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Charge-dependent spectral softenings of primary cosmic-rays

below the knee
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Abstract

In most particle acceleration or propagation theories, the characteristic features of the cosmic
ray spectra due to acceleration limits or propagation phase changes are charge dependent[IH4].
Alternatively, the interaction scenario would expect mass dependent spectral features in general.
The observational verification of which relation takes effect in nature is still lack due to the difficulty
of measuring the spectra of individual particles up to very high energies. Here we report direct
measurements of the carbon, oxygen, and iron spectra from ~ 20 gigavolts to ~ 100 teravolts (~ 60
teravolts for iron) with 9 years of on-orbit data collected by the Dark Matter Particle Explorer.
Distinct spectral softenings have been directly detected in these spectra for the first time. Combined
with the updated proton and helium spectra, the spectral softening appears universally at a rigidity
of ~ 15 teravolts. A nuclei mass dependent softening is rejected at a confidence level of > 99.999%.
Possible interpretations of these results, including a nearby cosmic ray source[5H7] and other models

such as the propagation effect[8], are discussed.

* Members of DAMPE Collaboration are listed at the end of this paper.

Email: dampe@pmo.ac.cn


https://arxiv.org/abs/2511.05409v3

Cosmic rays (CRs) are energetic particles travelling through the Universe as high-energy
beams. They are predominantly made up of nuclei, such as protons, heavier ions up to
iron and beyond[2]. Depending on the production processes, CRs are typically divided into
two classes, the primary species accelerated by sources and secondary species produced due
to fragmentation of primary CRs via collisions with the interstellar medium (ISM). High
abundance particles such as protons, helium, carbon, oxygen, and iron nuclei are believed
to be dominated by primary origin, while lithium, beryllium, boron, and sub-iron nuclei
belong to the secondary family[9]. Spectral structures of CRs are very important probes to
understanding the physics of CRs such as the acceleration, propagation, and interactions.
In the general picture of particle acceleration and propagation, charge-dependent spectral
features are expected due to gyration of particles in the magnetic fields. On the other
hand, in case of particle interactions with characteristic thresholds, the break off energy of
particles would be mass dependent. Obtaining observational evidence to verify which factor
shapes the CR spectra is highly challenging and remains elusive. To convincingly test this,
precise spectra of individual CR species covering a wide range of charge numbers need to be
measured up to very high energies, which requires sensitive detectors with large acceptance
and good charge/energy resolution.

Important progresses on precise measurements of energy spectra of different mass compo-
sitions have been achieved in recent years. Direct measurements of the spectra of individual
CR species by space-borne and balloon-borne experiments have revealed unexpected hard-
ening features around a few hundred GV rigidity[10-19], deviating from the power-law (PL)
expectation from the conventional theories of the acceleration and propagation of CRs. In
addition, spectral softenings around ~ 10—30 TeV have also been revealed in the proton and
helium spectra[l4] 15, T8-21] (there were also hints from earlier experiments|[11, 22| 23], but
with relatively large statistical and systematic uncertainties). These new findings challenge
the standard CR paradigm that a single source population with PL spectra accounts for
the measured CR spectra below the so-called knee[24], giving new insights on the under-
standing of CR physics. Though also being among the most abundant species in CRs, the
measurements of carbon, oxygen, and iron nuclei spectra in CRs are rather challenging, and
the current precise measurements are limited to a rigidity of a few TV. Similar hardening
features as lighter nuclei have been detected for carbon and oxygen nuclei[I2], 25], while the

iron spectrum is found to be consistent with a single PL above 100 GV [20, 27]. The high-



energy spectral behaviors of these medium and heavy nuclei are unclear yet, which hinders
a critical understanding of the acceleration and propagation physics of CRs.

In this work, we report the direct measurements of the carbon, oxygen, and iron spectra
up to PeV energies with the Dark Matter Particle Explorer (DAMPE)[28] 29]. DAMPE
is a space-borne, calorimeter-type detector for high-energy particles and photons. With
the plastic scintillator detector (PSD[30]), the silicon tungsten tracker-converter (STK[31]),
the bismuth germanium oxide calorimeter (BGO[32]), and the neutron detector (NUD[33]),
DAMPE is able to measure precisely the charge, direction, energy and particle identity
of high-energy CRs. Particularly, the thick calorimeter (with ~ 32 radiation lengths) is
designed for observing CR electrons/positrons and v rays to energies beyond 10 TeV with
a very high energy resolution[29]. The relatively large geometric factor (~ 0.3 m? sr) and
nuclear interaction depth (~ 1.6)) make it also a powerful detector of CR nuclei to hundreds
of TeV energies[14], [15].

The analysis presented in this work is based on the data recorded in the first 9 years
of DAMPE’s on-orbit operation, from January 1, 2016 to December 31, 2024. The live
time fraction is about 76.2% after excluding the instrument dead time, the time for on-orbit
calibration, the time in the South Atlantic Anomaly (SAA) region, and the period between
September 9, 2017 and September 13, 2017 during which a big solar flare occurred and
affected the status of the detector[34]. The carbon, oxygen, and iron nuclei are efficiently
identified based on the PSD charge measurements. The residual backgrounds for selected
candidates are evaluated based on the template fitting for the Monte Carlo (MC) simulated
charge distributions (see the Methods for details). The selection efficiency and the energy
response are also obtained with MC simulations, and are validated based on the flight
data and the test beam data. An unfolding procedure[35] is applied to the observed count
spectrum to correct the bin-by-bin migration of events due to the limited energy resolution
of the detector. The obtained energy spectra of carbon, oxygen, and iron nuclei, together
with the updated proton and helium spectra, in the rigidity range from ~ 20 GV to ~ 100
TV (60 TV for iron) are shown in Figure 1. Compared with previous measurements of
carbon, oxygen, and iron nuclei by the Alpha Magnetic Spectrometer (AMS-02[12] 26])
and the Calorimetric Electron Telescope (CALET[25] 27]), the DAMPE results improve the
precision considerably at high energies and provide the first precise measurements of these

spectra above several TV.
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FIG. 1: Rigidity spectra. Panels a - e show the spectra of protons, helium, carbon, oxygen, and
iron, weighted by R>6. Red dots are the DAMPE measurements, with +10 statistical uncertainties
(errorbars) and the total statistical and systematic uncertainties added in quadrature (shaded
bands). Dashed and solid lines show the best-fitting results of the SBPL function. The fluxes
are converted from the total kinetic energy bins to rigidity bins assuming a mass number of 12,
16, and 56 for carbon, oxygen, and iron. For proton and helium, the average mass number is
calculated assuming D/p= 0.027 and *He/*He= 0.142 x (R/4.5 GV)~ %% based on the AMS-02
measurements[45]. Also shown are the measurements from other experiments: AMS-02[12] [13 26],
CALET[IS8, 19, 25, 27], and the Cosmic Ray Energetics And Mass on the International Space
Station (ISS-CREAM)[21].



It can be clearly found that similar spectral structures, i.e. a hardening at ~ 500 —
1000 GV rigidity followed by a softening at ~ 15 TV, are observed among all the five
species of CRs. The spectral fitting with a smoothly broken power-law (SBPL) model (see
the Methods) provides significance of the hardening of 290, 230, 110, 100, and 2.7 with
hardening rigidity at 590 + 40, 595 440, 892 + 210, 799 + 76, and 1104 £ 435 GV for proton,
helium, carbon, oxygen, and iron, respectively. The smoothness parameter of the break can
also be obtained (except for iron), as given in Table [S6] The results show that in general a
smooth hardening is favored by the data. Although the spectra of all these CR species show
similar hardening features, their detailed spectral shapes and break rigidities (energies) differ
from each other. Fitting to the AMS-02[13] and CALET measurements give also diverse
results of the hardening rigidities[18, 19, 25| [36]. Measurements of the secondary-to-primary
ratios of CRs such as B/C and B/O show hardenings around 200 GV[I3], 16, 37], which is
different from the break rigidities found here for primary CRs. This may suggest that the
hardenings of primary and secondary CRs are not solely due to the same origin such as a
unified propagation effect[38].

What is more interesting is the spectral softening which is for the first time clearly
identified in the spectra of carbon, oxygen, and iron. The significance of the softening is
3.20, 4.10 and 2.40 with the break rigidity of 16.1 + 5.6, 15.4 + 4.8, and 13.8 £ 6.0 TV
for carbon, oxygen, and iron, respectively. The updated proton and helium spectra yield
softening rigidity at 14.64+1.3 and 15.3£2.3 TV, respectively. It has been clearly established
that the softenings occur at the same rigidity for all the five species, as shown in Figure 2.
The proportional relation between the particle charge Z (for the four species with Z > 2)
and the softening energy Fi, is best fitted as Ey,/TeV = (15.3 £ 1.6) x Z, which is well
consistent with the Ey, of proton, i.e. 14.6 £1.3 TeV. Assuming a general power-law scaling
of the break energy and the charge, we get the fitting power-law index of 1.01 + 0.09, which
shows a good consistency with the linear correlation. On the other hand, the mass number
(A) dependence of the softening energies can be excluded at a confidence level of > 99.999%
(4.40) by comparing the B}, /TeV = 14.6 £ 1.3 for proton and the E},,/TeV = (7.64+0.9) x A
for other four species with Z > 2. The universal softening feature in the spectra of primary
CRs from protons (Z = 1) to iron nuclei (Z = 26) and the charge-dependence of the
softening energy indicate a common origin of the break due to acceleration or propagation

effect.
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FIG. 2: The break energy for different species. Panel a shows the break energy divided
by Z as a function of particle charge Z, and panel b is that divided by A as a function of mass
number A. The average mass number A is assumed to be 1.026, 3.985, 12, 16, and 56 for proton,
helium, carbon, oxygen, and iron, respectively. The shaded bands represent the average softening

energies of the particles heavier than proton.

The spectra can be decomposed into two components, a soft component which dominates
the CR fluxes in the low-energy band, and a hard component with a spectral cutoff which
contributes mainly to the bump feature. A simple idea to account for the spectral structures
is the superposition of a nearby source on top of the background source population[5H7],
as shown by solid lines in Figure 3. The addition of the nearby source component with
proper distance and age can simultanesouly reproduce the observed energy evolution of the
amplitudes and phases of the dipole anisotropies (see Figure . See the Methods for
details of the model setting. In this scenario, the spectrum from the nearby source shows
both low-energy suppression due to the inefficient propagation of these particles within the
age of the source and high-energy suppression due to the acceleration limit, and hence
produces naturally a bump structure. Assuming an exponential form of the spectral cutoff,
we obtain a cutoff rigidity of about 30 TV for the nearby source, which is consistent with the
estimation of acceleration by supernova remnants[39]. Supposing the spectral features are
indeed imprints from a nearby source, we propose that the supernova explosion associated
with the Geminga pulsar could be a good candidate for this source, given its proper age,

distance, and location in the sky[7, [40]. The energetics needed to account for the data is



about 3.3 x 10°° erg, which is consistent with that can be produced for a typical core collapse
supernova. Via comparing the relative abundances of nuclei at R = 0.1 TV and R = 10
TV, we can infer that the metallicity of the nearby source may be slightly higher than the

average value of the background source population, as shown in Figure [S5
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FIG. 3: Comparison of the spectra with model expectations. Panel a is for protons,
and panel b is for oxygen nuclei. Solid lines show the model expectations of the background plus
nearby source scenario, with individual contributions from the two components being shown by
dotted lines (blue for the background and green for the nearby source), and dashed lines show the

results of the propagation scenario.

Alternatively, the spectral breaks could be due to a propagation effect, especially that
universal spectral hardenings have been found in the secondary-to-primary ratios[13, 16}, [37].
The physical modeling of the effect of self-generated turbulence with nonlinear Landau
and ion-neutral damping of magnetohydrodynamic waves by CRs can properly account for
both the hardening and softening of the proton spectrum[§]. As an effective approach,
we introduce two breaks of the diffusion coefficient to mimic the change of propagation
properties, and calculate the propagated spectra. The results are shown by dashed lines
in Figure 3. The detailed parameter setting can be found in the Methods. The spectral
structures observed by DAMPE and AMS-02 can also be properly reproduced by this model.

Additional theoretical models to account for the bump structures include multiple source
populations[41l 42], and the re-acceleration of CRs by a local star[43]. All these models

can properly explain the features of the spectra. To explain the large-scale anisotropies in



these scenarios, additional assumptions about the source distribution and/or magnetic field
configuration are necessary[44]. The DAMPE results reported in this work demonstrate a
clear presence of rigidity-dependent softening features in the spectra of primary CR nuclei,

indicating a common origin due to acceleration and/or propagation processes.
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Supplemental Materials

DAMPE experiment

The DAMPE satellite was launched into a 500-km Sun-synchronous orbit on December
17, 2015, and has operated stably in space since then. The on-orbit calibration of each
detector shows that the payload has maintained a good long-term performance over the
past years[46]. Also, the detector performance was validated with test beams of protons,
electrons and fragmented ions with A/Z = 2 from helium to argon. The linearity of the
energy measurement of DAMPE is validated with the electron beams up to 243 GeV|[32].
At higher energies, the laser test suggested that the measurement of the deposited energy
in a single BGO crystal retains a good linearity up to a few TeV[47]. The absolute energy
scale of DAMPE is determined with the geomagnetic cutoff of the electron plus positron
spectrum, which results in a small bias of ~1.3%[48] and is not corrected.

Monte Carlo simulation

Extensive MC simulations are carried out to obtain the instrument response to incident par-
ticles in the DAMPE detector. The GEometry ANd Tracking (GEANT) toolkit v4.10.05[49]
with the FTFP_BERT physics list is adopted for the simulations of nuclei up to 100 TeV /n.
For higher energies, we use the EPOS_LHC model from the the Cosmic Ray Monte Carlo
(CRMC; https://web.ikp.kit.edu/rulrich/crme.html) linked to GEANT through a custom
interface[50]. The energy response of MC simulations is corrected by including the Birks’
quenching effect when calculating the ionization energy deposits in the calorimeter[51]. Such
a correction is important for high Z and low energy particles.

The simulated events are generated assuming an isotropic source with an £~! spectrum.
The simulation data are re-weighted to E~%% and E—3? spectra, for primary (e.g. carbon,
oxygen, and iron) and secondary (e.g. boron) nuclei, respectively. To evaluate the uncertain-
ties from the hadronic interaction model, another simulation program is developed with the
FLUKA[52] 2011.2x package, which uses DPMJET3 for nucleus-nucleus interaction above 5
GeV/n.

Event selections
Given that the analysis procedures for protons and helium nuclei closely follow those es-
tablished in refs.[14] and [I5], the present work focuses primarily on the analysis of carbon,

oxygen, and iron nuclei. Nine years of on-orbit data are used with a total exposure time of
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~ 2.17 x 10%s, corresponding to ~76.2% of the operation time. A general pre-selection is

applied to select events with good quality of reconstruction. The selection logic for different

nuclei is broadly consistent, although the specific parameters are adjusted accordingly.

(D

(IT)

(I11)

(IV)

Pre-selection. The pre-selection is to ensure good shower development and proper

event reconstruction in the calorimeter, including:

(i) the total deposited energy (FEqep) must exceed 50 GeV, 63 GeV, and 150 GeV for
carbon, oxygen, and iron nuclei, respectively, to minimize the geomagnetic cutoff

effect [53];

(ii) the energy deposited in any single BGO layer must not exceed 35% of the total

deposited energy to exclude events incident from the sides.

Trigger condition. Events satisfying the High Energy Trigger (HET) condition [28]
are selected. The HET is optimized to select well-contained events. For carbon,

oxygen, and iron nuclei, the HET efficiency exceeds 95%.

Track selection. A deep learning based tracking approach[54] is employed, which
achieves a better performance especially at high energies than the Kalman filter track
reconstruction. The reconstructed track is further required to align with the maximum
number of hits in both the PSD-z and PSD-y layers and to penetrate the calorimeter
from top to bottom. This ensures that the event is fully contained within the detector

and the key characteristics can be accurately measured.

Charge selection. The particle charge Z is measured by both the PSD and the STK.
For carbon and oxygen, the first STK layer charge is required to satisfy Qsrki > 2.8
to suppress contamination from protons and helium nuclei. For PSD charge measure-
ment, the signals from the four sub-layers are employed to build a global PSD charge,
with proper corrections due to strip alignments, light attenuation, fluorescence quench-
ing, and equalization of different channels[55], [56]. The candidate events are selected

using energy-dependent charge intervals as:

5.7 < Qpsp < 6.340.015 - logQ(Edep/GeV), (for carbon),
7.7 < Qpsp < 8.35+ 0.015 - log*(Fyep/GeV),  (for oxygen),

25.5 < Qpgp < 27.2  (for iron).
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The charge selection criteria maintain an efficiency of approximately 90% over the
full analysis energy range. The same procedure and selections are applied to the MC
simulations, and the MC charge distributions are shrinked to match the flight data
for different particles. For proton and helium analysis, a combination of the PSD and
STK charge measurements is employed to keep a stable selection efficiency at high

energies (> 10 TeV).

Background subtraction

An MC-based template fit is performed on the charge distribution to estimate the back-
ground contamination within the selected charge windows for each species, as shown in as
shown in Figure In these figures, the hatched regions show the GEANT4 simulated charge
distributions of given particle species, and the red solid lines show the total contribution of
relevant species. Good match between the data and the simulation can be obtained.

The contamination for target nuclei are estimated through computing the fractions of
adjacent nuclei in the specified charge window according to the MC templates. For proton
and helium, their cross-contamination dominate the backgrounds, which are estimated to
be less than 4% and 5%, respectively, in the whole energy range. For carbon, in the lower-
energy region, the dominant background arises from the fragmentation of heavier nuclei
(particularly oxygen). At high energies, above the TeV scale, high-abundance helium nuclei
can produce showers in the calorimeter that spawn back-scattered secondaries penetrating
the PSD strips. This leads to an overestimation of the reconstructed charge and introduces
a non-negligible contamination in both carbon and oxygen samples. Consequently, the total
contamination ratios for carbon and oxygen increase from 0.5% and 0.4% at 100 GeV to
2.4% and 1.8% at 50 TeV, respectively. For iron, both lighter nuclei (chromium, manganese)
and heavier ones (e.g., cobalt and nickel) are far less abundant than iron itself. Moreover,
the iron signal is sufficiently large that the impact of back-scattered shower particles on
charge reconstruction is negligible. Therefore, the contamination ratio of the iron sample
remains within 3% in the whole energy range.

CR flux measurements
The total deposited energy in the calorimeter (Eq.,) is measured by summing up the energies
of all BGO bars together. When the energy deposited in a single BGO bar exceeds ~ 4 TeV,

some readout channels may saturate[57], leading to non-linearity in the energy response. A
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FIG. S1: Charge distributions of events. The left panels (a, c, e) are for deposited energy bin of
0.5 < Egep < 1 TeV, and the right panels (b, d, f) are for deposited energy bin of 10 < Eqep, < 100
TeV. From top to bottom, three charge ranges relevant to protons and helium, carbon and oxygen,
and iron nuclei are shown. Black dots depict the flight data. Dashed lines with different colors

show the best-fit MC simulated samples. The red solid lines show the sum of MC samples.

deep learning approach[58] based on MC simulation was developed to correct the energy
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deposit(s) of those saturated bar(s) for nuclei up to PeV. Due to the relatively large spread
of the calorimeter’s energy response to the nuclei, an unfolding procedure[35] is employed
to derive the primary fluxes of CRs. The differential flux in a given incident energy bin

[E;, E; + AE;] is then calculated as

Ninc,i
O(E;, E; + AE;) = AE Ap. Al (1)

where AE; is the energy bin width, A, is the effective acceptance, and At is the live time.

The unfolded number of events, Nj,, is given by

Ninei = Y P(Ei|W;)Naep,5. (2)

j=1
where Ngep ; is the number of events in the j-th deposit energy bin [W;, W; + AW;], and
P(E;|W;) is the transfer probability from the j-th deposit energy bin to the i-th incident
energy bin.

The effective acceptance in the i-th kinetic energy bin is estimated from MC samples as

1

Aus = Gyn X e 3)
where Ggep is the geometric factor corresponding to the generation surface in the MC simu-
lation, N is the number of generated events in the i-th energy bin, and N3 is the number
of events that pass all of the selection criteria.
Uncertainties
The statistical uncertainties are associated with Poisson fluctuations of the number of de-
tected events N(Eqepj). To properly determine the error propagation in the unfolding pro-
cedure, a toy-MC approach is applied, via sampling the event numbers in each deposited
energy bin with Poisson fluctuations. The variations of the unfolded numbers of events in
each kinetic energy bin are then obtained and the standard deviations are assigned as the
lo statistical uncertainty.

The systematic uncertainties due to different sources are investigated extensively. The
selection efficiencies derived from the MC simulation, e.g. HET and track, are compared
with the efficiencies estimated from the flight data for different particles and the deviations
are taken as the associated systematic uncertainties. The uncertainty of charge selection
is estimated by varying the charge selection window and checking the flux variations. The

uncertainty due to background subtraction is estimated by considering the errors of the
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contamination fractions from the template fit procedure. The uncertainty from the BGO
saturation correction is obtained by artificially modifying the energy correction for the sat-
urated events by +1 standard deviation of the corrected ratio variation.

For proton and helium, the related uncertainties are found to be significantly below 1%
up to 200 TeV and thus negligible in the current flux measurements. Finally, the systematic
uncertainty associated with the hadronic interaction model used in the MC simulation is
obtained through comparing simulation results with the test beam data or two different
simulation tools, i.e. GEANT4 and FLUKA. Specifically, for proton, helium, carbon and
oxygen, the uncertainty of the hadronic interaction model in lower energy region (< 400
GeV for proton and < 75 GeV/n for others) is estimated according to the comparison of
the energy response between the test beam data and the GEANT4 simulation. At higher
energies, the uncertainty is assigned as the difference between the fluxes measured using the
GEANT4 and the FLUKA simulations. For iron, no beam test data is available and hence
the uncertainty is evaluated as the difference between the two simulations.

The total uncertainty budgets for proton, helium, carbon, oxygen and iron are shown in
Figure [S2] The measured fluxes and the associated uncertainties, including the statistical
uncertainties and systematic ones from the analysis procedure and the hadronic interaction
models, are presented in Tables [S1] [S2] [S3] [S4] and [S5]

Spectral fitting
The significance of the spectral hardening or softening feature is estimated by comparing

the fittings with two different models. One is a power-law (PL) function

E -
Op,(E) =P | ——=— 4
pi(E) = Do <103 GeV> ’ )
and the other is a Smoothly Broken Power Law (SBPL) function
E \7 ENT
o E)=®y | ——— 1
oo () B

where v is the spectral index below the break energy FEi,., Ay is the change of the spectral
index and and s is the smoothness parameter.
The same fit method as refs.[14] and [I5] is applied to account for the systematic uncer-

tainties by multiplying a set of independent nuisance parameters w; on the input model[59].
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FIG. S2: Relative uncertainties versus energy. Panels a - e correspond to those of proton,
helium, carbon, oxygen, and iron, respectively. The systematic uncertainties in analysis, shown
in black, are the quadratic sum of all systematic contributions except for those from the hadronic

models.
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TABLE S1: The proton fluxes as function of total kinetic energy (F;) measured by DAMPE,

together with the 1o statistical errors and the systematic uncertainties from the analysis and

hadronic interaction models.

Et Bin
(GeV)

had
P & ostat £ gy £ Ogys

(GeV I m=2 st gr 1)

39.8 - 63.1
63.1 - 100.0
100.0 - 158.5
158.5 - 251.2
251.2 - 398.1
398.1 - 631.0
631.0 - 1000
1000 - 1585
1585 - 2512
2512 - 3981
3981 - 6310
6310 - 10000
10000 - 15849
15849 - 25119
25119 - 39811
39811 - 63096

2.81 +0.00540.12 £ 0.07) x 107!
8.05 £ 0.015 4 0.34 £ 0.20) x 1072
2.27 4+ 0.003 £+ 0.10 4 0.06) x 1072
6.36 & 0.010 4 0.27 4 0.16) x 1073
1.81 £ 0.003 £ 0.08 £ 0.05) x 1073
5.23 +0.007 4 0.22 £ 0.14) x 1074
1.54 4+ 0.003 £ 0.07 + 0.06) x 1074
1.39 4 0.004 + 0.06 4 0.08) x 107>
4.24 4 0.015 4+ 0.19 + 0.30) x 106
1.30 £ 0.006 £ 0.06 £ 0.11) x 1076
3.99 4 0.027 4+ 0.18 4 0.35) x 1077
1.18 £0.010 + 0.05 £ 0.11) x 1077

(
(
(
(
(
(
(
(4.60 4 0.010 % 0.20 4 0.22) x 10~°
(
(
(
(
(
(3.34 +0.043 £ 0.16 £ 0.32) x 108
(

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

8.85+0.190 + 0.42 + 0.88) x 10~?
(2.30 £ 0.073 + 0.11 4 0.25) x 107°

63096 - 100000 |(6.05 4= 0.281 4 0.34 +0.73) x 10710

100000 - 158489 (1.69 + 0.109 £ 0.10 £ 0.25) x 10719

The x? function is defined as

=Y {‘NE)S(EW w) } 3 (1_%)2

- Ostat,i o1 \ Osysi

(6)

where ®; and oy, are the flux and statistical uncertainty of the measurement in the ith
kinetic energy bin, ®(£;) is the predicted flux in corresponding energy bin, S(FE;; w) is a
piecewise function defined by its value w; in corresponding energy range covered by the jth

V02 + 08,4/ P is the relative systematic uncertainty of

nuisance parameter, and Ogys; =
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TABLE S2: The helium fluxes as function of total kinetic energy (FE;) measured by DAMPE,
together with the 1o statistical errors and the systematic uncertainties from the analysis and

hadronic interaction models.

Et Bin
(GeV)

had
P & ostat £ gy £ Ogys

(GeV I m=2 st gr 1)

63.1 - 100.0
100.0 - 158.5
158.5 - 251.2
251.2 - 398.1
398.1 - 631.0
631.0 - 1000
1000 - 1585
1585 - 2512
2512 - 3981
3981 - 6310
6310 - 10000
10000 - 15849
15849 - 25119
25119 - 39811
39811 - 63096
63096 - 100000
100000 - 158489
158489 - 251189

(5.31 4 0.045 + 0.28 4- 0.50) x 102
(1.60 4 0.009 + 0.08 + 0.15) x 1072
(4.56 4+ 0.083 + 0.24 + 0.43) x 1073
(1.30 £ 0.004 + 0.07 4 0.12) x 1073
(3.8140.011 £ 0.18 £ 0.36) x 1074
(1.13 4 0.002 + 0.05 + 0.11) x 1074
(3.42 4 0.009 + 0.16 + 0.32) x 107
(1.05 4 0.003 % 0.05 4 0.10) x 10~°
(3.3140.012 4 0.154+0.31) x 1076
(1.06 4 0.004 + 0.05 4+ 0.10) x 1076
(3.47 4 0.016 + 0.16 4 0.33) x 107
(1.16 4 0.009 + 0.06 4 0.11) x 10~ 7
(3.8240.039 + 0.20 + 0.36) x 1078
(1.21 4 0.015 4+ 0.07 £ 0.11) x 1078
(3.57 4 0.069 4+ 0.24 4 0.34) x 107?
(1.01 4 0.042 + 0.08 + 0.10) x 10~
(2.85+0.139 +0.24 £+ 0.27) x 10710

(8.52 £ 0.954 4+ 0.78 = 0.81) x 10~

the data in such an energy range. When calculating ®(F;), the flux at the central energy of
each bin is used, which results in negligible differences of the fitting parameters compared
with the method of integrating the fluxes over the energy bin.

The fit parameters of the SBPL model for the hardening and softening features are
presented in Tables [S6| and [S7] respectively. For the fit for the softening features, the
smoothness parameter s is fixed as 5 or 10 due to a lack of good constraint on it. The

significances of those spectral features are evaluated by the comparisons of the x? values
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TABLE S3: The carbon fluxes as function of total kinetic energy (FE;) measured by DAMPE,

together with the 1o statistical errors and the systematic uncertainties from the analysis and

hadronic interaction models.

Et Bin
(GeV)

had
P & ostat £ gy £ Ogys

(GeV I m=2 st gr 1)

90.0 - 120.0
120.0 - 160.0
160.0 - 213.4
213.4 - 284.6
284.6 - 379.5
379.5 - 506.0
006.0 - 674.8
674.8 - 899.9
899.9 - 1200
1200 - 1600
1600 - 2134
2134 - 2846
2846 - 3795
3795 - 5060
5060 - 6748
6748 - 8999
8999 - 12000
12000 - 19019
19019 - 30143
30143 - 47773
47773 - 75715

4.60 £ 0.007 +0.19 £ 0.18) x 1073
2.29 + 0.002 & 0.08 £ 0.09) x 1073
1.11 £ 0.001 + 0.04 £ 0.04) x 1073
5.26 + 0.005 4 0.19 £ 0.21) x 1074
2.48 4 0.003 4 0.09 + 0.10) x 1074
1.17 4 0.002 £ 0.04 + 0.05) x 1074
5.44 £ 0.009 4 0.20 & 0.22) x 10~°
2.51 4 0.005 & 0.09 4 0.10) x 10~°
1.17 4 0.003 £ 0.04 4 0.05) x 107>

( )
( )
( )
( )
( )
( )
( )
( )
( )
(5.43 £0.018 + 0.20 £ 0.22) x 1076
(2.53 £0.011 £ 0.09 £+ 0.10) x 1076
(1.18 & 0.006 % 0.04 & 0.05) x 1076
(5.54 +0.037 4 0.20 £ 0.22) x 1077
(2.64 +£0.022 £ 0.10 £ 0.11) x 1077
(1.27 £ 0.014 + 0.05 £ 0.05) x 10~7
(6.07 +£0.082 4+ 0.22 £ 0.24) x 1078
(2.96 +0.049 + 0.11 £ 0.12) x 1078
(1.20 £ 0.024 + 0.05 £ 0.05) x 1078
(3.86 4 0.101 + 0.15 4 0.16) x 10~°
(1.29 + 0.046 + 0.05 + 0.05) x 107
4.62 £0.022 4+ 0.18 = 0.20) x 10710

75715 - 120000 |(1.52 + 0.098 + 0.06 + 0.11) x 10710

7.3741.13540.36 + 0.78) x 10712

( )
( )

120000 - 213394/ (3.69 £ 0.350 £ 0.14 £ 0.33) x 10~
213394 - 379474 ( )
( )

379474 - 674809 (1.48 +0.421 + 0.12 + 0.16) x 1012
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TABLE S4: The oxygen fluxes as function of total kinetic energy (E;) measured by DAMPE,

together with the 1o statistical errors and the systematic uncertainties from the analysis and

hadronic interaction models.

Et Bin
(GeV)

had
P & ostat £ gy £ Ogys

(GeV I m=2 st gr 1)

120.0 - 160.0
160.0 - 213.4
213.4 - 284.5
284.5 - 379.4
379.4 - 506.0
506.0 - 674.7
674.7 - 899.7
899.7 - 1200
1200 - 1600
1600 - 2134
2134 - 2845
2845 - 3794
3794 - 5060
5060 - 6747
6747 - 8997
8997 - 11998
11998 - 16000
16000 - 25358
25358 - 40190
40190 - 63697
63697 - 100953
100953 - 160000
160000 - 284525
284525 - 505965
505965 - 899746

3.47 £0.005 4+ 0.14 4+ 0.14) x 1073
1.77 +0.001 £ 0.06 £ 0.07) x 1073
8.66 & 0.006 + 0.30 & 0.35) x 10~*
4.19 £0.004 +0.15 4+ 0.17) x 1074
2.01 4 0.002 4 0.07 + 0.08) x 1074
9.474+0.0124+0.33 £ 0.38) x 107
4.46 4 0.007 + 0.15 4 0.18) x 10~°
2.08 4 0.004 & 0.07 4+ 0.08) x 107°
9.66 £ 0.025 4 0.33 4 0.46) x 1076

( )
( )
( )
( )
( )
( )
( )
( )
( )
(4.50 4 0.014 + 0.16 + 0.21) x 1076
(2.09 £ 0.008 4 0.07 4 0.10) x 10~°
(9.69 + 0.050 + 0.34 + 0.46) x 10~7
(4.51 £0.029 + 0.16 £ 0.21) x 107
(2.13 4 0.017 £ 0.07 + 0.10) x 10~
(1.03 £ 0.010 + 0.04 £ 0.05) x 10~7
(5.00 + 0.064 +0.19 £ 0.24) x 1078
(2.46 4 0.038 + 0.09 + 0.12) x 1078
(9.88 4 0.182 + 0.38 + 0.50) x 10~
(3.21 £0.080 + 0.12 £ 0.16) x 10~
(1.04 £ 0.035 + 0.04 + 0.05) x 107°
3.3740.162 + 0.13 £ 0.17) x 10710
1.04 £0.071 £ 0.04 £ 0.10) x 10~ 10

( )
( )
(2.39 +0.252 +0.12 4+ 0.28) x 107!}
(4.34 +0.810 4 0.35 + 0.52) x 10712
( )

7.88 +0.248 +0.92 +0.94) x 10713
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TABLE S5: The iron fluxes as function of total kinetic energy (E;) measured by DAMPE, together

with the 1o statistical errors and the systematic uncertainties from the analysis and hadronic

interaction models.

Et Bin
(GeV)

had
P =+ Ogtat = 05y + Ogyg

(GeVtm=2 s gt

419.9 - 560.0
560.0 - 746.8
746.8 - 995.8
995.8 - 1328
1328 - 1771
1771 - 2362
2362 - 3149
3149 - 4199
4199 - 5600
5600 - 7468
7468 - 9958
9958 - 13280
13280 - 17709
17709 - 23615
23615 - 31491
31491 - 41994
41994 - 56000
56000 - 88754
88754 - 140666
140666 - 222940
222940 - 353336
353336 - 560000
560000 - 995837
995837 - 1770876

1.21 £0.002 +0.04 £ 0.11) x 10~*
6.32 & 0.008 4 0.20 & 0.71) x 107>
3.21 +0.006 4 0.10 + 0.38) x 10~°
1.62 £ 0.003 £ 0.05 £ 0.19) x 107
7.99 +0.022 £ 0.27 £ 0.95) x 1076
3.89 +0.013 +0.13 4 0.46) x 1076
1.89 + 0.008 £ 0.06 + 0.22) x 1076
9.01 4 0.047 4 0.30 + 0.88) x 107

( )
( )
( )
( )
( )
( )
( )
( )
(4.20 £ 0.028 +0.13 £ 0.32) x 1077
(1.95 4 0.017 + 0.07 4 0.11) x 1077
(9.06 4 0.098 + 0.33 + 0.29) x 1078
(4.3740.059 + 0.16 + 0.14) x 1078
(2.12 4 0.035 4 0.08 + 0.07) x 1078
(1.01 4 0.022 + 0.04 4+ 0.03) x 1078
(4.7540.132 + 0.21 +0.15) x 10~
(2.33 £0.078 £ 0.10 4 0.07) x 10~°
(1.17 4 0.047 + 0.06 4 0.04) x 10~
4.69 4 0.206 + 0.27 4 0.15) x 10710
1.47 £ 0.089 £ 0.09 + 0.05) x 10710

4.84 4+ 0.388 +0.27 +0.15) x 10~ 11

4.30 +0.795 + 0.38 £ 0.14) x 10712

( )
( )
( )
(1.56 + 0.177 + 0.10 £ 0.05) x 10711
( )
(8.84 4 2.068 + 0.95 + 0.28) x 10713
( )

1.32+0.589 + 0.19 + 0.04) x 1013
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for the PL and SBPL models. For the hardening, the reduction of the x?/dof is 867.4/3,
562.2/3, 128.5/3, 110.1/3 and 11.4/2, corresponding to significance of 290, 230, 110, 100,
and 2.7¢ for proton, helium, carbon, oxygen, and iron, respectively. While, for the softening,
the reduction of the y?/dof is 102.5/2, 58.2/2, 14.7/2, 21.6/2 and 9.6/2, corresponding to
significance of 9.10, 7.20, 3.20, 4.10, and 2.4¢0 for proton, helium, carbon, oxygen, and iron,

respectively.

TABLE S6: The parameters of the SBPL model obtained from the fit of the spectral hardening

features for proton, helium, carbon, oxygen and iron.

Particle Proton Helium Carbon Oxygen Iron
Fit energy range 0.063 - 6.3 TeV 0.100 - 15.8 TeV 0.506 - 47.8 TeV 0.675 - 63.7 TeV 1.77 - 223 TeV
Nuisance parameters 4 4 4 4 4

®y (1075 GeV ! m=2 s~ sr™1)| 7.11 4+ 0.26 5.57 + 0.34 1.28 £+ 0.04 2.27 £ 0.07 2.55 + 0.11
Eyy (TeV) 0.59 £+ 0.04 1.19 £ 0.08 5.35 + 1.26 6.39 + 0.61 28.7 £ 11.3

vy 2.77 £ 0.01 2.72 £ 0.01 2.68 + 0.01 2.66 + 0.01 2.60 + 0.01

Axy 0.21 + 0.02 0.28 + 0.03 0.26 £+ 0.05 0.21 £ 0.03 0.15 £ 0.05

S 1.70 £ 0.23 2.05 £ 0.42 2.12 £ 0.84 5.86 + 2.97 5 (fixed)

TABLE S7: The parameters of the SBPL model obtained from the fit of the spectral softening

features for proton, helium, carbon, oxygen and iron.

Particle Proton Helium Carbon Oxygen Iron
Fit energy range 1.58 - 100 TeV 3.98 - 250 TeV 19.0 - 675 TeV 9.0 - 900 TeV 236 - 1771 TeV
Nuisance parameters 3 3 2 3 3

Dy (1075 GeV Im 2 s tsrt)| 8084048 5.03+0.35 0.60+0.12 1.54+0.16 1.50 & 0.47
By, (TeV) 14.6 £ 1.3 30.6 = 4.4 96.5 £+ 33.5 123 + 38 360 £+ 157

ol 2.57 £ 0.01 2.40 £ 0.01 232+ 0.06 245 +£0.03 2.46 £ 0.05

Ay -0.34 = 0.05 -0.32 = 0.07 -0.49 £ 0.17 -0.48 £0.18 -0.69 £ 0.41

s 5 (fixed) 5 (fixed) 10 (fixed) 10 (fixed) 10 (fixed)

Interpretations

(I) The background plus nearby source model. This model assumes that the ensemble
of many sources contributes to the majority of the observed CRs (called as background),
with the addition of a nearby one which gives distinct features from the background. We

adopt the GALPROP propagation code[60] to calculate the fluxes from the background

27



component. The propagation halo is characterized by a cylinder with radius r;, and half-
height z;,. We work in a two-halo propagation framework as indicated by the slow diffusion of
particles in the vicinities of middle-aged pulsars[61] [62]. To reproduce the observed breaks
of the secondary-to-primary ratios[16], the rigidity-dependence of the diffusion coefficient
in the Milky Way halo is parameters as a broken PL form, Dy.,(R) = 8Do(R/GV)%[1 +
(R/Ry,;)?)®2790/2 where 6, and §, are the slopes below and above Ry, § is the particle
velocity in unit of light speed. The diffusion coefficients in the disk and halo connect with
each other smoothly, via Dgisx = f(2)Dhato, Where f(2) = &€ + (1 — &)[1 — exp(—2%/2h?)].
The propagation parameters are summarized in Table [S§]|

The injection spectrum is assumed to be a PL in rigidity, ¢ug(R) o (R/GV)™®. In
the energy range we are interested in, the single PL injection is adequate, although more
complicated injection form is required to reproduce the data in a wider energy range[63].
The spectral indices for different species differ slightly from each other, as given in Table
[S8l The spatial distribution is assumed to follow the Galactic SNR distribution[64], but
with parameters slightly tuned based on ~-ray data[65]. The predicted secondary flux from
the background CRs is consistent with the data[l3] [17] for rigidity below ~ TV, as can
be seen in Figure [S3] To better compare with the low-energy AMS-02 data, a force-field
solar modulation with potential of 650 MV has been applied[66]. There might also be
contribution from secondary interactions occurring around the sources given those particles
may get trapped for some time[67, 68] (see, however, ref.[69] for a pessimistic opinion).

For the nearby source, we assume an instantaneous injection at time ¢ and location r.
We assume the nearby source is Geminga-like[40], which has r = 250 pc and ¢ = 3.4 x 10°
yr[70, [71]. Note that the distance and age of the nearby source are different from those of
ref.[5], in which a ~ 2 Myr old nearby source with ~ 200 pc distance was assumed. The
main difference is that, in ref.[5], the nearby source dominates the fluxes and anisotropies
in the 1 — 100 TeV band, while in our case, the contribution to the fluxes from the nearby
source is sub-dominant and the anisotropies are jointly contributed by both components.
The injection spectrum is assumed to be an exponential cutoff power-law (ECPL) form,
G X (R/GV)Pexp(—R/R.). The propagated flux at Earth can be obtained via the
Green’s function as, (r,t, R) = —&=<— exp <—%), where o(R,t) = [2Dgis(R)t]Y/? is the

(V2ro)3
effective diffusion length within time ¢. The slow diffusion coefficient Dg;qc is adopted. We

find that for § = 1.9 and R, = 30 TV, the bump features of spectra can be reproduced,
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TABLE S8: Model parameters used to give the results shown in Figure

Parameter Background + nearby source|Propagation
74 (kpc) 20.0 20.0
zp, (kpe) 5.0 5.0

Dy (10?8 cm? s71) 2.42 2.06
51 0.48 0.53
D) 0.20 0.13
Ry, (GV) 300 700
83 0.55
Rir2 (TV) 15
3 0.1 0.1
h (kpc) 0.45 0.45
ap 2.48 2.36
Qhe 2.38 2.28
Qe 2.40 2.30
Qo 2.42 2.32
Ufe 2.44 2.34
Ny 6.60 x 10 6.98 x 10
N, 8.91 x 10 9.65 x 10!
Ng 1.07 1.12
N 1.00 1.00
Ng 6.00 x 1072 5.80 x 1072
t (yr) 3.4 x 10°
r (kpe) 0.25
B 1.90
R. (TV) 30
@ 1.20 x 107
@, 3.80 x 10
g2 1.32
@ 1.00
@ 0.14
Modulation potential (MV) 29 650 650

Notes. “Relative (background) source normalization parameters at 1 TV normalized to that of
oxygen. "Relative normalizations of the nearby source component at 1 TV normalized to that of

oxygen.
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FIG. S3: Rigidity spectra of boron weighted by R>®%. The solid lines show the results from
the background plus nearby source model, with individual contributions from the two components
being shown by dotted lines (blue for the background and green for the nearby source). The
dashed lines show the results from the propagation model. Thin lines correspond to the results in
the local interstellar medium and thick lines are modulated fluxes with potential of 650 MV. The

measurements of AMS-02[13] and DAMPE[IT] are shown for comparison.

as shown in Figure 3. Here the proton and oxygen spectra are shown for illustration. The
same solar modulation potential of 650 MV is adopted. The expected boron flux from CRs
produced by the nearby source is calculated with the same Green’s function method through
an integration over the volume and time assuming a gas density of 1 hydrogen cm ™3, which
is also shown in Figure[S3] The grammage for CRs from the nearby source can be estimated
as X ~ 0.3 g cm~2 for the assumed gas density and a propagation time of ~ 2 x 10° yr.
We find that the contribution from the nearby source is sub-dominant in the whole energy
range. Adding such a component can nevertheless better reproduce the data at the highest
rigidity part.

The dipole component of the large-scale anisotropies from the model can be obtained as
A = 3|V (Daisk®)|/(cp). Since the gradients from the background sources and the nearby

source are different, a vector sum is necessary. We assume that the Galactic coordinate
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FIG. S4: Dipole anisotropies of CRs. Panel a shows the amplitudes of the dipole anisotropies,
and panel b shows the phases. The solid lines show the predictions from the background plus
nearby source model. The measurements are from: ARGO-YBJ[77], Baksan[78], EAS-TOP[79],
HAWCIR0], IceCubel81], IceTop[R1], KASCADE-Grande[82], MACRO[83], Super-K[84], Tibet-
AS~[85].

of the nearby source is (I,b) = (165°, —17°), which is close to but not exactly at the anti-
Galactic-center direction. The location of the source in the sky is consistent with the fitting
results obtained in ref.[40]. The resulting amplitude and phase (the right ascension of the
maximum CR intensity) are shown in Figure ., which reproduce properly the measure-
ments. Particularly, at high energies (above a few hundred TeV), the anisotropy is domi-
nated by the background which has a phase of ~ —90° (Galactic center). At low energies,
the anisitropy is in turn dominated by the nearby source, and a phase flip exists. There is
also wide discussion about the effect of regulating the propagation of CRs by the local mag-
netic field[44] [72, [73]. The anisotropic diffusion in the directions perpendicular or parallel
to the magnetic field would result in a projection of the CR flow onto the direction of the
magnetic field[6, 73, [74]. In such a case, the original direction of the CR source becomes
less correlated with the observed anisotropy direction, and the constraint on the location
of the source is relaxed. In addition, it has been shown by the joint observation of HAWC
and IceCube that there is a sharp division between excesses and deficits of the large-scale
anisotropies, and there are also high-order anisotropies beyond the dipole[75]. More detailed
studies are necessary to fully understand these observational facts of Galactic CRs.

The relative abundances (normalized to O = 1) of the measured CR fluxes at R = 0.1 TV
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where the background sources dominate and R = 10 TV where the nearby source contributes
a considerable fraction are shown in The solar system abundances are also shown for
reference[76]. One can see that heavier nuclei become more abundant at R = 10 TV than
those at R = 0.1 TV, indicating that the nearby source tends to have higher metallicity

than the background sources.

Q 1O4§ T i 3
S o solar system
> 10°L ° s DAMPE (R=0.1TV) |
S g e DAMPE (R=10TV) ]
3 2| A = ;
= 10°E ° E
© g 3
o i 2 i
2 10F E
© 3 E
-O - .
g a
[¢)] = e B
2 107k -
g10F 5
& C ]

-2 L L L L Coo |

10 1 10

Particle charge (2)

FIG. S5: Relative abundances (normalized to oxygen) of the measurements. Blue trian-
gles show the results at 0.1 TV, red dots show those at 10 TV, and black squares show the solar

system abundances[76].

(IT) The propagation model. The other scenario is to ascribe the spectral breaks to a
propagation effect. Two breaks of the diffusion coefficient are required to give the hard-
enings and subsequent softenings of the spectra. Physically this may be due to the self-
generated turbulence with nonlinear Landau and ion-neutral damping of magnetohydrody-
namic (MHD) waves by CRs, as proposed in ref.[§]. Here we empirically approximate the

equivalent effect as a change of the rigidity dependence of the diffusion coefficient as
D(R) = BDo(R/GV)[1 + (R/Ru)*) V2 [1 + (R/ Ry )] @22, (7)

Since the softening features are sharper than the hardening features in general, we assume
different smoothness parameters of the breaks. Note that we also assume a two-halo prop-

agation model, with the spatial dependence of the diffusion coefficient being the same as

32



above. The injection spectrum is again assumed to be a single PL form. The model param-

eters can be found in Table [S8 The results for the secondary boron spectrum and primary

proton and oxygen spectra are shown in Figure 53| and Figure |3 by dashed lines. While the

spectral features can also be reproduced by the propagation model, whether the observed

complicated behaviors of the large-scale anisotropies can be explained need further studies.
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