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The determination of the energy spectrum features with low systematic uncertainty is crucial

for interpreting the nature of cosmic rays. In this study, we conducted a measurement of the

energy spectrum at the Pierre Auger Observatory using a surface detector with a calorimetric

energy scale indirectly set by a ŕuorescence detector. The surface detector consists of an array

of water-Cherenkov detectors that extends over 3000 km2 with 1500 m spacing. Additionally,

two nested arrays of the same kind with 750 m and 433 m spacing were utilized to lower the

energy threshold of the measurements. This contribution presents, for the őrst time, the spectrum

measured with the 433 m array, which reduces the energy threshold down to 63 PeV, nearly half the

energy at which we previously published a steepening using the 750 m array. Our measurements

include a characterization of the spectral features of the ŕux steepening around 230 PeV, known

as the second-knee. The study beneőts from a nearly 100% duty cycle and geometrical exposure.

Notably, this is the őrst simultaneous measurement of the second knee energy and spectral indexes

before and after the break, using a surface detector with an energy scale predominantly independent

of air shower simulations and assumptions regarding hadronic interaction models.
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Figure 3: Attenuation of the shower size with the zenith angle for őve different intensity cuts. The data and
their corresponding őts are shown. The reference angle is indicated by a vertical dashed line.

The reconstructed energy is biased for events with energy below the full-efficiency threshold,

because upward ŕuctuations in the WCD signals make the trigger probability higher, so that larger

signals translate into reconstructed ones larger than true ones. To determine the bias, we calculated

the difference between the mean of the reconstructed energy and the simulated energy. Fig. 2 shows

that the bias decreases with the energy as the array becomes more efficient and is only 2% at the

threshold energy. The bias at high energy is close to zero by design as the SD433 is calibrated

against the simulated energy.

3. Energy estimation

We reconstructed the SD433 events with the Offline framework using the same method applied

for the SD750 and SD1500 arrays. The fall-off of the WCD signal with the distance to the shower

axis is őtted with a lateral distribution function modeled as a modiőed version of the Nishimura-

Kamata-Greisen function [12]. We evaluated the őtted lateral distribution function at a reference

distance of 300 m to estimate the shower size 𝑆(300).
We corrected the shower size to account for its attenuation with the zenith angle using the

constant-intensity cut method. This procedure started by classifying the reconstructed shower sizes

in nine zenith-angle bins of the same size in sin2 𝜃, in the range between 0◦ to 45◦. In each bin,

we ordered the events in decreasing 𝑆(300) and recorded the values at N = 100, 200, 500, 1000,

and 2000 intensities as shown in Fig. 3. We delimited the error intervals with the 𝑆(300) at ±
√
𝑁

away from the cut intensity 𝑁 . The cornerstone of the constant-intensity cut is that if events arrive

isotropically, the 𝑆(300) of all bins at a given intensity cut correspond to the same energy. As

the isotropy condition requires full efficiency above all cuts, we took that last cut at 2000 events

which corresponds to 𝐸 ≈ 100 PeV. We modelled the attenuation of 𝑆(300) using a second degree

polynomial in terms of the variable 𝑥 = sin2 𝜃 − sin2 30◦,

𝑆(300) = 𝑆30 [1 + 𝑎(𝑆30) 𝑥 + 𝑏 𝑥2], (3)

where the factor 𝑆30 is an energy estimator independent of the zenith angle that can be interpreted

as the 𝑆(300) the shower has had it arrived at 30◦. This reference angle is the median of an isotropic
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To measure precisely the spectrum, the őnite energy resolution and the bias of the SD433, which

cause the migration of events to neighbouring bins, must be taken into account. We considered both

effects by using the forward-folding formalism described in Ref. [15] in the őt of the spectrum. We

őtted a spectrum model consisting of a broken power law with soft transitions, the same functional

form used for the two other surface-detector spectra,

𝐽 (𝐸) = 𝐽0

(

𝐸

100 PeV

)𝛾0
[

1 +
(

𝐸

𝐸01

)
1

𝜔01

] (𝛾0−𝛾1 )𝜔01

, (5)

where 𝐽0 = (0.97 ± 0.02)×10−13 km−2 sr−1 eV−1 is the normalization parameter, lg(𝐸01/eV) =

17.37 ± 0.10 is the energy of the transition, 𝛾0 = 3.00 ± 0.05 is the spectral index before the break,

and 𝛾1 = 3.32±0.08 is the spectral index after the break. The width of the transition𝜔01 = 0.25 was

őxed in the őt to the value obtained in [5]. We tried to free this parameter but could not constrain

it due to our sensitivity. The correction that arises from the unfolding procedure is close to 5%

in all the energy range. Fig. 5 shows the spectrum measured with the SD433 after the unfolding

correction is applied. We up-scaled the ŕux by 𝐸3 to highlight the observed break in the spectrum.

As it is the case for the SD750, the SD433 energy has a systematic uncertainty of 14% that is almost

energy independent. This uncertainty is dominated by the contribution of the uncertainty of the

ŕuorescence detector energy. The uncertainty in the energy corresponds to a ≃35% uncertainty in

the ŕux which leads to a systematic uncertainty of 0.34 × 10−13 km−2 sr−1 eV−1 in the parameter

𝐽0. The corresponding energy of the second knee including the systematic uncertainty that comes

from the energy scale is 𝐸01 = (230 ± 50 stat ± 35 syst) PeV. This uncertainty is also propagated

to the spectral indexes in the unfolding procedure leading to 𝛾0 = 3.00 ± 0.05 stat ± 0.10 syst and

𝛾1 = 3.32 ± 0.08 stat ± 0.10 syst. We are currently working to assess the inŕuence of subdominant

sources of systematic uncertainties.

This is the őrst measurement of all the spectral features of the second knee with an Auger

surface detector. Although the SD750 already hinted the second knee [8], it only measured the

spectral index after the break given a loss of its efficiency around the energy of the break. At that

time, the spectral index after the break was 𝛾 = 3.34 ± 0.02, which is consistent within statistical

uncertainties with the current SD433 measurement. Moreover, the ŕuxes measured with SD433

and SD750 are within 5% with respect to one another.

Our measurement is also consistent within the uncertainties with a previous report from Auger

where the spectrum around the second knee that was obtained by extrapolating the 750 m spectrum

below 0.1 EeV using the Cherekov dominated FD events [5]. Fig. 6 shows the SD433 spectrum

along with the measurements of other experiments and the previous Auger report.

5. Conclusions

We have presented in this work the cosmic ray spectrum measured with the Auger surface

detector spaced at 433 m. This array, denser than the two other Auger ones, lowers the threshold

energy reachable with the surface detector to 𝐸 = 63 PeV thus covering the second knee. We are

reporting, for the őrst time, all the second-knee spectral features as seen by the surface detector of

the Pierre Auger Observatory. We have located the second knee at (230 ± 50 stat ± 35 syst) PeV,
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