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Ultra-high energy (UHE) neutrinos, with energies exceeding 1017 eV, offer unique insights into
cosmic accelerators and the origins of ultra-high energy cosmic rays. The Askaryan Radio
Array (ARA) is designed to detect UHE neutrinos by capturing radio signals generated by their
interactions within Antarctic ice. Observations from the South Pole Ice Core Experiment (SPICE)
pulsing campaign revealed unexpected polarization effects in detected radio pulses transmitted
through polar ice. This paper explores the impact of biaxial birefringence in South Pole ice on the
polarization of SPICE pulses. We present a model that accounts for biaxial birefringence effects,
showing how signal polarization can rotate during propagation through the ice. We show that the
biaxial birefringence model can potentially explain the unexpected polarization results observed
in SPICE data and highlight the need to validate the model to enhance future analyses and detector
designs.
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1. Introduction

Ultra-high energy (UHE) neutrinos (𝐸𝜈 ≥ 1017 eV) are a decisive missing piece in the field of
multi-messenger astrophysics. Recent achievements in this field include the discovery of a high-
energy astrophysical neutrino flux reaching up to 10 PeV, the first detection of gravitational waves,
and the precise measurement of cosmic rays and gamma rays at their largest detectable energy
limits [1, 2]. UHE neutrinos could reveal the nature of cosmic accelerators that generate cosmic
rays exceeding 1020 eV.

UHE neutrinos likely originate from both astrophysical sources through hadronic processes
and from interactions like the Greisen-Zatsepin-Kuzmin (GZK) effect, where extragalactic cosmic
rays with energies above 1019.5 eV interact with the cosmic microwave background within tens of
Mpc of their origin [3, 4]. Therefore, these neutrinos would point close to the cosmic ray production
site. Unlike cosmic rays and high-energy photons, neutrinos are not deflected or absorbed, making
them ideal for tracing the most energetic cosmic accelerators.

When neutrinos interact in a dense medium like ice, they produce a radio pulse through the
Askaryan effect, a form of coherent Cherenkov radiation at radio frequencies [5, 6]. Experiments
such as the Askaryan Radio Array (ARA) shown in Figure 1, use radio antennas at polar ice sheets
to detect these signals [7–9]. Since radio waves can travel distances of kilometers in ice due to their
long attenuation length, understanding ice effects on signal propagation over these distance scales
is crucial. In particular, analyzing signal polarization is essential for determining the incoming
direction of UHE neutrinos and identifying their sources.

In this paper, we first describe the South Pole Ice Core Experiment (SPICE) and its role in
studying radio signal propagation in ice (Section 2). We then discuss biaxial birefringence in South
Pole ice (Section 3). Following this, we present a model for biaxial birefringence applied to ARA
and compare simulated results with experimental data (Section 4). Finally, we discuss our findings
and implications for UHE neutrino detection and future research (Section 5).

Figure 1: (Left) Layout of ARA array relative to IceCube and the South Pole. (Right) Layout of an ARA
station. FO is a fiber-optic transmitter.
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2. The South Pole Ice Core Experiment

The South Pole Ice Core Experiment (SPICE) calibration system enabled the study of radio
signals propagating kilometer-scale distances by generating a unique dataset of impulsive signals
with both transmitters and receivers embedded within the ice. As depicted in Figure 2, the ARA
and ARIANNA in-ice neutrino experiments detected SPICE radiofrequency impulses as far as 4
km away. Five ARA stations (A1-A5) recorded these pulses at depths of 100 to 200 meters, while
two ARIANNA stations detected them just below the surface.

Figure 2: Layout of SPICE, the five ARA stations, the ARIANNA South Pole station, and IceCube.

Both ARA and ARIANNA observed unexpected polarization effects in the SPICE pulses.
Although the SPICE pulses were primarily transmitted with vertical polarization (Vpol), they often
exhibited greater-than-expected power in the horizontal polarization (Hpol), and in some cases,
the horizontal polarization showed more power than the original polarization. Additionally, the
relationship between the observed signal polarization and the receiver positions did not follow
consistent patters [10, 11].

3. Biaxial Birefringence

3.1 Electromagnetism in biaxal birefringent crystals

Birefringent crystals are anisotropic media where the propagation of electromagnetic radiation
depends on its direction and polarization due to properties of one or more axes within the crystal. A
biaxial birefringent crystal has symmetry about two axes and is characterized by three parameters
measured along three perpendicular directions. South Pole ice is believed to behave as a biaxially
birefringent medium at radio frequencies, influenced by two key axes: 1) the vertical axis, shaped
by compression, and 2) the horizontal plane, shaped by the direction of ice flow [12].

In a biaxially birefringent crystal, a wave vector k produces not just one, but two distinct rays,
each traveling with a different refractive index. These rays are associated with polarization —or
displacement— eigenvectors D1 and D2, such that D1 × D2 = k. To determine D1 and D2, we
consider the three medium parameters, called principal axes: 𝑛𝛼, 𝑛𝛽 , and 𝑛𝛾 . These parameters,
which vary with depth at the South Pole (see Figure 3), define the three perpendicular semi-axes
of an ellipsoid known as the "indicatrix", with the 𝛼-axis aligned with ice flow and the 𝛾-axis with
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Figure 3: Principal axes reported by Voigt [13] and used by Connolly [12]

compression. The intersection of the signal’s wavefront, perpendicular to k, with the indicatrix
forms an ellipse. The directions of D1 and D2 align with the major and minor axes of this ellipse, and
the lengths of these axes correspond to the refractive indices experienced by the two rays. This is
illustrated in Figure 4, where the D1 and D2 are aligned with 3 o’clock and 12 o’clock, respectively.
The 12 o‘clock direction is perpendicular to k and in the plane of k and the 𝛾-axis.

Figure 4: (Left) Illustration of an indicatrix. We show an ellipse representing the intersection of a wavefront
and its wave vector k with the indicatrix. (Right) Example of an intersection ellipse with D1 and D2 aligned
along 3 o’clock and 12 o’clock, respectively.

3.2 Modeling biaxial birefringence for ARA

The direction of propagation and refractive index of radio signals change as they travel. To
account for this, we divide the propagation into N small incremental steps, assuming these quantities
are constant within each step. We calculate the signal trajectory without considering birefringence
effects. The time delay between eigenstates D1 and D2 at the receiver position is given by

𝑇 =

𝑁∑︁
𝑖=1

Δ𝑙𝑖

𝑐
(𝑛2𝑖 − 𝑛1𝑖) (1)
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where 𝑐 is the speed of light in vacuum, Δ𝑙𝑖 denotes the distance between the points 𝑖 and
𝑖 − 1 along the ray path, and 𝑛1𝑖 and 𝑛2𝑖 are the refractive indices experienced by D1 and D2 at
point 𝑖, respectively. In this model, we assume that the polarization eigenvectors change direction
adiabatically due to gradual variations in the local indicatrix (𝑛𝛼 (𝑧), 𝑛𝛽 (𝑧), 𝑛𝛾 (𝑧)) and the direction
of k. As a result, the polarization angle of a radio signal Ψ, measured from 12 o’clock, rotates
as the signal travels from the transmitter (Tx) to the receiver (Rx). This process is conceptually
illustrated in Figure 5.

Figure 5: Illustration of the initial polarization vector Di rotating from the transmitter to the receiver
—becoming final polarization vector Df— and making a polarization angle Ψ from 12 o’clock.

Figure 6: Simulated SPICE pulse from a depth of 1600 m detected by a pair of Vpol and Hpol channels of
A4 with (right) and without (left) effects of biaxial birefringence. We subtracted ambient noise and applied
channel-specific antenna and detector responses to the signals.

4. Results

4.1 The SPICE pulser polarization: simulations and data

We implemented this birefringence model in AraSim [14], which simulates signal generation,
propagation and attenuation, ambient noise, and the response of the ARA detectors. We simulated
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pulser signals transmitted from SPICE to ARA stations A2 and A4. Station A2 is aligned perpen-
dicular to the ice flow, while station A4 is parallel, representing the two directions of interest. Figure
6 displays waveforms of simulated pulses emitted from SPICE at a depth of 1600 m and detected
by antennas (channels) of A4 sensitive to Vpol and Hpol. Here, Vpol and Hpol signals correspond
to D aligned with 12 o’clock and 3 o’clock, respectively. These simulated pulses are emitted with
vertical polarization and are detected only the Vpol channels when biaxial birefringence is not
considered. However, including biaxial birefringence effects results in detection by Hpol channels,
indicating signal rotation.

Figure 7: Comparison of predicted (dashed lines) and simulated (solid-banded lines) polarization angles
Ψreco as a function of depth for SPICE pulses detected by A2 (orange) and A4 (blue). The bands around solid
lines represent 1𝜎 statistical uncertainties in polarization reconstruction due to noise in the waveforms.

To test our model implementation, we compared model predictions to simulated polarization
angles Ψ as a function of depth for SPICE pulses detected by A2 and A4 (See Figure 7). We used
the polarization reconstruction method described by Flaherty [15] on simulated waveforms. The
model prediction and reconstructed polarization angle for A2 match within a systematic offset of
about 4◦ due to noise on waveforms. This is known to occur for polarization angles Ψ < 10◦ or Ψ
> 80◦ [15]. For A4, where the predicted polarization angles are within 10◦ < Ψ < 80◦ for all pulser
depths, discrepancies cannot be explained by systematic noise offsets and are currently under study.
Figure 8 shows preliminary results of polarization reconstruction on data from the SPICE pulsing
campaign for additional comparison.

4.2 Systematic uncertainties of the model

The biaxial birefringence model used in this work assumes that the indicatrix has its 𝛾-axis
vertical and the 𝛼-axis aligned with the direction of ice flow. However, measurements from other
sites suggest deviations up to or exceeding 10◦, which likely also applicable at the South Pole. For
example, Jordan et al. [16] found the 𝛽-axis at the North Greenland Eemian Ice Drilling (NEEM)
site is up to 25◦ away from its expected direction perpendicular to ice flow. We denote the angle that
the 𝛼-axis makes with the direction of ice flow as 𝜙. Also, the tilt angles that the 𝛾-axis makes with
the vertical direction, which we will describe by 𝜃 and 𝛾, can be obtained from either measurements
of ice cores or radar measurements. For example, J. Li et al. [17] used multi-polarization radar
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Figure 8: Preliminary results on reconstrcuted polarization angles Ψ as a function of pulser depth from runs
of the High Voltage Sparking Pulser during the SPICE campaign [10].

measurements at the North Greenlad Eemian Ice Drilling (NEEM) site to ascertain a tilt angle of
9.6◦ from the vertical axis.

Figure 9: Model predictions of the polarization angle Ψreco as a function of depth for SPICE pulses detected
by A4 assuming rotations of ±10◦ around the 𝛼, 𝛽, and 𝛾-axes (x, y, and z-axes).

In Figure 9, we show model predictions for the polarization angle Ψreco for SPICE pulses
detected by A4 assuming rotations of ±10◦ around the 𝛼, 𝛽, and 𝛾-axes (or x, y, and z-axes,
respectively). In Figure 10, we explore variations in predictions by rotating around the 𝛽-axis (or
y-axis) by up to ±25◦. The variations in the predictions suggest that adjusting 𝜙, 𝜃, and 𝛾 could
potentially fit the qualitative shape of Ψreco observed in the SPICE data.

5. Conclusion

Biaxial birefringence of South Pole ice might explain the unexpected polarization results of the
SPICE pulser. A model incorporating biaxial birefringence, based on principal axes measurements
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Figure 10: Model predictions of the polarization angle Ψ𝑟𝑒𝑐𝑜 as a function of depth for SPICE pulses
detected by A4 by rotating around the 𝛽-axis (or y-axis) by up to ±25◦.

at the SPICE location, allows for polarization rotation during signal propagation. Accurate po-
larization reconstruction at the neutrino interaction vertex is needed for determining the incoming
direction of UHE neutrinos. The model’s parameters 𝑛𝛼, 𝑛𝛽 , and 𝑛𝛾 are reported under the assump-
tion of perfect alignment with ice flow, cross-ice flow, and vertical directions. Rotations of ±10◦

around the 𝛼, 𝛽 and 𝛾 axes, motivated by glaciology studies, can significantly affect polarization
predictions. Furthermore, rotations of up to±25◦ can lead to more significant variations, potentially
allowing for the shape of Ψreco from SPICE data to be matched by fitting 𝜙, 𝜃, and 𝛾.

Our ongoing and future work includes validating this biaxial birefringence model, using it to
enable point source neutrino searches, developing new signal/background separation metrics for
diffuse analyses, and optimizing antenna and detector array layouts accounting for birefringence
effects. This is important for advancing UHE neutrino searches and ensuring robust astrophysical
analyses upon UHE neutrino detection.
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