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The UHECR Energy Spectrum Across Declinations

Phys. Rev. Lett. 135, 241002 (2025)
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Ultra-high-energy cosmic rays exhibit a complex
energy spectrum characterized by several changes in
slope:
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A 6.80 dipole is observed above 8 EeV, with
intermediate-scale hints at higher energies. 300

A few dominant nearby sources could imprint [
different spectral shapes across the sky.
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Does the energy spectrum change with
declination?
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Multi-hybrid detection
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Hybrid energy calibration

Samples of high-quality hybrid events, simultaneously recorded
by the SD and FD, are used to calibrate the two shower-size
estimators:
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Two complementary SD-1500 datasets

Surface Detector data collected from January 2004 to December 2022
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COMMON FIELD OF VIEW: —84.8° < 6 < +24.8°
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Inclined events provide fewer events, but extend the spectrum measurement northward to 6 = +44.8°
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Combination

Datasets are restricted to their common declination range:

—84.8° <0 <+24.8°

An underlying spectrum is forward-folded through the two
detector responses.
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p are adjusted to obtain the best match between the
observed number of events in each energy bin and the
expected ones simultaneously for both data streams.

The minimization procedure is based on the product of
Poissonian likelihood functions:
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A constrained correction aligns the Nes energy scale

In the common field of view, the residual difference is treated as an
independent calibration uncertainty, not as a free rescaling.

Common systematics cannot explain a relative offset T g Pelevecembnaton. il tiex: : ) *
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Energy-scale, exposure and unfolding uncertainties move both spectra L - . ; "4 *
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are recomputed.
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One underlying spectrum, two detector responses

The best-fit model provides the unfolding corrections used to
combine the two event samples into a single spectrum.
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Above 4 EeV, vertical and inclined events are combined.

This change reflects the different energy thresholds of the two datasets.

60

40

20

60

40

20

LI l L I LI I T

before combination, full f.o.v.

; ® ; *
3
. 0

$ [0 < 6 <60°] over [-90° < & < +24.8°]
# [60° < 0 <80°] over [-84.8° < § < +44.8°]

|

f

/

T T T I T T T I T T T l T

after combination, common f.o.v. t i
y § ' §

&

\‘\‘\ _,x/. -

__"_/'»

¢ [0 < 0 <60°] over [-84.8° < § <+24.8°]
§ [60° < O <80°] over [-84.8° < § <+24.8°]

il |

§

\

i

1 1 1

v

—

10
E (EeV)

\*‘}Ji :
Bt

Fabio Convenga (GSSI&LNGS), The Energy Spectrum of Ultra-High-Energy Cosmic Rays across Declinations from —90° to +44.8° Measured at the Pierre Auger Observatory



Five declination bands probe the full field of view

Declination bands Comparable exposure Dotted curves: isotropic reference. Solid curves: expectation including the measured dipole
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No significant spectral departure across declination bands

Each band yields its own spectrum J,5(E; p,s), which is then compared with the

common reference.
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No significant spectral departure across declination bands

Each band yields its own spectrum J,5(E; p,s), which is then compared with the

common reference.
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No significant spectral departure across declination bands
The [-51°, —29°] band has the lowest p-value (13%)

Centaurus A (o = 201°, 6 = —43°) lies within in the band, in a region = 80 :— v.vY ¥ %
where a significant intermediate-scale overdensity has been L ¥y — f
reported. A. Abdul Halim et al., ApJ 984, 123 (2025) S 60 Vv ¥ 5
E [ *>> & auy -\
. . . 40 W el B\ NS
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A single spectrum describes the full declination range

Having found no significant spectral dependence on declination, the
full vertical and inclined datasets are combined on the aligned

energy scale to construct a single spectrum Spectrum across —90° < § < +44.8°

Three spectral features 2 i — ] 3
B %\?} Cb% Blue labels: unfolded event counts ]
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The instep significance increases from 1 10 102
3.96 to 5.5c.
First uncertainty: statistical E (EeV)

Second.: systematic

Fabio Convenga (GSSI&LNGS), The Energy Spectrum of Ultra-High-Energy Cosmic Rays across Declinations from —90° to +44.8° Measured at the Pierre Auger Observatory

12



Interpretation

A joint fit connects the observed features to
superposition of propagated mass groups.

Astrophysical implications

Mixed

Mixed composition is favoured
Pure-proton models fail to fit the data

Rigidity
Emax o4 Z
Maximum energy scales with particle charge

Heavy nuclei

Dominate at the highest energies
Short horizons favour nearby sources

the

Observed features arise from the
superposition of propagated mass
groups.

Joint fit of spectrum and composition
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Summary

Two calibrated SD-1500 datasets provide one consistent measurement
across the full accessible sky.

Four take-home results

1 DATASET & SKY COVERAGE
>310,000 events - —90° < o < +44.8°
Vertical and inclined SD-1500 datasets

2 COMBINATION

Joint forward-folding fit
Common energy scale; detector migration unfolded

3 DIRECTIONAL TESTS

Five bands + source-centred checks
No statistically significant spectral departure

SPECTRAL FEATURES

5.1 EeV ankle - 13 EeV instep - 48 EeV suppression

The instep is established at 5.50.

An origin of the instep from a small number of
dominant sources is disfavored.
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Pierre Auger Observatory and Telescope Array Spectrum

A common fluorescence yield and invisible-energy correction
reduce the discrepancy below .

The spectra agree within approximately 4% across most of the
energy range.

A residual HE difference of about 20%.

Its origin is under investigation by the Auger—TA Working Group.

Possible systematic contribution

Potential mass-dependent calibration effects are being studied.

A realistic energy-dependent composition could reduces calibration
biases.
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