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The origin of cosmic rays remains an unresolved fundamental problem in astrophysics. The synergy of
multiple observational probes, including the energy spectra, the mass composition, and anisotropy is a viable
way to jointly uncover this mystery. In this work, we propose that the energy-dependent of those observables in
a wide energy range, from O(10) GeV to ultrahigh energies of 10'' GeV, share quite a few correlated features,
indicating a strong co-evolution which could be a consequence of the underlying origin of different source
populations. We decipher these structures with a four-component model, i.e., the ensemble of Galactic sources,
a local source close to the solar system, and the ensemble of two extra-galactic source populations. In this
scenario, the O(10%) GV hardening and O(10) TV bump is due to the contribution of the local source, the knee
is due to the maximum acceleration energy of protons by the Galactic source population, the second knee is due
to the maximum acceleration energy of iron nuclei by Galactic sources, the dip feature between the two knees
is due to the appearance of the extra-galactic component, the ankle comes from the transition from one extra-
galactic component to the other, and the spectral suppression at the highest energies arises from the acceleration
limit of the second extra-galactic component. The transition from Galactic to extra-galactic origin of cosmic

rays occurs around O(10%) GeV, which is smaller than the ankle energy.

I. INTRODUCTION

After more than one century of the discovery of cosmic
rays (CRs), their origin is still unclear. The main challenge
is the deflections of charged particles when they propagate in
random magnetic fields everywhere in the Universe. It turns
out that the arrival directions of CRs are almost isotropic,
with small anisotropies (the amplitude is about 10 ~ 1073
below PeV [1]), which erases the original locations of the
sources. The other challenge is that the mass composition
is not clear for indirect measurements by ground-based ex-
periments. Limited information with relatively large uncer-
tainty makes it difficult to fully address the problems about
the origin, acceleration, propagation, and interaction of CRs.
In recent years, with the developments of new generation
space-borne and grand-based experiments, significant pro-
gresses towards precise measurements of CRs have been
achieved, which provides a very good opportunity to uncover
the mystery of CR physics. Particularly, a synergistic analysis
of multi-messenger data, including spectra, anisotropies and
mass composition, becomes feasible in light of the improved
precision.

The joint discussion of multiple observables of CRs has
been done in some works [2—4]. Gaisser et al. [2] proposed a
parametric framework using three or four distinct astrophysi-
cal components to simultaneously describe the all-particle en-
ergy spectrum and mean logarithmic mass ({InA)) of CRs.
Extending this methodology and based on LHAASO’s un-
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precedented precision in measuring both the energy spectrum
(0.3 =30 PeV) and (InA), Lv et al. [3] and Yao et al. [4]
performed a comprehensive analysis spanning nine decades
in energy from GeV to 10'© GeV. Their systematic investi-
gation reveals compelling evidence for a non-negligible con-
tribution from extragalactic CRs emerging at energies as low
as ~ 10 PeV, significantly below the traditional ankle feature
(~ 5 EeV) typically associated with the onset of extragalac-
tic dominance. Anisotropies have not been extensively dis-
cussed in these works. The co-evolution of the spectra and
anisotropies below 1 PeV has been highlighted in Refs. [5-8].
A nearby source at particular direction, with possible align-
ment effect along with the local regular magnetic field, has
been introduced to explain the spectral hardenings at hundreds
of GeV and softenings at tens of TeV, as well as the phase re-
versal of the dipole anisotropies around 100 TeV. However,
these studies did not cover the energy range above the knee
region.

Therefore, the all particle or individual spectra, composi-
tion, and anisotropy of CRs have their respective regions of
precise measurement in observations due to the sensitivity of
experimental instruments. When used independently to inves-
tigate the origin of CRs, regions where experimental observa-
tions are not sensitive may fail to provide definitive results.
However, by combining these messengers and complement-
ing each other through common evolution, useful information
can be obtained. Thus, this work aims to study the origin of
CRs through the joint evolution of the total spectrum, com-
ponent energy spectrum, composition, and anisotropy of CRs.
The paper is organized as follows. Sec. II describes the ob-
servation data briefly. Sec. III presents our proposed four-
component model, with the results given in Sec. IV. Lastly we



conclude in Sec. V.

II. OBSERVATIONAL DATA

The measurements of energy spectra for different species
have big progresses recently, revealing several new structures
of the spectral shapes. A common hardening feature at a rigid-
ity of several hundred GV has been established by many di-
rect detection experiments [9—18]. At slightly higher rigid-
ity, ~ 15 TV, spectral softenings were further revealed by
several experiments [14, 15, 17-22]. Above 100 TeV (TV),
hints of an additional spectral hardening were shown by a few
experiments [23, 24]. This hardening is actually required to
be reconciled with the all-particle spectra around PeV ener-
gies [25]. For energies above ~ 100 TeV, the measurements
are mostly from groundbased indirect detection experiments.
Several features have been observed, including the “knee”
around 3 ~ 4 PeV, the “second knee” around 200 PeV, the
“ankle” around 5 EeV, and the “GZK cutoftf” around 50 EeV
[26-36]. There is an additional hardening structure between
the two knees, as reported by a few experiments [33, 37, 38].
Given more and more precise measurements, the overall spec-
tra of CRs seem to be very complicated rather than structure-
less power-laws (see the top panel of Fig. 2). We can note that
there are similarities among the spectral features at different
energy bands. If we category a hardening and the subsequent
softening as one group, we can observe four such groups in
the spectra from tens of GeV to the highest end: group 1 from
10 GeV to 100 TeV, group 2 from 10 TeV to 10 PeV, group
3 from 10 PeV to 1 EeV, and group 4 from 1 EeV to 100
EeV. Those similarities indicate that there are possible com-
mon mechanisms to form (at least some of) such structures.

The spectra of individual species are crucial to the under-
standing of the CR physics. For energies below ~ 100 TeV,
direct detection experiments can well measure the individual
spectra, which reveal the group A structures for several ma-
jor species. At higher energies, however, it is usually difficult
to distinguish different compositions with indirect detection
technique, and the individual spectra have large (systematic)
uncertainties. The measurements of average logarithmic mass
number of particles, (In A), can in turn reflect the relative frac-
tions of different species. Such measurements can be done via
measuring the lateral distribution of Chrenkov light [39], the
muon content in showers [31, 40, 41], or the longitudinal de-
velopments of showers [42—44]. See Ref. [45] for an attempt
to infer the average logarithmic mass from those observables.
The results of (In A) in a wide energy range are shown in the
second panel of Fig. 2. For energies below PeV, we direct
calculate (InA) based on the individual spectra of the main
species measured by ATIC [9], CREAM [10], and AMS-02
[46]. With the increase of energy, the value of (In A) shows
an increase from ~ 1.0 at 10 GeV to a plateau of ~ 1.5 at
TeV-PeV, and increases again after PeV to reach a peak value
of 3.0 ~ 4.0 around 100 PeV. Then it decreases to a valley of
about 0.5 at about 1 EeV, after which it increases again.

Anisotropies of arrival directions of CRs have been mea-
sured by groundbased air shower or underground muon de-

tectors. It is obviously that for the energies less than ~PeV,
the amplitude of anisotropy does not exhibit a simple power-
law increasing with energy. Instead, it reaches a maximum
around 10 TeV and then decreases to a minimum near 100
TeV, forming a distinct “trough”-like structure. Remarkably,
the anisotropy phase simultaneously undergoes a reversal,
from alignment with the IBEX-inferred local magnetic field
direction to that of the Galactic center, resulting in a comple-
mentary “reversal” pattern [1, 47]. These fine-scale features
are believed to be closely related to the influence of nearby
sources, as suggested by recent theoretical studies [6, 7, 48].
Of particular significance, the Pierre Auger Observatory has
performed a detailed analysis of the first-harmonic modula-
tion in the right ascension (R.A.) distribution of CRs with
energy more than several tens of PeV, determining both the
dipole amplitude and phase in equatorial coordinates. For en-
ergies above 8 EeV, the measured dipole amplitude reaches
0.060f8:8(1)8, with a statistical significance of 60, and the cor-
responding phase is observed at 98° +9° [49]. Furthermore, at
lower energies (<8 EeV), the dipole amplitude evolves gradu-
ally, decreasing from approximately 1% at 30 PeV to about
0.1% around 1 EeV, then rising to nearly 10% at 30 EeV.
Meanwhile, the dipole phase shows a smooth transition: ini-
tially aligned with the Galactic center direction, it gradually
shifts toward @ ~ 100°, with the transition occurring at a few
EeV [50]. This behavior strongly suggests an extragalactic
origin for these CRs.

It is very interesting to note that, the structures of the spec-
tra, composition, and anisotropies show correlated evolution
with energy. When there is spectral change (hardening or soft-
ening) on the energy spectra, some imprints on the (In A) and
large-scale anisotropies (amplitude and phase) can be seen.
For example, the softenings at ~ 15 TV and ~ 3 PeV in
the spectrum correspond to local minima of (In A), while the
hardenings around 100 TeV and 30 PeV correspond to lo-
cal maxima of (In A). Moreover, the amplitude and phase of
the large-scale anisotropies also show analogous variations at
corresponding characteristic energies. Such a co-evolution of
spectra, composition, and anisotropies give strong support of
a picture that CRs at different energy ranges have different
origin. The sum of these source populations, with different
acceleration limits, source composition, and spatial distribu-
tions, give rise to complicated but correlated structures of their
spectra, (In A), and anisotropies.

III. A FOUR-COMPONENT MODEL

In this work, we propose to understand the observed energy
spectrum, composition and anisotropy of CRs with energies
from O(10) GeV to about 10?° eV using a four-component
model, which includes the Galactic background sources (com-
ponent A), one Galactic nearby source (component B), and
two extragalactic source populations (components C and D).
Note that two extragalactic source components are required
here to fit the data of spectra and composition [2-4]. Fig. 1 is
a cartoon plot to show different source components mentioned
above, illustrating their contribution to the energy spectra and
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FIG. 1. Illustration of the contributions to CR spectra and arrival directions from different source components. Filled circles, triangles, and
squares show the measured directions of anisotropies at different typical energies (red for 100 GeV, brown for 10 TeV, green for 1 PeV, and
cyan for 10 EeV). It shows the evolution of the anisotropy direction from the Galactic center (GC) at ~ 100 GeV, to approximately the anti-GC
(perhaps aligned with the local magnetic field as labelled by IBEX) around 10 TeV, to the GC again around PeV, and finally to the direction
shown by green and cyan arrows around 10 EeV. The bottom part shows how the sum of these components result in complicated “ankle-knee”
structures in the spectra.

arrival directions (shown by arrows). The algebraic sum of A. Galactic background sources
these source components is responsible to the structures in the
all-particle spectra and the average logarithmic mass number,
and the vector sum of these components gives energy evolu-
tion of the anisotropy amplitude and phase.

Various types of sources in the Galaxy have been found to
be able to accelerate CRs, such as supernova remnants, mas-
sive star clusters, accretion disks and jets of black holes and
so on. While the detailed acceleration characteristics of these
sources may be uncertain, phenomenologically a continuous



source distribution with an average accelerated spectrum is
usually assumed, and the produced particles are injected in
the Galaxy, experiencing a diffusive transport process. The
transport equation can be written as [51]
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where 4 is the CR density per particle momentum interval
at position 7, ga(7, p, ) is the source function, D, (7, p) is the
diffusion coefficient, \7: is the convection velocity, D,,,,(F’, )
is the diffusion coefficient in the momentum space which de-
scribes the reacceleration of particles during the propagation,
p is the momentum loss rate, 7, and 7, are the fragmenta-
tion and radioactive decaying time scales. The convection and
reacceleration are important for low energy CRs. For the en-
ergy range relevant for this work (E > 30 GeV), their effects
can be neglected. Usually a cylinder is adopted to describe
the geometry of the propagation halo. Free escape is assumed
at the border of the halo, namely (7, z, p) = Ya(rp,2,p) =
Ya(r, =z, p) = 0.

The spatial distribution of the sources is parameterized as
f(r,2) = (r/r0)"* exp[=3.56(r — ro)/re — I21/(0.2 kpe)] [52],
where r, = 8.5 kpc. The injection spectrum of CR nuclei
are assumed to be an exponentially cutoff power-law function
of particle rigidity R as ga(R) = qOAR‘VA exp[-R/R2], where
q(‘)* is the normalization factor, v, is the spectral index, and
R2 is the cutoff rigidity. Note that one or more breaks of the
injection spectrum at low energies may be necessary to fit the
wide-band data [53, 54]. For the purpose of this work, we
find that one single power-law with an exponentially cutoff is
enough.

In the conventional model, the spatial diffusion coefficient
is typically assumed to be uniform everywhere throughout the
Galaxy. However, it is natural to expect that the diffusion coef-
ficient should be spatially dependent, due to the non-uniform
properties of the interstellar medium (ISM). This picture is
supported by recent observations of very-high-energy y-ray
halos surrounding middle-aged pulsars [55, 56]. It has been
shown that the derived diffusion coefficient around these pul-
sars is smaller by 10? — 10° times than the average diffusion
coefficient inferred from the CR secondary-to-primary ratio
(e.g., [57]). Consequently, we employ the spatially dependent
propagation (SDP) scenario [58, 59] to describe the transport
of particles. The diffusion coefficient is smaller in a relatively
thin disk (with vertical height |z| < £z;), and bigger in the halo
(with |z| > £z;), where z;, is the height of the transport halo.
A smooth connection of the diffusion coefficient between the
disk and the halo is assumed. The detailed function form of
the SDP part of the diffusion coefficient can be found in [60].

At high energies (e.g., R >PV), the gyro-radius of particles
(2pc) may be comparable to the coherent length of the local
magnetic field, and the CR transport becomes less sensitive
to small inhomogeneities of the ISM. In such a case, the dif-

fusion coefficient should be more uniform, and returns to the
one in the halo. Therefore, the diffusion coefficient is written
as

DoF(r. 2B ()", R < 1PV
Dxx(rs 2 R) = s 5 (2)
DB ()", R > 1PV

where £ is the particle’s velocity in unit of the light speed, Dy
and §y are constants characterizing the diffusion coefficient
and its rigidity dependence in the halo, 7 is a phenomenolog-
ical constant in order to fit the low-energy data, and F(r,z)
describes the spatial variation of the diffusion coefficient [60].

In this work, we adopt the diffusion re-acceleration model,

with the diffusive re-acceleration coefficient D,,,, which cor-
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relates with Dy, via D,pDy, = m, where V4 is the

Alfvén velocity, p is the momentum, and ¢ is the rigidity
dependence slope of D,, [61]. We use the DRAGON code
to solve the transport equation [62]. For energies smaller
than tens of GeV, the fluxes of CRs are further suppressed
by the solar modulation effect, for which we use the force-
field approximation [63]. The main propagation parameters
are: Dy = 8.1 x 10%® cm? 571, 6y = 0.56, n =0.05, N,, = 0.9,
£=0.09,n=4,V, =6.0km sz, =45 kpc. The reference
rigidity is Ry = 1 GV. We find that a unified spectral index
of vo = 2.41 and cutoff rigidity of R* = 8 PV can well fit
the spectra of individual species and all particles, and the av-
erage logarithmic mass. The normalization parameter of each
species can be found in Table I.

B. Galactic nearby source

Local source(s) has been proposed as one possible origin
of the observed features of energy spectra (~ 200 GV hard-
enings and ~ 15 TV softenings) and dipole anisotropies [5—
7]. Among the observed candidate sources such as super-
nova remnants, it has been shown that, under the framework
of slow diffusion in the Galactic disk, Geminga could be the
right source to have proper contribution to the locally ob-
served CR spectra [64]. The direction of Geminga, (R.A.,
Decl.) = (6"34™, 17°46’), is also consistent with the direction
of the dipole anisotropy phase below 100 TeV'. The electrons
and positrons produced by the pulsar wind nebula associated
with the local source can further explain the positron excess
and the total electron plus positron spectra [65]. Here we also
take Geminga as an illustration of local source. Its distance is
adopted as 250 pc, and age is adopted as 3.4 x 10° yr [66].

The propagation of nuclei from the nearby source can be
calculated using the Green’s function method, assuming a
spherical geometry with infinite boundary conditions. Assum-
ing instantaneous injection from a point source, the CR den-
sity as a function of space, energy, and time can be calculated

! Considering the alignment effect along the local regular magnetic field
[47], other sources located in the outer Galaxy hemisphere may also give
the right dipole anisotropy [48].



TABLE 1. Injection spectral parameters of the four source components.

Component A Component B Component C Component D
Element g7 va  RA q8 vg RE q5" ve RE q5" w R
[(m? - sr-s-GeV)™!] [PV] | [GeV!] [TV] [[(m?-sr-s-GeV)™!] [EV] [[(m?-sr-s-GeV)™!] [EV]

p 2.83 x 1072 241 8 |1.8x102 232 40 5.0 x 10! 245 1.0 6.8 x 107 1.95 15
He 1.29x 1073 241 8 |1.5x10% 232 40 6.0x 107! 245 1.0 25% 107 195 15

C 447 %1073 241 8 |46x10° 232 40 1.0x 107! 245 1.0 4.0x10°° 1.95 15
N 7.53 x 107° 241 8 |45x10¥ 232 40 3.0x 1072 245 1.0 - - -

(0] 543 x 107 241 8 [47x100 232 40 6.0 x 1072 245 1.0 2.0x 107° 1.95 15
Ne 1.14 x 107 241 8 [8.0x10¥ 232 40 4.0%x 1072 245 1.0 - - -
Mg 1.42x 107 241 8 [8.0x10¥ 232 40 2.0x 1072 245 1.0 - - -

Si 1.09 x 107 241 8 [7.5x10%¥ 232 40 1.0x 1072 245 1.0 - - -

e 02 x 10~ . 5% . 0% 10~ . . 0% 10~ .
F 1.02 x 107 241 8 |35x10% 232 40 1.0x 1073 245 1.0 1.0x 1077 1.95 15
"The normalization is set at kinetic energy per nucleon E; = 100 GeV/n.
*The normalization is set at particle’s total kinetic energy £ = 1 GeV.
as Galactic component (Component B) was introduced to fill this
£ N gap by Hillas [71].
yp(r, E,f) = _asE) exp (_r_) , (3) In this work, we basically follow the latter type of models,
(\/zﬂa-f 202 but interpret the Galactic component B as an additional ex-

where gp(FE) is the injection spectrum as a function of rigid-
ity, o(E,t) = V2D(E)t is the effective diffusion length within
time ¢. The diffusion coefficient D(E) takes the solar system
value of Eq. (2). The function form of gg(E) is assumed
to be power-law with an exponential cutoff, i.e., gg(E) =
g E™" exp(—E/(ZR?)). Through fitting to the data, we find
that the spectral index vy is about 2.32, and the cutoff rigidity
is about 40 TV for all species. The normalization parameter
qg of different species is given in Table I.

C. Extragalactic low- and high-energy sources

With the increase of energy, it is expected that CRs should
experience a transition from the Galactic origin to the extra-
galactic origin. The acceleration end of Galactic sources and
the transition energy is unclear yet. Different models are pro-
posed to explain the ankle and cutoff structures of ultrahigh
energy CRs [34, 35], which predict different transition energy.
In one type of models, the highest energy suppression of the
spectrum is due to the GZK process, i.e., interaction between
protons and the cosmic microwave background (CMB) pho-
tons [67]. In this scenario the ankle is explained by the pair
production of electrons and positrons due to the py interac-
tion. This model requires that the composition of ultrahigh
energy CRs is dominated by protons, which seems to be dif-
ferent from the recent measurements [68]. The other type of
models suggest the highest energy cutoff is due to the accel-
eration limit of extragalactic sources and the ankle is ascribed
to the transition from Galactic origin to extragalactic origin
[69, 70]. In this case, the appearance of the extragalactic com-
ponent is higher than several EeV, and there will be a gap be-
tween 0.1 and 1 EeV if assuming that the knee is due to the
acceleration limit of protons from Galactic sources. A second

tragalactic component. Therefore in our case, we have two
extragalactic components, C and D, to reproduce the multi-
messenger data. The two extragalactic components were also
found to be necessary to explain the measured mass composi-
tion [2, 3]. The spectral form for the extragalactic components
is parameterized as [72]

‘ E 1
Ui(E) = goE™" X exp (— “4)

LR
ZR: cosh [(Z%)ﬁ]

where i denotes the low-energy (component C) and high-
energy (component D), qg is the flux normalization, v; is the
spectral index, Z is the particle charge, R’ is the cutoff rigidity.
The cosh term describes the shielding effect of Galactic mag-
netic field to extragalactic CRs, with characteristic shielding
rigidity Ry, = 60 PeV, and finally 8 = 1.6 is a parameter to
describe the smoothness of the low-energy shielding. The rel-
evant parameters of components C and D are summarized in
Table I.

IV. RESULTS

The results of the model fittings together with the measure-
ments for the energy spectra, (In A), amplitudes and phases of
the dipole anisotropies are shown in Figs. 2 and 3. Below we
discuss each of these observables.

A. Spectra of all-particle and individual composition

Panel (a) of Fig. 2 shows the all-particle energy spectrum
expected from the four source components (blue for A, red
for B, cyan for C, and green for D) and their sum (black solid
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FIG. 2. The co-evolution of the all-particle spectrum (panel a), the mean logarithmic mass (In A) (panel b), the amplitude (panel c) and phase
(panel d) of the dipole component of the large scale anisotropies, and the strength of CR streaming (defined as J(E) = |[D(E)V¢|; panel e), for
energies from tens of GeV to ~100 EeV. Black solid lines show the total model calculation results. In panels a and e, the contributions from
components A (blue), B (red), C (cyan), and D (green) are also shown. The dashed line in panel d shows the expected phase for a different
direction of the extragalactic component D from that of component C. The vertical bands label the characteristic energies of correlated features
of the multi-messenger observables. References of the measurements are: energy spectra [12, 13, 19, 32, 34, 38-41, 73-85]; mean logarithmic
mass [31, 39, 41, 45, 80, 86-91]); anisotropies [49, 50, 92—-120]. Note that for energies < 100 TeV, the total spectra and mean logarithmic
mass are derived from direct detection experiments such as AMS-02, CREAM, and NUCLEON.
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FIG. 3. Model calculated spectra of all particles and several major species (p, He, C, N, O, Ne, Mg, Si, Fe), compared with the measurements.
References of the all-particle spectrum are the same as in Fig. 2, and references for individual mass groups are: protons [12, 14, 19, 86], He
[13,15,19,77],C[77,78], N [76, 78], O [77, 78], Ne [75, 78], Mg [75, 78], Si [75, 78], Fe [74, 78, 121].

line). Note that, for the low-energy part below ~ 100 TeV, the
spectrum and (In A) are derived according to the direct mea-
surements of major compositions such as protons, He, CNO,
NeMgSi, and Fe. The main features of the spectrum, e.g.,
the four groups “hardening-softening” structures, can be prop-
erly reproduced by the sum of different source components,
reflecting complicated origin of CRs over the entire energy
range. The group 1 “hardening-softening” feature between 10
GeV and 100 TeV comes mainly from the superposition of
Galactic components A and B. Due to the sum of all composi-
tions, the actual hardening energy of the all-particle spectrum
is about TeV. With the decrease of contribution from com-
ponent B above tens of TeV, the recovery of component A
dominance results in the group 2 feature, producing the knee
with its acceleration limit. The appearance of the extragalac-
tic component C results in a hardening around 30 PeV, and the
acceleration limit of iron from component A results in the sec-
ond knee around 200 PeV. These two effects form the group
3 feature. Finally, the transition between extragalactic com-
ponent C and D gives rise to the ankle around 5 EeV, and the
acceleration limit of component D gives the highest energy
cutoff (group 4).

B. Mean logarithmic mass

The mean logarithmic mass is another critical messenger
carrying information about the composition of CRs. It is
very interesting to see that, the spectral structures due to dif-
ferent source components also leave corresponding imprints
on the mean logarithmic mass, primarily due to the basic as-
sumption of this work, that the spectra of different composi-
tions have a charge-dependence. Therefore, whenever a new
source component starts to appear, the mean mass compo-
sition varies from heavy to light since the new component
is always proton dominated at first. When the contribution
from the new component starts to decrease, the composi-
tion becomes heavy again. Then we see that each group of
hardening-softening spectral feature corresponds to a “bump-
dip” structure of {In A), as labelled by vertical bands in Fig.
2. Such a correlation has been highlighted by the recent high-
precision measurements of the all-particle spectrum and (In A)
with LHAASO [41]. Although relatively large uncertainties
of the measurements of (In A) exist in other energy bands, the
correlation between (In A) and the spectra is visible.



C. Large scale anisotropy

The dipole component of the large scale anisotropy reflects
the streaming of CRs. The measured amplitudes and phases
of the dipole anisotropy show complicated energy evolution,
which may reflect the sum effect of multiple streamings. As
shown in panels (c) and (d) of Fig. 2, the characteristic ener-
gies of the anisotropy features also show good correspondence
with those of spectra and (In A). The dipole anisotropy can be
well understood in the four component source model.

For source component A, the CR streaming points from the
GC to anti-GC. The nearby source (component B) generates
a different streaming with direction pointing from the source
to the Earth. The sum of the two streamings then gives the
observed anisotropy evolution. At ~ 150 TeV a phase reversal
is expected due to the nearby source streaming becomes sub-
dominant compared with the Galactic background sources. It
is interesting to note that at ~ 100 GeV another phase reversal
is expected due to the same reason as the 150 TeV reversal.
The new observations of proton anisotropy by Fermi space
telescope seems to show such a trend [119]. However, the
significance is relatively low due to limited statistics. Future
measurements by space-borne detector such as HERD [122]
and VLAST [123] are able to test this expected anisotropy fea-
ture. The local regular magnetic field may further regulate the
directions of low-energy CR streamings, resulting in changes
of detailed numbers of the phase [47, 48]. The basic picture
discussed in this work still holds, and we do not focus on such
details.

From ~ 150 TeV up to the end of the Galactic contribu-
tion, the main contribution to the anisotropy is component A,
with phase of the GC. From ~ 30 PeV, component C starts to
take effect, and we can see a break of the energy-dependence
of the amplitude. The phase keeps unchanged until ~ 1 EeV,
at which the streaming from source component C becomes
dominant. Note that, due to the limited knowledge about the
propagation of CRs in the extragalactic space, we adopt a phe-
nomenological approach to calculate the anisotropy of extra-
galactic sources via simply introducing a streaming with given
direction, and adjusting its strength and energy-dependent
slope to fit the measurements. Around 5 EeV, component D
further dominates over component C, and additional changes
may exist if the phases of components C and D are different,
as illustrated by the dashed line in panel (d) of Fig. 2.

V. CONCLUSION AND DISCUSSION

Through a detailed investigation of the multi-messenger
observables of CRs, we notice that in the very wide energy
range from tens of GeV to highest end of the CR spectra, the
energy spectrum, average logarithmic mass, and large-scale
anisotropy co-evolve with energy. Such a co-evolution indi-

cates that these features share common origins. We then pro-
pose a four-component model, with two Galactic source com-
ponents and two extragalactic source components, to account
for the wide-band observational features. For each compo-
nent, we assume different compositions share similar rigid-
ity spectrum and adjust their abundance to fit the measure-
ments. The observed features of the spectrum, (InA), and
dipole anisotropy amplitude and phase, can be reproduced
as the relative weights of different components vary with en-
ergy. Particularly, the spectrum is the algebraic sum of the
four components, and the anisotropy is the vector sum of the
four components.

The structures of the energy spectrum can be classified into
4 groups of “hardening-softening” features. From low to high
energy, they are group 1 with O(10%) GV hardening and O(10)
TV softening, group 2 with O(10?) TeV hardening and ~ 3
PeV softening (also known as the “knee”), group 3 with ~ 30
PeV hardening and ~ 200 PeV softening (the second “knee”),
and group 4 with ~ 5 EeV hardening (the “ankle”) and the
~ 50 EeV softening (the “GZK cutoft””). Correspondingly
there are imprints on (In A) and dipole anisotropy amplitude
and phase at these characteristic energies. The group 1 fea-
ture is interpreted as the sum of Galactic source components
A and B. The CR streaming from component B dominates
over component A between ~ 100 GeV and 10 TeV, resulting
in two phase reversals of the dipole anisotropy. With the de-
crease of the contribution from component B for energy above
tens of TeV, the recovery of component A and its acceleration
limit give the group 2 feature. The appearance of extragalac-
tic component C and the decrease of component A gives the
group 3 feature, and finally the transition from component C
to component D and the acceleration limit of component D
produce the group 4 feature.

While such a four component scenario can account for the
complicated structures on the energy spectrum, (InA), and
dipole anisotropy, we note that the current measurements have
relatively large uncertainties, especially for the composition
and anisotropy measurements above tens of PeV. Measure-
ments of the mass composition between TeV and 100 TeV,
as well as the anisotropy below TeV, relevant to direct detec-
tion experiments, are also uncertain. Improved measurements
of these quantities in both low and high energy bands by fu-
ture direct and indirect detection experiments are very crucial
in further constraining the source populations of CRs.
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