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The energy spectrum of cosmic rays above 2.5 EeV has been measured across the declination range
−90° ≤ δ ≤ þ44.8° using ∼310 000 events accrued at the Pierre Auger Observatory from an exposure of
ð104 900� 3 100Þ km2 sr yr. No significant variations of energy spectra with declination are observed,
after allowing or not for nonuniformities across the sky arising from the well-established dipolar
anisotropies in the arrival directions of ultrahigh-energy cosmic rays. The instep feature in the spectrum
at ≃10 EeV reported previously is now established at a significance above 5σ. Within the statistics, the
energy spectra are indistinguishable across declinations so disfavoring an origin for the instep from a few
distinctive sources.

DOI: 10.1103/p4l5-hxlf

Introduction—The discovery at the Pierre Auger
Observatory [1] of a dipole in the distribution of cosmic
rays of energy above 8 EeV of amplitude ∼6% at a
significance of over 5σ marks a significant advance in
the field of high-energy cosmic-ray astronomy [2]. The
status of this result is now 6.8σ, with an increase of the
dipole amplitude with energy identified [3]. Above 32 EeV,
associations of high-energy cosmic rays with an over-
density in the Centaurus region, and with starburst galaxies,
have been found, but only at the 4σ level [4]. Beyond
100 EeV, the arrival direction distribution across the whole
sky, derived from a combination of data from the Auger
Observatory and the Telescope Array, is featureless [5]. It is
thus important to examine whether the energy spectrum
varies with declination, particularly at the highest energies,
where the new spectral feature near 10 EeV, identified in
data from the Auger Observatory [6], indicates a two-step
suppression of the spectrum [7,8]. An analysis of spectra
in bands of declination is presented, exploiting the 1.2 m
deep-water Cherenkov detectors of the Auger Observatory
to obtain measurements over declinations −90° to þ44.8°.
At large zenith angles θ, the effects of the geomagnetic

field on the distribution of the muons in air showers
increases so that the near-circular symmetry of signals
around the shower axis found at low zenith angles is
destroyed: above 70°, eccentricities over 0.9 are found.
Accordingly, different methods of analysis are necessary
for “vertical showers” ðθ ≤ 60°Þ and for the more “inclined
events” (60°–80°). The procedures for dealing with events
with θ ≤ 60° are classical [9,10]. Techniques to reconstruct

events where the geomagnetic field is important were
developed more recently [11], with the methods later
adapted for use with data from the Auger Observatory.
The procedure to obtain the energy of the primary particle
for vertical showers is based on the determination of the
signal in the water-Cherenkov detectors, Sð1000Þ, interpo-
lated at 1000 m from the center of the shower [12], while
for inclined events a parameter based on the number of
muons in the shower, N19, has been adopted [13,14].
Sð1000Þ and N19 are subsequently converted into size
parameters S38 and N68, independent of the zenith angle,
using the constant intensity method [6,15]. Calorimetric
estimates of primary energies are derived by calibrating
these size parameters using fluorescence measurements,
obtained on clear, moonless nights. Derivation of the
energy spectrum from vertical events requires no assump-
tions about features of hadronic interactions at high
energies or of the mass of the primary cosmic rays, apart
from a 1.5% systematic uncertainty in the estimation of the
invisible energy [6,16]. Minimal assumptions about these
parameters are required for the inclined events [17,18].
Data used here were recorded between January 1, 2004, and
December 31, 2022. For vertical events the exposure was
E½0−60°� ¼ ð81; 100� 2400Þ km2 sr yr, with 279,131 events
recorded above 2.5 EeV, while for inclined showers 31,543
events above 4 EeV were recorded in an exposure of
E½60°−80°� ¼ ð23; 800� 700Þ km2 sr yr. Exposures are inde-
pendent of energy above these thresholds [6,17], which are
nonidentical mainly due to the attenuation of the electro-
magnetic cascade at high zenith angles.
Combination of individual spectra–Given the latitude of

the Observatory, λ ≃ −35.2° and the zenith angle ranges
mentioned in the previous section, the S38-based dataset
covers the range of declinations −90° ≤ δ ≤ þ24.8° in
equatorial coordinates, whereas the N68 one covers
−84.8° ≤ δ ≤ þ44.8°. Our aim is to measure the spectrum
over the whole declination range covered with the surface
array, −90° ≤ δ ≤ þ44.8°. Thus the independent spectra
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from the S38- and N68-based analyses, shown as the
circles and squares, respectively, in the top panel of
Fig. 1, must be combined.
The combination procedure follows from that in [19].

The combined spectrum is obtained by forward-folding the
effects of the finite energy accuracy of the detector into a
proposed function tailored to describe a series of power-law
falloffs,

JðE;pÞ ¼ J0

�
E
E0

�
−γ0

Q
3
j¼1

h
1þ

�
E
Ejk

�
ω−1
jk

iðγj−γkÞωjk

Q
3
j¼1

h
1þ

�
E0

Ejk

�
ω−1
jk

iðγj−γkÞωjk
; ð1Þ

with k ¼ jþ 1 and eight free parameters encompassed
in p, namely the overall normalization J0, four spectral
indices ðγ0; γ1; γ2; γ3Þ, and three energy turning points Ejk;
the parameters ωjk that govern the width of the transition
from γj to γk are fixed to ωjk ¼ 0.05 [6]; the pivot energy is
chosen as E0 ¼ 100.5 EeV. The parameters p are adjusted
to obtain the best match between the observed number
of events ni in each differential energy bin of width
Δ log10 E ¼ 0.1 and the expected ones νiðpÞ simultane-
ously for both data streams. The minimization procedure is
based on the product of Poissonian likelihood functions
pertaining to each individual spectrum, L½0−60°� and
L½60°−80°�.
Both individual spectra are subject to systematic uncer-

tainties, with contributions from the absolute energy scale

(14%) [20], the exposure (3%) [21], the unfolding pro-
cedure (≤ 2%) [6], and the energies inferred from S38 and
N68 (≤ 3%) [6,14]. No indication of further systematics has
been found from a comparison of spectra calculated over
different time periods, seasons, and ranges of zenith angle.
The systematic uncertainties relating to each S38- and

N68-based analysis are common to both: the important
exception concerns those inherited from the energy-
calibration procedure that are uncorrelated as the two
datasets used for calibration are independent. The largest
uncertainties are related to the calibration of N68, as it is
based on 605 events compared to 4 703 for S38. The
statistics is limited by the high-quality criteria used to
guarantee an accurate energy estimation with the fluores-
cence technique, and by the effective area for observing
the maximum of shower development that drops rapidly
with zenith angle [22,23]. Therefore, our strategy for the
combination is to correct the energies of the N68-based
dataset, originally determined as E ¼ ANB

68, to a best-fit
common energy scale, using two absolute departure
parameters δA and δB such that E0 ¼ ðAþ δAÞNBþδB

68 .
As shown below, considering the uncertainties in N68

alone, the most significant ones will suffice to obtain a
satisfactory goodness of fit. Including those in S38 would
improve further the combination, but is unnecessary.
In addition, as explained in the Appendix A, the energy

calibration of N68 may be affected by (logarithmic)
nonlinearities above ∼10 EeV due to the sensitivity of
N68 to the small, yet sharp, changes in mass composition
recently uncovered [24,25] and to experimental effects.
A third departure parameter, δC, is therefore introduced
so that the correction reads E00 ¼ ðAþ δAÞNBþδBþδC

68

above 10 EeV.
During each step of the fit, the energy-bin boundaries of

the N68-based analysis are corrected by varying the extra
parameters x ¼ ðδA; δB; δCÞ that govern the uncorrelated
systematic uncertainties. Correspondingly, an extra term
in the joint likelihood restricts the values of the extra
parameters within their uncertainties. It is constructed by
considering on the one hand the sum of two random
variables δB and δC, and on the other hand the correlation
between δA and δB. The log-likelihood function therefore
stems from the convolution of a 2D Gaussian with
correlation parameter ρ ≃ −0.66 with a 1D Gaussian
pertaining to δC alone,

−2lnLxðδA;δB;δCÞ

¼δA2ðσ2Bþσ2CÞ−2ρδAδBσAσBþðδBþδCÞ2σ2A
σ2Aðσ2Cþσ2Bð1−ρ2ÞÞ ; ð2Þ

with σA ≃ 6 × 10−2 EeV, σB ¼ 1.4 × 10−2 and, as shown
in the Appendix A, σC ¼ 3 × 10−2 from the systematic
uncertainties in N68 and in the relationship between N68

and energy.
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In this way, for unrealistic changes in ðδA; δB; δCÞ, the
−2 lnLxðδA; δB; δCÞ term acts as a penalty factor while
minimizing the total log-likelihood function −2 lnLðp;xÞ,
which, overall, reads as

Lðp;xÞ ¼ L½0−60°�ðp;xÞ × L½60°−80°�ðp;xÞ × LxðxÞ: ð3Þ

The outcome of the forward folding is the set of
parameters p, and x, that allows calculation of νi and μi,
which are the expected number of events including and
not including the detector effects, respectively. Unfolding
factors, defined as ci ¼ μi=νi, are then applied to correct for
bin-to-bin migration induced by the finite accuracy of the
response functions, which are determined in a data-driven
manner [6] and given in the Appendix A. The resulting
spectral point for each bin is obtained as

Ji ¼
cini½0−60°� þ cini½60°−80°�

EiΔEi
; ð4Þ

with Ei ¼ E½0−60°� for 0.4 ≤ log10 ðE=EeVÞ ≤ 0.6 and Ei ¼
E½0−60°� þ E½60°−80°� for log10 ðE=EeVÞ ≥ 0.6. The minimi-
zation procedure, applied only to the events in the decli-
nation band ½−84.8°;þ24.8°�, common to both datasets,
to guarantee observation of the same sky so that spectra
must be in statistical agreement, yields values of
δA=A ≃ ð3.0� 0.6Þ%, δB=B ≃ ð0.3� 1.5Þ%, respectively
corresponding to shifts of 2.6σA and 0.2σB, and
δC ≃ ð−2.0� 2.0Þ × 10−2. The resulting spectra are dis-
played in the lower panel of Fig. 1. The most significant
changes are in the lower energy bins, where the statistical
power is greatest. Note that, as the analysis is designed so
that L½0−60°�ðp;xÞ is independent of x, the changes impact
dominantly the N68-based spectrum. The combined spec-
trum obtained with Eq. (4) shows a deviance of D ¼ 40.5,
which, if considered to follow a “C statistics” [26], can be
compared to the expectation of hDi ¼ 26.9� 7.0 to yield a
p-value of ≃0.12.
Searches for declination dependences—The best-fit

parameters for ðδA; δB; δCÞ that yield statistical agreement
of spectra in the declination range ½−84.8°;þ24.8°� are
used to search for declination dependences in five ranges
over ½−90°;þ44.8°�. The first range corresponds to the most
northerly declination band ½þ24.8°;þ44.8°�: it is selected

as it only contains inclined events (5632 after energy
corrections for an exposure of ð4100� 120Þ km2 sr yr)
and it is thus not considered in the combination fit. The
remaining portion of the sky ½−90°;þ24.8°� is divided in
four declination ranges with exposures similar to within 1%
and averaging 25; 000 km2 sr yr. Detailed comparisons of
the spectra in the five declination bands are shown in Fig. 2.
In the top panel, individual spectra are compared with the
best-fit function (dotted lines) for the spectrum combined
over ½−84.8°;þ24.8°� and with the same best-fit function
(full lines) taking into account the variation of the dipole
amplitude with energy and declination measured above
4 EeV. Because the energy-spectrum estimator is based
primarily on the observed number of events through the
directional exposure function ωðδÞ, the expression of
JΔδðE;pÞ is obtained as [6],

JΔδðE;pÞ ¼ JðE;pÞ
�
1þ E0

EΔδ

R
Δδ dδ cos δωðδÞ þ dzðEÞ

R
Δδ dδ cos δ sin δωðδÞR

dδ cos δωðδÞ þ dzðEÞ
R
dδ cos δ sin δωðδÞ

�
; ð5Þ

with E0 the total exposure over the declination range of
reference ½−84.8°;þ24.8°�, EΔδ that over the declination
band under consideration, and where the integrations in
the denominator are carried out over ½−84.8°;þ24.8°�.
The coefficients dzðEÞ read f−0.013;−0.031;−0.070g in

differential bins of width Δ log10 E ¼ 0.3 between 4 and
32 EeV and −0.13 above 32 EeV [3]. In the bottom panel,
the best-fit function over ½−84.8°;þ24.8°� is taken as a
reference and the residual differences from this spectrum
are compared with expectations. The residuals follow the
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FIG. 2. Top: energy spectra in five declination ranges. The
dotted reference lines are the best-fit function for the spectrum
combined over ½−84.8°;þ24.8°�; the full lines account for the
impact of dipole anisotropies in each band. Bottom: correspond-
ing residuals. Artificial shifts are applied for visualization
purpose. An alternative view of the residuals is provided in
the Appendix A. Data are available in the Appendix B.
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trend imprinted by the dipole between 4 and 32 EeV;
statistical fluctuations dominate above 32 EeV.
Spectral parameters for each declination band, pΔδ, are

obtained by applying the combination procedure, except in
the northernmost band where only inclined events contrib-
ute: they are listed in Table I. A quantitative statement on
the statistical agreement between pΔδ and the reference
parameters across ½−84.8°;þ24.8°�, pref , can be drawn
from the distance-squared quantity

Q2 ¼ ðpΔδ − prefÞTðΣΔδ þ ΣrefÞ−1ðpΔδ − prefÞ; ð6Þ

which accounts for the correlations between parameters
through their respective covariance matrices ΣΔδ and Σref
given in the Appendix A. Some fraction of the uncertainty
in the exposure may depend on the declination [27]. The
array is slightly tilted by ≃0.2° in the southeastern direction
φtilt ≃ −30°. Besides, the latitude of the Observatory varies
by ≃0.5° between detectors located in the northernmost
and southernmost positions. Considering the uncertainties
in the determination of φtilt and the impact of the spatial
extension of the array, we conservatively allocate an
uncertainty of 100 km2 sr yr in the exposure of each
declination band that propagates into an additional con-
tribution to the uncertainty in J0. The probability that the
set of parameters pΔδ departs from the reference ones is
obtained by drawing at random mock samples and by
counting the fraction of them displaying a value Q2 larger
than that in data. No significant departure is observed.
Some departure in γ3, E34, and γ4, which shape the

spectrum at the highest energies, are evident in the band
½−51°;−29°�. The departure remains quasi-identical when
fixing the other parameters to their values in the band
½−84.8°;þ24.8°�. This declination range encompasses the
Centaurus region in which an overdensity over a circular
region of ≃24° is present [4] and which has attracted
attention in, e.g., Refs. [28–33]. We have estimated the
spectral features by restricting further, within the declina-
tion band, the region of interest within ≃24° around the
position (right ascension α ¼ 201°, declination δ ¼ −43°)
to check whether the harder values of γ3 and γ4 as well as

the smaller value of E34 elsewhere can be attributed to
the overdensity. However, statistical fluctuations prevent
drawing any conclusion, given that γ3 ¼ 2.8� 0.3,
E34 ¼ ð67� 11Þ EeV, and γ4 ¼ 9� 4 in that specific
region. In parallel, the values obtained by excluding the
24° window around the Centaurus region from the decli-
nation band are γ3 ¼ 2.88� 0.07, E34 ¼ ð37� 4Þ EeV,
and γ4 ¼ 4.5� 0.5, close to those observed over the whole
½−51°∶ − 29°� band. The same outcome holds about other,
more modest, overdensities over the same scale that have
attracted attention [30,32,34,35]: γ3 ¼ 2.9� 0.2, E34 ¼
ð41� 11Þ EeV, and γ4 ¼ 5� 1 around the region of
NGC 253 ðα ¼ 11.9°; δ ¼ −25.3°Þ, and, within the decli-
nation band ½−8°;þ24.8°�, γ3 ¼ 3.3� 0.3, E34 ¼
ð58� 18Þ EeV, and γ4 ¼ 5� 1 around the region of
NGC 1068 galaxy ðα ¼ 40.5°; δ ¼ 0°Þ. Finally, since the
northernmost declination band is also observed using
Telescope Array with an exposure ≃20% larger [36], it
is interesting to note that the spectral parameters do not
show deviations with respect to those of the ½−84.8°;
þ24.8°� band.
We conclude, consistent with large-scale anisotropy

measurements [3] and with our previous report from an
exposure of 60; 400 km2 sr yr and covering declinations
from −90° to þ24.8° [7], that the energy spectra are
identical to within a mild dipolar modulation with decli-
nation from −90° to þ44.8°.
Spectrum across declinations −90° to þ44.8°—Given

the statistical agreement of the spectra across declinations,
we present in Fig. 3 the combined spectrum across
declinations −90° to þ44.8°, scaled by E2 (energy flux).
The colored band shows the systematic uncertainties,
which have been propagated by repeating the analysis
on datasets obtained by randomly sampling the different
sources of systematics that affect individual energies and
exposure. The main contribution stems, by far, from the
14% uncertainty in energy scale. The various spectral
features, with their statistical and systematic uncertainties,
are given in Fig. 3. The data, included those in each
declination band, are listed on a point-by-point basis in the
Appendix A.

TABLE I. Spectral parameters p in several declination bands: normalization J0 in km−2 sr−1 yr−1 EeV−1 units, indices γj and break
energies Ejk in EeV units; and probabilities Pð≥ Q2Þ that pΔδ departs from pref measured across ½−84.8°;þ24.8°�. In the declination
band ½þ24.8°;þ44.8°�, the threshold of the N68-based analysis does not allow for measuring γ1 and E12, which are fixed to their value
found across ½−84.8°;þ24.8°�.

½δmin; δmax� J0 γ1 γ2 γ3 γ4 E12 E23 E34 Pð≥ Q2Þ (%)

½−84.8°;þ24.8°� 1.271� 0.004 3.26� 0.01 2.51� 0.03 2.99� 0.03 5.3� 0.2 5.1� 0.1 13� 1 48� 2 � � �
½−90°;−51°� 1.278� 0.007 3.24� 0.02 2.54� 0.06 3.18� 0.06 7.2� 1.0 5.1� 0.2 17� 2 62� 4 23
½−51°;−29°� 1.281� 0.007 3.26� 0.02 2.46� 0.06 2.87� 0.06 4.6� 0.4 5.2� 0.2 12� 2 39� 4 13
½−29°;−8°� 1.257� 0.007 3.28� 0.02 2.54� 0.06 3.02� 0.06 5.6� 0.4 4.9� 0.2 13� 2 49� 4 71
½−8°;þ24.8°� 1.266� 0.007 3.26� 0.02 2.50� 0.06 2.97� 0.06 6.1� 0.4 5.1� 0.2 12� 2 51� 4 34
½þ24.8°;þ44.8°� 1.26� 0.03 3.26 (fixed) 2.6� 0.2 3.0� 0.2 11� 10 5.1 (fixed) 13� 4 69� 20 53
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Beyond the well-known features of the ankle and the
steepening, earlier evidence for “instep” [6] is reinforced
with this measurement. We had previously disfavored, with
3.9σ confidence, a model of the energy spectrum consisting
of a series of two power laws followed by a slow
suppression [6]. By drawing at random mock samples of
observed energies following this reference model without
instep, and by reconstructing the corresponding spectra
using the reference model and the alternative one [Eq. (1)],
we built the distribution of the test statistics t from the ratio
of the likelihood values associated with each hypothesis.
Only two out of 108 realizations show a test statistic greater
than the observed one (t ≃ 38). Thus for one-sided
Gaussian distributions, the reference model can be rejected
at the 5.5σ confidence level. The significance remains
above 5.5σ when the complete chain of analysis is repeated
with the energy scale adjusted by �14% (the dominant
systematic uncertainty) from the nominal one.
Discussion—The first measurement of the energy spec-

trum of cosmic rays over the entire range of declination
covered by the surface array of the Pierre Auger
Observatory with an exposure of 104; 900 km2 sr yr has
been presented. This is made possible by using independent
spectra measured over ½0; 60°� and ½60°; 80°� combined
through a forward-folding procedure that makes use of a
unique function to describe the underlying spectrum.
Statistical agreement is obtained by increasing the energies
inferred from N68 values measured between 60° and 80°
from þ2.9% at 4 EeV to 3.1% at 10 EeV; the increase then
slows and energies are changed by −1% at 100 EeV. Such
changes are consistent with the uncertainties in the energy
assignments to N68.

A search for a declination dependence was performed by
comparing the energy spectrum in five declination ranges
with that measured in the band ½−84.8°;þ24.8°�, which is
covered when measuring individual spectra between
[0,60°] and [60°,80°] in zenith angle. All spectra are found
to be consistent with the reference one, apart from the mild
modulation expected from a dipolar anisotropy previously
uncovered [3]. Notably this statement applies to the north-
ernmost declination band ½þ24.8°;þ44.8°�, where only
inclined events are available.
The combination of the two individual measurements

and the statistical agreement across declinations lead to
the construction of the spectrum across −90° to þ44.8°
declinations, where the features of the ankle, the instep
and the suppression are firmly established. Among those
features, the significance of the instep, originally uncovered
with 3.9σ confidence [6], has reached 5.5σ. The increase in
significance is consistent with the increase in exposure, in
particular from the inclined events.
The absence of declination dependencies disfavors that

the origin of the instep feature may be attributed to the
distinctive spectrum of a small number of foreground
sources contributing significantly to the total intensity.
By contrast, the steepening seems to reflect the interplay
between the flux contributions of the helium and carbon-
nitrogen-oxygen components from rather similar sources
[7,37]. This is inline with the narrow range of maximum
rigidity at the sources that can be inferred from the
succession of rather pure-composition components of
nuclei above 10 EeV [38–40]. The improved sensitivity
in mass composition with the upgraded observatory [41]
will allow further characterization on the instep thus
shedding more light on its origin.
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End Matter

Appendix A—Here, we first provide details of the
energy-calibration of S38 and of N68, and then explain
the sources of energy-dependent systematic uncertainties
in N68 that enter into the budget σC and justify the use
of a nonzero δC above 10 EeV.
The energy calibration of Sð1000Þ is derived from a two-

step process [6]. First, Sð1000Þ is corrected for attenuation
effects with zenith angle θ by using the constant intensity
cut method [15]. For a given intensity threshold, the
attenuation curve is fitted with a third-degree polynomial,
Sð1000Þ ¼ S38ð1þ aSxS þ bSx2S þ cSx3SÞ, where xS ¼
cos2 θ − cos2 38° and S38 is a zenith-independent
shower-size estimator. The intensity-threshold dependence
in the curves is accounted for by introducing an empirical
dependence in terms of yS ¼ log10ðS38=40 VEMÞ in the
coefficients aS, bS and cS through a second-order

polynomial in y. AVEM corresponds to the energy deposit
of one vertical equivalent muon. The polynomial coeffi-
cients, updated with respect to those in [6], are given in
Table II. They relate to S38 values ranging from 15 to
120 VEM. Outside these bounds, the coefficients are set to
their values at 15 and 120 VEM. Secondly, the corrected
shower-size estimator, S38, is converted into energy E using
a power-law calibration relationship, E ¼ ASðS38ÞBS , deter-
mined with high-quality events detected simultaneously
with the fluorescence detector. The energy scale is based
on [42], with recent improvements concerning aerosol
attenuation [43] and longitudinal-profile reconstruction
[44]. In this Letter, AS ¼ ð1.86� 0.03Þ × 10−1 EeV and
BS ¼ 1.021� 0.004.
The energy calibration of N19 is carried out in the same

manner. A constant-intensity-cut correction is applied to
the (relative) muon-number estimator N19 using a second-
degree polynomial, N19 ¼ N68ð1þ aNxN þ bNx2NÞ, which
is enough to guarantee the same intensity in bins of cos2 θ
between 60° and 80° (with xN ¼ cos2 θ − cos2 68°). The
intensity-threshold dependence is accounted for by intro-
ducing an empirical dependence in terms of yN ¼
log10ðN19Þ in the coefficients aN and bN . The polynomial
coefficients are given in Table III. They relate to N68 values
ranging from 0.9 to 4.5. Outside these bounds, the

TABLE II. Coefficients of the second-degree polynomial in
terms of yS ¼ log10ðS38=ð40 VEMÞÞ for the parameters aS, bS,
and cS.

y0S y1S y2S

aS 0.936 0.005 −0.400
bS −1.62 −0.51 −0.13
cS −0.92 0.54 1.75
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coefficients are set to their values at 0.9 and 4.5. The
energy-calibration relationship is E ¼ ANðN68ÞBN , with
AN ¼ ð5.29� 0.06Þ EeV and BN ¼ 1.046� 0.014. Note
that these values are refereed to as A� σA and B� σB in
the main text.
Since N68 depends on the mass composition of the

primary particles, its calibration relationship to the energy
measured with the fluorescence technique accounts for the
trend of the composition change with energy inherently as
the underlying mass distribution is directly sampled by the
fluorescence detectors. The use of a single power law for
the relationship betweenN68 and E is then justified only for
a single logarithmic evolution of the composition as a
function of energy. This turns out to be the case, within the
statistical uncertainties of the fluorescence dataset, above
≃2 EeV [45]. However, using deep-neural-network tech-
niques applied to the surface-detector dataset, sharp
changes of the elongation rate, too small to show up within
the statistics available with the fluorescence technique,
have recently been uncovered around ≃6 EeV, ≃10 EeV,
and ≃30 EeV [24,25]. The impact of these elongation rate
changes on the energy calibration of N68 can be estimated as
follows.Within the Heitler-Matthews superposition model of
air shower [46], the number of muons Nμ increases with the
cosmic-ray mass number A asNμ ∝ A1−β. Assuming that the
slope of N68 with A follows that of Nμ, the change of slope
ofN68,ΔmN68

, can be related to that of the shower maximum
slant depth, ΔmXmax

through

ΔmN68
¼ −

1 − β

D0

ΔmXmax
; ðA1Þ

withD0 ≃ 56.1 g cm−2 the elongate rate of protons expected
from EPOS-LHC [47]. Using β ≃ 0.927 as a benchmark [48],
and considering to first order a single change of elongation
rate around 10 EeV to describe the observed series of kinks
from below 6 EeV to above 30 EeV, we get an amplitude for
the expected nonlinearity of N68 of ≃2.5% per decade. We
note that we neglect here the correlated nonlinearity effects
in the energy calibration of S38 as they are smaller.
Another source of logarithmic nonlinearities between

N68 and E stems from the use of the constant-intensity-cut
correction to make uniform the distribution of events in
terms of sin2 θ. The correction is necessary to compensate
for imperfections of the N19 energy estimator, which
accounts for muon contributions to the signals and requires

model-dependent corrections for electromagnetic ones, not
negligible between θ ¼ 60° and θ ≃ 70°. However, smaller,
yet genuine, deviations of the sin2 θ distribution from
uniformity, Δ, are expected in presence of dipolar anisot-
ropies. They can be estimated as [27]

Δ ¼ Ndip

Niso
dz sin λ cos θ; ðA2Þ

with Niso (Ndip) the expected number of events in the
covered region of the sky for an isotropic (a dipolar)
angular distribution. While Δ is well within 1% for θ ≤ 60°
for the dipole components dz of interest (measured with
large uncertainties, though), it increases up to, on average,
≃3% for θ ≥ 60°. We estimated that the uniformity of the
sin2 θ distribution forced by the constant intensity correc-
tion for N68 < 4.5 (E ≃ 20 EeV) can then lead to energy
distortions of ≃1.5% between 4 and≃20 EeV, while higher
energies would not be impacted as the energy dependence
of the polynomial coefficients relating N19 to N68 is frozen.
This effectively acts as a source of non-linearity that occurs
around ≃20 EeV.
Overall, we add in quadrature both sources of non-

linearities and end up with σC ¼ 3 × 10−2, and choose, as a
first-order approximation, the transition energy at 10 EeV.
We have checked that the best-fit value for δC is mildly
impacted when increasing σC to 5 × 10−2 or increasing the
transition energy.

Appendix B—Here, we provide a few summary plots
and data related to the analysis presented in the main
Letter.

TABLE III. Coefficients of the first-degree polynomial in terms
of yN ¼ log10 N19) for the parameters aN and bN .

y0N y1N

aN −0.292 0.468
bN −4.96 0.79
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FIG. 4. Energy-spectra residuals enlarged within �25% in the
five declination bands.
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The response function for events between 0 and 60° is
described in detail in our previous paper [6]. We have
applied the same data-driven techniques to determine that
for events between 60° and 80°. The resolution function is
parameterized as a Gaussian function with σN parameter
evolving with energy as

σNðEÞ
E

¼ 0.046þ 0.34ffiffiffiffi
E

p ; ðB1Þ

with E in EeV. No significant bias is found in the sub-
threshold energy bins of interest, down to 2.5 EeV. The
efficiency is described as (still with E in EeV)

εðEÞ ¼ 0.5

�
1þ erf

�
log10E
0.34

��
: ðB2Þ

In Fig. 4, we present an alternative version of the bottom
panel of Fig. 2. Here, the energy-spectra residuals in the
five declination bands are enlarged within �25% while no
artificial shifts are applied for visualization purpose; some
data points at high energies therefore lie outside the
windows. The reference lines are the best-fit function for
the spectrum combined over ½−84.8°;þ24.8°� accounting
for dipole anisotropies.
The correlation matrix relative to the covariance matrices

used to search for differences in the spectral features is
given in Table IV. It provides, together with the corre-
sponding uncertainties in the parameters listed in Table I,
the coefficients needed to get Σref as well as ΣΔδ.
The combined spectrum data points with their statistical

and systematic uncertainties are collected in Table V
together with the observed and corrected number of events,
while the correlation matrix of the spectrum data points that
accounts for systematic uncertainties is given in Table VI.
The strong bin-to-bin correlations observed stem from
systematic uncertainties dominated by those in the energy
scale: for a single power-law spectrum in E−γ , a ΔE=E

TABLE IV. Correlation matrix relative to Σref expressed in a basis ðJ0; γ1; E12; γ2; E23; γ3; E34; γ4Þ.

þ1.000 −0.535 þ0.613 −0.396 −0.162 þ0.218 −0.182 −0.317
þ1.000 −0.782 þ0.494 þ0.343 þ0.111 þ0.561 þ0.512

þ1.000 −0.872 −0.609 −0.186 −0.329 −0.303
þ1.000 þ0.827 þ0.313 þ0.104 þ0.052

þ1.000 þ0.594 þ0.007 −0.052
þ1.000 þ0.133 −0.186

þ1.000 þ0.431
þ1.000

TABLE V. Combined spectrum data.

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ � σsystðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

0.45
�
1.8614þ0.0065þ0.7

−0.0065−0.6

�
× 100 107,232 98178.2

0.55
�
8.808þ0.040þ3.2

−0.040−2.5

�
× 10−1 61,873 58483.8

0.65
�
4.183þ0.022þ1.4

−0.022−1.1

�
× 10−1 48,929 45207.8

0.75
�
2.107þ0.014þ0.6

−0.014−0.4

�
× 10−1 30,525 28678.2

0.85
�
1.186þ0.009þ0.3

−0.009−0.3

�
× 10−1 20,984 20314.9

0.95
�
6.590þ0.059þ1.5

−0.059−1.4

�
× 10−2 14,590 14213.9

1.05
�
3.668þ0.039þ0.9

−0.039−0.8

�
× 10−2 10,159 9957.9

1.15
�
2.001þ0.024þ0.5

−0.026−0.6

�
× 10−2 6984 6858.1

1.25
�
9.982þ0.152þ3.0

−0.165−2.8

�
× 10−3 4396 4296.4

1.35
�
5.027þ0.097þ1.5

−0.101−1.3

�
× 10−3 2775 2724.0

1.45
�
2.600þ0.062þ0.7

−0.067−0.7

�
× 10−3 1800 1773.7

1.55
�
1.294þ0.039þ0.4

−0.043−0.3

�
× 10−3 1124 1112.3

1.65
�
5.88þ0.23þ2.7

−0.26−2.4

�
× 10−4 634 635.3

1.75
�
2.27þ0.13þ1.2

−0.14−1.1

�
× 10−4 318 309.3

1.85
�
6.98þ0.67þ5.3

−0.69−3.4

�
× 10−5 126 119.5

1.95
�
1.89þ0.29þ1.9

−0.32−0.6

�
× 10−5 43 40.8

2.05
�
5.3þ1.4þ6.0

−1.6−2.8

�
× 10−6 15 14.2

2.15
�
2.5þ0.7þ0.1

−1.1−1.9

�
× 10−6 9 8.5

2.25 < 5.4 × 10−7 0 0

2.35 < 4.3 × 10−7 0 0
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TABLE VI. Correlation matrix of the spectrum accounting for systematic uncertainties.

j

i 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95 2.05 2.15

0.45 1 0.984 0.983 0.980 0.985 0.991 0.986 0.976 0.971 0.970 0.980 0.987 0.990 0.983 0.974 0.946 0.957 0.788
0.55 1 0.999 0.999 0.993 0.993 0.986 0.977 0.978 0.977 0.981 0.986 0.990 0.997 0.994 0.973 0.963 0.848
0.65 1 0.999 0.994 0.993 0.984 0.975 0.977 0.975 0.983 0.987 0.991 0.997 0.994 0.972 0.962 0.853
0.75 1 0.993 0.991 0.982 0.970 0.971 0.970 0.978 0.987 0.989 0.997 0.994 0.974 0.960 0.851
0.85 1 0.997 0.986 0.977 0.967 0.965 0.986 0.996 0.997 0.992 0.982 0.949 0.955 0.859
0.95 1 0.992 0.985 0.977 0.974 0.986 0.994 0.994 0.990 0.981 0.953 0.951 0.842
1.05 1 0.994 0.991 0.989 0.980 0.985 0.982 0.976 0.971 0.945 0.949 0.805
1.15 1 0.993 0.992 0.981 0.973 0.974 0.964 0.958 0.924 0.941 0.813
1.25 1 0.998 0.976 0.964 0.963 0.964 0.965 0.943 0.937 0.803
1.35 1 0.973 0.961 0.963 0.962 0.962 0.942 0.943 0.787
1.45 1 0.986 0.984 0.974 0.963 0.922 0.941 0.850
1.55 1 0.993 0.983 0.974 0.937 0.944 0.842
1.65 1 0.989 0.978 0.946 0.962 0.832
1.75 1 0.994 0.974 0.959 0.852
1.85 1 0.981 0.949 0.849
1.95 1 0.923 0.785
2.05 1 0.756
2.15 1

TABLE VII. Spectrum data over the declination band
½−90°;−51°�.

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

0.45
�
1.875þ0.013

−0.013

�
× 100 24,889 22728.5

0.55
�
8.797þ0.082

−0.081

�
× 10−1 14,198 13424.9

0.65
�
4.294þ0.041

−0.045

�
× 10−1 11,557 10693.2

0.75
�
2.114þ0.026

−0.028

�
× 10−1 7045 6628.6

0.85
�
1.194þ0.017

−0.019

�
× 10−1 4873 4714.3

0.95
�
6.793þ0.116

−0.126

�
× 10−2 3470 3375.1

1.05
�
3.549þ0.075

−0.082

�
× 10−2 2278 2220.4

1.15
�
2.104þ0.052

−0.057

�
× 10−2 1685 1657.4

1.25
�
1.057þ0.032

−0.035

�
× 10−2 1057 1048.1

(Table continued)

TABLE VII. (Continued)

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

1.35
�
5.49þ0.21

−0.22

�
× 10−3 699 684.7

1.45
�
2.48þ0.13

−0.14

�
× 10−3 397 389.4

1.55
�
1.30þ0.08

−0.09

�
× 10−3 263 258.0

1.65
�
5.54þ0.49

−0.52

�
× 10−4 141 137.9

1.75
�
2.78þ0.30

−0.31

�
× 10−4 85 86.8

1.85
�
7.7þ1.4

−1.6

�
× 10−5 31 30.3

1.95
�
2.1þ0.7

−0.7

�
× 10−5 12 10.4

2.05
�
1.4þ1.8

−1.2

�
× 10−6 1 0.9

2.15
�
1.1þ1.4

−0.9

�
× 10−6 1 0.9

2.25 < 2.0 × 10−6 0 0
2.35 < 1.6 × 10−6 0 0
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TABLE VIII. Spectrum data over the declination band
½−51°;−29°�.

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

0.45
�
1.881þ0.012

−0.012

�
× 100 29,491 27226.2

0.55
�
8.921þ0.076

−0.076

�
× 10−1 17,193 16258.8

0.65
�
4.192þ0.039

−0.043

�
× 10−1 12,052 11194.9

0.75
�
2.095þ0.025

−0.027

�
× 10−1 7509 7044.0

0.85
�
1.202þ0.017

−0.019

�
× 10−1 5247 5088.8

0.95
�
6.544þ0.110

−0.119

�
× 10−2 3565 3487.2

1.05
�
3.836þ0.075

−0.082

�
× 10−2 2616 2573.7

1.15
�
2.015þ0.048

−0.052

�
× 10−2 1743 1702.3

1.25
�
1.030þ0.031

−0.033

�
× 10−2 1118 1095.3

1.35
�
5.13þ0.20

−0.21

�
× 10−3 697 686.8

1.45
�
2.82þ0.13

−0.14

�
× 10−3 479 474.8

1.55
�
1.48þ0.08

−0.09

�
× 10−3 313 314.9

1.65
�
5.72þ0.46

−0.48

�
× 10−4 157 152.9

1.75
�
1.84þ0.24

−0.24

�
× 10−4 65 62.0

1.85
�
8.1þ1.4

−1.5

�
× 10−5 35 34.2

1.95
�
2.7þ0.8

−0.7

�
× 10−5 15 14.7

2.05
�
7.3þ3.2

−2.8

�
× 10−6 5 4.9

2.15
�
5.8þ2.5

−2.3

�
× 10−6 5 4.9

2.25 < 2.1 × 10−6 0 0

2.35 < 1.7 × 10−6 0 0

TABLE IX. Spectrum data over the declination band
½−29°;−8°�.

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

0.45
�
1.850þ0.012

−0.012

�
× 10−0 28,269 25961.0

0.55
�
8.703þ0.076

−0.076

�
× 10−1 16,303 15376.7

0.65
�
4.119þ0.039

−0.043

�
× 10−1 11,529 10677.9

0.75
�
2.105þ0.025

−0.027

�
× 10−1 7258 6870.6

0.85
�
1.182þ0.017

−0.018

�
× 10−1 5003 4854.1

0.95
�
6.420þ0.111

−0.119

�
× 10−2 3408 3319.7

1.05
�
3.642þ0.075

−0.080

�
× 10−2 2420 2371.2

1.15
�
1.972þ0.049

−0.054

�
× 10−2 1646 1615.9

1.25
�
9.482þ0.296

−0.323

�
× 10−3 1001 978.3

1.35
�
4.92þ0.19

−0.21

�
× 10−3 651 639.1

1.45
�
2.56þ0.13

−0.14

�
× 10−3 425 419.0

1.55
�
1.11þ0.07

−0.08

�
× 10−3 232 229.3

1.65
�
6.15þ0.49

−0.52

�
× 10−4 159 159.4

1.75
�
2.19þ0.26

−0.29

�
× 10−4 73 71.5

1.85
�
5.5þ1.0

−1.1

�
× 10−5 24 22.7

1.95
�
1.5þ0.5

−0.5

�
× 10−5 8 7.5

2.05
�
8.7þ3.6

−4.1

�
× 10−6 6 5.7

2.15
�
1.2þ1.3

−1.0

�
× 10−6 1 0.9

2.25 < 2.2 × 10−6 0 0

2.35 < 1.7 × 10−6 0 0
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change in energy scale translates indeed as a change
ΔJðEÞ=JðEÞ ¼ ðγ − 1ÞΔE=E. The correlation matrix
together with the uncertainties collected in Table V allow
for a direct model/data comparison through a generalized

χ2 that accounts for all sources of uncertainties. It can also
be used to propagate uncertainties in any quantity derived
from the cosmic-ray spectrum, such as cosmogenic
gamma-ray [49] or neutrino fluxes [50].
Finally, the spectra obtained in each declination band are

collected in Tables VII–XI.

TABLE X. Spectrum data over the declination band
½−8°;þ24.8°�.

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

0.45
�
1.857þ0.013

−0.013

�
× 100 24,477 22123.1

0.55
�
8.880þ0.083

−0.083

�
× 10−1 14,109 13320.9

0.65
�
4.109þ0.039

−0.043

�
× 10−1 11,712 10776.8

0.75
�
2.136þ0.025

−0.028

�
× 10−1 7523 7055.6

0.85
�
1.175þ0.017

−0.018

�
× 10−1 5048 4885.2

0.95
�
6.632þ0.111

−0.122

�
× 10−2 3560 3471.6

1.05
�
3.673þ0.074

−0.080

�
× 10−2 2464 2420.3

1.15
�
1.918þ0.048

−0.053

�
× 10−2 1634 1591.4

1.25
�
9.796þ0.305

−0.327

�
× 10−3 1049 1023.0

1.35
�
4.76þ0.19

−0.21

�
× 10−3 638 625.9

1.45
�
2.57þ0.12

−0.14

�
× 10−3 433 426.6

1.55
�
1.27þ0.07

−0.08

�
× 10−3 269 265.4

1.65
�
5.72þ0.45

−0.51

�
× 10−4 150 150.2

1.75
�
2.46þ0.26

−0.28

�
× 10−4 82 81.4

1.85
�
6.7þ1.3

−1.4

�
× 10−5 30 27.8

1.95
�
1.0þ0.5

−0.5

�
× 10−5 6 5.5

2.05
�
4.2þ1.9

−2.7

�
× 10−6 3 2.8

2.15
�
2.2þ1.4

−2.1

�
× 10−6 2 1.8

2.25 < 2.0 × 10−6 0 0

2.35 < 1.6 × 10−6 0 0

TABLE XI. Spectrum data over the declination band
½þ24.8°;þ44.8°�.

log10
ðE=EeVÞ

JðEÞ � σstatðEÞ
(EeV−1 km−2 sr−1 yr−1) n ncorr

0.65
�
4.259þ0.100

−0.109

�
× 10−1 2037 1793.8

0.75
�
2.008þ0.061

−0.066

�
× 10−1 1172 1064.9

0.85
�
1.13þ0.04

−0.04

�
× 10−1 793 753.6

0.95
�
6.58þ0.28

−0.31

�
× 10−2 574 552.7

1.05
�
3.41þ0.18

−0.19

�
× 10−2 371 360.6

1.15
�
1.98þ0.13

−0.13

�
× 10−2 270 263.7

1.25
�
9.63þ0.74

−0.81

�
× 10−3 167 161.6

1.35
�
4.13þ0.46

−0.49

�
× 10−3 90 87.3

1.45
�
2.31þ0.29

−0.31

�
× 10−3 63 61.4

1.55
�
1.4þ0.2

−0.2

�
× 10−3 48 46.8

1.65
�
6.0þ1.1

−1.2

�
× 10−4 26 25.2

1.75
�
2.5þ0.75

−0.8

�
× 10−4 13 13.2

1.85
�
9.1þ4.3

−4.6

�
× 10−5 6 6.1

1.95
�
1.6þ0.8

−1.4

�
× 10−5 2 1.3

2.05 < 1.2 × 10−5 0 0

2.15 < 9.8 × 10−6 0 0

2.25 < 8.0 × 10−6 0 0

2.35 < 6.5 × 10−6 0 0
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