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Figure 1. A multi-messenger view of the high-energy universe, inspired by [43], showing the science reach
for radio detection of neutrinos. Shown are models predicting neutrinos from sources (in red lines) [44–49]
and those from the interaction of the ultra-high energy cosmic rays with various photon backgrounds (in
dark yellow lines). Overlaid are [50, 51] the �-ray measurements from Fermi [52], the IceCube neutrino
measurements and the fit to the muon neutrino spectrum [53–55], as well as the spectrum of ultra-high energy
cosmic rays as reported by the Pierre Auger Observatory [56].

radio emission of cosmic ray induced showers e.g. [35–39]. First e�orts at exploring the feasibility
of a detector in Greenland have been conducted previously by members of the collaboration [40–42]
and have encouraged the development of RNO-G.

2 Science case and design requirements

Neutrinos are ideal messengers to identify the UHE sources in the universe. Unlike cosmic rays,
which are deflected by magnetic fields and interact with intervening matter and radiation, neutrinos
point back to their sources and can reach Earth from the most distant corners of the universe.
Furthermore, due to their low interaction cross section, neutrinos are unique messengers to convey
information about the inner engine of cosmic accelerator sites. Unlike �-rays, which can also be
created by inverse Compton scattering, the observation of high-energy neutrinos from astronomical
objects provides incontrovertible evidence for hadronic cosmic-ray acceleration. Identifying the
sources of cosmic rays and the acceleration mechanisms requires a comprehensive multi-messenger
observation program comprising cosmic rays, �-rays, and neutrinos across many decades of energy.

In the last years, neutrinos have delivered on their promise to provide a key piece of this
astronomical puzzle with the discovery of a di�use flux of astrophysical neutrinos [57–60]. IceCube
has measured the neutrino energy spectrum to above 1PeV – the highest-energy neutrinos ever
observed. Beyond the PeV scale, the limited size of IceCube prohibits observation of the steeply
falling neutrino flux. Fig. 1 compares the neutrino flux measured by IceCube with the di�use flux
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Requires instrumented 
volume of  

O(100) km3!

Expect

of GZK-scale 
neutrinos

0.01  
interactions / km3 / year

Radio Neutrino Observatory in Greenland (RNO-G)
First science-scale radio array targeting ≥ 10 PeV neutrinos 

in the northern hemisphere 

High-energy  
cutoff of astrophysical sources?
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Textbook physics → neutrinos with 
energies of 10s of PeV must exist!
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Air

Ice

Bedrock

Ice is dense!

Ice is clean and cold!

Good target material for weakly-interacting particles

ν
Near-horizontal 


neutrino

Radio neutrino detection
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Use Greenlandic ice as detector medium

Expect strong signals at high energies,  
detectable over long distances

f ∼ 500 MHz ↔ λ ∼ 0.4 m

Very transparent to electromagnetic radiation 

in the MHz - GHz band!

→ Attenuation length O(1 km)

O(1) km

Radio 
antennas

Charged particles in shower → electric current

J(x, t)

Shower front smaller than wavelength
→ Coherent emission

Radio emission  
beamed along  

Cherenkov cone

O(1) km
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RNO-G: array design
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Summit station, Greenland (NSF-operated)

3000 m

0 m

Ice thickness
RNO-G Collaboration: Solar flare observations with RNO-G

1. Introduction1

The Radio Neutrino Observatory in Greenland (RNO-G)2
experiment is currently under construction near Summit3
Station, with the goal of measuring astrophysical neutrinos4
with energies exceeding 10

15 eV. In its final form, RNO-G5
will consist of an array of several hundreds of radio an-6
tennas embedded in the glacial ice of Greenland, sensitive7
to radio signals produced by an in-ice neutrino interaction.8
RNO-G is designed for nearly-continuous up-time, record-9
ing data whenever a radio signal can be identified above10
the (largely) thermal noise floor. The RNO-G frequency11
response covers the range 80 - 700 MHz, which also coin-12
cides with solar radio-emission frequencies during flaring.13
Beyond its primarily particle astrophysics mission, RNO-G14
data provides insights into solar signals; those signals must15
also be identified as possible contamination to searches for16
radio emissions from down-coming cosmic rays. In addition,17
signals from the Sun also offer considerable utility as a tool18
to calibrate the instrument.19

In this article we outline the instrumental capabilities20
of RNO-G, detail data taken during solar flares in 202221
and 2023, elaborate on time-domain characteristics of the22
signals, and show how solar signals are used within RNO-23
G for hardware verification. Fortunately, inauguration of24
the RNO-G instrument has coincided with the most recent25
solar maximum, expected to peak in 2024.26

1.1. RNO-G27

The primary goal of RNO-G is the discovery of astrophys-28
ical neutrinos above PeV energies (Aguilar et al. 2021).29
These neutrinos are predicted to arise from interactions30
of ultra high-energy cosmic rays, particularly those par-31
ticles having the highest known energy in the universe32
(Berezinsky & Zatsepin 1969; Stecker 1973) with material33
around their production sites (Waxman & Bahcall 1999) or34
with the cosmic microwave background (Engel et al. 2001).35
While firmly predicted, the neutrino flux level is as-yet un-36
known and a measurement will strongly constrain our un-37
derstanding of the high energy universe (Halzen & Hooper38
2002).39

RNO-G will measure neutrinos by detection of ra-40
dio emissions produced via the Askaryan mechanism41
(Askar’yan 1961). A neutrino interacting in ice produces42
a cascade of elementary particles; as the shower evolves, it43
acquires an overall negative charge owing to scattering of44
atomic electrons into the cascade, and depletion of shower45
positrons via annihilation. The super-luminal motion of the46
(net negative) charge distribution produced in this cas-47
cade gives rise to radio pulses of nanosecond-scale duration48
(Zas et al. 1992), which then propagate through the radio-49
transparent ice to the antennas of RNO-G (Aguilar et al.50
2022).51

RNO-G is based on an array layout, where the planned52
35 stations are installed on a square grid with interstitial53
spacing of 1.25 km (Figure 1). Each station constitutes an54
independent and self-contained neutrino detector and con-55
sists of 24 antennas embedded in the ice. Each station com-56
bines log-periodic dipole antennas (LPDA) close to the sur-57
face with fat-dipoles (Vpol) and quad-slot antennas (Hpol)58
on instrumented strings down to 100m below the surface.59
Construction began in 2021 with the commissioning of, and60
subsequent data collection for the first three stations. Con-61

Fig. 1. Top: Planned positions of the stations of RNO-G. The
seven installed stations are highlighted in different colors. The
main building of Summit Station is denoted by Big House; also
indicated is the landing strip for airplanes. Bottom: Schematic
view of an RNO-G station. Each station has 24 antennas, either
LPDA, Hpol or Vpol (see text for details). LPDAs are deployed
in shallow trenches while HPol and VPol antennas are lowered
into deep dry boreholes.

struction will continue at least until 2026, adding new sta- 62
tions every year to reach 35 stations. Extensions beyond 63
35 stations are possible, subject to limitations of logistical 64
support. 65

The stations are currently powered only with solar 66
power, such that the instruments turn off during the dark 67
polar night (see Figure 2), although battery buffering en- 68
sures operation extending until October of each year. Since 69

Article number, page 3 of 13

1.25 km

Skiw
ay

7 stations already deployed and  
taking data; 

35-station array fully funded!
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RNO-G: station design
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Triangular station layout  
with downhole and surface antennas

Downhole: Horizontally- (Hpol) and  
vertically-polarized (Vpol) dipole antennas

Hole ≈ 100m deep in more- 
homogeneous and radio-quiet ice

Polarization-sensitivity improves  
direction-finding

Surface: Upward- and downward- 
looking (directional!) log-periodic 
dipole antennas (LPDAs)

Sensitivity to (down-going) cosmic rays  
   → veto



Philipp Windischhofer / RNO-G

RNO-G: station design
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Fully-analog downhole signal chain
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RNO-G: station design
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Beam-forming for radio trigger

Downhole-dipoles have low antenna gain  
(⌀ 28cm hole)

Significantly lower trigger thresholds (relative to single-antenna trigger) 
  → To be activated in deployed stations soon!

→ Synthesize higher-gain directional beams through digital phasing  
      of narrowly-spaced downhole antennas (“phased array”)
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Drilling

Antenna

DAQ installation

Wind turbine  
installation

deployment

Auger drill developed by  
British Antarctic Survey
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Calibration
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Calibration  
pulsers

n(z)

In-situ calibration pulsers: 
Impulsive signals in receiving channels 

from source with known relative position

In-situ correction to station geometry 
and ice refractive index n(z)

Multi-component signal path:

Forward gain ↔ event energy scale
Group delay ↔ event localization

IGLUs

Fibers

S-parameter characterization  
of all deployed components
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Simulation
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RNO-G is an array built from 
autonomous stations

Calibration and simulation work  
hand-in-hand to analyze and interpret data

Shower charge-
excess profile

Inhomogeneous ice  
↔ curved propagation

Radio emission + propagation (NuRadioMC)

RF-over-fiber 
link

Downhole 
amp. 

Surface 
amp.

Digitizer

A/DAnalog
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Calibration 
database

Channel-specific signal chain simulation
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Data-taking status and first results
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Jul 01
2021

Dec 31
2021

Jul 02
2022

Dec 31
2022

Jul 02
2023

St. 11

St. 12

St. 13

St. 21

St. 22

St. 23

St. 24
Deployment
SBC On
Digitizers On
Science Data

First deployment in summer 2021;  
seven stations currently integrating data

Data set for first neutrino search still blinded

A broadband radio array is a  
very versatile detector!
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First deployment in summer 2021;  
seven stations currently integrating data

Observation of solar radio bursts in RNO-G

e−

e−

≲ 600 MHz

∼ 1 GHz

Gyrating electrons  
in flaring regions …

[arXiv:2404.14995]S. Hallmann, M. Mikhailova

… produce bright 

radio signature

https://arxiv.org/abs/2404.14995


Philipp Windischhofer / RNO-G

Data-taking status and first results
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First deployment in summer 2021;  
seven stations currently integrating data

Cosmic ray air showers

Full analysis / detector modeling work in progress

J. Hendrichs [PoS(ICRC2023)259]

Candidate 

event

RNO-G 

station

Search for down-going signals in  
surface antennas

https://pos.sissa.it/444/259/
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Building for the future
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RNO-G array currently undergoing 
deployment at Summit Station, Greenland

Figure 24. The five-year sensitivity (90% CL upper limits) of RNO-G to the all-flavor di�use flux for 35
stations (assuming the stations are active two thirds of the total time), compared with existing experiments
and several predicted fluxes [4, 23, 241, 242]. The red band represents the di�erential sensitivity band for
a range of phased array proxies, spanning the interval from 1.5�noise to 2.5�noise using decade energy bins.
95% CL contours are represented by the orange band. The black band is the sensitivity expected for a
2.0�noise trigger, including 95% CL contours. The purple band depicts the expected integrated sensitivity
(90% CL upper limits) for an IceCube-like flux, over the [1.5�noise, 2.5�noise] trigger range.

assumption for the RNO-G experiment. We also show in Fig. 24 the sensitivity for a single power
law spectrum with exponents in the range indicated by the flux observed in IceCube. The purple
band represents the upper limit for the IceCube flux spanned by the [1.5�noise, 2.5�noise] range. The
dashed line in the middle of the band is the result for the 2.0�noise trigger. These upper limits
have been calculated using the expected number of events above 20PeV for a range IceCube flux
spectral indices and finding that value that yields the number of events equal to the Feldman-Cousins
90% CL upper limit under the assumption of no background. The median upper limit exponents for
the plausible trigger range cover the interval [�2.24,�2.19], with �2.21 being the median upper
limit spectral index for a 2.0�noise trigger. If no neutrino events are detected, RNO-G will be able
to exclude IceCube-like fluxes above these levels.

6.2 Energy measurement

The ability of RNO-G to measure the neutrino spectrum will depend on the accuracy at which the
energy of each event can be determined. The relation between the neutrino energy E⌫ and the
amplitude | ~E| of the electric field of the radio signal at the station is given by:

| ~E| ⇠ E⌫ · y · f(') ·
exp(�d/latten)

d
(6.1)

where y is the fraction of the neutrino energy deposited into the shower, and f(') a dependence on
the angle under which the particle shower is observed. The last term accounts for the attenuation of

– 33 –

90% CL

[arXiv:2010.12279]

Exciting times ahead!

Seven stations already taking data,  
28 more firmly planned (and fully funded)

World-leading sensitivity to neutrinos  
around 1 EeV

35-station array starts probing  
optimistic cosmogenic neutrino models and  

hard astrophysical component

https://arxiv.org/abs/2010.12279
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RNO-G sensitivity to flaring sources
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Field of view overlaps  
with IceCube!

IceCube

RNO-G

ν

E1

E2 ≫ E1

Felix Schlüter
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Ice at Summit

19


