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1. Introduction

IceCube has detected a diffuse cosmic neutrino flux in the energy range from 60 TeV to more
than 10 PeV [2-5]. IceCube-Gen2 will substantially improve the event rates especially for cascade
events. IceCube-Gen2 will include a deep optical array of about 8 km? instrumented volume and
the Gen2-Radio array for high energy (>30 PeV) neutrino observations [1]. The Gen2-Radio array
is designed using insights from previous radio neutrino experiments such as RICE [6], ANITA [7],
ARA [8, 9], ARIANNA [10, 11], and RNOG (currently in construction in Greenland) [12]. The
Gen2-radio array will achieve a sensitivity at high energies (above 30 PeV) cosmic neutrino flux by
more than an order of magnitude of what would be imaginable with an optical array. Here, we are
investigating the possibility to enhance the performance of the Gen2 optical array in the range from
a few PeV to above 100 PeV by co-deploying radio antennas together with the optical sensors, one
antenna for each optical module. In this energy range, Gen2 will over the time space of a decade,
observe more than 50 neutrino induced cascade events above 10 PeV. Useful experiences exist from
the deployment of AURA (Askaryan Under Ice Radio Array, [13] a prototype radio detector that
was co-deployed with IceCube.

Could the additional radio data improve Gen2-Optical measurements or help connect flux
measurements between 3 PeV and 100 PeV? The considered radio component is not a stand alone
detector for detecting ultrahigh energy neutrinos. It primarily would be an augmentation of optical
array which would provide all triggering.

The results indicate that a substantial amount of instrumentation would be required. Initial con-
siderations suggest that the implementation in the Gen?2 architecture would be quite straightforward.
The basic configuration is that one antenna would be hooked up with every optical module. The
instrumentation showcased here is not planned for Gen2, however the reader may find characteristics
of such a configuration, studied here for the first time, to be intriguing.

2. Simulation and detector configuration

The simulation package "Python for Radio Experiments" (PyREx)! was used to simulate
40,000 neutrino events at select energies ranging from 1PeV to 10EeV. Neutrino interactions
are simulated using the CTW model described in [14]. The following neutrino properties are
determined randomly according to the cosmogenic model: every flavor is equally possible and the
probability that a particle is a neutrino (as opposed to an anti-neutrino) is 0.78, 0.61, and 0.61 for
electron-, muon- and tau neutrino respectively [15]. After interacting, the simulation propagates
Askaryan signals to all antennas following the Alvarez-Muniz, Romero-Wolf, Zas parameterization
then simulates their responses [16].

The radio detector component is conceived such that that every optical sensor on the string,
there is one radio antenna associated with that sensor and located 8 m above it. Thus, a simulation
was performed with 9760 ARA-style vertically polarized (Vpol) radio antennas located on the 120
Gen?2 Strings, 80 per string, between 1350 and 2600 meters below the Antarctic ice’s surface.
The simulation assumed a vertical spacing of antennas is 17 m and the spacing between strings is
~ 240 m. The technical implementation would be such that every multi-PMT optical sensor would

1Github: https://github.com/bhokansonfasig/pyrex
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feature one additional readout channel that would connect an envelope detector to the antenna,
which is located 7 m above the DOM in the null of the antenna.

In the simulation 40,000 events are generated and simulated at select energies using the radio-
signal simulation software PyREx and the aforementioned parameters. Next, all events with 6 PeV,
10PeV, 30 PeV, or 100 PeV of energy and located within 300 meters of IceCube-Gen2 boundary
are isolated and processed using the optical-signal simulation software IceTray? (=~ 6,000 events
for each energy). We primarily investigate a mode of operation in which the triggering would
be provided entirely by the optical sensors. Thus, the Gen2 optical sensors would provide both
the trigger for the readout and the readout channel for the RF signal. It would be realized as an
additional channel to the 16 or 18 PMT channels in consideration for Gen2 [17]. This trigger
and readout would be quite straightforward to implement as the formation of the optical trigger is
managed with the Gen2 optical trigger system. The readout decision is made at the DOM level and
does not require a global event trigger formation.

Considerations of RF noise from nearby optical sensors will be ignored for this conceptual study,
but would need to be considered if this topic is studied further. Based on previous measurements
with the AURA detectors [13], it is assumed this would not be a major issue.

2.1 Optical-Radio Hybrid Events

Radio waves travel essentially unscattered in ice, unlike the optical signal. Therefore the radio
signals could substantially improve angular reconstruction of events, especially for cascade-like
events where the angular resolution of the optical detector is more limited. In some cases, it could
also add substantial information to events with the vertex outside of the array. The primary energy
range of events in consideration is from a few PeV to 100 PeV - events with bright optical signals in
the optical detector.

To investigate a possible coincident detection of radio and optical signals, we start with the
detailed examination of an event of 30 PeV energy and travelling downwards at a zenith angle of
65 degrees. The event is simulated in both PyREx and IceCube’s Gen2-Optical IceTray simulation
to simulate both the radio and the optical response. The detector response can be seen in Figure 1
where the the detected event topology is shown for optical in the left panel and for RF in the right
panel where the cone of coherent emission is clearly visible.

The optical and RF signal waveforms are shown in Figure 2 for one location. The short
impulsive radio signal is shown on the same time scale as the optical signal which extends over
several 100ns. The time resolution of radio signal detection would be at the level of a few ns,
limited only the system clock synchronization. The optical trigger for every module would be at the
level of a few photo-electrons. As mentioned, the readout of every antenna would be initiated and
performed by the local DOM. In the right panel we show three waveforms recorded on consecutive
antennas on a string at a substantial distance of 350 to 367 m. The vertical spacing of the antennas is
16 m. The amplitude profile of the three signals will provide very good tool to locate the intersection
of the radio cone with the Gen2-string to a precision small compared to the antenna spacing.

2Github: https://github.com/icecube/icetray/tree/gen2-optical-sim
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Figure 1: Image of the detector response by the Gen2-Optical detector and the hypothetical radio detector
for a neutrino event that can be observed perfectly by both detectors. The size of each bubble corresponds to
the strength of the received signal at the corresponding radio antenna or DOM, while the color corresponds
to the time the signal peaked.
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Figure 2: The simulated optical and RF waveforms are shown for the same neutrino event on the same time
scale. The optical sensor with the RF extension is located at a distance of 118.5 m from the vertex. In the
right panel three waveforms are shown for a string at a distance of 350 m.

2.2 Event reconstruction

Although angular reconstruction techniques are still in-progress, the benefits of radio detectors
locating these neutrinos are easy to picture from the separation of the radio and optical signals and
the informative topology of the radio event, especially for cascades. The waveforms of photons
from a PeV event in the optical extend typically for hundreds of nanoseconds, while the RF time
resolution would be a few nanoseconds.

It is important to recall that every event that will be considered will have a very bright optical
signal of typically more than 100,000 photoelectrons. Thus the optical reconstruction will provide
a good constraint on the vertex and a reasonable prior on the direction. Thus even a few relatively
faint radio signals can contribute significantly to the reconstruction. For this reason, we consider a
signal above 20 in at least 2 antennas to be a threshold for hybrid events.
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One strategy of event reconstruction uses the recorded RF signals to locate the Radio Cherenkov
cone. In this reconstruction we use the vertex as a given. The vertex can be determined in the
optical channel to a precision of about 20m. The RF channel will allow a better vertex position of
easily 10m. However the timing signals do not provide the direction. Instead we use the presence
of RF signals as an indicator for the proximity of the Cherenkov cone. In a most basic version, we
consider the brightest antenna signal on a string to be exactly on cone. Every antenna with a hit
provides a constraint to the neutrino direction as illustrated in Figure 3. In the case of the simulated
30 PeV cascade there is a signal on 7 strings, each of which provides one contour. The intersection
of the contours indicates the direction of the event, and the differences of the intersections indicate
a measure of the uncertainty. The convex hull points to a resolution of better than 1 degree. Simple
optimizations of this reconstruction would include to use the amplitude of the antenna signals and
their distance from the vertex as a weight in this procedure. For example, here we used only
the waveform with the largest amplitude in Figure 2. An obvious improvement would be fit the
amplitude profile of the Askaryan cone, or simply take some weighted average as a measure of the
RF Cherenkov cone. For an event like the one investigated a resolution of a fraction of a degree is
well conceivable.
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Figure 3: A simple event reconstruction leads to one contour for every antenna signal. Here the solutions for
the brightest antenna signal on each string is shown. The intersection indicates the solution. The close-up
in the right panel indicates a convex hull of the intersections, which may be considered as an estimate of
the uncertainty of less than 1 degree. The true position of the event is: zenith=65° and azimuth=45°. The
resolution would significantly improve the Gen2 optical cascade reconstruction with a requirement of 10
degrees.

2.3 Event rates

Since the focus of this investigation is on cascade events with possible RF content this analysis
is based on simulations of electron and electron-anti neutrinos. The threshold for the optical channel
is set sufficiently high to include only bright events at PeV energy scale. Every event at the energies
considered (6, 10, 30 and 100 PeV) will produce a very bright signal in the optical detector.

Figure 4 shows event rates for an injected IceCube neutrino flux of E~24° using high energy
starting event (HESE) [2] and PeV energy partially contained events (PEPE) data [5]. In this figure,

we assume and effective volume for detection cascade events to be 10 times that of IceCube, in line
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Figure 4: Number of Glashow hadronic, charged current and neutral current events from electron
(anti)neutrinos selected by HESE [2] and PEPE [5] analyses assuming a single power law flux of E~>4°
for 10 years of IceCube livetime. Numbers are multiplied by ten to scale up to the Gen2 event rate (which is
approximately 10 times larger in instrumented volume than IceCube).

with the ratio of the instrumented volumes of Gen2 and IceCube. For alivetime of 10 years we obtain
a total of 70 cascade events in the neutrino energy range from 5 PeV to 100 PeV, which includes
an important contribution of 54 events from the Glashow resonance. This channel is especially
intriguing, as it will provide an ensemble of electron antineutrinos at sub-degree resolution. We
then ask the question, what is the fraction of events that is seen in the optical that will also be seen
in RF.

For that we determine the effective volume of such hybrid radio and optical configuration
with signals in the RF channel. The effective volume may be seen in Figure 5 for three threshold
conditions in the RF channels. One could imagine to use antennas more optimized for the purpose
and taking advantage of the larger hole size. A gain in effective height of the antenna of a factor
of 2 or 3 seems plausible. This is in part the reason why we show results with several thresholds,
including 2 and 1 sigma on 2 antennas. For illustration we show the effective volume for three
threshold settings in the RF.

Table 1 shows the estimated fraction of events that also record an RF signal, ranging from
about 40% at 10 PeV to above 90% at 100 PeV. The total number of events with RF content would
be in the range of 5 to 10 events.

The option to deploy antenna arrays with self trigger capability was not investigated. The
implementation approach would be very different. Phased arrays of antennas would be installed
primarily on the outer strings of the array, and primarily at shallower depth above 1500 m where the
coldest ice is located. An initial estimate indicates that the effective volume at very high energies
(> 1EeV) would be substantially larger. Such an approach would be intriguing but the technical
realization would be a sizeable project, despite the "free" boreholes.
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Figure 5: Effective volumes are shown for electron neutrino induced cascade events that trigger both Gen2-
Optical and have a signal in the hypothetical radio detector for varying radio trigger requirements. Also
indicated is a the geometric volume of the Gen2 optical array that is fully effective for the set condition at all
energies.

Energy H Fraction of events with RF content

6 PeV 0.11
10 PeV 0.41
30 PeV 0.84
100 PeV 0.91

Table 1: The fraction of contained events with RF content are shown. The requirement for the RF channel
is at least 2 sigma on 2 antennas.

3. Summary

At the highest energies due to Earth absorption most of the arriving neutrinos are from
the southern sky, making it difficult to reject cosmic-ray background except for starting events.
The cascade channel is the main contributor to probe Universe beyond multi-PeVs. A study
was performed of a Gen?2 style detector configuration that is augmented with vertically polarized
antennas, one antenna connected to every optical sensor. A complete hybrid RF/optical simulation
was performed of such volume detector. At energies above a few PeV the events are starting to
contain some RF signals, at 10 PeV the efficiency is about 50%. Even a very coarse attempt to
use the RF information for reconstruction shows that the directional reconstruction could improve
substantially to the range of 1 degree and possibly well below. For the simulations only contained
events were used. The addition of events with vertex outside the array but still with a bright optical
signal (> 1000 photoelectrons) may increase the effective volume slightly. In addition to the multi-
messenger opportunities that would be made available by embedding radio antennas in the IceCube
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detector, the additional radio data may also benefit signal/background separation of non-contained
events pointing towards the detector. However the overall rates with the chosen configuration are
modest. For the choice of antenna, events below 3 PeV would rarely have an RF signal. The
option to deploy antenna arrays with self trigger capability was not investigated. An initial estimate
indicates that the effective volume at very high energies (> 1 EeV) would be an order of magnitude
larger. However it would be still short of the science goals of Gen2 and be significantly smaller
than the planned Gen2 radio array.
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