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Figure 9: The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and the six-

year HESE analysis (magenta fit) compared to the flux of unresolved extragalactic �-ray sources [100] (blue data)

and ultra-high-energy cosmic rays [101] (green data). The neutrino spectra are indicated by the best-fit power-law

(solid line) and 1� uncertainty range (shaded range). We highlight the various multimessenger interfaces: A: The

joined production of charged pions (⇡±
) and neutral pions (⇡0

) in cosmic-ray interactions leads to the emission of

neutrinos (dashed blue) and �-rays (solid blue), respectively. B: Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green

dashed). C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with

cosmic background photons (GZK mechanism).

Note, that the relative production rates of pionic gamma rays and neutrinos only depend on the

ratio of charged-to-neutral pions produced in cosmic-ray interactions, denoted by K⇡ = N⇡±/N⇡0 .

Pion production of cosmic rays in interactions with photons can proceed resonantly in the processes

p + � ! �+ ! ⇡
0 + p and p + � ! �+ ! ⇡

+ + n. These channels produce charged and

neutral pions with probabilities 2/3 and 1/3, respectively. However, the additional contribution

of nonresonant pion production changes this ratio to approximately 1/2 and 1/2. In contrast,

cosmic rays interacting with matter, e.g., hydrogen in the Galactic disk, produce equal numbers

of pions of all three charges: p + p ! N⇡ [ ⇡0 + ⇡
+ + ⇡

�] +X, where N⇡ is the pion multiplicity.

From above arguments we have K⇡ ' 2 for cosmic ray interactions with gas (pp) and K⇡ ' 1 for

interactions with photons (p�).

With this approximation we can combine Eqs. (1) and (2) to derive a simple relation between

17
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Even higher energies
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Why radio?
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• Large volumes of dense medium with reasonable attenuation length, at no cost
South pole, cold ice: 1km

Ice-shelf, “warmer” ice: 400m
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

the air-shower axis and the geomagnetic-field axis. We
thus normalize the radiation energy for perpendicular in-
cidence with respect to the geomagnetic field by dividing
it by sin2(↵). This normalization is valid for all incoming
directions of cosmic rays except for a small region around
the geomagnetic-field axis. In particular, it is valid for
all events in the data set presented here.

In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [32] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

Figure 2 | Measurements of hXmaxi. The mean depth of shower maximum as a function of energy

is plotted for LOFAR and earlier experiments based on different techniques26–30. The systematic

uncertainties are +14/-10 g/cm2 on hXmaxi and 27% on energy and are indicated with a shaded

band. The Pierre Auger Observatory measures the fluorescence light emitted by atmospheric

molecules excited by air shower particles. Hires/MIA used a combination of the fluorescence

technique and muon detection. The Tunka and Yakutsk arrays use non-imaging Cherenkov detec-

tors. The green (upper) lines indicate the hXmaxi for proton shower simulated with QGSJETII.04

(solid) and EPOS-LHC (dashed). The blue (lower) lines are for showers initiated by iron nuclei.
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(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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• Air shower arrays (LOFAR, AERA, Tunka-Rex, …) have shown feasibility:
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Askaryan effect
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• Neutrino interaction creates (hadronic/electromagnetic) shower 

• During shower development, shower front accumulates negative charge 

• Macroscopic: Changing current along axis, changing as function of time/
distance propagated 

• Changing current induces electric emission 

• Subtle differences between hadronic and electromagnetic showers

Compton effect
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Cherenkov-like effects
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v = c/n

v = c

• Shower is faster than its emission at n > 1
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Cherenkov-like effects
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v = c/n

v = c

• Shower is faster than its emission at n > 1

t

• Signal gets enhanced when it 
arrives in phase = coherence  

• Enhancement at the Cherenkov 
angle
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Experimental concepts
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• Several concepts compete to detect ultra-high energy neutrinos

In, on, above ice

this talk 
and more detail in Neutrino Astronomy 3, Wed
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In, on, above ice

  

GRAND: Giant Radio Array for Neutrino Detection
Mauricio Bustamante for the GRAND Collaboration
Niels Bohr Institute, University of Copenhagen

mbustamante.net                                     mbustamante@nbi.ku.dk                                             DNRF-1041811001

Selected references

At a glance

Radio-detecting extensive air showers

Cosmogenic neutrinos: The next frontier

Design and construction plans

Conclusions

Ultra-high-energy cosmic rays

⏵Goal: Discover sources of ultra-high-energy (UHE) cosmic rays (CRs) by
     1        — Reaching 10–100 better sensitivity to UHE neutrinos (> 108 GeV) 
    2 — Improving × 20 UHECR statistics (> 1010 GeV) 
⏵Strategy: Detect radio emission from extensive air showers triggered by 
    UHE neutrinos and CRs using arrays of 10k–200k simple antennas 
⏵Can discover cosmogenic neutrinos even if their 7ux is very low
⏵Status: First prototype antenna array under deployment

⏵UHECRs (> 1010 GeV) interact with cosmic photon backgrounds to 
    make UHE cosmogenic neutrinos (> 108 GeV), still undiscovered
⏵Cosmogenic neutrinos uniquely reveal information about the most   
    energetic UHECRs, which themselves are suppressed during propagation
⏵UHE neutrinos can also be made in the sources → UHE ν astronomy

⏵Earth-skimming ντ interactions underground make horizontal showers
⏵UHECR interactions in the atmosphere make less inclined showers
⏵Radio emission is due to Earth’s magnetic ;eld acting on moving charges
⏵Radio-detection is mature, relatively a<ordable, scalable

⏵Sensitive to UHECRs in 65° < θz < 85°
⏵Exposure: 5 × 105 km2 sr yr in 5 yr
    (10× 9-yr Auger exposure)
⏵Event rates: 6,400 evts yr-1 above 
    1010.5 GeV (vs. 320 in Auger)
⏵From its planned location, GRAND
    will sweep declinations -43° < δ < 63° 3-yr exposure, > 1010 GeV

Ultra-high-energy neutrinos

⏵Sensitive to ν in 85° < θz < 95°

⏵Angular resolution: 0.05°
    → Allows for UHE ν astronomy
⏵Steady-state point sources: 
    Discovery possible within 3 yr
⏵Transient point sources: 
   80% of sky monitored every day

3-yr exposure, > 3 × 109 GeV

More information: grand.cnrs.fr

⏵First-generation antenna and DAQ built
⏵Custom end-to-end simulation chain developed

⏵GRANDProto35 (funded, under deployment):
  ⏵35 antennas, 2 km2 in radio-quiet site in China
  ⏵Test of antenna, electronics, and background
  ⏵Cross-check using co-located particle detectors

⏵GRANDProto300 (2020):
  ⏵300 antennas, 200 km2, site under prospection
  ⏵First UHECR physics + simulation calibration

⏵GRAND10k (2025):
  ⏵10,000 antennas, 10,000 km2 
  ⏵Matches projected ARA/ARIANNA sensitivity

⏵GRAND200k (203x): 
  ⏵200,000 antennas, 200,000 km2 
  ⏵Discovery of even low 7ux of cosmogenic ν 

The Giant Radio Array for Neutrino Detection (GRAND), Ke Fang for the GRAND Collab., PoS ICRC2017, 996 (2018) [1708.05128] • The GRANDProto35 Experiment, Quanbu Gou, PoS ICRC2017, 388 (2018) • Cosmogenic 
Photon and Neutrino Fluxes in the Auger Era, Rafæl Alves et al. [1806.10879]  • Radio Detection of Cosmic-Ray Air Showers and High-Energy Neutrinos, Frank Schröder, Prog. Part. Nucl. Phys. 93, 1 (2017) [1607.08781]

By instrumenting a large area with well-tested radio technology, GRAND is the a<ordable, scalable way to thoroughly search
for the sources of the most energetic UHECRs directly — by detecting cosmic rays — and indirectly — by discovering UHE neutrinos

⏵Cosmogenic ν 7ux is uncertain
    due to UHECR unknowns:
    ⏵Mass composition
    ⏵Injected spectrum
    ⏵Source redshift evolution

⏵GRAND can discover even 
    conservative 7uxes

⏵Event rates: 1–50 ν yr-1 
    (vs. 0.6–2 in ARA/ARIANNA)

GRANDProto35 antenna

Antenna pattern at 50 MHz

Near, on, at mountains

GRAND, TAROGE, BEACON, … 

see talk Tuesday by Kotera and 
poster by Bustamante

this talk 
and more detail in Neutrino Astronomy 3, Wed
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• Several concepts compete to detect ultra-high energy neutrinos 
• Main difference: Deep vs. shallow 

• Attached: cost/effective volume, background rejection, sky coverage, 
energy and direction resolution, power consumption, …

ARA-like ARIANNA-like
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• Several concepts compete to detect ultra-high energy neutrinos 
• Main difference: Deep vs. shallow 

• Attached: cost/effective volume, background rejection, sky coverage, 
energy and direction resolution, power consumption, …

ARA-like ARIANNA-like

see Strutt, 
Neutrino Astronomy 3
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Experimental concept
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• The future: pick and choose the best components

3m

5m

~20m

~60m

• Deep: better ice, larger 
effective volume per 
antenna, farther away from 
human background, higher 
costs, limited by borehole 
geometry, likely better 
energy resolution 

• Shallow: better cosmic ray 
rejection, more flexibility in 
antenna design, cheaper, 
likely better polarization 
(=direction) resolution 

• Combine the best of both

For example:
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Experimental concept
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+ some “technical details” … 

ORPower:

ORComms:

DAQ boards, trigger strategy, …
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Results so far
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ARIANNA: Moore’s Bay RICE & ARA: South Pole

BACKGROUNDS SIGNALS SENSITIVTIES
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Neutrino Template Matching

Simulated Neutrino Signal (ZHS)

Antenna Response
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Backgrounds
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• If detector can distinguish in-
air signals from in-ice signals, 
no particle physics 
background

• Astronomical background: 
Diffuse Galactic emission (not 
pulse-like) and solar flares (point 
to sun) 

Figure 3: (Top) A background-subtracted spectrogram of Channel
2 of the Testbed, for the hour from the beginning of the flare. The
background sample is taken from an identical time period on Feb.
11th (four days prior) when the sun was not flaring. (Bottom) A
background-subtracted spectrogram produced from the coherently-
summed waveform from two channels (Channels 3 and 4) given the
delay relative to one another that gives the strongest cross-correlation
value. Note that the coherently-summed spectrogram demonstrates
that many features are shared between antennas. We only use two
channels, as opposed to four channels combined with a directional
hypothesis, to avoid a reduction in the signal strength due to any
timing misaligments for a given directional hypothesis.

3.2. Directional Reconstruction

The most striking feature of these events is how well
they “reconstruct” uniquely to the sun, tracking the mo-
tion of the sun in azimuth during that hour. In other
words, considering all hypothesized directions across the
sky, we found the highest cross-correlation values in a
direction within 2� in azimuth of the sun, without dis-
tinctly di↵erent directions also giving competitive cross-
correlations for the same event. The azimuthal angle of
the reconstruction peak has a 2� systematic o↵set from
the true value of the sun’s azimuth. The events also track
the solar position in elevation, but with a significant sys-
tematic o↵set, appearing ⇠ 10� higher in the sky than the
true solar elevation. In this section, first we will review
the method that we use to calculate cross-correlation val-
ues associated with positions on the sky before showing
cross-correlation maps for a typical flare event. We also
describe our calculations of coherently summed waveforms
that we use to investigate the nature of the correlated noise
component of these events.

3.2.1. Reconstruction in ARA Analyses

In order to determine the direction of the source of
radio signals, we use an interferometric technique similar
to the one used in a search for a flux of di↵use neutri-
nos using data from the ARA Testbed station that takes
into account the index of refraction of the ice surrounding
the antennas [4]. We first map the cross-correlation func-
tion from pairs of waveforms from two di↵erent antennas
to expected arrival delays from di↵erent putative source
directions. For each direction on the sky, the mapped
cross-correlations from many pairs of antennas are added
together and where the delays between di↵erent pairs of
antennas signals have the strongest agreement, there is a
peak in the correlation map.

For a given pair of antenna waveforms, the cross-correlation
between the voltage waveform on the i-th antenna (fi(t))
and the voltage waveform on the j-th antenna ((gj(t)) as
a function of time lag ⌧ can be found from Eq. 1:

Ci,j(⌧) =
1X

t=�1
fi(t)gj(t+ ⌧) (1)

The time lag ⌧ depends on the position of the source rel-
ative to the array, characterized as elevation angle ✓, az-
imuthal angle �, and the distance R to the source; the
origin of this coordinate system is defined as the aver-
age of the positions of the antennas contributing to the
map. As in [4], we only consider two hypothesized dis-
tances, 30 m and 3000 m. In the original di↵use analysis,
these were chosen because 30 m is roughly the distance
of the local calibration pulser, and 3000 m is a estimate
for a far-field emitter like a neutrino interaction. The to-
tal cross-correlation strength for a given point on the sky
(✓,�) is given by summing over all like polarization pairs

4

ARA Coll.
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more, to select high quality reconstructions and reject
the remaining thermal noise, the residual is required to
be less than 10�4. In this way only well-reconstructed
impulsive radio signals are kept, which can further be re-
duced by angular cuts. As the cut values for the time
sequence parameter and the reconstruction residual have
not been optimized in a strictly systematic way, we note
that there might be room for improvement in a subse-
quent analysis employing these algorithms. Figure 22
illustrates the steep decline of the noise distribution to-
wards the cut boundaries in the two main cut parame-
ters. As a representative thermal noise sample, all data
from the 10% burn-sample which cannot be correlated
to a known signal source (pulsers, surface activities) are
used. Simulated signal events from the dataset described
in Section III are distributed broadly compared to that
noise sample.

Angular cuts are placed around the known locations
of calibration pulsers inside the ice and are specific to a
given station. In addition, a surface cut is applied, reject-
ing all events reconstructed to a zenith angle of ✓ > 35�

for A2 and ✓ > 40� for A3. This cut can be a bit looser
for A3 since the reconstruction errors are smaller for this
detector (see Figure 21). The reason for this di↵erence
in precision is due to the di↵erent number of channels
in both stations which are available for reconstruction.
Whereas all 16 channels are used in station A3, in A2
only 13 channels are included in vertex reconstruction.
One channel, D4BH, is broken, while two other chan-
nels show a puzzling timing o↵set which could not be
removed in the geometrical calibration. The cut values
are chosen for each angular requirement separately, such
that each allows less than 0.01 background events to en-
ter the signal sample in the full data set. The num-
ber of background events expected to pass a given cut
is estimated from the 10% data subset by fitting an ad-
equate Gaussian or exponential function to the tail of
an event distribution close to each cut. The best fit pa-
rameters and the position of the cut are used to obtain
the number of background events expected to leak from
the angular region being excluded. The uncertainty on
the number of background events is derived from the fit
errors. Note that calibration pulser events are normally
tagged by the DAQ as calibration events and excluded
from the analyzed data sample. However, due to pos-
sible mis-tagging, pulser events may leak into the final
sample. Therefore, all pulser events are taken into ac-
count in the background estimation, even if they are not
part of the 10% burn-sample. This is a very conservative
estimate but strengthens the analysis against mis-tagged
pulser events.

After these cuts, the background expectation for the
full data recorded in the year 2013 is 0.009 ± 0.010 for
A2 and 0.011 ± 0.015 for A3. The number of neutrinos
expected to be observed by the combined two-station de-
tector from the flux prediction in [37] for a crossover en-
ergy from Galactic to extragalactic cosmic ray sources of
Emin = 1018.5 eV amounts to 0.10± 0.002(stat) events.

 / deg
reco
φAzimuth

0 50 100 150 200 250 300 350

 / 
de

g
re

co
θ

Ze
ni

th

80−

60−

40−

20−

0

20

40

60

80

0

5

10

15

20

25

30

35

40

surface cut
expected 
SP station

calibration 
Pulser D6

calibration 
Pulser D5

(a)

 / deg
reco
φAzimuth

0 50 100 150 200 250 300 350

 / 
de

g
re

co
θ

Ze
ni

th

80−

60−

40−

20−

0

20

40

60

80

1

10

210

310

410

510

610

surface cut
expected 
SP station

calibration 
Pulser D6

calibration 
Pulser D5

(b)

Figure 23. Reconstructed events that passed the thermal
noise and reconstruction quality cuts for (a) A2 and (b) A3.
The black boxes indicate the angular cut regions around the
calibration pulser positions and the black line indicates the
surface cut. Events inside the squares and above the surface
line are rejected.

V. RESULTS AND CROSS CHECKS

A. Results

The results of the above described analysis are sum-
marized in the two sky maps in Figure 23. No events are
found outside the angular cut regions which implies that
no neutrino candidates have been observed. This agrees
with the expectation of 0.1 signal and roughly 0.02 back-
ground events in the two stations. The di↵erence between
summer and winter source locations at South Pole is pre-
sented in Figure 24, showing the impact of human activ-
ities during summer which is limited to surface events.

ARIANNA Coll.

ARA Coll.

• Most dangerous background: 
humans

Figure 3: (Top) A background-subtracted spectrogram of Channel
2 of the Testbed, for the hour from the beginning of the flare. The
background sample is taken from an identical time period on Feb.
11th (four days prior) when the sun was not flaring. (Bottom) A
background-subtracted spectrogram produced from the coherently-
summed waveform from two channels (Channels 3 and 4) given the
delay relative to one another that gives the strongest cross-correlation
value. Note that the coherently-summed spectrogram demonstrates
that many features are shared between antennas. We only use two
channels, as opposed to four channels combined with a directional
hypothesis, to avoid a reduction in the signal strength due to any
timing misaligments for a given directional hypothesis.

3.2. Directional Reconstruction

The most striking feature of these events is how well
they “reconstruct” uniquely to the sun, tracking the mo-
tion of the sun in azimuth during that hour. In other
words, considering all hypothesized directions across the
sky, we found the highest cross-correlation values in a
direction within 2� in azimuth of the sun, without dis-
tinctly di↵erent directions also giving competitive cross-
correlations for the same event. The azimuthal angle of
the reconstruction peak has a 2� systematic o↵set from
the true value of the sun’s azimuth. The events also track
the solar position in elevation, but with a significant sys-
tematic o↵set, appearing ⇠ 10� higher in the sky than the
true solar elevation. In this section, first we will review
the method that we use to calculate cross-correlation val-
ues associated with positions on the sky before showing
cross-correlation maps for a typical flare event. We also
describe our calculations of coherently summed waveforms
that we use to investigate the nature of the correlated noise
component of these events.

3.2.1. Reconstruction in ARA Analyses

In order to determine the direction of the source of
radio signals, we use an interferometric technique similar
to the one used in a search for a flux of di↵use neutri-
nos using data from the ARA Testbed station that takes
into account the index of refraction of the ice surrounding
the antennas [4]. We first map the cross-correlation func-
tion from pairs of waveforms from two di↵erent antennas
to expected arrival delays from di↵erent putative source
directions. For each direction on the sky, the mapped
cross-correlations from many pairs of antennas are added
together and where the delays between di↵erent pairs of
antennas signals have the strongest agreement, there is a
peak in the correlation map.

For a given pair of antenna waveforms, the cross-correlation
between the voltage waveform on the i-th antenna (fi(t))
and the voltage waveform on the j-th antenna ((gj(t)) as
a function of time lag ⌧ can be found from Eq. 1:

Ci,j(⌧) =
1X

t=�1
fi(t)gj(t+ ⌧) (1)

The time lag ⌧ depends on the position of the source rel-
ative to the array, characterized as elevation angle ✓, az-
imuthal angle �, and the distance R to the source; the
origin of this coordinate system is defined as the aver-
age of the positions of the antennas contributing to the
map. As in [4], we only consider two hypothesized dis-
tances, 30 m and 3000 m. In the original di↵use analysis,
these were chosen because 30 m is roughly the distance
of the local calibration pulser, and 3000 m is a estimate
for a far-field emitter like a neutrino interaction. The to-
tal cross-correlation strength for a given point on the sky
(✓,�) is given by summing over all like polarization pairs
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(One) Signal search strategy

!13

18

Neutrino Template Matching
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Astroparticle Physics,Volume 62, March 2015, Pages 139–151

Simulated signal
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Cosmic rays
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Event detected in Moore’s Bay 2016 • Since arrays are very small, 
no neutrino detection yet 

• But cosmic rays act as 
proof-of-principle

• Both calibration signals and 
science case itself

Astroparticle Physics 90 (2017) 50-68 



Anna Nelles, TeVPa Berlin, 2018

Cosmic rays
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• Neutrino detectors work in a 
different frequency range than 
cosmic ray radio detectors 

• Broad-band response provides 
opportunities, but new algorithms 
needed

• For example: Combination out 
integral and slope is excellent 
energy estimator 

• Work in progress

Astroparticle Physics 90 (2017) 50-68 
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• Polar ice has a density gradient 
with depth 

• Classically, signals will be bent 
towards higher densities, leading 
to “forbidden” regions  

• Strongly affects effective volume 
of neutrino detectors as certain 
signals will be unable to reach 
detector

transmitter depths

“forbidden”

Signal propagation

!16

JCAP 07(2018)055
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Signal propagation
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275m	towards	
SPICE

ARIANNA

SPICE hole  
650 m

IceCube / IceTop

ARA pulser 
1.3 km

• ARIANNA station at South 
Pole: 

• Use deep pulsers to study 
ice and station 
performance
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800m

ARIANNA station

Measurement campaign 2017/18

Signal propagation

• Excellent angular reconstruction of 
pulse in deep ice 

• Resolution of 0.8 degrees for station 

• Systematic offset likely related to 
station geometry and uncertainties in 
the ice modeling

Pulser
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But … 
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Data Moore’s Bay
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But … 
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• At South Pole, Moore’s 
Bay and Greenland also 
signals observed that 
should be ‘forbidden’ 

• Tentative explanation: 
Ice is layered, not smooth 
gradient as usually 
assumed 

• Density fluctuation lead to 
ray trapping and 
horizontal propagation

“Forbidden”

Data Moore’s Bay
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Data Moore’s Bay
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FIG. 4. The result from the FDTD simulation using a firn model based on ice core data from Alley [8] and a global exponential
fit to all data sets beyond 100 m, described in Section IIA. In the simulation, a dipole transmitter is placed 3 ft. below the
surface of the snow, from which a band-limited impulse between 90-250 MHz propagates through the firn. The color map shows
the maximum vertically-polarized electric field reached over the course of the simulation at each point. Each cross on the color
map indicates a geometry where we placed a receiver at Summit Station relative to the transmitter location, which is set at (0,
-3 ft.) here (see Section IIIA for further discussion). Resulting simulated waveforms (electric field as a function of time) are
shown for the location of each cross and for the location of the transmitter. The relative amplitudes of the waveforms can be
compared.

FIG. 5. Variations on the FDTD simulation in Figure 3. Upper Left: The signal is 200-300 MHz instead of 90-250 MHz.
Upper Right: The transmitter is placed 10 ft. below the surface instead of 3 ft. below. Lower Left: The transmitter is
placed 100 ft. below the surface. Lower Right: The transmitter is placed 300 ft. below the surface. The firn model, based on
neutron scattering data from Hawley [5] is kept the same. The color map shows the maximum vertically-polarized electric field
magnitude reached over the course of the simulation at each point.

FDTD Simulations, C. Deaconu et al.



Anna Nelles, DPG Würzburg, 2018

Detecting neutrinos from
neutron star mergers with ARIANNA

Christian Glaser for the ARIANNA collaboration
Contact: christian.glaser@uci.edu
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Radio Ice Propagation Measurements
Measurement setup 
• transmitting dipole in 20m depth
• receiving LPDA antenna at 500m distance
• according to ray tracing: No direct signal should be seen

Results
• Through-the-air, direct and reflected signal visible 
   → contradicts classical ray tracing
   → significantly enlarges effective volume
• Pulseform and polarization of direct signal changed in 
'horizontal propagation'  
   → challenge+opportunity for neutrino reconstruction

ARIANNA neutrino detector
• Located on the Ross ice shelf in Antarctica
• Sensitive to high energy neutrinos E > 1016 eV
• Measurement of neutrinos by radio emission of 
   in-ice showers via the Askaryan effect
• Small attenuation of O(100 MHz) signals in ice
    → instrumentation of huge volumes at low costs
• Autonomous stations of
    → downward facing antennas → neutrino detection
    → upward facing antennas → cosmic ray detection/veto

Sensitivity to Neutron Star Mergers
• Coincident detection of neutrinos and gravitational waves 
   from neutron star mergers
   → unique chance to probe a source of cosmic rays
   → neutrinos are produced by cosmic rays at the source
   → no deflection of neutrinos by cosmic magnetic fields

• ARIANNA 
   → allows for a basically background free      
       measurement of neutrinos
   → observes the southern sky (2pi)
   → unprecedented sensitivity for E > 1017 eV
   → peak sensitivity at 1017 eV - 1018 eV 
   → complementary to IceCube
   → sensitivity can be enlarged by exploring horizontally
       propagating signals

Array Status
• Pilot array operating successfully
   for several years
• News from this season:
    → 8 channel stations with 4 upward/4 downward facing 
       antennas
    → horizontal cosmic-ray station (sensitive to tau-
        neutrinos escaping from surrounding mountains)
    → 8 channel station installed at South Pole
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Dipole transmitter 20m to LPDA 1 km distance

• Understanding of ice propagation is 
coming together 

• Modeling critical for understanding 
signal propagation

5

FIG. 4. The result from the FDTD simulation using a firn model based on ice core data from Alley [8] and a global exponential
fit to all data sets beyond 100 m, described in Section IIA. In the simulation, a dipole transmitter is placed 3 ft. below the
surface of the snow, from which a band-limited impulse between 90-250 MHz propagates through the firn. The color map shows
the maximum vertically-polarized electric field reached over the course of the simulation at each point. Each cross on the color
map indicates a geometry where we placed a receiver at Summit Station relative to the transmitter location, which is set at (0,
-3 ft.) here (see Section IIIA for further discussion). Resulting simulated waveforms (electric field as a function of time) are
shown for the location of each cross and for the location of the transmitter. The relative amplitudes of the waveforms can be
compared.

FIG. 5. Variations on the FDTD simulation in Figure 3. Upper Left: The signal is 200-300 MHz instead of 90-250 MHz.
Upper Right: The transmitter is placed 10 ft. below the surface instead of 3 ft. below. Lower Left: The transmitter is
placed 100 ft. below the surface. Lower Right: The transmitter is placed 300 ft. below the surface. The firn model, based on
neutron scattering data from Hawley [5] is kept the same. The color map shows the maximum vertically-polarized electric field
magnitude reached over the course of the simulation at each point.

FDTD Simulations, C. Deaconu et al.

JCAP 07(2018)055
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Simulation: NuRadioMC
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ARASim ShelfMC
• Non-modular, very specific to 

location and detector design

NuRadioMC
https://github.com/nu-radio/NuRadioMC

• Modular, python based, open 
source

Event 
Generation

Signal 
Generation

Signal 
Propagation

Detector 
Simulation

• Cross-section 
• Flavor-ratio 
• Arrival direction 
• …

• Phase and 
frequency 

• LPM 
• …

• Realistic ice 
models 

• (analytic) Ray-
tracing 

• …

• Frequency and 
phase response 

• Fully flexible 
station layout 

• …
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Sensitivities to neutrinos
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• Here: 
• 300 stations, South Pole 
• 5 years, 90% uptime 
• 90% analysis efficiency

Scales linearly 
with number of 
stations

• Diffuse flux from cosmic rays and cosmic microwave background

• “Sensitivity a linear function of money” 
• Needs a target sensitivity
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Sensitivities to neutrinos
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• Transient flux from explosive events (here NS-NS merger)

• Radio arrays will have excellent sensitivity to explosive events 
• Already existing arrays, promising sensitivity — uptime a challenge in Antarctica



Anna Nelles, TeVPa Berlin, 2018

Outlook - Large neutrino array
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• Radio detection is a intriguing (new) technique to detect neutrinos of the 
highest energies and solve long-standing questions 

• Emission properties well understood 
• Sufficient previous experiences in building detectors 

• Neutrino community is coming together to propose a large array which 
has discovery potential


