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Materials and Methods

Analysis Procedure and Energy Reconstruction

The TA SD consists of 507 plastic scintillators to measure charged particle densities of extensive

air showers on the ground. The measured signal waveform shown in Figure 1 are integrated to

calculate the particle densities. The lateral density distribution, ρ(r), is estimated by fitting the

recorded particle densities with the model:

ρ(r) = A
(

r

rM

)−α (
1 +

r

rM

)−(η(θ)−α)
[
1 +

(
r

1000

)2
]−β

(S1)

η(θ) = 3.97− 1.79 (sec(θ)− 1) (S2)

where r is the distance from shower axis, θ is the zenith angle of the shower axis and A is a free

parameter. The TA SD pipeline assumes a parameterization of α = 1.2, β = 0.6 and the Moliere

unit rM = 91.6m (44). Figure S1 shows the lateral density distribution and fitted model for the

2021 May 27 event. As an energy estimator, we used the particle density at a distance of 800 m

from the shower axis, S800, to minimize an effect of the dependence on mass composition. The

primary energy of the shower is evaluated from S800 and sec(θ) by a lookup table derived from a

shower simulation (18) assuming a proton and the quark-gluon string (QGS) Jet-II-03 hadronic

interaction model (12). We find the primary energy of the shower on 2021 May 27 is 309 EeV.

This energy is multiplied by a factor of 1/1.27 to use the calorimetric energy determination

by fluorescence detectors, resulting in 244 EeV. Figure S2 shows an energy scale comparison

between the fluorescence detector reconstructed energies (16) and the reconstructed SD energies

after applying the 1/1.27 rescaling for the 9 years data set. No energy dependence of the scaling

factor is evident.

The reconstructed energy of TA SD to reproduce S800 = 530m−2 listed in Table 1, assuming

a proton and QGSJetII-03 is 309 EeV. To investigate uncertainties related to primary species and

interaction models, we evaluate energies for both proton and iron primaries using the models
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Figure S1: Lateral density distribution and fitted model for the event on 2021 May 27. The
gray triangles are excluded from the fitting due to signal saturation. The red diamond shows the
S800 energy estimator.
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Figure S2: Energy comparison between the fluorescence detector reconstruction (16), EFD

and our adopted SD reconstruction, ESD, with a 1/1.27 rescaling, for a 9 years data set.
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of QGSJet-II-04 (45) and EPOS-LHC (46) to reproduce the measured S800 of 530 m−2. EPOS

is an acronym for the Energy conserving quantum mechanical approach, based on Partons,

parton ladders, strings, Off-shell remnants, and Splitting of parton ladders. These energies

yield: in the QGSJetII-04 model, 300 EeV for proton and 272 EeV for iron; in the EPOS-LHC

model, 261 EeV for proton and 240 EeV for iron. From this difference between proton and iron

primaries, we infer the additional −10% systematic uncertainty specified in the main text. If a

different species or interaction model is assumed, the energy scale remains unchanged because

we adopted the calorimetric energy calibrated by the fluorescence detectors so this difference is

compensated by the calibration factor.

Supplementary Text

Expected cosmic ray sources

We investigated how the expected LSS flux distribution changes if the energy of the event was

varied within its uncertainty. In Fig. S3 we show flux maps for energies 244 EeV, 186 EeV

and 135 EeV, the latter two energies being −2σstat. and −2σstat. − σsyst. (without the system-

atic uncertainty on primary species), where σstat. is the statistical uncertainty and σsyst. is the

systematic uncertainty. The injection spectrum for iron is set to E−1.95 with a sharp cutoff at

560 EeV, adopted from a model fitted to the TA observed spectrum (47). At low energies, the

event is unlikely to correlate with LSS sources. Only by assuming the lower energy by includ-

ing systematic uncertainty, and an iron primary, does the regular GMF backtracked direction

fall close to a part of LSS populated by galaxies. This is consistent with previous studies that

found no correlation between events >100 EeV and the local LSS (48, 49).

We estimated the distance to the closest UHECR source by integrating the energy loss length

of a given primary from the energy 244 EeV to an assumed injection energy E0. We assume

E0 = 103 EeV, compute the energy loss length with the TransportCR software (42) and calculate

8
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Figure S3: The relative expected flux at lower energies. The background and other symbols
are the same as Fig. 2 but the expected flux is calculated for energies: (A) 244 EeV, (B) 186 EeV
and (C) 135 EeV, see text for details.
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D0 = 10.3+5.3
−3.0 Mpc and D0 = 27.0+3.8

−3.0 Mpc for iron and proton primaries respectively, where

the uncertainties in D0 are propagated from the statistical uncertainty in particle energy. The

corresponding 95%C.L. upper bounds are D0 < 25.5Mpc and D0 < 36.0Mpc for iron and

proton respectively. There are several uncertainties affecting this result. First, the energy scale

systematic leads to a wider uncertainty: D0 = 10.3+25.2
−4.5 Mpc for iron and D0 = 27.0+7.6

−4.9 Mpc

for protons. Second, assuming higher injection energy, E0 = 104 EeV would only slightly

impact the result for iron: D0 = 13.1+5.3
−3.0 Mpc, while substantially impact the result for protons:

D0 = 61.9+3.8
−3.0 Mpc, though the proton scenario is disfavored (see main text). Thirdly, we

recomputed the energy loss length using the SimProp code (50), finding it changes these results

by approximately 10%.
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