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The sun in neutrinos 
Super-Kamiokande, 

 [1996-2018]

ESO / Schmidt

[PRL 58, 14]

SN 1987A, Kamiokande-II

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated
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[arXiv:2211.09972]
NGC 1068, IceCube 2024

Hubble

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/research/
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FIG. 1. Neutrino-nucleon (⌫N) charged-current (CC) cross section, measurements and predictions. Sub-TeV measurements are
from accelerator-neutrino experiments [1–18]. Few-TeV measurements will be covered by the upcoming FASER⌫ accelerator-
neutrino experiment [19]. TeV–PeV measurements use high-energy astrophysical neutrinos detected by the IceCube neutrino
telescope [20–22]. We forecast cross-section measurements above 100 PeV—the ultra-high-energy (UHE) range—where no
measurement exists presently. Our forecasts are for radio-detection of UHE neutrinos in the planned IceCube-Gen2 [39], and
are based on sophisticated simulations of UHE neutrino propagation inside Earth (Section V) and detector response (Section VI).
In this plot, we showcase 10-year forecasts for three attractive flux scenarios that may a↵ord the most precise cross-section
measurements [54, 55] (models 2, 4, and 7 below). Table II shows results for many more flux models [29, 54–62] (Section IV).
The precision of cross-section measurements that we report accounts for the significant uncertainty on the flux normalization
(Section VII), and detector resolution (Section VI). For comparison, we show the state-of-the-art BGR18 calculation of the ⌫N
deep-inelastic-scattering cross section [63] (Section IIIA) on isoscalar matter, averaged between neutrinos and anti-neutrinos.

in the size of their flux and a wide variety of shapes of
their energy spectrum from the literature [29, 54–62].

Figure 1 shows that, in optimistic flux scenarios,
IceCube-Gen2 may be able to measure the UHE ⌫N
cross section to within 50% of its predicted value. This
would be the first measurement of neutrino interactions
at center-of-mass energies of

p
s ⇡ 10–100 TeV, compa-

rable to those of particle collisions at the Large Hadron
Collider and the Future Circular Collider. Measuring
neutrino interactions at these energies has potentially
transformative consequences. First, it will test Standard
Model predictions of the ⌫N cross section [63]. Second, it
will probe non-linear e↵ects in the distribution of quarks
and gluons inside nucleons [64–67], the existence of color-
glass condensates [68], and electroweak sphalerons [69];
see, e.g., Refs. [69–72]. And, third, it will probe a large
number of new-physics e↵ects that could modify the cross
section, including, e.g., leptoquarks, extra dimensions,
and new gauge bosons [53, 73–77].

The goal of our forecasts is double. On the one hand,
they are intended to showcase the reach of IceCube-Gen2
to make particle-physics measurements in a new energy
regime, in as realistic a way as it is presently possible.
On the other hand, and more generally, our forecasts are
intended to stimulate the development of the particle-
physics research programs of upcoming high-energy neu-
trino telescopes. The calculation framework that we in-
troduce as part of our analysis can be adapted to other
neutrino telescopes, and other measurement goals. Be-
cause the design of telescopes that will run in 10–20 years
is being decided upon presently, our forecasts are timely.

This paper is organized as follows. Section II showcases
the salient points and strengths of our analysis. Sec-
tion III presents a brief introduction to neutrino-nucleon
deep inelastic scattering and outlines the strategy that
we use to measure the cross section. Section IV intro-
duces the various benchmark models of the cosmic UHE
neutrino flux that we adopt. Section V describes the

[arXiv:2204.04237]

Fundamental physics with cosmic neutrinos 
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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

– 4 –

IceCube limit

[arXiv:2010.12279]
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“Energy flux”

https://arxiv.org/abs/2010.12279
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Predicted ultra-high energy neutrino flux  
very uncertain (and also tiny)

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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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

Summit  
station

7 stations deployed and taking data,  
28 more to come!

Triangular station layout with vertically- and  
horizontally-polarized dipole antennas

→ synthesize higher-gain antennas through phasing

→ seek out more-homogeneous “deep” ice  
(~100 m depth)
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Deployment & Logistics

Figure 1. Top: Correlations between radio return power and RMS(�1��avg) for a given combination of index of refraction and time offset

values. Bottom: Maximum correlation between radio return power and ice conductivity as a function of index of refraction.

Figure 2. Radio return power as a function of the corresponding reflector depth, calculated using the reconstructed index of refraction n and

time offset �T (thick gray line), overlaid with the AC conductivity of the ice (thin blue line).

3

Ice property logging [arXiv:2304.06181]

Signal chain calibration

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 –

Expected limits on neutrino flux

90% CL

[arXiv:2010.12279]

Field of view overlaps  
with IceCube!IceCube

RNO-G

ν

E1

E2 ≫ E1

https://arxiv.org/abs/2304.06181
https://arxiv.org/abs/2010.12279
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Electrodynamics of  
antenna signal formation
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The problem

20

Air

Ice
Antenna

Bedrock

Neutrino-induced 

shower

Rad
iati

on  

propagatio
n

n22(z)

Anisotropy 

→ birefringence

n33(z)

n11(z)

Surface modes

Air showers

Askaryan 
emission
λ ∼ 𝒪(cm)

𝒪(km)

Dust layers etc.

𝒪(cm)

Ice is complicated!

Vsig(t)

ν
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Simulations: a question of granularity
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“There is no new physics in 
electromagnetism”

∇ × E = − ∂t ̂μH
∇ × H = J + ̂σE + ∂t ̂ϵE

Long-time workhorse, 
but known to be incomplete!

Raytracing
Geometric optics: 


λ → 0

Emitter

Radiation travels along “rays”,

curved in environment with varying 

index of refraction  
(Snell’s law)

Maxwell’s equations
All wave-optics effects 

 included

Source 
current

E(x, t)

J(x, t)

cm-scale voxels over km-scale volume,  
no symmetries → intractable in practice!
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The idea: reciprocity
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Alice can see Bob …

… if and only if  
Bob can see Alice

Alice Bob
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The idea: reciprocity
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Electromagnetic “communication channels” are symmetric

Antenna “sees” shower

ν

E

Jshower

Vsig(t)

Antenna is receiver,  
produces voltage signal

Shower “sees” antenna

Jantenna

K

δ(t)

Feed delta-like signal into antenna,  
is transmitter

Reciprocity
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The idea: reciprocity
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Electromagnetic “communication channels” are symmetric

ν

E

Jshower

Jantenna

Vsig(t)

K

δ(t)

Vsig(t) = ∫ dt′ d3x′ K(x′ , t − t′ ) Jshower(x′ , t′ )⋅

“The electric field transmitted by the antenna is a Green’s function for the received signal”

H. A. Lorentz, 1896



Philipp Windischhofer

A detector-centric calculation
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Detector acts

as transmitter

Delta-like  
“probe signal” δ(t) K(x, t)

Propagation in

environment

This makes fully-electrodynamic signal calculations possible!

Performed once

Performed for  
every shower

Green’s function encodes 
material properties 
(solve Maxwell’s equations,  
store result on disk)

Shower

current

J(x, t)
Vsig(t) = ∫ dt′ ∫ d3x′ K(x′ , t − t′ ) ⋅ J(x′ , t′ )

Vsig(t) Antenna

signal

Convolution with shower is fast!

Calculation of complicated radiation propagation amortized into Green’s function
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A detector-centric calculation
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Detector acts

as transmitter

Delta-like  
“probe signal” δ(t) K(x, t)

Propagation in

environment

This makes fully-electrodynamic signal calculations possible!

Performed once

Performed for  
every shower

Green’s function encodes 
material properties 
(solve Maxwell’s equations,  
store result on disk)

Shower

current

J(x, t)
Vsig(t) = − ∫ dt′ ∫ d3x′ K(x′ , t − t′ ) ⋅ J(x′ , t′ )

Vsig(t) Antenna

signal

Convolution with shower is fast!

Calculation of complicated radiation propagation amortized into Green’s function

This is the electrodynamic generalization of the Ramo-Shockley theorem!

I ind(t) = − q Ew(xq(t)) ⋅ ·xq(t)

~90 years old; widely used by collider detector builders

V0

Ew(x)

Fast particle

I ind

Depleted Si
ElectronsHoles

xq(t)

CMS silicon tracker

Interaction 

point

How to calculate current induced by 
slowly-drifting charges on detector 

electrodes?

Green’s function Shower current

“Weighting field” Particle trajectory
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Into practice
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This makes fully-electrodynamic signal calculations possible!
… but still not entirely trivial from a computing perspective

Off-the-shelf numerical solvers for Maxwell’s  
equations apply to large-scale geometries

Developed by the Nanostructures and Computation Group (MIT)

[homepage] [code]

OpenMPI

Spatial 
chunk

Spatial 
chunk

Spatial 
chunk

Spatial 
chunk

CPU 1 CPU 2 CPU NCPU N’

Distributed-memory parallelism

Real problem: how to store Green’s function  
on disk in an efficient manner?

300m cylindrical geometry, 2.5cm voxel size  
   → O(10) TB if stored naively!

https://github.com/eisvogel-project/Eisvogel

But: Green’s function is sparse in the time domain!
  → efficient compression is possible

http://ab-initio.mit.edu/wiki/index.php?title=Meep
https://github.com/NanoComp/meep
https://github.com/eisvogel-project/Eisvogel
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Green’s functions are pretty!
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Ice
Air

Vertically-polarized  
dipole antenna Antenna acts


as transmitter

Delta-like  
“probe signal” δ(t) K(x, t)

Propagation in

environment

 [a
.u

.]
K z

Takes 100 GB of disk space  
(instead of ~10 TB when stored naively)
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Green’s functions are pretty!
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Ice
Air

 [a
.u

.]
K z

Vertically-polarized  
dipole antenna

 in air 
→ faster propagation

n = 1

Direct wave  
in ice ( )n > 1

Reflected  
wave

“Head wave”

Antenna acts

as transmitter

Delta-like  
“probe signal” δ(t) K(x, t)

Propagation in

environment

Takes 100 GB of disk space  
(instead of ~10 TB when stored naively)

Electrostatic  
dipole field
→ Ramo-Shockley!
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Ice
Air

 [a
.u

.]
K z

Vertically-polarized  
dipole antenna

 in air 
→ faster propagation

n = 1

Direct wave  
in ice ( )n > 1

Reflected  
wave

“Head wave”

Antenna acts

as transmitter

Delta-like  
“probe signal” δ(t) K(x, t)

Propagation in

environment

Takes 100 GB of disk space  
(instead of ~10 TB when stored naively)

Electrostatic  
dipole field

Glacial ice in Greenland

30

Seasonal layering in topmost ice  
(the “firn”)

Snow → ice transition

Snow

Homogeneous ice

~Seasonal layering
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A more realistic Green’s function
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 [a
.u

.]
K z

Vertically-polarized  
dipole antenna

Wavefront in the topmost part of the ice (the “firn”)  
becomes extremely complicated!

Ice
Air
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The Green’s function landscape
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Ray-tracing “shadow zone”

Inhomogeneities form  
“wave guides”
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Signals from neutrino-induced showers
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Reflected

1018 eV hadronic shower, 1-dim profile

Direct

Direct

Reflected
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Signals from neutrino-induced showers
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1018 eV hadronic shower, 1-dim profile

“Head wave”

In-ice  
propagation

“Head wave”

Expect very complicated and dispersed 
signals from cosmic-ray air showers 

impacting in shadow zone
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Signals from neutrino-induced showers
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1018 eV hadronic shower, 1-dim profile

“Head wave”

In-ice  
propagation

“Head wave”

Expect very complicated and dispersed 
signals from cosmic-ray air showers 

impacting in shadow zone

11

Fig. 7. Top: the correlation map of the passing event. Bottom left: the Coherently Summed Waveform of the passing event,
compared to a simulated event at the same incoming angle. The noise in the simulated waveform is normalized to have the
same root-mean-square as the average from data. Bottom right: a table showing some of the values of analysis variables for
the passing event.

ticular is also encouraging. While the surface region was
not included as part of the signal region in this analysis,
the methods used in the deep region can be applied to
the surface as well, provided that the types of expected
backgrounds in the surface region are understood. Alter-
natively, the size of the deep region could be increased
by taking advantage of additional information provided
by the baseline ARA instrument.

B. Systematic Uncertainties

The limit calculation includes uncertainties using the
method described in [41]. In particular, we consider the
uncertainties on the e↵ective volume calculation and the
analysis e�ciency.

The uncertainties on the e↵ective volume are intro-
duced by the AraSim simulation package and are plotted
in Figure 2. Uncertainties in the neutrino cross section,
the Askaryan emission model, and the attenuation length

of ice are explicitly laid out in [20], which uses the same
simulation code as we do in this work, allowing the un-
certainties to directly carry over.

The key di↵erences between the simulation used in [20]
and this work are the ice model, the signal chain, and
the trigger e�ciency. The ice model is parameterized in
the form n(z) = A � BeCz, with the parameters found
to have the following uncertainties: A = 1.780 ± 0.005,
B = 0.454±0.084, C = �0.0202±0.0004m�1. While the
model is di↵erent than the model used in previous ARA
analyses [20], two of the three parameters are within one
standard deviation across the models, with the third be-
ing better constrained in the model used here due to the
short baselines of the Phased Array. We estimate that
the uncertainty in our ice model introduces a 5% uncer-
tainty in the e↵ective volume. Even though the ice model
was fit using calibration pulses from deep ice, all surface
calibration events were successfully pointed back at the
sources using the new ice model.

The signal chain uncertainty is dominated by the un-

Candidate cosmic-ray event from ARA

[Phys. Rev. D 105, 122006]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.122006
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Eisvogel
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Designed to be a useful community tool,  
developed in the open

https://github.com/eisvogel-project/Eisvogel

Integration into CORSIKA 8 in progress  
→ enables fully-microscopic simulations of showers in complex media

Development mostly done, already applicable  
to real-world scenarios

O(5) hours for calculation of Green’s function 
             (300m cylindrical geometry, 1.2cm resolution,  
               128 cores)

O(50) µs / particle track for signal calculation 
             (some dependence on track length / cache size)

Only started to scratch the surface,  
full phenomenology waiting to be explored

https://github.com/eisvogel-project/Eisvogel


Philipp Windischhofer

Other potential applications (?)
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ν

Cosmic
ray Cosmic

ray

Radio detection of inclined  
air showers … 

ντ

τ

… and tau neutrinos

Antenna noise temperature

Je
thermal

e

Radio calorimeters  
for future colliders
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Extracting information from 
thermal noise
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Thermal noise is pervasive
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Radio 
antennas

Je
thermal

A B Antennas embedded in thermal bath  
of surrounding ice

Thermally excited, stochastic motion  
of electrons

Fluctuating electromagnetic field

Apparently random and non-informative

But: real radiation propagating through  
real environment!

Can we use the noise to 
learn something about the  
antenna geometry or the 

environment?
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Thermal noise is informative
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Radio 
antennas

Je
thermal

A B

GAB

ΔtAB

Noise signals are  
not independent, but 

correlated

⟨VA(ω)V*B (ω)⟩ ∼ kBT Re [GAB(ω)]

“2-point correlator” Green’s function for  
A ↔ B

This is a very general fact; 
exists beyond electrodynamics

“Fluctuation-dissipation theorem”
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Different manifestations
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GAB

GAB

Ambient noise correlations in ice
Constant thermal emissions from surrounding ice


→ Information about propagation of electromagnetic 
waves for detector calibration

“Virtual  
explosion”

Seismometer 

array

Ambient noise correlations in seismology
Constant “background rumble” of the Earth’s crust  
→ Information about propagation of elastic waves

[CIEI, Colorado]

http://ciei.colorado.edu/ambient_noise/
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Summary
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Very exciting times for radio neutrino astronomy!

ν

p+

γ Current generation of instruments will  
significantly improve our knowledge of  
high-energy phenomena in the universe

(In deployment!)

Physics Detectors 

Detector performance rests on our ability to  
exploit textbook electromagnetism!

Exciting times ahead!

Large-scale Green’s functions  
make high-fidelity signal simulations efficient

Pervasive thermal noise informs  
detector calibration



Backup
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Thermal noise is pervasive
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Radio 
antennas

Je
thermal

A B Antennas embedded in thermal bath  
of surrounding ice

Thermally excited, stochastic motion  
of electrons

Fluctuating electromagnetic field

Apparently random and non-informative

But: real radiation propagating through  
real environment!

Can we use the noise to 
learn something about the  
antenna geometry or the 

environment?
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Can we use the noise to 
learn something about the  
antenna geometry or the 

environment?

Thermal noise is pervasive
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Radio 
antennas

Je
thermal

A B Antennas embedded in thermal bath  
of surrounding ice

Thermally excited, stochastic motion  
of electrons

Fluctuating electromagnetic field

Apparently random and non-informative

But: real radiation propagating through  
real environment!

Z(ω)V

Some 

impedance

⟨ |V |2 (ω)⟩ ∼ kBT Re [Z(ω)]

RMS voltage: 
Average over many 


noise waveforms

Impedance
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Thermal noise is informative
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Idea: each thermal noise waveform (“noise realization”) is random, but its 
statistical properties are deterministic (and informative!)

Radio 
antennas

Je
thermal

A B

In particular: noise recorded in two spatially separated channels is not independent,  
but weakly correlated!

→ Averages over many noise events expose “hidden” correlations

VA(t) VB(t)

GAB

ΔtAB ⟨VA(ω)V*B (ω)⟩ ∼ kBT Re [GAB(ω)]

“2-point correlator” of noise 
waveforms is proportional to the 

Green’s function between A and B!

t

⟨VAVB⟩(t)

ΔtAB
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This is not surprising!
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Vm(ω)

Z m
(ω

) Vn(ω)

Z n
(ω

)

Thermal noise correlations in an impedance network:

⟨Vn(ω)V*m(ω)⟩ ∼ kBT Re [Tmn(ω)]

Transfer function : 
Current at  → voltage at 

Tmn
n m

“Virtual  
explosion”

Seismometer 

array Ambient noise correlations in seismology:

Constant “background rumble” of the 
Earth’s crust  

 Information about propagation of 
elastic waves
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Noise correlations in use at RNO-g
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Work  
in Progress

GAB

Correlation signature present in long-term average  
of RNO-g noise data

Also see “noisy” point sources nearby …

Used for in-situ calibration of antenna geometry  
(in combination with other data sets)



Backup

49



Philipp Windischhofer

Trailblazing experiments
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ARA

ν

Askaryan Radio Array
(South Pole)

Bedrock

ARIANNA
Antarctic Ross Ice-Shelf  
Antenna Neutrino Array

Water

Ice shelf

ν

Sea bed

ANITA

ν

Antarctic Impulsive  
Transient Antenna

He balloon
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RNO-G single-event sensitivity
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“Single-event sensitivity”: flux inferred from a single observed event 
(assuming no backgrounds)
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“Deep” vs “shallow” antenna placement
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“Deep” antenna

“Shallow” antenna



Philipp Windischhofer

“Deep” vs “shallow” antenna placement
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“Deep” antenna

“Shallow” antenna
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Lorentz reciprocity
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Classical electrodynamics has a built-in method  
to relate two different situations (with identical geometry)

General, linear material distribution: ϵ(x), μ(x), σ(x)

Je

External current

distribution

E, H
Maxwell’s eqns.

Field 

distributions

J̄e

External current

distribution

Ē, H̄
Maxwell’s eqns.

Field 

distributions
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Lorentz reciprocity
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Classical electrodynamics has a built-in method  
to relate two different situations (with identical geometry)

General, linear material distribution: ϵ(x), μ(x), σ(x)

Je

External current

distribution

E, H
Maxwell’s eqns.

Field 

distributions

J̄e

External current

distribution

Ē, H̄
Maxwell’s eqns.

Field 

distributions

The field distributions are  
not independent:

“Lorentz reciprocity” is a direct  
consequence of Maxwell’s equations
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Towards a general signal theorem
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Use this “duality” to compute signal induced in detector

Detector (antennas, cables, …)

encoded in material distribution

Charged particle

Detector “terminals”

where signal is available

Detector “signal” is voltage difference across terminals

(measured along a specific path,                   in general!)∇ × E ≠ 0

The “primal” situation:
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Towards a general signal theorem
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Use this “duality” to compute signal induced in detector

The “dual” situation:

The same material distribution

(in general: the transposed  

response matrices)

Current source attached to detector terminals: 

delta-like current applied along the signal-defining path

Detector acts as transmitting 

device, “weighting field distribution”
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Towards a general signal theorem
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Use this “duality” to compute signal induced in detector
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A fully general signal theorem
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In the time-domain, this is

“Weighting field”: Green’s function for detector signal

Encodes information about detector geometry & environment; 
reciprocity defines concrete algorithm to compute it

Particle trajectory
Weighting fieldNormalising constant

Fully general, no approximations 

holds exactly for all linear, anisotropic materials;  
approximately for nonlinear, anisotropic materials



Philipp Windischhofer

Eisvogel internals
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…

Re-chunking 

+ merging

OpenMPIGreen’s 

function


calc.

Green’s 

function


calc.

Green’s 

function


calc.

Green’s 

function


calc.
Solving Maxwell’s equations 
(spatial chunks in parallel)

Geometry

Green’s function
Chunks + index

Worker-local storage

Shared high-

throughput storage

ϵeff(x)

OpenMPI Re-chunking 

+ merging

Effectively a custom, zero-suppressed  
distributed file system (TB → GB)

Current
J(x)

Convolution
Single-threaded, 
SIMD vectorized

Signal
V(t)

SIMD = “single instruction multiple data”
AVX512: 512-bit registers, fits 16 4-byte floating point numbers

Very fast: ~50us / track 
(already beats some ray-tracing codes)
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Comparison with ARZ
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Comparison with ARZ  
(as implemented in NuRadioMC)

1-dim profile of electromagnetic shower developing in homogeneous medium with n = 1.78

Good agreement!
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How does this work?
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Random “noise 

current elements”

A simple toy simulation  
of the procedure: 

VA(t) VB(t)

Jiωi

xi

Simulated noise event  

in antenna A

i Simulated noise event 

in antenna B

i

C(i)
AB(Δt) = ∫ dt′ V (i)

A (Δt + t′ )V (i)
B (t′ )

1) Correlate noise event-by-event

⟨CAB(Δt)⟩N =
1
N

N

∑
i=1

C(i)
AB(Δt)

2) Average over full data set
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How does this work?
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⟨CAB(Δt)⟩N =
1
N

N

∑
i=1

C(i)
AB(Δt)

Noise correlator averaged for  
different N

Noise is uncorrelated between  
antennas on a per-event basis

Noise is weakly correlated  
between antennas  

→ average over many events  
makes it visible



Philipp Windischhofer

How does this work?

64

VA(t) VB(t)

tAB

Je
thermal

Result of averaging: 

Symmetry axis

Impulse response between the two antennas (“virtual pulser”)

(Symmetry ↔ isotropy of thermal noise)

Time difference between two peaks: 2 ⋅ tAB

2 ⋅ tAB
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How does this work?
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VA(t) VB(t)

tAB

Je
thermal

CAB

Symmetry axis

Overall shift away from : relative cable delay Δt = 0 CAB

Result of averaging: 

→ detectable due to symmetric structure! 

2 ⋅ tAB

CAB
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How does this work?
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VA(t) VB(t)

Δx
Je

thermal

CAB

Near field: 
Complicated, strongly dependent on 


antenna geometry; but still symmetric

1/r

Far field: 
Impulse response is simple;

but far-away antennas are very weakly correlated


