the elec-
tron initiates a shower as well, so that the entire neu-
trino energy ends up in the two showers. Measuring
both showers results in a reduction of the uncertainty

on the neutrino energy, which could exploited if such
events could be uniquely identified. So far, no method
to do so has been developed, so we will not discuss this

option here. Instead, we treat all cases together where
a shower energy has been reconstructed as described
above.

We can use Bayes’ theorem to estimate the proba-
bility p(Eν |Er) for the neutrino to have an energy Eν
given that the energy of the shower was reconstructed

to be Er. Since the energies in question are distributed
over several orders of magnitude, it is convenient to
think about the problem in terms of the base 10 loga-
rithm lg(E) and we thus get:

p(lg(Eν)| lg(Er)) =
p(lg(Er)| lg(Eν)) · p(lg(Eν))

p(lg(Er))
(16)

If we know that neutrinos follow a given spectrum S,

the energy distribution of neutrinos interacting in the
detector volume is given by

p(lg(Eν)|S) =
Φν(Eν)/λν(Eν) · Eν∫ E+

E−
Φν(E′ν)/λν(E′ν) · E′ν · dE′ν

(17)

where Φν is the neutrino flux and λν is the interaction

length. The Eν term comes from the Jacobian when
transforming from Eν to lg(Eν). The problem now is
that no neutrino has been detected at these energies

yet, so we cannot know the spectrum. Instead, we have
to consider a range of spectra S, to each of which we
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Fig. 20 Top: Energy distribution of neutrinos interacting in
the detector volume assuming a power law spectrum with
specific indices (green, orange) and over a distribution of
spectra (blue). Second row: Distribution of the fraction of
the neutrino energy that goes into the shower for neutrino-
nucleon interactions (blue) and the distribution when trigger
efficiencies are included (orange, green). Third row: Probabil-
ity for a shower with a given energy to have been generated
by a neutrino with energy Eν . Bottom: The same distribution
as above, but assuming an uncertainty on the reconstructed
shower energy. The shaded regions mark the 68% and 90%
quantiles of the distributions.

assign a prior probability p(S). Then we can calculate
the expected neutrino energy spectrum using:

p(lg(Eν)) =

∫ S+

S−

p(lg(Eν)|S) · p(S)dS (18)

What spectra are considered possible or even probable

has to be based on our prior knowledge and is of course
very subjective. For our calculations, here, we assume
a power law spectrum

Φν(Eν) ∝ E−γν (19)

where the spectral index is equally likely for all values
2 < γ < 3. The resulting neutrino energy distribution
is shown in Fig. 20, (top).

It is of course possible that a single power-law can-
not describe the neutrino flux, especially across the en-
tire energy range. It seems probable, for example, that
a power-law from an astrophysical flux at PeV ener-

gies will be dominated by a cosmogenic flux [22], not
following a power-law, at EeV energies.

For the sake of clarity, we will only discuss generic

power law spectra here, as extrapolation of the neu-
trino flux detected by IceCube. Still, we have tested a
cosmogenic neutrino flux and even different spectral in-
dices (see [61] for details) and have found the results to

be very similar. The code used for these calculations is
available online [62] and allows one to test other spec-
tral models. We also note that ultimately, the goal is to

obtain a neutrino energy spectrum rather than a single
event energy. For this an adapted, iterative approach
will certainly be useful.

For events that only produce a hadronic shower, the
fraction of the neutrino energy that goes into the shower
is given by the inelasticity y. It should be mentioned
that the inelasticity distribution carries uncertainties.

The inelasticity has only been measured experimentally
to TeV energies [63] and at even higher energies, aspects
such as nuclear modifications to neutrino cross-sections

[64] or electromagnetic contributions, subdominant to
deep-inelastic scattering [65,66] may become relevant.
We ignore the uncertainties for the purpose of this pa-
per and use the inelasticity distribution as implemented

in NuRadioMC [39] based on [67,68,69].
If an electron neutrino undergoes charged current

interaction, all the energy ends up in the two showers

produced, so that effectively Es = Eν . For a neutrino
event whose flavor and interaction type we do not know,
we can combine these two scenarios with

p(lg(
Es
Eν

)) = p(lg(
Es
Eν

)|h)·P (h)+p(lg(
Es
Eν

)|e)·P (e) (20)

where p(lg(EsEν )|h) = p(lg(y)) is the Es
Eν

distribution as-
suming only a hadronic shower was produced, which is
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equal to the inelasticity distribution, and p(lg(EsEν )|e) =

δ(lg(EsEν )) assuming an electromagnetic shower was pro-

duced as well. The probability P (e) = 1−P (h) = 1
3 ·0.71

for this is the probability for the neutrino flavor being
νe, assuming equal mixing, times the probability for

it to undergo a charged current interaction. One can
simply update this probability in case additional infor-
mation about the interaction type is reconstructed.

While this is the distribution for showers produced
in the ice, it is not necessarily the distribution for the
showers that are detected, because events with large Es

Eν
have a higher chance of triggering the detector. There-
fore the probability pT (Es) for a shower with a given
energy to trigger the detector needs to be included5.

This trigger probability is different for the two event
types, especially at higher energies when the radio sig-
nal is affected by the elongation of the electromagnetic

shower from the LPM effect. Considering these effects,
we get

p(lg(Es)| lg(Eν)) = δ(lg(
Es
Eν

)) · pT (Es|e) · P (e)+

p

(
lg(y) = lg(

Es
Eν

)

)
· pT (Es|h) · P (h)

(21)

Including the trigger efficiency shifts the Es
Eν

distribu-

tion towards larger Es
Eν

(see Fig. 20, second row). This

effect is much stronger at low energies, where the trigger
efficiency falls off faster towards lower shower energies.

At this point, we could calculate p(lg(Eν)| lg(Es))
using the mean spectrum from Fig. 20, top and the Es

Eν
distributions, to get the best possible neutrino energy

resolution if we were able to reconstruct the shower en-
ergy perfectly (Fig. 20, third row). Properly quantify-
ing this best-case energy resolution is made difficult by
the delta distribution from the νe+CC events, so we

apply a small uncertainty on the shower energy of 2%
here. The uncertainty is small enough to conserve the
shape of the p(lg(Eν)| lg(Es)) distribution, but it re-

moves the jump when integrating over the probability
density. Thus, we can calculate the 68% quantiles for
the two example distributions, which are [16.99, 17.08]

and [17.99, 18.21]. Although the distribution is sharply
peaked at the shower energy and falls off quickly, it
has long tails. The reason for the higher peak and the
smaller uncertainty quantiles at 1× 1017 eV compared

to 1× 1018 eV is the reduced trigger efficiency of νe+CC
events at high energies. From this plot we see that even

5To be precise, it would need to be the probability for the
shower to trigger the detector, to be identified as a neutrino
and to meet any quality criteria required for an energy recon-
struction. The efficiency to identify neutrino events is not yet
known, so we only use the trigger efficiency here.

with a perfect shower energy reconstruction, the neu-
trino energy resolution would be limited.

The obtainable shower energy resolution is energy-
dependent and also different for νe undergoing charged
current interactions as shown in Fig. 15. Similarly to
that plot, we determine the median and the 68% quan-

tiles for lg(Er/Es) as a function of the shower energy.
We approximate p(lg(Er)| lg(Es)) as a normal distribu-
tion N (lg(Er/Es)|µE , σE) and use the median as the

offset µE and half the width of the 68% quantiles as the
standard deviation σE . We only determined the shower
energy resolution for the energy range 5× 1016 eV to
1× 1019 eV, so for energies outside of this range, we use

the resolutions from the 5× 1016 eV and 1× 1019 eV en-
ergy bins. This allows us to calculate the posterior prob-
ability of the reconstructed shower energy for a given

neutrino energy as

p(lg(Er)| lg(Eν)) =

∫
N (lg(Er/Es)|µE , σE)·

p(lg(Es)| lg(Eν)) d lg(Es)

(22)

which again has to be calculated separately for the two
event types and then combined using P (h) and P (e).

Finally, the denominator of Eq. 16 just serves to
make sure it is properly normalized and can be deter-
mined by integrating the numerator over lg(Eν). As in-
tegration limits we use 16 < lg(Eν) < 20. The resulting

neutrino energy resolution for the shower energy res-
olutions shown in Sec. 5 is shown in Fig. 20 (bottom)
for neutrino energies of 1× 1017 eV and 1× 1018 eV. In-

cluding the uncertainty on the shower energy changes
the 68% quantiles to [16.83, 17.35] and [17.92, 18.59]
with the stricter quality cut of requiring at least 2 addi-
tional channels on the power string or to [16.79, 17.44]

and [17.89, 18.67] when requiring only one additional
channel.

The larger uncertainty at 1× 1018 eV has two rea-
sons, both caused by the LPM effect: The trigger prob-
ability for events that only produce a hadronic shower,

and are therefore affected by the uncertainty on Es
Eν

,
is larger and the uncertainty on the shower energy is
larger for νe+CC events at higher energies. To improve

this, the most promising strategy is to improve the
shower energy resolution for events from electron neu-
trinos undergoing charged current interactions and to

develop a method to identify these events, as discussed
in more detail in [61].

It should be noted that in this analysis we have not

considered any background, which can come from sev-
eral sources for a radio experiment. Air showers from
cosmic rays can produce radio signals, as they propa-

gate through the air and when a not yet fully developed
air shower reaches the ice surface [70]. Additionally,
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high-energy muons produced in an air shower can pen-
etrate deep into the ice and produce showers there [23].
At this point, it has to be assumed that these would be
difficult to distinguish from neutrino-induced showers.

If detectable, all of these backgrounds would show a dif-
ferent spectrum as function of energy. The backgrounds
can be mitigated by detecting the air shower using the

upward-pointing antennas at the surface.
Other backgrounds are radio emissions from the en-

vironment around the detector. Windy weather con-

ditions have been found to produce radio pulses, po-
tentially because of triboelectric effects of the snow,
which may mimic neutrino signals [71,72]. However, a
single, large pulse would be required for it to be mis-

taken for a neutrino signal, and the direction of the
signal would likely reconstructed to the surface. This
background can also be reduced by vetoing high-winds

periods. Finally, human activity around the detection
site inevitably produces radio emission. The nature and
characteristics of this background are very difficult to
predict and unique to each site. This will have to be in-

vestigated and subsequently modeled once RNO-G sta-
tions have gathered a sufficient amount of data in the
field.

Including these background in our model at this
point is very difficult. The background from air show-
ers is not well-constrained yet, as for example models

for the PeV muon flux have not been experimentally
confirmed and rates of air shower emission depend on
partly not well-known details of the ice. The veto effi-
ciency of the surface antennas of RNO-G depends on

the in-situ trigger performance, which is in-turn a func-
tion of the anthropogenic background. The background
from the environment will have to be measured in situ

and modeled throughout the year. Together with the
large uncertainties on the expected neutrino flux, we
can not yet give a good estimate of the purity of the
data set that we expect to achieve. We therefore de-

cided to ignore the background for now in the modeling
of the energy resolution. This will have to be revisited
once more information is available.

7 Summary and conclusion

We have presented a method to reconstruct the energy

of neutrinos above above 50 PeV using their radio sig-
nature in ice. The method has been developed for the
Radio Neutrino Observatory in Greenland (RNO-G),

but is applicable more general to radio detectors of sim-
ilar design such as the one proposed for IceCube-Gen2
[73].

Starting in Summer 2021, RNO-G will be the first

discovery-scale radio detector array for astrophysical

neutrinos. By detecting radio signals from particle show-

ers in the ice sheet of Greenland at distances up to
several kilometers, RNO-G will have an effective vol-
ume of roughly ∼100 km3 at the highest energies. To

measure the neutrino spectrum or to track energy de-
pendent new physics phenomena, it is essential to be
able to reconstruct the energy of the particle showers
producing the radio signal, which are used to estimate

the neutrino energy.

We have presented a method to reconstruct the shower
energy using the data available if a radio signal was de-

tected in only one RNO-G station, incorporating all
data from channels deployed deep in the ice. Using this
method and MC simulations, a resolution on the shower

energy of ∼30 % is estimated for hadronic showers after
moderate quality cuts. We have furthermore estimated
the resolution on the neutrino energy this would pro-
vide, and found this to be about a factor of two on the

neutrino energy for a reconstructed shower energy of
1× 1017 eV. The LPM effect causes the uncertainty to
increase at higher energies.

For RNO-G an energy-dependent fraction of the de-
tected neutrinos (50% at 1 EeV) are expected to have
a signal in more than one station. These events will

provide an excellent verification of the method and its
systematic uncertainties and can improve the estima-
tion of the shower energy even further.

The presented method is in general applicable to

any type of radio neutrino station in ice that features
deep antennas sensitive to two polarizations, distributed
at different depths along a string.
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