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IceCube Neutrino Observatory

Detector at the South Pole for observing atmospheric and astrophysical neutrinos
Has a cosmic-ray detector setup: IceTop
Consists of ice-Cherenkov tanks that detect the particles from air-showers produced by
cosmic rays
IceCube-Gen2: the planned extension of the IceCube Neutrino Observatory, at the South
Pole
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Enhancement of IceTop

Scintillation detectors
prototype at the South Pole

Antennas
proposed

IceTop tanks
fully operational since 2011

Planned enhancement of IceTop using scintillators (denser array than IceTop)

Possible to have a hybrid setup with the particle detectors and radio antennas

Will help in measuring different components of the cosmic-ray air shower
(electromagnetic and muonic)

We can search for PeV gamma rays from the Galactic Center (by combining the
particle detectors with radio antennas)
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The Galactic Center

H.E.S.S. has seen evidence for the existence of a PeVatron at the center of our galaxy [1]

Extending the TeV gamma ray spectrum to PeV energies

Are PeV gamma rays produced from the Galactic Center? Can we search for them?

1A. Abramowski et al. Acceleration of petaelectronvolt protons in the Galactic Centre. Nature, 531:476, 2016
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Searching for PeVatrons with radio

PeV gamma rays entering the atmosphere
will produce air showers which can be
detected on the ground

The Galactic Center → 61◦ inclination at the
South Pole (always visible)

Difficult to effectively reconstruct such events
using particle detectors

Higher probability to capture such events
with the help of radio detection techniques

Radio signal from inclined shower leaves a
large footprint on the ground
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Simulations of 10 PeV γ-ray showers

Radio simulations (CoREAS) of γ-ray primaries with one antenna per IceTop station
81 antennas with average spacing of 125 m
Emission becomes focused at frequencies above 300 MHz
So far, successful in measuring air showers with energies & 50 PeV with radio
So it is crucial to lower the energy threshold to detect PeV gamma rays

10 PeV γ-rays, zen = 61◦

aswathi.balagopal@kit.edu 6

[arXiv:1601.07426]



Noise at the South Pole

At 30-80 MHz bandwidth, the signal from a 10 PeV shower will get dominated by the
Galactic noise background

Galactic noise model adapted from H.V. Cane[2], thermal noise of ∼ 300K added

Noise temperature can be related to power delivered to the antenna by P = kT δν

Can compare this noise to the simulated signals

2H.V. Cane, MNRAS 189, 465478 (1979)
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Comparison of noise and signal

Comparing the signal in one antenna (shower with E=10 PeV, 61◦) with a random time
trace of noise

At higher frequencies, there is a better chance to see the signal above the noise

SNR = S2

N2 ; S = max of the Hilbert envelope, N = rms noise

SNR > 10 is the typical threshold of ’externally triggered arrays’

30-80 MHz (SNR ≈ 35) 50-350 MHz (SNR ≈ 1055)
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Scanning the frequencies (10 PeV γ-ray, θ = 61◦)

At the Cherenkov (distance:107 m) Outside the Cherenkov (distance:246 m)

Inside the Cherenkov (distance:34 m) SNR map at 100-190 MHz
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Optimal frequency
band: 100-190 MHz

Search for PeVatrons at the
Galactic Center using a
radio air-shower array at
the South Pole
A.Balagopal V., A.Haungs,
T.Huege, F.G.Schröder,
European Physics Journal C
78 (2018) 111



Dependence on the zenith angle

10 PeV γ-rays with different zenith angles: Showers with antennas located at each IceTop
station and with core at the center.

30-80 MHz 100-190 MHz

All antennas where SNR becomes < 10 have been set to white.
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Dependence on azimuth

10 PeV gamma-ray showers of 61◦ inclination

≈ 17% change in the max SNR when the azimuth changes.
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Energy threshold (61◦ γ-ray showers)

Threshold can be lowered to 1 PeV at 100-190 MHz for an antenna spacing of ≈ 125 m

Threshold of detection
Footprint of 1 PeV shower
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Footprint of (61◦ γ-ray showers)

Footprint of a 10 PeV shower Footprint of a 1 PeV shower
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Evolution of the SNR

61◦ γ-ray showers (11 showers for each
energy)

Max.SNR ∝ E2 and Amp ∝ E

≈ 7 % fluctuation in maximum SNR

Ethresh. ∝
√
SNRthresh.
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Prototype studies

Ongoing studies of prototype antenna of SKA-LOW

SKA-LA with a band of 50-350 MHz

Can digitally filter to the optimum band

Has low antenna noise (≈ 40 K)

Talk: Frank Schröder, Tuesday
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Efficiency of detection (61◦ γ-ray showers)

Showers with random core and azimuth within an area of 1km2

Number of showers with SNR > 10 in at least 3 antennas.

Two cases: Low thermal noise (40 K) and larger thermal noise (300 K)

We reach a 100% efficiency at 1.4 PeV (1.1 PeV) for 300K (40 K) noise
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Expected number of events

E−2.3 fit to the H.E.S.S. spectrum
without cut-off, including
attenuation

8 (11) events/year can be detected
by the radio array with thermal
noise of 300 K (40 K)

Will require a gamma-hadron
separation factor of ≈ 10

This is for a point-source senario,
assuming an angular resolution of
0.1◦

For worse resolution or extended
source, will need larger factors
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Summary

IceCube is moving towards the next step with the enhancement of IceTop

Hybrid dection (radio+scintillators+IceTop tanks) improves performance

We can search for PeV gamma rays from the Galactic Center using radio antennas at
100-190 MHz

Utilizing this we can lower the energy threshold down to 1 PeV for gamma rays coming
from a zenith angle of 61◦ (direction of the Galactic Center at the South Pole)

We can expect nearly 10 events in a year

Tests of the prototype SKA antenna at KIT
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Backup
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Comparison with AERA and Tunka-Rex
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Low thermal noise frequency scan

Station at the Cherenkov ring
Optimal frequency band remains the same
Scale of SNR increases
Higher SNR even while extending upper cut-off frequency to larger ranges

Thermal noise = 40 K Thermal noise = 300 K
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Gamma-hadron separation

Contamination for gamma-rays: cosmic rays

For discovery (5σ) need to suppress cosmic rays by a factor of ’Q’ which is the
gamma-hadron separation factor

Nγ > 5

√
NCR

Q

Considering point source scenario with 0.1◦ angular resolution

For 3 years of data above 0.8 PeV: ≈ 24 gamma rays and 289 cosmic-rays → Q ≈ 12

Above 0.8 PeV: ≈ 15 gamma rays and 99 cosmic-rays → Q ≈ 10
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