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The SKA-Low radio telescope comprising nearly 60,000 antennas in a core region of 1km
diameter, is currently being constructed in Australia. With a number of antennas two orders
of magnitude larger than LOFAR, it is a promising next-generation instrument for cosmic-ray
detection and precision measurements, operating by the same principles as LOFAR.

To fully make use of the capabilities, the shower analysis and reconstruction methods need to
be refined beyond what was used at LOFAR, and multiple avenues are being pursued to this
end. Here we present first results on a template-matching reconstruction method for air shower
parameters like the depth of shower maximum Xp,,«, aiming to use the information in the complete
traces of the measured signals rather than only taking their energy fluence. Matching the timings
allows for coherent addition of the filtered pulse traces very similar to beamforming, increasing
the signal-to-noise ratios. With so many antennas, coherent beamforming lowers the detection
threshold to about 1 to 3 PeV of primary energy. This is a considerable step from roughly 50 PeV
for methods based on single-antenna signals, thus opening up a new cosmic-ray energy range to
be measured with radio antennas.
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1. Introduction

Measuring radio emission of cosmic-ray air showers has allowed to infer the depth of shower
maximum Xp,ax to an accuracy better than 20 g/ cm? at LOFAR [, 2], and is expected to achieve
even better accuracy at SKA-Low [3].

So far, the main method has been based on measuring the total energy fluence in the voltage
traces at each antenna, and performing a chi-squared fit between simulated and measured energy
fluences. This method, first described by Buitink in 2014 [4] is still not easily surpassed, as total
energy fluence is relatively robust against e.g. small errors in models of the antenna or the signal
chain.

However, with the SKA-Low telescope being under construction and a considerable cosmic-
ray detection program being prepared [5], the potential to go beyond energy fluence and use the
entire measured traces becomes only more important to pursue. Using full measured traces would
allow (a) to use all information the data provides, and (b) to use coherent sums or beamforming,
combining antennas to measure lower-energy cosmic rays.

In this paper we explore a method inspired by gravitational wave analysis, namely femplate
matching and matched filtering [6—8], which has been used as their primary technique. Their
measurement challenge, like cosmic ray radio detection, also includes analyzing short pulses in a
noisy background while achieving an optimal signal-to-noise ratio.

2. Method

The central quantity for a full template-matching method is the noise-weighted inner product
between two antenna traces, defined as [6]

_ [T AWNB(S)

for traces a(r) and b(r) with respective Fourier transforms A(f) and B(f), and the noise power
spectrum S, (f) '. This amounts to a cross-correlation between traces a and b, with a weighting
by the noise power spectrum. Typically we compare model (simulated) traces to data traces for the
same antenna position.

For an entire array of antennas, we can generalize the trace inner product to an array inner
product by summation:

((h,xyy = > (hiyxi), @)

yielding one inner product for a set of simulated traces, i.e. a template denoted by h, versus a set
of data traces denoted by x. In what follows we will write the array inner product using single
brackets. In general, there will be an unknown global time shift between all model traces and all
data traces. To estimate and take this out, one sums all the integrands in Eq. 1 and takes an inverse
Fourier transform to obtain the coherently added trace, the maximum of which defines the inner
product,
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'We have omitted a scale factor that will cancel out whenever using ratios of inner products such as in Eqs. 4 and 5
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Importantly, when the pulse arrival times in the simulation template matches with those in the data
(up to one global time shift), the inner product traces will all line up in time, and coherent addition
will give a boost in signal-to-noise ratio proportional to v/Ng,. This is a key motivation to use full
antenna traces, to be able to measure lower-energy cosmic rays.

The better the model traces /; match the corresponding data traces x;, the higher the value of
the inner product. To use this as a test statistic to be maximized over all simulated templates, we
need to divide by the norm of the model template, and optionally by the norm of the data, to obtain

(h,x)

Vi, 1) (x,x)

a form very similar to a normalized cross-correlation. It reaches a value of 1 for a perfect match with

T = (4)

noiseless data. In practice, the maximum will be between 0 and 1. Note that within the template,
individual traces are not normalized, i.e. are used with their original amplitude.

In general there is an unknown amplitude scale factor between model and data traces, that can
be used as an estimate for electromagnetic or primary energy, together with the known values in the
simulation. The test statistic T is already invariant to a scale factor added to 4. The scale factor is
estimated as
(B, x)

A= hy

)

The coherent sum, or beamformed trace, is computed from Eq. 3 without taking the maximum.
Using a well-matching template including the original amplitudes per trace ensures that the signal-
to-noise ratio of this sum trace is optimal, which is important when measuring faint signals from
relatively low-energy cosmic rays or gamma rays. Moreover, no arbitrary amplitude or core distance
cutoff is needed, as the decaying amplitudes in the simulated traces automatically suppress near-zero
amplitude signals, in a way that is optimal for the final signal-to-noise ratio.

To produce an Xy,,x estimate, we arrange the values of test statistic 7" for all simulation templates
in a plot versus their Xpx, and fit a parabola near its highest value, in the same way as was done for
fluence )(z—values at LOFAR [1, 2, 4] and simulations for SKA [3].

A full trace matching method requires the simulated traces at the locations of the antennas
in data. We use traces produced on a polar grid (‘star shape’) with CoOREAS [9], and the trace
interpolator [10] that is part of the NuRadioMC event analysis framework [11].

Moreover, a core position needs to be known or assumed. In general, one has to fit the core
position, repeating the trace interpolation and template matching for each trial core position. This is
time consuming and can be approximated, especially when primary energy and thus signal-to-noise
ratios are high. Then, using a subset of the array, or the energy fluence method [3] can yield a
faster core estimate. A similar issue is the direction fit. For strong events, we have fast methods
including wavefront fits [12, 13]. For the weakest events, where template matching or beamforming
is needed, the template’s shower plane can be adjusted, varying the arrival timings accordingly, to
obtain a best fit. For this first demonstration, the core and direction are taken as their exact values
in simulation.
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3. Results

3.1 Simulation setup

We use the simulated ensemble also used for SKA Xp,.x analysis based on energy fluence in
[3]. It consists of 140 showers from due East, zenith angle 30 deg, in a mixture of 5 elements (H,
He, C, Si, Fe), at a primary energy of 10'7 eV. We use NuRadioMC [11] and the preliminary SKA
antenna layout to create mock data events from each simulated shower, i.e. applying the SKALA4
antenna model to obtain voltage traces, and adding Galactic noise. We have decimated the number
of antennas by a factor 4, in line with the expected available subset of antennas with transient
buffering.

Lower primary energies are simulated by scaling the radio traces before adding noise. Recon-
struction of X, and primary energy is done by applying full template matching of the 139 other
simulated showers to the data shower, taking the amplitude scale factor from Eq. 5 as a proxy for
primary energy.

3.2 Coherent sum trace and signal-to-noise ratio

The coherent sum traces are shown in Fig. | for primary energies 10'7, 10'%, and 10'5 eV
as well as the ‘ideal’ coherent sum of the corresponding simulation template matched with itself.
Given the number of antennas with significant signal, on the order of 3000, the sum trace from a
10'7 ev shower is effectively nearly noiseless. Even a 1 PeV shower achieves an SNR around 12.
This may prove essential for the low end of the detectable energy range, such as PeV gamma rays
[14].

The coherent sum trace can be compared to the ideal, noiseless trace, as is done in gravitational
wave analysis as well, i.e. goodness of fit tests. More to the point of a radio array of many antennas,
it can be used to detect imperfections in the antenna model and electronic characteristics. The very
high SNR at common primary energies of above 10!” eV allows to take accurate power and phase
spectra in many events. A common unaccounted electronics filter transfers directly to the coherent
sum spectrum. The antenna model is a bit more subtle as it depends on E-field signal polarization,
but it should be possible for a common missed filter in the Jones matrix to be modeled and inferred
as well.

3.3 Reconstruction of X,

An example reconstruction of Xp,x is shown in Fig. 2. The data points are the inner product
values computed from Egs. 3 and 4, with each of the 139 model showers matched to the data shower.
The optimum was found using the same procedure as used for LOFAR chi-squared fitting, with the
opposite sign for the parabola.

3.4 Statistics on reconstruction of X,,x and amplitude scale factor

Using each of the simulated showers in turn as data shower, we can accumulate statistics on
the reconstruction accuracy of Xp.x and primary energy (via amplitude scale factor), under the
idealizations in the simulation setup. These are: known core position, known direction, known
antenna model, and no timing calibration imperfections. A full error analysis including all these
error sources is deferred to a future analysis.
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Figure 1: The coherent sum trace, matching the best-fitting simulation to the (mock) data shower, for a
primary energy of 10'7 eV (upper left), 10! eV (upper right), 10! eV (lower left), and the ideal noiseless

trace (lower right).
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Figure 2: The normalized inner product values for the 139 model showers matched with an example ‘data’
shower, used to reconstruct Xp.c. Primary energy for this example is 10'eV. The right panel shows a
close-up near the optimum.
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Primary log-energy 16.0, Xmax stddev = 7.45, Xmax bias = -0.18 +/- 0.66 g/cm2
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Figure 3: Reconstruction errors for Xy,x for primary energy 10'% eV (left) and 10'3-3 eV (right), per shower.
Standard deviations are 7.5 and 11.3 g/cm? respectively.
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Figure 4: Overall statistics of Xmax and primary energy reconstruction, versus primary energy (amplitude-
scaled showers). Both are bias-free within standard errors, down to a threshold below 10153 eV,

In Fig. 3 the Xax reconstruction errors are shown for all showers, for primary energies 10! eV
and 103 eV. The same set of showers was used for each primary energy, which was varied by
amplitude scaling. This is visible in the similar patterns of errors versus Xpyax. The density of
simulated showers is lower towards the high-Xp,.x tail, which possibly influences the larger errors
there. In a real data reconstruction, one would adapt the simulated Xp,,x range to an initial estimate.

Aggregate statistics for Xp.x and energy scale factor versus primary energy are shown in
Fig. 4. For these, the showers with the lowest and highest 5 Xp,,x values were discarded. The bias,
found from the overall average of reconstructed minus true Xy, is found to be zero within its
standard error. Only at the lowest energy of 1 PeV, the precision deteriorates and some bias may
arise. Precision naturally improves with primary energy and thus signal-to-noise ratio, but reaches a
plateau already near 10'6 eV. This is a known effect, also seen in fluence-based SKA reconstructions
[3] that reflects an intrinsic limit due to shower-to-shower fluctuations from variables independent
of Xmax. Examples of these are the longitudinal evolution parameters L and R [15, 16].
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4. Discussion

We have presented a shower reconstruction method based on entire voltage traces, that can be
used for Xpax, primary energy (via radio amplitude scale factor) and other shower quantities. By
making use of matched filtering and full template matching, with the set of traces for an entire
simulated shower as templates, we obtain an optimal signal-to-noise ratio.

The main benefit of such a method is in reconstructing low-energy showers, including for
instance possible PeV gamma-ray showers. It includes all information in the traces, and requires
no ad hoc parameters such as amplitude or core distance thresholds. This comes at a cost of being
much more computationally expensive. This is well manageable in the presented method, but when
core and direction have to be fitted simultaneously, approximations will be needed.

Also, compared to the fluence-based method, using full traces is more sensitive to imperfections
in the antenna and signal chain models, and the timing calibration. This is however both a challenge
and an opportunity, because the coherent sum traces as shown in Fig. 1 can be compared to the
ideal sum trace, allowing to infer model imperfections from its spectrum. Future steps towards a
method suitable for practical, real-data reconstructions include core and direction fitting, as well as
an error analysis from such model imperfections, including inferring them from high-SNR data as
well as possible.
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