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We present here a unified scenario that connects three peculiar spectral features recently reported
in the spectra of charged cosmic rays (CRs). The spectral hardening measured by AMS-02 in
the hadronic spectra above ∼ 250 GeV is here interpreted as a diffusion imprint, and modeled
by means of a transport coefficient that smoothly hardens with rigidity. We implement such
propagation framework to solve the transport equation with the DRAGON2 numerical code in order
to determine the large-scale contribution to the CR fluxes. On top of this solution we explore the
hypothesis of a nearby, hidden Supernova Remnant (SNR) to be responsible for the high-energy
(above ∼ 100 GeV) all-lepton flux, in particular for the spectral break consistently measured by all
the space- and ground-based detectors around 1 TeV. We compute such contribution analytically
adopting the same propagation setup implemented for the large-scale background. Simultaneously,
we find the signature of the same source in the peculiar bump structure observed by the DAMPE
Collaboration in the proton spectrum, consisting of a strong hardening at ∼ 500 GeV and a
softening at 13 TeV. We validate our hypothesis with the CR dipole-anisotropy (DA) amplitude
and phase. In particular, we interpret the high-energy data (above 10 TeV) pointing towards the
Galactic Center as the convolution of the directional fluxes of the large-scale-background sources,
whereas the DA amplitude below that energy is compatible with the predictions of our model and
is therefore considered as a signature of the nearby SNR that we invoke.
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1. Introduction

2. The transport setup
In this section we describe the propagation setup that will be used throughout the paper. We refer
to a forthcoming publication [17] (hereafter F21b) for a more extensive description. We consider
two distinct populations of cosmic particles: (i) a diffuse large-scale background of hadronic and
leptonic species, (ii) an extra contribution from a nearby accelerator. The propagation of the first
population is computed by solving the general diffusion-loss transport equation with the DRAGON1
package.
1DRAGON (https://github.com/cosmicrays/DRAGON) [18] takes into account all the physical processes from
low-energy up to high-energy effects, and the physical parameters implemented in our run are the same described in [15].
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A dramatic improvement in the accuracy of both hadronic and leptonic cosmic-ray (CR)
measurements has been recently achieved. This progress offered a unique opportunity to shed light
on several key questions concerning the acceleration and transport mechanisms of the non-thermal
cosmic particles that permeate our Galaxy [1]. In particular, the AMS-02 Collaboration recently
reported the absolute fluxes of light nuclear species [2, 3] and pointed out a progressive spectral
hardening at high rigidities (∼ 250 GV). This feature is twice as large in the secondary species [4],
suggesting a diffusive origin [5]. Even more recently, the DAMPE experiment confirmed this
spectral break in the high-energy proton spectrum and also observed a softening at 13.6 TeV,
characterized by a change in the spectral index from 2.60 to 2.85 [6]. Such structured feature may
be the signature of a nearby CR accelerator. As shown in [7], this hypothetical source could only
be simultaneously compatible with the observed CR flux and the measured dipole anisotropy if the
diffusion of the particles leaving the source is very slow.
Another attempt to simultaneously reproduce the nuclei spectra and the dipole anisotropy
recently considered a two-zone (disk/halo) diffusion, though applied to the background particles
only and with no connection with the leptonic spectrum [8, 9].
The H.E.S.S. [10, 11], CALET [12] and DAMPE [13] collaborations have also measured a
break at 1 TeV in the all-electron spectrum, which could be a signature of a local CR electron source.
As first shown in [14] and further discussed in [15], this source should not produce electrons and
positrons in similar amounts in order to be compatible with the observed positron fraction: a
nearby Supernova Remnant (SNR) would hence fulfill this requirements. Among the known nearby
SNRs, Vela and Cygnus Loop appeared as promising candidates due to their age and distance, but
recent studies have shown that their expected contribution to the all-electron flux at high-energy
(𝐸 > 1 TeV) would be sub-dominant (see for example [16]).
Here we propose a novel, comprehensive scenario that simultaneously explains the bump in
the CR spectrum, the all-electron spectrum and the dipole anisotropy. This model is based on the
following arguments: (i) We argue that a nearby fading SNR is associated to both the hadronic bump
measured by DAMPE and the break in the all-lepton spectrum at 1 TeV outlined by H.E.S.S. (ii)
We adopt a transport scenario featuring a rigidity scaling that progressively hardens with increasing
energy, motivated by AMS-02 data. We demonstrate that this is essential to satisfy the constraints
imposed by the measured anisotropy.
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We calculate the contribution from the second population in a semi-analytical way, by solving
the transport equation written in the following general form:
𝜕 𝑓 (𝐸, 𝑡, 𝑟) 𝐷 (𝐸) 𝜕 2 𝜕 𝑓
𝜕
=
𝑟
+
(𝑏(𝐸) 𝑓 ) + 𝑄(𝐸, 𝑡, 𝑟),
2
𝜕𝑡
𝑟 𝜕𝑟 𝜕𝑟 𝜕𝐸

(1)

𝑑 log 𝐷 (𝜌)
≡ 𝛾(𝜌) ≈ 𝛾high +
𝑑 log 𝜌

Δ
1+

𝜉
1− 𝜉

 Δ ,

(2)

𝜌
𝜌0

where 𝜌 = 𝐸/𝑍𝑒 is the rigidity of the particle of charge Z, 𝜌0 is a reference rigidity, and
(𝛾high , Δ, 𝜉) are free parameters.
Slightly modifying the THMb (Two-Halo Model b) model described in [21] for the updated
datapoints, the reference values of the parameters are: 𝛾high = 0.19, Δ = 0.53, 𝜉 = 0.1, with a
normalized diffusion coefficient 𝐷 0 = 1.21 · 1028 cm2 s−1 at reference rigidity 2 GV. With these
parameters, the diffusion coefficient scales as ∼ 𝐸 0.67 in the lowest-energy region (𝐸 ∼ 1 GeV) and
hardens up to ∼ 𝐸 0.20 at the highest energies (𝐸 > 104 GeV), exhibiting a smooth transition.
The key point shown in [21] is that such a setup is formally equivalent to a two-zone transport
model featuring a change in the properties of the interstellar medium (ISM) between an inner-halo
(|𝑧| < 𝜉 𝐿) region and an extended-halo (𝜉 𝐿 < |𝑧| < 𝐿) region, where 𝐿 ∼ 4 kpc and 𝜉 ∼ O (0.1)
(see [22] for a discussion about the transport microphysics that can be associated to this class of
models).
In this work, the transport setup described in Equation (2) is adopted consistently in both the
large-scale propagation and in the propagation of particles from the nearby remnant. We will show
that it plays a key role in reconciling the high-energy break in the all-lepton spectrum (𝐸 𝑒± ∼ 1 TeV)
with the bump recently reported by DAMPE in the proton spectrum at 𝐸 𝑝 ∼ 10 TeV, correctly
reproducing the CR anisotropy data.

3. A consistent picture of electron, proton and anisotropy data
As pointed out in the Introduction, we are assuming that the particles accelerated nearby can
contribute to a large fraction of the observed high-energy lepton flux. Based on the rate of Supernova
3
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  𝛿 (𝐸)
where 𝑄(𝐸, 𝑡, 𝑟) = 𝑆(𝐸)𝐿(𝑡)𝛿(𝑟) considers a time-dependent injection, 𝐷 (𝐸) = 𝐷 0 𝐸𝐸0
and


2
 𝑖

the loss term, 𝑏(𝐸) = − 43 𝑐𝜎𝑇 𝑓KN
𝑈𝑖 + 𝑈 𝐵 𝑚𝐸𝑐2 , includes the Klein-Nishina (KN) relativistic
𝑒
correction to the Inverse Compton (IC) cross-section, as discussed in [19, 20]. The details of
the calculation to solve Equation (1), as well as the expression for the KN correction factor, are
presented in F21b.
The key difference with respect to previous studies resides in the transport setup, characterized
by the rigidity-dependent diffusion coefficient 𝐷 (𝜌) for both the smooth large-scale component and
the extra contribution.
Motivated by the analyses on secondary/primary ratio measured by AMS-02, we adopt the
phenomenological setup considered in [21]. In that scenario the diffusion coefficient slope, which
  𝛿 (𝐸)
is commonly parametrized as 𝐷 (𝐸) = 𝐷 0 𝐸𝐸0
(with 𝐷 0 normalization at reference energy 𝐸 0
and 𝛿 here changing with 𝐸), smoothly hardens as rigidity increases:
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𝛼d

[24]. In this work, the best fit is obtained for 𝜏d = 105 yr, 𝛼d = 2
function 𝐿 (𝑡) = 𝐿 0 1 + 𝜏𝑡d
which would correspond to fast escape (large 𝛿 values) in [25].
3.1 Results: All-lepton spectrum

E3 · Φe± ( E) [GeV2 m−2 s−1 sr−1 ]

In Figure 1 we show the 𝑒 + + 𝑒 − propagated spectrum plotted against data from AMS-02 [26],
CALET [12] and H.E.S.S. [11].
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Figure 1: The all-lepton spectrum as the sum of a smooth background of primary 𝑒 − + secondary 𝑒 ± + extra
𝑒 ± (red dashed line), a fit of the positron flux (blue dashed line) and the single-source contribution calculated
in this work for the corresponding age 𝑡 age = 2 · 105 yr (blue solid line). Other ages (red and green solid lines)
are added for comparison.

The smooth background (red dashed line) is the sum of: (i) primary 𝑒 − , injected with DRAGON
𝑒− = 2.74 and a cutoff 𝐸 DRA 𝑒− = 20 TeV that is estimated equating
with a power-law spectrum ΓDRA
cut
inj
the acceleration and loss timescales [27]; (ii) secondary 𝑒 ± , fixed by the DRAGON-propagated primary
species; (iii) a smooth extra component of primary 𝑒 + + 𝑒 − pairs, that represents the convolution
of a large (O (104 )) number of old (𝑡age > 106 yr) pulsars (see [15]). The secondary leptons and
the extra component contribute to the smooth background as ∼ 1% and ∼ 3%, respectively. The
blue dashed curve represents the total contribution from the class of sources generating lepton pairs
(here we invoke pulsars). The three solid curves correspond to the contribution from the hidden
4
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events in the Galaxy [23] and on the massive losses that leptons undergo during the journey towards
the Earth, we find (see F21b) that it is reasonable to consider only one nearby SNR explosion. The
accelerator we are considering is an old, hidden SNR characterized by a distance 𝑑 = 300 pc and an
age 𝑡age = 2 · 105 yr, injecting cosmic electrons and protons. Those values result from the constraints
imposed by the break at ∼ 1 TeV in the observed all-lepton flux, as it is discussed in detail in F21b.
We assume that particles remain confined inside the SN shock as long as their energy is lower than
a maximum escape energy 𝐸 esc . This implies an energy-dependent release time that is regulated
by the different stages of the SNR evolution and is different for protons and electrons. A detailed
calculation of these evolution stages, as well as of the required escape energy, is reported in F21b,
where they are modelled based on a number of parameters characterizing the ISM. Such parameters
are not the result of a fitting procedure, but rather they are chosen based on dedicated independent
observations. After. the
particles are injected into the ISM according to the luminosity
 escape,
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3.2 Results: Proton spectrum
The proton data are characterized by a hardening at ∼ 200 GeV and a softening at energies
as high as ∼ 13 TeV. Here, we connect this feature to the same hidden remnant considered in the
previous section.

Ek2.7 · Φ p ( E) [GeV2 m−2 s−1 sr−1 ]
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Figure 2: The protons spectrum, resulting from the sum of DRAGON modulated spectrum (black solid) and
the solution of the single-source transport equation computed in this work for the age 𝑡 age = 2 · 105 yr (blue
solid line). Other ages (red and green solid lines), as well as the unmodulated spectrum (black dashed line)
are added for comparison.

In Figure 2, we show our result for different ages of the nearby remnant (green, red and blue
𝑝
solid lines). They were calculated assuming a power-law injection spectrum of Γinj
= 2.1, and
5
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remnant discussed in this work. They are computed by solving Equation (1) for different ages. The
𝑒− = 2.45). The difference with
electron population is injected with a single power-law (slope Γinj
respect to the proton injection slope (see next section) is well justified by synchrotron losses that
electrons undergo before being released [28]. The total energy budget associated to the leptonic
population is ' 4.5 · 1047 erg, that, injected by a SNR with typical energy budget 𝐸 SNR = 1051 erg,
corresponds to an efficiency of conversion into leptons of ∼ 10−4 , which is within the theoretical
expectations [29]. Finally, the black curve is the sum of all the contributions, where we have chosen
the source of age 𝑡age = 2 · 105 yr as reference (blue solid).
The plot shows how low-energy particles (𝐸 . 100 GeV) are cut off as an effect of the energydependent release time, such that those particles did not have time to be released and propagate to
the Earth.
As far as the luminosity function is concerned, we vary 𝛼d ∈ [1, 3] and report negligible
variations in the spectrum. On the other hand, while varying 𝜏d in the range [104 , 2 · 105 ] yr
does not qualitatively change the results, smaller values cannot reproduce the data points above
the ∼ TeV break. Indeed, since 𝜏d acts as a timescale for the luminosity function, a quickly
decaying luminosity would approach the limit of a burst-like injection (𝐿 (𝑡) → 𝐿 0 𝛿(𝑡 − 𝑡rel ) 𝑑𝑡),
and accordingly the ∼ TeV peak energy allowed by the source age would be followed by an abrupt
cutoff in the spectrum. This leads us to conclude that a declining luminosity from the source is
necessary to match the observations in the adopted assumption, i.e. with a unique hidden source.
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3.3 CR dipole anisotropy
The CR dipole anisotropy (DA) provides a crucial complimentary probe of model proposed in
this work. The high degree of isotropy (up to 1 part in ∼ 103 ) detected by a variety of experiments
in a wide energy range is especially constraining as far as the contribution from a local source is
concerned.
In this section we compute the predicted dipole anisotropy associated with the hidden remnant,
following the formalism described in [17]. The interpretation of a single source as the origin of
the spectral feature in the proton spectrum between 1 TeV and 10 TeV is heavily challenged in
the context of a simple diffusion setup characterized by a single power-law. This consideration
led the authors of several recent papers to consider more complex diffusion scenarios featuring a
high-confinement zone near the source of interest (see for instance [7]).
Here, we consider instead the transport scenario directly suggested by the hardening in the
light nuclei reported by the AMS-02 Collaboration, as described above.
In Figure 3, we show that the hypothesis of one nearby old remnant originating the CR
populations responsible for both the leptonic and the hadronic features is compatible with the
current anisotropy data. The dipole anisotropy is computed as the sum of two components: (i)
the single-source contribution, that assumes directional observations; (ii) the averaged anisotropy
of the large-scale background. The second component typically points towards the Galactic center
and can be assumed to be a simple power-law [33]. We calculated this contribution using the fit
parameters recently suggested in [7], according to which the background anisotropy can be written
 𝑐2
𝐸
as Δbkg = 𝑐 1 1 PeV
, where (𝑐 1 , 𝑐 2 ) = (1.32 · 10−3 , 0.62). The result is the green solid line in the
figure. On the other hand, the single-source contribution is found under the assumption of diffusive
behaviour for the released particles. This component corresponds to the red solid line in the figure,
for the source of age 𝑡age = 2 · 105 yr.
We highlight here that the dipole anisotropy shown in Figure 3 was obtained without any fine
tuning of the source’s parameters. It was indeed the result of the novel approach that we used to
implement the diffusion coefficient for the single-source particles, which, according to Equation
(2), has a harder slope at high energies (𝛿 . 0.2 at 𝐸 > 10 TeV).
6
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an exponential high-energy cutoff at energy 𝐸 cut = 20 TeV, chosen to match the bump observed
by DAMPE. Note that such high-energy cutoff is compatible with a maximum escape energy of
∼ PeV considered at earlier stages (. 103 yr) of the SNR. The normalization is consistent with
a total hadronic energy budget ' 2.5 · 1049 erg, which corresponds to an efficiency of ∼ 10% in
accelerating protons. Data points are from AMS-02 [30], Voyager [31] and DAMPE [6].
The smooth background is calculated using DRAGON with the same physical parameters dis𝑝
cussed in [15]: in particular, protons are injected with a slope ΓDRA
' 2.4. The modulated
inj
spectrum is computed with an effective potential h𝜙mod i = 0.54 [32]. The three solid lines are
solutions of Equation (1) in the limit of negligible losses (𝑏(𝐸 t ) ≈ 𝑏(𝐸) → 0), shown for three
different ages. The sum of the contributions is considered for the source of age 𝑡age = 2 · 105 yr. The
total modulated (unmodulated) flux associated to this case is shown as a black solid (dashed) line.
As for the case of the all-lepton spectrum, the effect of the energy-dependent release cuts off
the low-energy (𝐸 . 100 GeV) part of the spectrum.
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Figure 3: Cosmic-ray dipole anisotropy amplitude calculated as the sum of a background anisotropy (green
solid line) and the single source contribution (red solid line) for the source of age 𝑡 age = 2 · 105 yr. Anisotropy
data are consistent with each other, therefore here we plot a subset of them, to avoid confusion. For the
plotted points are from ARGO and Tibet-AS𝛾 (see [33] and references therein.)

4. Conclusions
In this paper we proposed the idea that the spectral feature at ∼ 10 TeV in the cosmic-ray proton
spectrum recently reported by the DAMPE Collaboration together with the spectral break at ∼ 1 TeV
measured by H.E.S.S. in the lepton spectrum have a common origin and can be associated to a
nearby, fading SNR. We believe this simultaneous interpretation to be of paramount importance,
since SNRs are accelerators for both electrons and protons.
We computed the propagation of cosmic particles from such object in a spherically symmetric
setup and assuming a luminosity that declines over time, and found that the most relevant observables
can be simultaneously reproduced. The key ingredient in the calculation is a transport setup based on
a diffusion coefficient characterized by a smooth transition to a progressively harder rigidity-scaling
at higher energies, as suggested by the light nuclei spectra measured by the AMS-02 Collaboration.
This feature allowed us to reproduce the cosmic-ray anisotropy data without any further assumptions.
Moreover, the combined leptonic and hadronic data led us to characterize the properties of the
particles accelerated by such object in good agreement with theoretical expectations.
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