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Abstract

The geographic South Pole provides unique opportunities to study cosmic particles in the Southern Hemisphere. It

represents an optimal location to deploy large-scale neutrino telescopes in the deep Antarctic ice, such as AMANDA

or IceCube. In both cases, the presence of an array, constructed to observe extensive air showers, enables hybrid

measurements of cosmic rays. While additional neutron monitors can provide information on solar cosmic rays, large

detector arrays, like SPASE or IceTop, allow for precise measurements of cosmic rays with energies above several

100 TeV. In coincidence with the signals recorded in the deep ice, which are mostly due to the high-energy muons

produced in air showers, this hybrid detector setup provides important information about the nature of cosmic rays.

In this review, we will discuss the historical motivation and developments towards measurements of cosmic rays

at the geographic South Pole and highlight recent results reported by the IceCube Collaboration. We will emphasize

the important contributions by Thomas K. Gaisser and his colleagues that ultimately led to the rich Antarctic research

program which today provides crucial insights into cosmic-ray physics.
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1. Introduction

It was early realized that the geographic South Pole

provides opportunities to study cosmic particles in the

Southern Hemisphere. In particular, the very low geo-

magnetic cutoff and high altitude make the South Pole

one of the most attractive locations for studies of the

production of particles in solar flares. Work led by Mar-

tin Pomerantz of the Bartol Institute began there in 1964

following his earlier pioneering activities at McMurdo.

Cosmic ray interactions in the atmosphere produce

large particle cascades, so-called extensive air showers,

and the atmospheric depth at which the maximum of

particles is produced scales logarithmically with the ini-

tial cosmic ray energy. Thus the high altitude at the

South Pole of about 2800 m allows for a low energy

threshold for shower arrays. In the late 1980s, follow-

ing the claim for the detection of PeV gamma rays from

Cygnus X-3, and X-ray binary [1], it was recognised
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that there was value in establishing an air shower ar-

ray at the South Pole site. Accordingly, an air-shower

array, SPASE, was constructed in 1987 to search for

gamma-rays from X-ray binaries and, additionally, for

photons from SN1987A which is optimally located for

study from this location.

Subsequently, the SPASE device was combined with

the burgeoning activity to construct a neutrino detec-

tor with measurements of the mass of cosmic rays be-

ing made using a combination of instruments. In co-

incidence with neutrino detectors deployed in the deep

Antarctic ice, hybrid measurements provide unique in-

formation about extensive air showers initiated by cos-

mic rays with energies above a few 100 TeV. While a

surface array mainly measures the electromagnetic par-

ticle content, as well as low-energy muons in an air

shower, detectors in the deep ice probe high-energy pen-

etrating muons. This hybrid setup provides important

insights into air shower physics and allows to study the

nature of cosmic rays in great detail and, along with

the gamma ray searches, was a particular interest of

Thomas (Tom) Gaisser.
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4. Results from cosmic-ray measurements with the

IceCube Neutrino Observatory

The construction of the IceCube Neutrino Observa-

tory at the South Pole began in 2004, after the first NSF

proposal had been submitted in 1999. Dedicated teams

steadily deployed parts of the detector each year from

November to February until the end of 2010. On De-

cember 18, 2010, just after 6 pm New Zealand time,

the final part of the detector was commissioned and Ice-

Cube was completed, only a decade after the collabo-

ration submitted the first proposal. Ever since, IceCube

is reporting a large variety of exciting science results,

which are discussed below4.

Although the main focus of the detector was the dis-

covery of astrophysical neutrinos, Tom Gaisser played

a major role ensuring that this new detector becomes

a multi-purpose experiment with unique opportunities

to study cosmic rays. In particular, coincident mea-

surements of air showers at the surface and the ac-

companying high-energy muons in the South Pole ice

were of large interest. The concept had already been

successfully shown by the coincident operation of the

AMANDA and SPASE detectors.

4.1. The detector

The IceCube Neutrino Observatory is a cubic-

kilometer detector situated deep in the ice at the geo-

graphic South Pole, at a depth of about 2000 m [40], as

shown in Fig. 5. IceTop, the surface component of Ice-

Cube, is an air-shower array covering the energy range

from about 1014 eV to 1018 eV [41], that is the energy

range between direct measurements with balloons and

satellites and the highest energies covered by experi-

ments like the Telescope Array (TA) and Pierre Auger

Observatory (Auger). Besides serving for the physics of

charged cosmic rays, the surface array is also employed

as veto against cosmic-ray induced background in the

search for astrophysical neutrinos with IceCube [42].

As previously described, Tom Gaisser had a very

strong interest in measurements of cosmic rays with a

surface array operated in coincidence with a deep under-

ground detector. This is reflected in the design of Ice-

Cube in that cosmic-ray physics is performed with the

air-shower array IceTop as well as with the in-ice detec-

tor IceCube, both independently or together in coinci-

dence. While IceTop exploits the air showers, the in-ice

detector provides the detection of high-energy muons or

4This section is mostly based on conference proceedings prepared

by the current authors, in particular Refs. [37–39].

Figure 5: The IceCube Neutrino Observatory [40]. Shown are the in-

ice detector and the surface array IceTop (see text for details).

muon bundles. Coincidence measurements are the par-

ticular strength of IceCube, supplying a powerful han-

dle for the determination of the mass composition and

unique tests for air-shower physics, for example.

4.1.1. IceCube

IceCube’s main component is an array of 86 strings

equipped with 5160 Digital Optical Modules (DOMs)

in a volume of 1 km3 at a depth between 1450 m and

2450 m [40]. Each DOM contains a photomultiplier

tube to record the Cherenkov light of charged particles

that penetrate the ice. In addition, a DOM houses elec-

tronics supplying signal digitization, readout, trigger-

ing, calibration, data transfer, and various control func-

tions. In the central lower part of the detector, a section

called DeepCore is more densely instrumented.

The main purpose of IceCube is the detection of

high-energy neutrinos from astrophysical sources via

the Cherenkov light of charged particles generated in

neutrino interactions in the ice or the rock below the
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Figure 11: Signal distribution of tanks at mean lateral distances of

646 m from the shower axis [60]. The distribution is fitted by a model

containing the muon contribution and backgrounds. The given S125

value corresponds to primary energies near 10 PeV.

the electromagnetic part of the air shower, and the con-

tribution from accidental coincident background hits, as

shown in the figure. This analysis has been developed

in Tom Gaisser’s group at the Bartol Research Institute

and a detailed description can be found in Ref. [60].

Figure 12 shows the muon densities derived from

three years of IceTop data at distances of 600 m and

800 m from the shower core, for primary energies be-

tween 2.5 PeV and 40 PeV and between 9 PeV and

120 PeV, respectively. The data are compared to the

simulated muon densities obtained from three different

hadronic models for proton and iron primaries. The plot

shows that the individual models yield different primary

compositions. This aspect will be further discussed in

the following section.

4.4.2. TeV-muons

The TeV-muon content in air showers can be deter-

mined from the energy losses measured in the ice, sim-

ilar to the analysis of the cosmic-ray mass composition

described in Section 4.3. Therefore, the energy loss of

the muons in a bundle is estimated in segments along

the bundle’s reconstructed trajectory in the ice and is

used as an input to a recurrent neural network layer [61].

The output of this layer is combined with S125 and the

reconstructed zenith angle as an input to a number of

dense layers which return the air-shower energy and the

multiplicity of TeV-muons, Nµ. Further details of this

analysis are described in Ref. [61].

Using this measurement of the muon multiplicity in

the deep ice, the hadronic interaction models Sibyll 2.1,

QGSJet-II.04, and EPOS-LHC (the latter two are post-

LHC models) have been tested by comparing data to

simulations of proton and iron showers [61, 62].

Figure 12: Measured muon density at 600 m (solid circles) and 800 m

(white squares) lateral distance [60]. Error bars indicate the statistical

(mostly smaller than the markers), brackets the systematic uncertainty.

Also shown are the simulated densities for proton and iron.

To compare the measured muon densities to predic-

tions from different hadronic interaction models with

certain cosmic-ray flux assumptions in more detail, one

defines the quantity

z =
ln〈xdata〉 − ln〈xp〉

ln〈xFe〉 − ln〈xp〉
, (4)

where x is the muon content in air showers, e.g., Nµ or

ρµ obtained from data. The quantities xp and xFe are

derived from proton and iron simulations, respectively,

employing one of the hadronic models. Hence, the re-

sulting z-values are model-dependent.

Figure 13 shows the z distributions for primary ener-

gies between 2.5 PeV and 100 PeV for the TeV-muon

content in air showers obtained from data [61], Nµ (bot-

tom), compared to the measurement of the densities

of GeV-muons at 600 and 800 m, ρµ (top), described

in Section 4.4.1. The distributions are shown for the

hadronic interaction models Sibyll 2.1 and EPOS-LHC.

If the models give a realistic description of experimen-

tal data, for GeV- and TeV-muons the z-values at a given

energy should be the same.

However, while the distributions based on Sibyll 2.1

show a reasonable agreement, internal inconsistencies

can be observed within EPOS-LHC (and other post-

LHC models [60, 61]). This is because post-LHC mod-

els predict more GeV-muons than Sibyll 2.1 over the

entire energy range, yielding a very light mass compo-

sition which is not consistent with the measurement de-

scribed in Section 4.3.2 or with any current flux model

that is consistent with experimental data [44, 46, 47].

The predicted multiplicities of TeV-muons, however,

agree between the models within uncertainties.
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Figure 14: High-energy muon energy spectra measured in IceCube,

taken from Ref. [71] (cut-based approach) and Ref. [72] (machine

learning approach). The solid line represents the power law fit from

Eq. (5). Also shown are predictions of the conventional muon flux,

using Sibyll 2.1 as hadronic model and assuming a H3a primary flux,

as well as the best fit ERS prompt flux [70] (see text for details).

based event selection using two years of IceCube data

[71], which was developed in Tom Gaisser’s group at

the Bartol Institute, and a machine learning approach

based on one year of data [72].

Figure 14 shows the resulting muon energy spectra at

surface level (about 690 g/cm2). Within the accuracy of

these analyses, the spectrum can be approximated by a

simple power law of the form

dΦ

dEµ
=

0.86 × 10−10

TeV cm2 sr s

(

Eµ

10 TeV

)−3.76

. (5)

Simulated Monte Carlo predictions are also shown in

Fig. 14 [38], using Sibyll 2.1 [51] as hadronic inter-

action model and the H3a cosmic-ray flux assump-

tion from Ref. [44]. Monte Carlo predictions un-

derestimate the experimental data towards high en-

ergies, which is expected to be caused by a miss-

ing prompt muon component in Sibyll 2.1. As de-

scribed in Ref. [71], this missing component is fit with

multiples of the prompt ERS flux ΦERS [70]. As-

suming an H3a primary flux, the best fit yields a

prompt flux of Φprompt = 4.75 × ΦERS. This estimate

strongly depends on the underlying primary flux and

the corresponding systematic uncertainties are there-

fore very large, ranging from Φprompt = 0.94 × ΦERS to

Φprompt = 6.97 × ΦERS (see Ref. [71] for further details).

However, the non-existence of a prompt muon flux can

not be excluded yet, with statistical significances from

1.52σ up to 5.24σ, depending on the primary flux as-

sumption (see Ref. [71] for details).
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Figure 15: Differential flux of laterally separated muons with energy

above 460 GeV and zenith angle θ ≤ 60◦, obtained from three years

of IceCube data [38]. Also shown is the corresponding Hagedorn fit

of the form of Eq. (7), as well as an exponential and a power law fit

for comparison (see text for details).

4.6. Laterally separated muons

One expects that hadrons with large transverse mo-

mentum, pT & 2 GeV/c, are produced in high-energy

air showers which can subsequently decay into muons.

These muons separate from the shower core while trav-

eling to the ground, forming laterally separated muons

with distances up to several 100 m from the dense core

region. The resulting lateral separation is a direct mea-

sure of the pT of the parent hadron. Experimentally

a transition from soft to hard interactions is observed

in the pT spectrum, which falls off exponentially with

a transition to a power law at approximately 2 GeV/c,

where interactions can be described in the context of

pQCD [74]. This transition should be also visible in the

lateral separation distribution of muons.

The bright muon bundle together with the isolated,

laterally separated muon form a distinct double-track

signature in IceCube [75]. The lateral distance of the

laterally separated muon to the shower core is approxi-

mately given by

dT ≃
pT H

Eµ cos(θ)
, (6)

where pT is the transverse momentum of the muon, Eµ
is the muon energy, θ is the zenith angle direction, and

H is the altitude of hadron production. In IceCube, the

muon bundle in the central core region and the isolated,

laterally separated muon are reconstructed simultane-

ously to obtain the lateral separation. Figure 15 shows

the flux of laterally separated muons on surface level,

obtained from three years of IceCube data [38]. In or-

der to derive the flux at surface level, effective areas ob-

tained from simulations are used. The event selection
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Figure 20: Top: Correlation of measured relative deficit due to the

Sun shadow and average sunspot number. Bottom: Comparison of the

measured relative deficit due to the Sun shadow to the deficit expected

from different models of the solar magnetic field. The models are

described and discussed in detail in Ref. [85].

and Sun shadows, published in Ref. [85], uses seven

years of data at median energies of about 50 to 60 TeV

(the estimate is model dependent). While the moon

shadow is, as expected, consistent with the geometri-

cal lunar-disk model, a time dependence has been ob-

served for the Sun shadow during the time period from

late 2010 until early 2017. This period covers a major

part of solar cycle 24 which began in December 2008

and ended in December 2019. The deficit variation from

year to year is correlated to the average sunspot number

in the respective time period as can clearly be seen in

Fig. 20 (top). The depicted linear fit excludes a constant

deficit with a significance of 6.4σ. In Fig. 20 (bottom)

the measured relative deficit is compared to the expec-

tations from models of the solar magnetic field. Both

models predict a weakening of the shadow in times of

high solar activity as it is also visible in the data (see

details in Ref. [85]).

4.10. IceTop: hybrid detector enhancement

Currently, an enhancement program for the surface

array is actively pursued to further improve the cosmic-
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Figure 21: Layout of the new scintillator-radio array comprised of 32

detector stations [87]. Also shown are the locations of the existing

IceTop tanks and IceCube strings.

ray science program at the South Pole [86–89]. Detec-

tors of various, complementary types are added to the

existing array of IceTop tanks:

• scintillator panels,

• radio antennas,

• and Cherenkov telescopes.

The proposed array layout of scintillator panels and

radio antennas is shown in Fig. 21 with the existing ar-

ray, IceTop, and the IceCube strings. It is comprised of

32 stations, each station consists of 8 scintillation pan-

els arranged in pairs, one pair at the center of the station

where the local data-acquisition is located, and three

pairs at around 70 m distance from the center. In ad-

dition, three radio antennas with two polarization chan-

nels each will be deployed in 35 m distance to the cen-

ter. Currently, a prototype station of scintillator panels

and radio antennas [87], as well as two Cherenkov tele-

scopes [90], are already operating at the South Pole.

With this surface detector enhancement, the follow-

ing improvements for cosmic-ray physics with IceCube

should be achieved within the next decade [91, 92]:

• reduction of systematic uncertainties due to snow

coverage of the tanks (antennas and scintillators

are elevated to avoid snow coverage),

• refinement of the cosmic-ray veto for neutrino

searches (denser hybrid array),
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• adding complementary measurements for compo-

sition determinations, like the shower maximum

with radio measurements [93],

• opening the path towards a mass-dependent mea-

surement of the cosmic-ray anisotropy,

• making searches for PeV gamma-rays more com-

petitive (until now only upper limits could be

given [94]),

• adding more and complementary input for tuning

hadronic interaction models.

Furthermore, the surface enhancement also serves as

a prototype for the surface array planned for the fu-

ture extension IceCube-Gen2 [95–97], which will have

an approximately 8 km2 surface coverage. This next-

generation observatory will collect high-quality data

with unprecedented statistics and thereby continue the

longstanding Antarctic science program to further im-

prove our understanding of high-energy cosmic rays.

5. Concluding remarks

Over more than five decades, a variety of experi-

ments at the South Pole have provided important infor-

mation on the nature and origin of cosmic rays. Since

the 1950s, neutron monitors provide ground-based mea-

surements of solar cosmic rays in the few GeV energy

regime by detecting the hadronic component of the at-

mospheric cascade, allowing detailed studies of the Sun

and its influence on the heliosphere, as well as the geo-

magnetic field. With strong contributions from the Bar-

tol Research Institute the first detector in Antarctica was

established in 1960 at McMurdo Station which was re-

located to the South Pole in 1964.

The idea of constructing a high-energy air-shower ar-

ray at the South Pole was first considered in the early

1980s by Michael Hillas and others. The high elevation

allows for a low energy threshold for large air-shower

arrays. In mid-1986, a Bartol-Leeds collaboration was

formed with major contributions from Tom Gaisser and

his group to operate the SPASE air-shower array with

deployment beginning in late 1987. In addition, a string

with four optical sensors was deployed at a depth of

800 m near the center of the SPASE-1 array. This hy-

brid setup successfully allowed for the observation of

coincidences of muons in the deep ice with air showers

detected at the surface. A comparison of the observed

muon coincidence rates with the expected rates obtained

from simulations provided an indirect measurement of

the ice transparency, demonstrating the feasibility of

cosmic neutrino detection in the Antarctic ice.

These observations motivated the construction of

AMANDA-A at depths between 800 and 1000 m which

obtained first results in 1994. It was realized that the

transparency of the ice improves with depth. This lead

to the construction of AMANDA-B at deeper depths,

between 1520 and 1900 m, and SPASE-II. The main

result from the analysis of coincident data was a mea-

surement of the mean mass composition of cosmic rays

with energies between 500 TeV and 5 PeV. These obser-

vations laid the foundations for the construction of the

IceCube Neutrino Observatory which started in 2004.

IceCube has demonstrated the strong scientific ca-

pabilities of a hybrid, large-scale particle detector at

the South Pole. The main focus of the detector is

the discovery and measurement of astrophysical neu-

trinos. However, the successful coincident operation

of the AMANDA and SPASE detectors has shown the

large potential for cosmic-ray physics.

The Bartol group under the leadership of Tom Gaisser

played a crucial role in the development and realization

of the cosmic-ray program of the IceCube collaboration.

In particular, the opportunity for coincident measure-

ments of air showers at the surface and muons in the

deep ice was of large interest. It enables analyses of the

mass composition of cosmic rays from a few PeV up

to around 1 EeV, for example, providing important in-

formation on the nature of Galactic cosmic rays. In ad-

dition, measurements of GeV-muons at the surface and

TeV-muons in the deep ice provide unique information

on particle production in air showers.

Studies of the arrival direction of high-energy muons

enable measurements of the cosmic-ray anisotropy in

the Southern Hemisphere with large statistics over a

wide energy range. These analyses provide the dipole

amplitude and phase, as well as a measurement of the

small scale structures of the observed anisotropy. Stud-

ies of the correlations of the observed structures with

features of the interstellar magnetic field yield important

information about the potential sources and propagation

of cosmic rays.

Motivated by the successful operation of the IceCube

Neutrino Observatory for more than a decade, with a

large variety of important science results, an upgrade of

the existing detector is currently in progress. This in-

cludes an enhancement for the surface array which will

further improve cosmic-ray measurements at the South

Pole. The upgrade of the IceCube Observatory will

continue the longstanding Antarctic science program

and promises an exciting scientific future. Thereby,

the existing and future measurements at the South Pole

will continue the ground-breaking research conveyed by

Tom K. Gaisser and his colleagues.
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