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The current generation of air shower radio arrays has demonstrated that the atmospheric depth of
the shower maximum Xp,x can be reconstructed with high accuracy. These experiments are now
contributing to mass composition studies in the energy range where a transition from galactic to
extragalactic cosmic-ray sources is expected. However, we are still far away from an unambiguous
interpretation of the data. Here we propose to use radio measurements to derive a new type of
constraint on the mass composition, by reconstructing the shower length L.

The low-frequency part of the Square Kilometer Array will have an extremely high antenna density
of roughly 60.000 antennas within one square kilometer, and is the perfect site for high-resolution
studies of air showers. In this contribution, we discuss the impact of being able to reconstruct L,
and the unique contribution that SKA can make to cosmic-ray science.
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1. Introduction

The low-frequency part of the Square Kilometre Array [1] will have roughly 60,000 antennas
within an area of one square kilometer. The antennas are omni-directional and have a large
bandwidth of 50 — 350 MHz. This makes the SKA a unique site for radio detection of air showers.
While the antenna density of LOFAR [2] is large within the circular antenna fields, there are
also large gaps between those stations. At the SKA, on the other hand, the radio footprint will be
homogeneously sampled with thousands of antennas. Such extremely high-resolution measurements
offer new reconstruction possibilities that can contribute to cosmic-ray source identification.

The size of the SKA determines the upper limit on the cosmic-ray energy at ~ 10'® eV. At
lower energies, the strength of the radio signal is the limiting factor. The design and antenna density
of SKA allows for a considerable gain in sensitivity by using beamforming. We estimate that the
lower energy range will lie around 10'® eV. This part of the cosmic-ray spectrum, between the
knee and ankle, is very complex. It is likely to contain the transition from Galactic to extra-galactic
origin. Moreover, it may contain a secondary Galactic component consisting of cosmic-rays that are
re-accelerated at the Galactic termination shock or that gain their energy in the strongly magnetized
shocks of Wolf-Rayet supernova’s [3].

Determining the cosmic-ray mass composition is key to understanding the astrophysics between
the knee and ankle. This needs to be measured with high accuracy as some models predict transitions
between elements of similar masses. For example, in scenarios featuring helium-rich Wolf-Rayet
stars, the transition from Galactic to extra-galactic flux is marked by a change from a helium to
proton dominated flux [3]. The observational challenge is made even larger by the uncertainties
in hadronic interaction models. Available models predict different relations between the primary
cosmic-ray mass and the average Xnax of the showers they will generate.

The extremely high antenna density of SKA allows reconstruction of air showers in unprece-
dented detail. From Monte Carlo studies [4] it is already clear that traditional radio reconstruction
methods will yield a precision of 6 — 8 g/cm? on Xpax and 3% on primary energy. However, the true
potential of cosmic-ray science with SKA can only be understood by developing new analysis ideas
that allow us to extract more information from the air showers. Here, we argue that reconstruction
of the shower length L is a powerful way to determine the proton fraction of the cosmic-ray flux.

2. Parametrization of the longitudinal development

Several parametrizations exist to describe the longitudinal development of air showers. Here
we use [5]:

X = Ximax R w2
N(X) = eXp (_T) (1 - Z (X - Xmax)) , (1)

where N is the number of particles in the shower, and X is the traversed depth in the atmosphere
in g/cm?. The parameter L scales with the width of the profile and is a measure for the length of
the shower, while R is a measure for the asymmetry in the profile shape before and after the shower
maximum.
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Figure 1: Each dot represents a simulated shower that is fitted to LOFAR data. The reduced y? of the fit
is plotted against X, of the simulated shower. In the LOFAR shower reconstruction such plots are used to
reconstruct Xpax by fitting a lower envelope parabola. For this event, a strong scatter is observed. The color
coding demonstrates that this scatter is primarily the result of different values for L.

The Pierre Auger Observatory has performed a measurement of the average L and R for a large
set of showers based on the fluorescence technique [6]. There are now several indications that it is
possible to use radio observations to reconstruct L for individual showers.

The first indication comes from LOFAR data. To reconstruct Xp,x, the radio emission profiles
of a large set of simulated showers are fitted to the data [7]. Figure 1 shows that the reduced y? of
the fit critically depends on both Xp,,x and L. Reconstructing both parameters would require a much
larger set of simulations, which are very computationally expensive. Future analysis possibilities
will critically depend on the development of faster simulation techniques, such as the template
synthesis method [8].

The second indication comes from CORSIKA/CoREAS simulations for the SKA [9, 10]. First
results show that it is indeed possible to simultaneously reconstruct Xp,.x and additional information
on the longitudinal development of the shower [4]. In particular, it has been shown that the most
sensitive parameter after Xp,x is a linear combination of L and R . It should be noted that this result
is from a first exploration of the possibilities and there is ample room for improvement: the optimal
reconstruction techniques have yet to be determined.

In the remainder of this contribution, we will investigate the impact of measurements of L
on constraining the mass composition. We assume that SKA will be able to reconstruct L with a
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Figure 2: Results from CONEX simulations. Average Xmax, R, and L as a function of primary element for
different hadronic interaction models.

resolution of ~ 10 g/cm? [4].

3. CONEX simulations

We have set up CONEX simulations at three energies (10'® eV, 10!7 eV, 10'8 eV) for three
hadronic interaction models (EPOS-LHC, QGSJETII-04, and Sibyll 2.3d), and five elements (pro-
ton, helium, carbon, silicon, iron). For each combination of parameters we have generated 2500
showers. Their longitudinal profiles are fitted with Eqn. 1 to obtain Xyax, L, and R.

In most cases the parametrization fits the longitudinal profile very well, but there are exceptions.
Occasionally, showers have a double-bump structure. These structures occur more often for proton
and helium showers at the lowest energies. Even then, however, the fraction of showers with a bad
fit is below 0.5%.

Figure 2 shows the average values of Xpax, R, L, and the number of muons at shower max-
imum, for different elements and hadronic interaction models. Whereas most parameters feature
a monotonous trend from light to heavy elements, L increases sharply from proton to helium and
then drops steadily for further increasing primary mass. A combined measurement of L and any of
the other parameters allows us to isolate protons from all other elements.

Figure 3 shows the average Xn.x and L for all generated elements, energies, and hadronic
interaction models. For each combination of energy and interaction model, the elements form a
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Figure 3: Average L versus average Xm,x for different energies and hadronic interaction models. In each
case, the elements form a triangle with protons on one corner and all other elements on the opposite side.

triangle with protons on one corner, and all other elements on the opposite side. For some triangles,
this side is curved, but the protons never lie on the same curve as the other elements.

The average L predicted by the three hadronic interaction models diverges towards higher
energies. In particular, Sibyll 2.3d produces higher values for L than the other two models. The
real cosmic-ray flux is some mixture of elements and would therefore have an average X,.x and L
that falls somewhere inside the triangle. Observations of Xp,.x and L can thus be used to test the
validity of models, even with incomplete knowledge of the mass composition. SKA can in this way
provide a unique measurement to probe the hadronic processes in the shower.

4. Robust measurements of L

While L can provide important information about the mass of the primary, it remains to be
proven that it can be reconstructed robustly enough to use it in a mass composition analysis. The
differences in average L between different elements are of the order of a few g/cm?. We do not
have a solid prediction yet for the expected systematic uncertainty on reconstructing L with SKA,
but the level of accuracy needed seems very challenging. However, there are more robust features
in the distribution of L.

Figure 4 shows histograms of L for 10!7 eV showers of different primary masses. There is
good agreement between the three hadronic interaction models. While the peaks of the distributions
of all elements are close together, the high-L tails are very different. Determining the width of
the distribution, or the shape of the tail is therefore a much more robust observable, that can
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Figure 4: Histograms of fitted L for all elements and interaction models. The shape of the high-L tail of the
distribution is a more robust mass-dependent parameter than the average L.

tolerate higher systematic uncertainties. For illustration purposes, we will here adopt a simple test
parameter: the fraction of showers with L > 225 g/cm®.

5. Determining the proton fraction

To test the impact of reconstructing L on the mass composition analysis we use the CONEX
shower library to generate random astrophysical models. Each model consists of the five elements
in our set, but the mixing ratios are different. For each model, we randomly select 1500 conex
showers, and add random measurement errors to the X,,x and L values of each individual shower.
For both parameters we add a random error following a Gaussian distribution of o = 10 g/cm?,
which is a reasonable choice for SKA[4].

For each model, the average X,ax and the fraction of L > 225 g/cm2 is plotted in the left panel
of Fig. 5. The color coding indicates the proton fraction in the model. We again recognize the
triangle shape. Every model with 0% protons will fall somewhere on the left side of the triangle.
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Figure 5: Left: Each dot represents a set of 1500 showers of a random mix of elements. The color indicates
the proton fraction. The dot is plotted at the position corresponding to the average Xpx of the sample and the
percentage of showers with L > 225 g/cm?. Right: Reconstructed proton fraction versus simulated proton
fraction for all random shower sets, obtained with toy analysis.

The position on this (slightly curved) line is determined by the actual mixing ratios of helium,
carbon, silicon, and iron. Models with larger proton fraction will fall on a similar curve, but shifted
towards the right. This is seen by the clean trend in color in the Figure.

We can now set up a simple toy analysis to reconstruct the proton fraction. The analysis is based
on the simulated positions of a pure proton, helium, and iron sample. First, a line is reconstructed
that passes through the pure iron and helium points. Next, we determine the distance D of the pure
proton point to this line. Finally, we determine the distance d to the line for each of the generated
mock data sets. The reconstructed proton fraction for this data set is then given by d/D. From
Fig. 3 it is clear that intermediate mass elements can be on the left side of the line connecting iron
and helium. These are assigned negative values for d, resulting in a negative reconstructed proton
fraction.

The results are shown in the right panel of Fig. 5. The proton fraction is retrieved with a
precision of ~ 10%. Since this analysis is completely un-optimized it is likely that even better
results could be achieved. While this result is obtained with a 5-element model, the precision is
likely to be similar when including more elements, since all elements other than proton lie on the
same curve.

6. Conclusion

Radio observation of air showers with the SKA will provide unprecedented detail and precision.
Existing reconstruction techniques will not use the observatory to its full potential. Monte Carlo
simulations have demonstrated that it will be possible to reconstruct the shower length L for
individual showers. Unlike most other shower observables, L does not scale monotonously with
the primary mass, but is largest for helium. This feature can be used to design new analysis
techniques that separate the proton showers from all other mass components. This is invaluable
for understanding the cosmic-ray sources in the Galactic-to-extra-galactic transition region. In
addition, measurements of L will provide a unique measurement that can put constraints on hadronic
interaction models.
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