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SKA-Low is a dense, uniform radio array that will enable high-precision studies of cosmic ray
induced extensive air-showers. We are developing a near-field beam-forming or interferometric
framework to reconstruct key air-shower parameters with the SKA-Low. In this work, we focus on
the interferometric reconstruction of the arrival direction, shower core position, and the depth of
shower maximum (Xp,ax ), with the goal of extending the framework to reconstruct primary energy
as well. The method has been developed on 100 PeV air-showers, simulated with CoREAS,
for Proton, Helium, Carbon, Silicon and Iron primaries, for zenith angles 15°, 30° and 40° and
achieved a universal calibration curve and an X,,x resolution below 15 g/cm2 under realistic
circumstances. We have also obtained an excellent angular resolution of 0.1° and a core resolution
below 10 m. The interferometric framework can potentially extend the sensitivity of radio detection
techniques down to PeV energies, which may significantly broaden the capabilities of the SKA-
Low in cosmic-ray physics.
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1. Introduction

The "Radio Interferometric Technique (RIT)" [1, 2], is a near-field beam-forming technique
that can reconstruct the longitudinal development of the coherent radio emission from an extensive
air-shower, from which the depth of shower maximum (Xp,.x) can be estimated. However, the
method is strongly influenced by the array geometry and the shower geometry, which causes the
RIT-reconstructed radio longitudinal profile to differ from the true particle longitudinal profile, and
eventually shifts the peak of the RIT-reconstructed longitudinal profile (XgiT) away from Xpax. A
calibration curve can be established from simulations to infer the X,,,x from the reconstructed Xgyr.
The major challenge is that the calibration curve is generally not universal and strongly dependent on
the array and shower geometries [ 1-4] which can be addressed with more advanced and sophisticated
techniques such as aperture correction [5]. However, in this work, we have explored whether a
universal calibration curve can be established with the "classical" near-field interferometric method,
following a suitably scaled antenna sampling scheme, with an unprecedented number of antennas,
uniformly distributed in the dense SKA-Low core and have investigated the typical resolution
achievable.

Typical sampling scheme
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Figure 1: The left panel depicts the dense core-region of the SKA-Low, with 1-in-4 uniformly chosen
antennas, and the distribution of shower-cores over the array, with orange dots. The black crosses represent
cores that have passed certain quality cuts. The right panel portrays a typical sampling of antennas used in
the interferometric reconstruction, in orange, for a shower core at the black star.

2. Technical details

We build our analysis on an ensemble of COREAS [6] simulations for the SKA-Low site,
for zenith angles 15°, 30° and 40°, with a star-shape antenna array-layout [7]. We have utilized
the cr-interpolator module [7] available in NuRadioReco (NRR) [8], to generate signal pulses at
the actual antenna locations of the SKA-Low core. We have used the RIT functionality within the
NRR-framework for the entire analysis. In our analysis pipeline, we have convolved the interpolated
electric field pulses with the SKALA-4.1 [9] antenna response pattern, injected diffuse Galactic



Radio Interferometric Reconstruction of Air Shower Parameters with the SKA-Low S. Saha

Skewed Gaussian Fit: Xax = 809.259 g/cm? 700 Constant radius sampling scheme
] E e Finer sampling e 15°; 195 m
0.6—- Skewed Gaussian Fit « 30°;195m g
T ] i -== X =595.8g/cm? 6301 . 40°;195m i
S : '!‘ !
= 0.5- ! 600 \ i . g
c 1 i — ! ! i I
D 1 1 N ' 3 5
. ! § ss0 , “ | !
% 0.4 i 3 !‘ | }
E | £ ‘! ' ‘.l' :
5 : »Z 500 ‘ - | % ! ! !
z ! TN i
8037 i asol ¢l i ! e
] : AN 1
] l ]
0.2 i aoof ;!
] | |
300 400 500 600 700 800 900 1000

550 600 650 700 750 _ 800

Slant Depth [g/cm?] Xmax [9/cm?]

Figure 2: Left panel depicts variation of the beamformed-signal with slant depth, fitted with a smooth
skewed Gaussian curve to determine Xgyr for individual air-showers. Right panel portrays the reconstructed
Xrir for the ensemble of air-showers, with different zenith angles in different colors, for a constant sampling
radius of 195 m. Vertical “lines” correspond to the same showers thrown at different core positions.

background noise simulated with the GSM 2016 [10] model, and added hardware noise, with the
noise amplitude of each frequency bin drawn from the Rayleigh distribution with a noise temperature
of 200 K over the frequency band 30-380 MHz, which is finally filtered to the 50-350 MHz band
prior to beam-forming, to simulate a realistic signal processing chain.

For this analysis, the shower cores were systematically distributed on a square grid with 100 m
separation over the dense central-region of the SKA-Low, as shown in the left panel of Figure 1. In
our RIT-analysis, antennas only within a circular area of a certain radius around the shower cores
are selected to enter the beam-forming procedure, marked in orange in the right panel of Figure 1.
The selection of a suitable sampling scheme is a central part of this analysis, as the sampling radius
(R) and the geometry of the sampled array directly affect the reconstruction of Xgyr.

To demonstrate the capabilities of the RIT-method, the X and Y coordinates of the true core
positions are randomly scattered with a Gaussian random deviation with oo = 10 m and Gaussian
random deviation with oo = 0.5° is added to the true zenith angle and azimuth angle each. An
initial shower axis is assumed along the deviated arrival direction, through the deviated shower
core. Along the initial shower axis, several perpendicular planes at different slant depths (g/cm?)
are sampled. The beam-formed (BF) signal is calculated at different points on these perpendicular
planes. The points with maximum BF-signal at different planes are fitted with a straight line to
reconstruct the interferometric shower-axis, to be referred as RIT-axis. We started with a coarse
sampling of the planes with a larger slant depth of 100 g/cm?, which was followed by a finer
sampling of 10 g/cm? around the plane where the BF-signal peaked. The planes only within 100
g/cm?, around the plane with maximum BF-signal, after the finer sampling are considered in the
RIT-reconstruction.

Along the RIT-axis, the BF-signal is calculated at different slant depths (in units of g/cm?) and
fitted with a smoothly varying skewed Gaussian curve to determine Xgrir, as depicted in the left
panel of Figure 2. In the right panel, the reconstructed Xryr values are plotted against true Xpax, for
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different zenith angles in different colors, for a constant R of 195 m. We note that the reconstructed
Xgrir distributions for different zenith angles do not overlap; hence a universal calibration curve
cannot be established for the constant R sampling scheme. This will be addressed in Sect. 2.1 with
a zenith angle dependent sampling scheme.

ASMT = Z (1 - —’) . n; = number of antennas in the i quadrant. (1)
i#] "
i,j=1273,4
n;zn;

Some of the typical sampled arrays are shown in Figure 3 and Figure 4. We can immediately
note that the antenna distribution within these sampled arrays is vastly different and asymmetric.
The asymmetry can be quantified in a simple way by two factors.

The first factor arises from the difference in the number of antennas in four different quadrants
of the sampled array, where the X-axis is aligned with the shower-axis. We have defined an
asymmetry parameter (ASMT) in Eq. 1, which incorporates the asymmetry in the number of
antennas in different quadrants, marked by n1, ny, n3, and ny in Figure 3. The figure also portrays
two extreme cases of array-asymmetry, with the same sampling radius (viz., 195 m). In the ideal
case, when n| = ny = n3 = ng, ASMT would be 0.
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Figure 3: Two vastly different sampled arrays are shown here. Left array has a very small asymmetry which
is denoted by a smaller ASMT-value. Right array has a higher ASMT-value which confirms higher level of
asymmetry. The shower axis is along the X-axis, from right to left.

The second factor arises from the difference in the maximum distance along -X, +X, -Y, and +Y
axes, respectively denoted by Ry-, Ry+, Ry-, and Ry+, as shown in Figure 4. This simply explains
how symmetrically the area around a shower-core has been covered by the sampled array. For
example, Figure 4 portrays 2 contrasting cases, where the left array has R,- = 140 m and R,- = 164
m, which is considerably smaller compared to R = 195 m, which implies that less area is covered
along the -X, -Y axes, thereby resulting in a large asymmetry in the area coverage. The right array
is comparatively more symmetric.

Since, the RIT-method is strongly influenced by the array geometry, we have posed a quality
cut on the array asymmetry to eliminate extremely asymmetric sampling regions, mostly occurring
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at the edges of the SKA-Low, as shown in the left panel of Figure 1. We have chosen only the
core-locations for which the sampled array has an ASMT-value less than 3.0 and Ry-, R+, Ry-, and
R+ values more than 80% of the corresponding R. Thus, the left array in Figure 4 is discarded from
the analysis. Ultimately, 41 out of 86 core-locations have been included in the results presented

here.
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Figure 4: Two sampled arrays with similar ASMT-values are shown here. R- is the distance to the farthest
antenna from the shower-core along -X axis. Likewise, R+, Ry-, and R+ are defined. The shower axis is
aligned along the X-axis.

2.1 Zenith angle dependent sampling scheme

In case of constant sampling radius, R was set to 195 m for all zenith angles, which corresponds
to 2x the Cherenkov radius for X.x of 650 g/cmz, for 30° zenith angle. This Xy.x value was
chosen as it constitutes the mean of the ensemble of CoOREAS simulations. In this case, we have
noted that a universal calibration curve, for different zenith angles, is not possible.

Therefore, we have scaled R according to the shower zenith angle and calculated it individually
as 2x the Cherenkov radius for the mean X,y of 650 g/cm?, for each zenith angle. The sampling
radii for the 15°, 30° and 40° showers are 150 m, 195 m, and 252 m, respectively. However, for a
particular zenith angle, R is constant for all the air-showers with different Xy,,x values which will
be explored in more details in Sect. 2.2.

We note that a universal calibration curve can be fitted and plotted with the dashed black line
in left panel of Figure 5, with the zenith dependent sampling scheme. We also note that the overall
Xmax resolution degrades with the increasing ASMT-value, presented in the right panel.

2.2 Distance-to-X,,x dependent sampling scheme

From the left panel of Figure 5, it can be noted that the calibration curve is not quite universal at
higher Xp,.x values, particularly beyond 750 g/ cm?. The correlation of the reconstructed Xgyr with
Xmax is rather non-linear beyond 750 g/cm?. We suspected that the fact that a constant sampling
radius is considered for a particular zenith angle, over a large range of X,x values varying from 550-
800 g/cm?, might have caused this non-linearity in the reconstructed Xg7. To verify our hypothesis,
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Zenith dependent sampling scheme
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Figure 5: Left panel shows the reconstructed Xgir against Xp,x, for different zenith angles in different
colors, for the zenith dependent sampling scheme, which is fitted with the black dashed line to construct the
calibration curve. Right panel shows variation of Xax-resolution with the ASMT-value cut.
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Figure 6: Left panel portrays the reconstructed Xgyt plotted against true Xpax and the calibration curve with
black dashed line, with the distance-to-Xpyax dependent sampling scheme, for true Xm,«. Right panel shows
the same, for reconstructed Xp,x from the calibration curve in the left panel of Figure 5, as first iteration
correction. Different colors and markers represent different zenith angles.

we have scaled R individually for each event, depending on the distance-t0-Xmax (Dx,,,, ). The result
is presented in the left panel of Figure 6 where we found that the linearity has remarkably improved
which confirms our hypothesis. In this case, the core and arrival direction were still reconstructed
prior to the reconstruction of Xgyr.

In reality, Xmax Will not be known a priori to scale R on an event-by-event basis. However, we
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Figure 7: The systematic biases in the reconstructed zenith angle and azimuth angle, X coordinate and Y
coordinate of the reconstructed shower-cores are shown from left to right. The quantities Ry», R34, R4, and
Ry3 are defined by Eq. 2.

can get an initial estimate of Xy.x from the calibration curve for the zenith dependent sampling
scheme, presented in the left panel of Figure 5 and R can be scaled according to that reconstructed
Xmax, a8 an iterative correction, in the first iteration. The result of the first iteration correction is
presented in the right panel of Figure 6 which is closer to the left profile and significantly better
than the zenith-dependent sampling scheme.

Now the Xpax, estimated from the first it-
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Figure 8: Bias distribution of the reconstructed Xpax lated with the ratio of the number of antennas

for two different sampling schemes. Blue histogram (Rij) in different halves of the sampled array, as
is for the zenith dependent sampling scheme while the ~portrayed in Figure 7. R;; is defined in Eq. 2,
red histogram is for the Dy, dependent sampling where i and j denote adjacent quadrants of the
scheme, with first iteration correction. sampled array. Here, the X-axis is aligned with
the shower axis with the shower coming from right to left. Therefore, 1% and 4" quadrant comprises
early half and 2" and 3™ quadrants comprises late half. Likewise, 1% and 2"! quadrants and 3™ and
4™ quadrants comprise two halves perpendicular to the early and late halves. We have constructed
calibration curves for these biases, drawn with red lines in Figure 7 and corrected for these biases.
4 -1
Rij = (n; +nj) an L i, i,j=1,234. 2)
k=1
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With these bias corrections, we have obtained an improved angular resolution of 0.07° for zenith
angle, 0.13° for azimuth angle and a core resolution of 5-6 m, which is notable.

3.2 Reconstruction of X ,ax

We note that a universal calibration curve can be established for the zenith dependent sampling
scheme with a typical Xpax resolution of 15-16 g/cm?. The linearity has improved significantly for
the Dy, dependent sampling scheme with an improved Xpax resolution of 12-13 g/cm? after the
first iteration correction, which is also evident from the histograms in Figure 8. Moreover, if we
consider showers only below 750 g/cm?, the Xp.x resolution improves below 10 g/cm? which is
competitive to the results obtained with the well-established LOFAR-style reconstruction method
applied to SKA-Low [11]. Probably, at higher X;,x and for smaller zenith angle, the sampling
region becomes too small, leading to larger scattering in the reconstructed Xp,x and degrades overall
resolution.

4. Conclusions

We have applied the RIT-method to SKA-Low and obtained an excellent angular resolution of
0.1° and a notable core resolution of 5-6 m. We have established a universal calibration curve for
Xmax reconstruction with the zenith dependent sampling scheme and improved its linearity and the
Xmax resolution to 12-13 g/ cm? with the Dx
the iterative correction works better below 750 g/cm? and for more inclined showers. Since the
RIT-method can bring the lower detection threshold to 10 PeV [12], we will explore the capabilities
of the RIT-method for these extreme cases, in our future endeavors.

dependent sampling scheme. We have noted that

max
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