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Abstract: The question of at which energy the transition from galactic to extra-galactic
cosmic rays takes place has been a long-standing conundrum in cosmic ray physics. The
sun stands out as the closest and clearest astrophysical accelerator of cosmic rays, while
other objects within and beyond the galaxy remain enigmatic. It is probable that the cosmic
ray spectrum and mass components from these celestial sources share similarities, offering
a novel approach to study their origin. In this study, we perform joint analysis of spectra
and mass in the energy range from MeV to 10 EeV, and find the following: (1) ⟨lnA⟩

demonstrates three clear peaks, tagging component transition; (2) a critical variable ∆

is adopted to define the location of the transition; (3) for protons, the knee is located
at ∼1.8 PeV, and the boundary between the galaxy and extra-galaxy occurs at ∼60 PeV,
marked by a spectral dip; and (4) the all-particle spectrum exhibits hardening at ∼60 PeV
due to the contribution of nearby galaxies, and the extra-galaxy dominates ∼0.8 EeV. We
hope the LHAASO experiment can perform spectral measurements of individual species to
validate these specific observations.

Keywords: cosmic ray spectrum; mass components; acceleration limitations; high-energy
astrophysical sources

1. Introduction

The all-particle spectrum of cosmic rays (CRs) with energies ranging from MeV to over
100 EeV roughly follows a power law with an index close to −2.7. It is widely accepted
that CRs above 10 EeV are of extra-galactic origin, as their gyroradii exceed the scale
constrained by the magnetic fields of the Milky Way, although definitive sources have
yet to be identified. In contrast, particles in the energy region below PeV are primarily
attributed to galactic sources. Supernova remnants (SNRs) have long been proposed as the
primary accelerators of galactic cosmic rays (GCRs) through diffusive shock acceleration.
Considering SNRs as the sole source of CRs in the galaxy, approximately 10% of their
energy would need to be converted into CRs to sustain the observed level of the galactic CR
“sea” [1]. Recently, growing observations [2–6] have identified several intriguing sources,
such as pulsars, collimated microquasars, and young massive star clusters, which may play
a significant role as dominant PeVtrons. A transition of CRs from galactic to extra-galactic
origins is theoretically anticipated; however, the precise energy at which this transition
occurs remains a topic of ongoing debate.
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A comprehensive understanding of the transition is crucial for elucidating the com-
plete landscape of CR origins, encompassing aspects such as source maximum acceleration
energy, the capacity of the galaxy to confine CRs up to high energies, and thus the intensity
and structure of the galactic magnetic field. Also, it concerns the source composition of
extra-galactic CRs (EGCRs), and the propagation of CRs in extra-galactic magnetic fields [7].

Two promising transition possibilities correspond to key features of the CR spectrum:
the second knee at around 0.1–0.5 EeV and the ankle at approximately 3 EeV. These are
explained by three models: the ankle model, the dip model, and the mixed composition
model, which primarily differ in transition energy and the mass composition of the extra-
galactic component. The ankle model, which positions the ankle as the transition point, has
been proposed for many years. However, this perspective is inconsistent with the measured
average depth of the air shower maximum, ⟨Xmax⟩ in the energy range of 1–5 EeV, as well
as with the observed large-scale anisotropy at energies above 3 EeV [8,9]. Additionally,
this interpretation necessitates the incorporation of an extra component to bridge the gap
between the galactic iron knee and the ankle [10]. In the dip model, the transition from
GCRs to EGCRs occurs at the second knee [11,12]. While this model provides a robust
framework for describing data collected at the Telescope Array (TA), it faces challenges
due to tensions with the mass composition inferred from measurements at the Pierre
Auger Observatory (PAO) [13]. The transition in mixed composition models occurs from
iron to lighter nuclei and may take place at or near the ankle, depending on the choice of
parameters [10]. Unlike the other two models, the mixed composition model requires higher
accuracy in the fluorescent method to differentiate the mixed extra-galactic composition
from proton-dominated or iron-dominated scenarios, as there are currently no reliable
predictions for the mass composition of EGCRs [14]. For a comprehensive introduction and
comparison of these transition models, one can refer to [13,15,16].

As noted above, spectra, mass composition, and CR anisotropy are three key factors
that distinguish different transition models and can help us gain insights into the origins of
CRs [9,10]. Fluxes of CR with energies above the PeV scale are so low that they can only be
measured through ground-based experiments, leading to various systematic errors and
calibration effects. Near the knee region, there have been few experimental measurements of
mass composition, with the exception of the recent precise observations from LHAASO [17].
In the higher energy range of 0.1–3 EeV, conflicting data on mass composition between
HiRes and TA on one side and PAO on the other have hindered consensus on different
composition models and the GCR-EGCR transition issue [10].

While the origins of GCRs and EGCRs remain elusive, the sun is a well-studied entity
known for its ability to accelerate solar CRs (SCRs) from MeV to a few GeV. There are several
types of SCRs in the MeV range, with coronal mass ejection (CME)-related solar energetic
particle (SEP) events being among the most intense and reaching the highest energies in
the solar system [18]. These events are accelerated by CME-driven shocks, dissipating
approximately 5–10% of kinetic energy. Similarly, GCRs are believed to be accelerated
by diffusive shocks with a comparable efficiency (e.g., [19]). The production of GCRs
can be considered analogous to the formation of the time-averaged SEP spectrum [20].
In addition, the energy spectrum of an SEP is typically fitted as a power law with an
exponential cutoff, with the similar knee-like structure occurring at around 1 GeV [21]. It
is likely that similarities exist in the CR observations from the Sun to the galaxy, as well
as from galactic to extra-galactic systems, providing a fresh perspective for investigating
their origins. SCRs have been extensively researched, serving as a valuable standard for
exploring the relatively less understood GCRs and the GCR-EGCR transition.

Previous research has predominantly centered on the knee-to-ankle region. In this
study, our focus extends across the entire CR energy spectrum, ranging from MeV to EeV,
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performing joint analysis of spectrum and composition. Our aim is to explore the GCR-
EGCR transition by drawing comparisons to the SCR-GCR transition. The former transition
is impeded by incomplete measurement data for the composition spectrum, as well as
notable measurement statistics and uncertainties. In contrast, the elemental flux of the latter
transition is well established. In the following, we employ a phenomenological function to
characterize the spectra of each individual element in Section 2. Subsequently, in Section 3,
we present the findings related to the all-particle spectrum and mean logarithmic mass,
highlighting the shared patterns observed between these two transitions. Finally, Section 4
provides our conclusions, followed by a short discussion in Section 5.

2. Dataset and Method

The main framework idea of this article is depicted in Figure 1. The spectra of
each nucleus in SCRs exhibit a maximum energy cutoff, with lighter nuclei dropping
first, followed by intermediate ones, and ultimately iron-dominated nuclei. At higher
energies, lighter GCRs begin to dominate. In other words, the signature of the transition
in composition is the gradual disappearance of solar elements from protons to iron and
the increase of a lighter or intermediate galactic component. We designate the energy
where protons start to drop as point A, the interaction where solar protons and galactic
iron intersect as point B, and the location dominated by galactic protons as point C. This
means the mean mass with energy plots should start increasing at A, reaching the peak
at point B, and falling back to a trough at point C. It is natural to assume and investigate
whether there are similar structures and changes at the transition from within the Milky
Way to outside the Milky Way.

Figure 1. Graphic of spectral features of charged particles from our solar system to the galaxy and
extra-galaxy. The included images of the Sun, the Milky Way, and the expansion of the Universe are
credited to NASA.

As mentioned earlier, SEP events bear similarities to GCRs. Two notable SEP events
with relatively complete nuclei energy spectra, which occurred on 29 October 2003 and
25 August 1998 [22,23], have been selected for analysis as representatives of SCRs. Despite
numerous recorded SCR events, the composition and energy spectra of these two events for
key elements from hydrogen to iron are characterized by high statistical accuracy. Space-
borne experiments can detect CRs with energies up to 100 TeV, providing valuable data
on elemental species. Data from various satellite experiments such as AMS-02, DAMPE,
CREAM, etc., are utilized. However, for events with even higher energies, measurements
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are limited to ground-based facilities, with the majority of these observations presenting an
all-particle spectrum and showing significant uncertainties in mass composition. Therefore,
ground-based measurements of partially available nuclei spectra (P, He, Fe), the all-particle
spectrum, and mean logarithmic mass distributions are employed, including the most
precise measurement to date achieved by the LHAASO experiment [17]. The caption of
Figure 2 lists all the spectral datasets used in this work.

It is important to acknowledge several assumptions throughout this work. When
comparing the transition from GCR-EGCR to SCR-GCR, it is assumed that the transition of
GCR-EGCR is charge-dependent. Additionally, we consider three source populations to
explain GCRs, and two source populations for the EGCRs. For the GCR spectrum, SNRs
are usually considered potential CR sources. However, growing evidence shows that this is
not sufficient [24]. Therefore, at least two source populations are adopted, one of which
is typically described as in terms of a smooth broken power law when considering solar
modulation [25]. With the observation of spectral hardening of protons and helium in the
tens of TeV range [26–28], we assume there is a nearby source population [29]. For the
EGCR spectrum, it is often assumed that at least two main source populations contribute
to the observed spectrum [30,31]. The main particle acceleration mechanism, diffusive
shock acceleration theory, usually predicts a power law distribution with an exponential
cutoff [32]. Thus, we expect all these populations to follow a cutoff power law spectrum. In
addition, due to a lack of observations for the high-energy range of middle-heavy elements,
their flux is manually adjusted based on the spectral index of light-heavy elements and
their own low-energy observations. The all-particle spectrum and mean logarithmic mass
measurements provide constraints on the total elemental composition. The caption of
Figure 2 lists all the spectral datasets used in this work.

Mathematically, the multiple-segment power law function describes the total CR
energy flux in the MeV to 10 EeV range as

F = Φpl,1(Solar)

+ Φsbpl + Φpl,2 + Φpl,3(GCR)

+ Φpl,4 + Φpl,5(EGCR)

(1)

where

Φpl,i(E) = Φi E−γi e
− E

Ec,i , (2)

and Φi, γi, and Ec,i are the normalized factor, the power law index, and the cutoff energy
position of the energy spectrum for the i-th component ranging from 1 to 5. Φsbpl is a
broken power law component :

Φsbpl(E) = Φ0E−α1

[

1 +
(

E

Eb,0

)1/δ
](α1−α2)δ

e
− E

Ec,0 . (3)

where Φ0 is the normalized factor, while α1 and α2 are the power law indices before and
after the break energy Eb,0, and δ stands for the smoothness of the break.

The energy spectra of individual elements (P, He, C, N, O, Mg, Si, Fe) are individually
described with a complementary function, as shown in Figure 2. The details of each power
law component for the protons are depicted in Figure A1 in Appendix A, while the function
descriptions of each nucleus species, compared with the all-particle spectrum, are presented
on the right. The detailed parameters of each species are listed in Table 1. A hyperbolic
cosine is adopted for the solar modulation, which is approximately 450 MV, and a similar
galactic modulation as 0.1 EV in the data comparison.
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Figure 2. Spectra of all-particle and elemental species from MeV to EeV, described with multi-
segment function and compared with experimental data from experiments. All-particle spectra are
from Tibet-III [33], HAWC [34], IceTop [35], TALE [36], KASCADE [37], KASCADE-Grande [38],
Auger [39], Tunka-133 [40], LHAASO [17], and Exp-weighted are observations from space-borne ex-
periments. Proton data are from AMS-02 [41], DAMPE [26], CALET [27], CREAM [42], PAMELA [43],
GRAPES-3 [44], Nucleon [45], IceTop [46], KASCADE [47], and KASCADE-Grande [38]. KASCADE-
Grande is abbreviated as KAS-Grande in plot due to limited legend space. Helium data are from
AMS-02 [41], CREAM [42], DAMPE [28], PAMELA [43], Nucleon [45], IceTop [46], KASCADE [47],
KASCAEDE-Grande [38]. Carbon: AMS-02 [41], CREAM [48], Nucleon [45], KASCADE [47],
and KASCADE-Grande [38]. Nitrogen: AMS-02 [41] and CREAM [48]. Oxygen: AMS-02 [41],
CREAM [48], IceTop [46]. Magnesium: AMS-02 [49], Nucleon [45], and CREAM [48]. Silicon: AMS-
02 [49], CREAM [48], Nucleon [45], and KASCADE [47], KASCADE-Grande [38]. Iron: AMS-02 [50],
CREAM [48], Nucleon [45], IceTop [46], KASCADE [47], and KASCADE-Grande [38].

The mean logarithmic mass, an often-used quantity to characterize the CR mass
composition, below PeV could be calculated with an analytical expression as well as the
direct observational spectra data of each element, using

⟨ln A⟩ =
∑ ln Ai × Fi

∑ Fi
(4)
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where ln Ai and Fi are the logarithmic mass and flux of a nuclei. The ⟨lnA⟩ calculated
through the flux function could be compared with ⟨lnA⟩ observations from ground-
based facilities.

Table 1. Spectral parameters of different species.

SCR GCR EGCR
Φ1 γ1 Φ0 α1 δ α2 Φ2 γ2 Φ3 γ3 Φ4 γ4 Φ5 γ5

P 1 × 1.56 0.87 3.67 × 109 −5.58 1.57 3.20 60 2.12 205 2.38 3 2.4 20 2.5
He 2 × 105 0.60 4.63 × 105 −3.32 2.20 3.53 95 2.19 100 2.36 0.6 2.3 0.04 2.26
C 1000 0.7 36.64 −4.07 1.90 3.26 15 2.19 20 2.36 0.01 2.3 0.002 2.26
N 90 1 10.72 −3.90 1.9 3.45 4 2.19 3 2.36 0.001 2.3 1 × 10−5 2.26
O 1.8 × 104 0.8 7.54 −4.09 1.91 3.24 25 2.19 25 2.36 0.05 2.3 0.003 2.26

Mg 800 0.7 0.27 −4.08 1.91 3.25 6 2.19 5 2.36 0.01 2.3 1 × 10−4 2.26
Si 400 0.6 0.048 −4.15 1.91 3.18 8 2.19 15 2.36 0.001 2.3 1 × 10−4 2.26
Fe 10 1.25 12.67 −3.5 3.2 3.89 0.7 2 0.1 2.1 0.01 2.4 1 × 10−4 2.3

Ec = 3.5 × 104 Z GeV and 7 × 106 Z GeV for galactic and extra-galactic CRs; Z is the charge of each species.

To obtain the quantitative changes in the energy spectrum and ⟨lnA⟩, and ultimately
determine the transition point, we defined a slope variable ∆ as follows:

∆ =
∆y

∆r
=

∆y
√

(∆x)2 + (∆y)2
. (5)

Here, when there is a localized change ∆x on the x-axis, there is a corresponding change ∆y

on the y-axis. ∆ is a slope variable in mathematics that we aim to measure in order to assess
the steepness or inclination of the mass composition and spectrum as they change with
energy, tracing their evolution. With ∆, the changes in the energy spectrum and ⟨lnA⟩ with
respect to energy can be tracked and quantitatively calculated. This enables an effective
capture of the variations illustrated in Figure 1, specifically at points A, B, and C marked
on the energy spectra.

3. Results

In this section, we first demonstrate that the mean logarithmic mass ⟨lnA⟩ is a reliable
indicator for identifying the component transition. We then present the variation of ∆

with energy in the joint spectrum and mass, providing a quantitative description of this
transition with the help of ∆. Figure 3 illustrates the variation of ⟨lnA⟩ across energies from
MeV to 10 EeV. It is evident that there are three peaks. The first peak is clearly associated
with the transition from SCRs to GCRs. The second peak, occurring around 200 TeV,
indicates the contribution of local sources [51,52]. This is supported by recent observations
of unexpected changes in elemental spectra within the hundreds of GeV to tens of TeV
range [26–28], as well as the amplitude and phase of large-scale anisotropies around 100 TeV,
which necessitate the existence of a local source for their explanation. The third peak can be
readily linked to the transition from GCRs to EGCRs, drawing upon the implications of the
previous two peaks. The significance of Peak-II suggests that the local transition from local
sources to the galaxy is not as pronounced as that of SCR-GCR and GCR-EGCR. A large
portion of the light component dominates, although heavy components from local sources
may contribute to the total flux, leading to an upward shift in the log mass distribution.
On the other hand, the presence of local transitions underscores the effectiveness of using
the ∆ distribution to verify these transitions. However, from an experimental standpoint,
there are limited detailed observations around Peak-II, even when considering the latest
LHAASO measurements. Therefore, additional measurements of the composition spectrum
are needed at around 200 TeV to validate our calculations.
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From top to bottom, Figure 4 presents the all-particle and proton spectra, ⟨lnA⟩

distribution, and the ∆ of protons and ⟨lnA⟩, across energies from MeV to 10 EeV. From
the flux of the all-particle spectrum and protons in the first and second panels, it can be
seen that the function described the flux comparison with the observed spectrum from
the experiments well, demonstrating that the multi-segment function aligns well with
the experiment data. In both spectral plots, distinct colored shaded areas are utilized to
delineate the entire energy spectrum structure. As previously mentioned, the CRs within
the solar system are accurately represented by a truncated power law spectrum, illustrated
by the blue shaded area in the plot. The pink shaded area signifies the background spectrum
of CRs within the galaxy, while the purple shaded area represents the contribution from
nearby sources. Additionally, the green shaded area corresponds to the contribution from
extra-galactic flux.
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Figure 3. ⟨lnA⟩ is a good tracer to identify the component transition. The blue solid line is ob-
tained using Equation (4) with multi-segment power law functions of individual elemental flux.
The weighted exp represents calculations of observational flux of key species from space-borne
experiments. Other points are observational data from ATIC [53], Auger [54], Hires-MIA [55], KAS-
CADE [47], Tunka-133 [56], LHAASO [17], and IceCube [46]. It can be seen that Peak-I and Peak-III
exhibit a high degree of similarity.

The third panel presents ⟨lnA⟩ with energy, calculated using Equation (4), and in-
cludes observations from ground-based detectors, including the latest data release from
LHAASO [17]. It can be seen that two peaks arise at around 0.1 GeV and 60 PeV, which
indicate where the proton ratio is highest in the solar system and within the Milky Way,
and that one shallow peak presents near 200 TeV, which suggest the location of nearby
source contributions. The features in the ⟨lnA⟩ distribution provide more evidence than
the information in the spectral plot.

To quantitatively illustrate the variability of spectra and ⟨lnA⟩ with energy, the changes
in the spectra and ⟨lnA⟩ distributions are presented at the bottom of Figure 4. The intersec-
tions of the ∆ distributions of proton spectra and ⟨lnA⟩ are labeled and drawn with vertical
lines across the entire figure. A joint analysis of the intersections, spectral distribution, and
the ⟨lnA⟩ could provide a better understanding.

It is evident that three cross-points effectively describe a transition from the solar
system to the galactic system, labeled A–B–C. The proton ratio is highest at point A within
the solar system. This is evident from the energy spectrum and ⟨lnA⟩ distribution, where
point A represents the peak flux in the energy spectrum and is located at the base of the
peak in the ⟨lnA⟩ distribution. Point B, on the other hand, represents the opposite of point
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A, where the solar proton proportion decreases to the lowest point and ⟨lnA⟩ reaches the
peak. From A to B, the flux of SEP is successively truncated from hydrogen to iron. From
B to C, the CR flux from the galaxy begins to increase, resulting in a transition of ⟨lnA⟩

from being dominated by heavy nuclei to being dominated by light nuclei, where point C
has the local maximum proton ratio. This transition occurred from the solar system to the
galactic system, where the mass components and spectra are clearly known.
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Figure 4. The intersections of the changes in the proton energy spectrum and the distribution of
⟨lnA⟩ are presented as gray dashed lines running through four plots, as detailed in the main text.
Three intersections (A–B–C, A′–B′–C′, and A′′–B′′–C′′) determine the transitions of the system. Top:
All-particle spectrum. The black solid line represents the sum flux of each key species. The parameters
and results of individual elements are listed in Table 1 and shown in Figure A2. The light blue shade
represents the contribution from SEPs, the pink shade represents the background CRs, the light violet
shade comes from nearby sources, and the green shade represents the contribution from extra-galactic
sources. The magenta pentagrams represent the total-error-weighted average observational spectra
of key species. The data used to calculate the weighted spectra and all-spectra data are also listed in
the caption of Figure A2. Second: Proton spectrum. The different components are shown on the left
of Figure A1, and experimental data comparisons can also be found there. Third: ⟨lnA⟩ distribution.
Bottom: the ∆ distributions of the proton spectrum and ⟨lnA⟩. The overall vertical gray dashed lines
are determined by their intersections.
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It is worth noting that two other similar transitions occur at the A′–B′–C′ and A′′–B′′–C′′

regions. The A′–B′–C′ region indicates a relatively gradual process of ⟨lnA⟩ transitioning from
light to heavy and then back to light, suggesting that nearby source(s) in the galaxy start to
contribute at around several tens of TeV, the nearby iron reaches its peak at around 200 TeV, and
the galactic proton flux cuts off at about 2 PeV. The A′′–B′′–C′′ region likely marks the transition
from the galactic to the extra-galactic at around 60 PeV, also implying that the dominant flux
contributions are from nearby galaxies at energies around 0.8 EV and above.

4. Conclusions

Understanding the precise location of the GCR-EGCR transition is crucial for unrav-
eling the origins of CRs. In this study, we employed several basic power law functions
to characterize the observed elemental flux. Using characteristic nucleus spectra with a
five-segment cutoff power law function, we derived the total all-particle flux, which closely
mirrored observational all-particle spectra. Additionally, we analyzed the mass distribution
across MeV to 10 EeV, which aligned with the observations.

While SCRs have been extensively studied and serve as a valuable benchmark, they
also provide a basis for exploring the less understood GCR-EGCR transition. To pinpoint
the transition locations more accurately, we introduced a variable ∆ to capture and amplify
changes in the spectrum and mass components alongside energy. Building on our com-
prehension of the SCR-GCR transition at lower energies, we directed our focus towards
the high-energy GCR-EGCR transition. The ∆ distribution for these transitions displayed
similar structures, with the presence of local transitions highlighting the efficacy of utilizing
the ∆ distribution to validate these transition points. Therefore, by leveraging this similarity,
we were able to determine the specific locations of GCR-EGCR transitions based on ∆.

To be specific, we performed a comprehensive analysis of cosmic ray energy spectra
and mass composition across a broad energy range from MeV to 10 EeV. We identified three
critical points where intersections of the energy spectrum and ⟨lnA⟩ with ∆ could signify a
system transition. Through this work, we found that the distribution of mass composition,
⟨lnA⟩, exhibits clearer trends compared to the energy spectrum. Each transition presents a
peak in the ⟨lnA⟩; thus, we expect a peak in the ⟨lnA⟩ value near 200 TeV, likely resulting
from contributions of nearby sources. Furthermore, the intersections A′′ (with a minimum
⟨lnA⟩) represent the galactic proton knee location at 2 PeV, while the intersections B′′

(with a peak ⟨lnA⟩ value) indicate the iron reaching its peak, where the transition occurs
from galactic to extra-galactic at ∼60 PeV, with extra-galactic particles taking precedence
over galactic ones at energies surpassing 0.8 EeV. This result aligns closely with previous
studies [15] that concluded that the second knee (0.1–0.5 EeV) marks the transition between
GCRs and EGCRs, while also challenging models that suggest a transition at ankle energy.

5. Discussion

Previous research has predominantly centered on the knee-to-ankle observational
region, often relying on specific models. In this paper, we suggest isomg instead the
similarity between transitions of SCR-GCR and GCR-EGCR to derive and locate the GCR-
EGCR transition. The analysis is model-independent, and based on several key assumptions
outlined in the Methodology section. First and most importantly, similarity is a prerequisite
foundation. We briefly indicated in the previous sections that the similarities in aspects such
as shock acceleration, energy conversion rates, power law forms, and the knee structure of
energy spectra suggest that these two transitions share similarities. If this similarity turns
out to be absent, the foundation of this paper would be undermined. Thus, to reproduce
the observed energy spectra, we assume there are three source components within the
Milky Way and two populations in the extra-galactic case; future identification of specific
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sources and their populations would provide a clearer basis for the current categorization
of sources.

Additionally, the current functional description may not be optimal as, strictly speak-
ing, the analytical expression describing the spectrum process is not a complete parameter-
free fitting process. This is mainly because there are currently many parameters, and the
fitting process depends on the initial values of the parameters and may not necessarily yield
a unique solution. Another vital factor that contributes to this is the current observations.
As readers can also see in Figure 2, there are currently no experimental observational fluxes
for medium-weight isotopes at energies above several tens of TeV. For the observed nucleon
spectra, the results obtained from different experiments have significant errors.

In any case, precise and uncontroversial experimental observations are the most
effective tools. Measuring the elemental component spectra from 0.1 PeV to several PeV or
observing mass composition from tens of TeV to several PeV will be crucial for validating or
refuting our proposed calculation for the second transition, which we suggest is attributable
to local source contributions. This might count on LHAASO, the extension of IceTop [57],
or future HERD [58] observations. Furthermore, increasing the statistical data from high-
resolution UHECR measurements provided by the Pierre Auger Observatory, Telescope
Array, and other experiments will be essential for reaching a consensus on the transition
from GCRs to EGCRs.

Finally, from a technical standpoint, the current results have been manually fitted and
qualitatively assessed. There is potential to employ more advanced simultaneous fitting
methods, such as Markov Chain Monte Carlo, to achieve finer fitting values and gain access
to fitting uncertainties. Nevertheless, if the previous assumptions and results hold true,
while these refined fitting approaches may not fundamentally change our conclusions, they
could result in adjustments to the specific transition energy to some extent.
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Appendix A. Fitting Results

The results of the functional description of the elemental species spectrum and all-
particle spectra are illustrated in Figures A1 and A2.
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Figure A1. Proton spectrum from MeV to EeV, fitted with multi-segment function and compared
with experimental data from experiments [26,27,34,35,37,38,41,42,45,46,59,60].
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