PROCEEDINGS

OF SCIENCE

Status and recent results from the Radio Neutrino
Observatory in Greenland (RNO-G)

S. Hallmann%* for the RNO-G Collaboration

(a complete list of authors can be found at the end of the proceedings)

“Deutsches Elektronen-Synchrotron (DESY),
Platanenallee 6, 15738 Zeuthen, Germany

E-mail: steffen.hallmann@desy.de

The Radio Neutrino Observatory in Greenland (RNO-G) is an in-ice radio detector for the detection
of ultra-high energy neutrinos beyond ~10 PeV. The array is under construction and will consist
of 35 stations, with the potential to make the first detection of a neutrino-induced particle shower
via the Askaryan emission. Stations operate autonomously and consist of both deep antennas
deployed down to -100m in the ice, and high-gain log-periodic dipole antennas buried near the
surface.

In total, seven RNO-G stations were installed during the 2021 and 2022 field seasons and are
collecting data since. Here, we present the current status and performance of the experiment. We
present results from first analyses using the deep and shallow components of the instrument.
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1. RNO-G station design

The Radio Neutrino Observatory in Greenland (RNO-G) [1] is under construction at Summit
Camp, on the apex of Greenland’s ~3000 m thick ice sheet. With 35 stations spaced by 1.25 km
it will reach an effective area with the potential to detect the first neutrino-induced in-ice particle
showers via the Askaryan emission at ultra-high energies (UHE), beyond ~10 PeV.

Building on the experience gained with the preceding smaller scale radio arrays — in particular
ARIANNA, ARA, and ANITA [2] — the RNO-G station layout depicted in Fig. 1 (left) is a
combination of nine log-periodic dipole antennas (LPDAs) buried in shallow trenches and 15
deep antennas sensitive to the vertical (Vpol; 11 channels) or horizontal (Hpol; 4 channels) signal
components. The deep antennas are distributed over three 11inch wide holes that are drilled
down to -100 m using the BigRAID, a custom auger drill by the British Antarctic Survey [3]. The
arrangement of the deep antennas allows for energy and direction reconstruction of the neutrino-
induced shower. Their depth provides a large neutrino-effective area. To this end, four of the
Vpol antennas are closely packed at -100 m and designed to act as a phased array trigger to lower
the detection threshold of the instrument. The Hpol antennas improve the direction resolution
when they pick up a signal strong enough to reconstruct the polarization. However, their design is
challenging due to the limited diameter of the hole. The RNO-G Hpols are quad slot antennas; their
design and performance are presented in detail in Ref. [4]. While LPDAs provide the possibility
for an additional verification of a detected neutrino signal, they are particularly valuable to identify
and study (or veto) cosmic ray air showers and other (predominantly anthropogenic) noise sources
originating from the surface. The installation is shown in Fig. 1 (right).

An overview of the construction status of the detector is given in Sec. 2. First analysis results
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are presented in Sec. 3. Finally, in Sec. 4, the neutrino sensitivity of the full detector, in particular
in the multi-messenger context, and an outlook to possible enhancements are given.

2. Construction status and 2023 field season

Currently, seven stations are installed and record data. The first three stations were installed
in 2021. Four more stations were added in 2022 with an upgraded power system, improved shield-
ing against electromagnetic interference, and additional filters. These improvements successfully
suppress self-induced noise from battery charging during daytime and data transmission to Summit
Camp, respectively, that was observed in the first stations. Solar panels provide autonomous power
for continuous full station operation for about half of the year, with the option to extend operation
to ~66% up-time by running in low-power mode without the phased array trigger and/or pausing
the data acquisition for parts of the day when the Sun is below the horizon [1]. Prototype wind
turbines were set up and tested in 2021 at two stations to work towards the possibility of year-round
data-taking. In 2022, data-taking was stopped for the winter around 01 October and resumed around
24 April 2023 in most stations, corresponding to a 56% annual fraction spent in winter mode.

The 2023 field season was used for station maintenance, positioning via GPS and ground-
penetrating radar, and a calibration campaign. At the moment, the index of refraction in the firn is
the largest unknown in the antenna position calibration efforts. Position calibration relies mainly on
two in-situ pulsers at 95 m depth and one near-surface pulser. This is complemented by calibration
pulsing from fixed GPS positions during field seasons and other intermittent background sources.
Ref. [5] elaborates on the ice modelling and antenna position calibration in detail. A recently
bought melting probe depicted in Fig. 2 was tested in the field. Without continuous supervision,
the probe can melt 13 cm diameter holes to 30 m depth. With these holes it is possible to install
the near-surface pulser deeper into the firn, which allows for better calibration in the firn ice. A
thorough description of the detector calibration efforts can be found in Ref. [6]. The installation of
up to ten additional stations will continue in 2024. The construction of the station hardware and a
firmware upgrade for the BigRAID drill are already in preparation.

3. RNO-G station performance and first analysis results

The trigger rates for two stations are shown in Fig. 3. The stations currently operate with several
active triggers: a fraction of the signal from all channels is split off to a triggering diode on which
threshold coincidences can be formed. This diode trigger path is currently used for two surface
triggers requiring 2-fold coincidences on the upward- or downward-facing LPDAs, respectively.
The signal of the four bottom Vpols of the “power string" is split off to a separate board with low
power consumption designed to form the phased-array trigger. At the moment, data on this trigger
board is recorded on a two-fold threshold coincidence as well. In addition, minimum-bias triggers
are taken with a rate of 0.1 Hz. A detailed description of the RNO-G hardware can be found in
Ref. [7].

Compared to the 2021 station hardware, the trigger rates in Fig. 3 are stable during the day for
the revised design, with no sign of remaining strong self-induced noise sources. In particular the
deep trigger does not show obvious dependency on daytime and the bulk of waveforms is compatible
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Figure 3: Trigger rates for one week of data-taking for a station deployed
in 2021, and a station deployed in 2022 with upgraded power system and
added filters. For the new station, a series of calibration runs are visible on

2022-08-09. A weather balloon is visible in both stations on 2022-08-08.
The 2021 station is closest to Summit Camp. Figure taken from Ref. [8].
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with thermal noise. This suggests that anthropogenic backgrounds at the site are mostly seen by the
surface LPDAs but do not constitute a dominant persistent noise source in the deep antennas.

Fig. 4 shows the average frequency spectra observed in the upward- and downward-facing
surface LPDAs.
measurement of the DAQ system noise shows that they see predominantly thermal noise only. In
contrast, several narrow and broadband backgrounds originating from the surface or above are

The agreement of the spectrum seen by the downward-facing LPDAs with a

visible in the upward-facing LPDAs.

3.1 Observed classes of anthropogenic and (near-)station backgrounds

The narrow- and broadband backgrounds seen in the RNO-G stations are summarized in
Fig. 4. A strong narrowband background at 403 MHz is seen twice a day when weather balloons
are launched near Summit Camp and pass over the array. Additional narrowband lines from air
traffic, handheld radio and satellite communication are visible intermittently. A background from a
continuous transmitter at 200 MHz is constantly visible in several stations. Its origin is currently still
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under investigation. Impulsive and broadband backgrounds occur when there is activity on Summit
Camp and are more prominent during daytime. In particular, snowmobiles and the operation of
heavy machinery at Summit Camp or the skiway can produce impulsive events when they pass
close to a station. In addition, wind speeds above ~10m/s are known to generate wind-induced
backgrounds, suspected to occur when metal surfaces on the snow get charged and subsequently
discharge. This so-called triboelectric effect is observed also in RNO-G [9]. The electronics of the
wind turbines were observed to also generate noise initially, which could be mitigated in the 2023
field season. As opposed to neutrino events, all of the described backgrounds are generated on top
of or above the snow surface.

Machine-learning-based analyses are being developed to find features and noise classes ob-
served in data. Variational autoencoders are used for this task that consist of an encoding part, a
bottleneck layer and a decoding part of the network. The low dimensionality of the bottleneck will
then learn to encode the most relevant features in the data during training.

One method, presented in Ref. [10], uses clustering algorithms on the bottleneck to identify
frequent classes of events. The analysis is able to discriminate thermal noise, continuous wave
backgrounds and impulsive events. Interestingly, the clustering shows an intriguing sub-structure
on events attributed to wind. Another method, presented in Ref. [11], uses the mean average
error (MAE) between the original and the reconstructed image sent through the trained network to
identify outliers in the data. This method shows an increase in the MAE value in the presence of
transient backgrounds, such as the passage of snowmobiles near a station or the occurrence of solar
flares. The response of this method to a possible neutrino signal in the data is still to be studied.

3.2 Non-anthropogenic signals observed in RNO-G

In addition to the various anthropogenic backgrounds described and identified above, there are
three notable sources of radio emission of extraterrestrial origin which have been studied in RNO-G
data so far: The thermal emission by the Galaxy, flaring activity of the Sun, and radio signals
induced by cosmic-ray air-showers.

The diffuse thermal emission by the Galaxy is dominant over the instrument noise below ~ 120
MHz. The rise of the thermal noise towards lower frequencies in the upward-facing LPDAs is also
visible in Fig. 4. Since the galaxy is spread over the sky, and with the central part of the galaxy
below the horizon for RNO-G, the variation in the galactic noise temperature over the day seen in
the antennas is relatively small. In the upward-facing LPDAs, a daily variation of the power in
the low frequency band is observed as a function of local sidereal time. This is shown in Fig. 5.
The daily trend is consistent with the expectation from simulations using the NuRadioReco [12]
software framework. The absolute normalisation is dependent on the final voltage calibration and
is still under investigation. Once the absolute normalisation is settled, this galaxy signal may be
used as a standard candle for future station calibrations.

Compared to the Galaxy, the constant thermal emission from the Sun only has a small contri-
bution, not surpassing 6% relative to the Galaxy below 200 MHz [13]. However, several solar flares
occur in the frequency range and field of view relevant to RNO-G per week. In Fig. 6, the elevated
trigger rate and the frequency spectra for one visible solar flare are shown. For comparison, a solar
flare monitor for the HUMAIN observatory of the e-Callisto network [14, 15], pointed towards the
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Figure 5: Variation of the power in the frequency spectrum integrated between 80 MHz and 120 MHz for
recorded forced trigger data as a function of local sidereal time. The excess is calculated with respect to the
hardware thermal noise frequency spectrum normalised to data in the high-frequency range (cf. black line
in Fig. 4).
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events represent a background and calibration source for RNO-G.

RNO-G is expected to see several cosmic-ray air showers per day per station, with absolute
numbers depending on the precise modelling of the surface trigger diode [16]. A correlation
analysis is being developed which is able to cover the full parameter space of possible cosmic
ray air shower signals using a small set of Gaussian pulse templates folded with the instrument
response. The three upward-facing LPDA antennas are used to identify cosmic-rays since they have
the highest sensitivity to in-air radio emission. The analysis has been run on a small sub-sample of
the satellite-transferred data and identified first candidate events. The reconstructed signal arrival
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Figure 7: Reconstructed direction of

events seen in the deep antennas of differ- Figure 8: Weather balloon seen with the phased array. The color
ent RNO-G stations for three solar flares. code shows the coherently summed power in the 403 MHz line
A preliminary antenna position calibration (arbitrary units) after beamforming. Since the signal is periodic,
was used for reconstruction. side-maxima are observed.

direction and polarisation are consistent with a cosmic ray hypothesis. The method and results of
the analysis are presented in Ref. [17].

3.3 Verification of the instrument pointing

Since all of the backgrounds shown above originate on top of the snow surface, accurate
triangulation of a received signal is important to discriminate neutrino candidate signals from
background. There is one additional background from UHE atmospheric muons generated in
cosmic-ray air-showers that penetrate the ice and may produce in-ice particle showers along their
track. The expected absolute rate strongly depends on the flux and hadronic interaction models, but
is found to be <0.1 events per year of operation with the full 35-station RNO-G detector [18].

A reconstruction method using forward folding has been presented, that achieves a median
direction resolution of 7° on simulations [19]. Waiting for the final antenna position calibration,
a preliminary verification of the pointing is obtained by reconstructing the origin of the impulsive
solar flare events occurring during bright flares. This is shown in Fig. 7 using data from solar
flares. The phasing approach is verified by adding the received waveforms of the four phased array
Vpols to form coherent beams towards all possible zenith angles. The power of the 403 MHz line
emitted by the weather balloon is shown as a function of the zenith angles as a function of time.
The agreement with the true expected arrival zenith is visible in Fig. 8.

4. RNO-G sensitivity and physics potential

RNO-G is the first production scale implementation of a radio array, which will be sensitive to
confirm or reject a range of predicted realistic GZK and UHE astrophysical neutrino fluxes. During
the upcoming years, RNO-G will not only be the detector with the largest neutrino-effective area in
the UHE range, but also the only UHE neutrino observatory monitoring the northern hemisphere,
with a field of view that coincides with the region where IceCube has its best sensitivity at neutrino
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energies in the multi-TeV range. With the detection of the first neutrino sources by IceCube and the
gravitational wave observatories online, RNO-G will play a unique role in the UHE neutrino and
multi-messenger landscape in the upcoming years. RNO-G’s sensitivity in the multi-messenger
context is studied in more detail in Ref. [20]. In addition, further development is also ongoing
towards improving the DAQ system to reach an even higher neutrino sensitivity. One possibility is
to lower the trigger threshold for individual beams of the phased array trigger in case of an external
alert falling into that beam’s direction. This ’transient mode’ would achieve up to a factor two
improvement in instantaneous aperture [20]. It is also investigated if a machine-learning-based
trigger can be deployed to the RNO-G data acquisition hardware. The possible enhancement in
sensitivity is studied in Ref. [21] and has the potential to increase the trigger effective area by 70%
at the threshold, and by 15% at the highest energies.

These possible future improvements, even if they may not be realised in RNO-G soon, are also
relevant for the proposed larger radio array as part of IceCube-Gen?2 [22]. The design choices of the
radio part of IceCube-Gen2 are strongly influenced by the performance of the RNO-G components.
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