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Abstract

The existence of nearby discrete cosmic-ray (CR) sources can lead to many interesting effects on the observed
properties of CRs. Recent measurements of CRs with the CALET and the DAMPE experiments have revealed a
bump-like new feature in the proton and helium spectra in the energy range ~(1-100) TeV n~'. The origin of the
feature is not clearly understood. In this paper, considering an improved and more detailed analysis than previous
works, and using updated age and distance estimates of nearby supernova remnants (SNRs) along with an energy-
dependent escape process for CRs from the remnants, we show that the spectral bump can be explained by the
contribution of CRs from the nearby SNRs, in particular the Vela remnant. We also show that the contribution
from the nearby remnants agrees well with the observed spectra of the heavier CR elements from carbon to iron,
as well as with the measured all-particle CR spectrum beyond the knee region when combined with a background

flux of CRs originating from distant SNRs.

Unified Astronomy Thesaurus concepts: Galactic cosmic rays (567); Particle astrophysics (96); Shocks (2086);

Supernova remnants (1667)

1. Introduction

Cosmic rays (CRs) represent high-energy charged particles
spanning a broad energy spectrum from 1 GeV to ~10'"" GeV.
Supernova remnants (SNRs) have long been considered as the
most promising sources of CRs in the Galaxy, particularly up to
a few PeV (P. O. Lagage & C. J. Cesarsky 1983). Based on the
fundamental principles of the diffusive shock acceleration
(DSA) theory of CRs (W. . Axford et al. 1977; R. D. Blandford
& J. P. Ostriker 1978) and the nature of CR transport in the
Galaxy, CRs are expected to follow a power-law spectrum. This
prediction is in general good agreement with the measured CR
spectrum at the Earth, which has an index of ~—2.7 up to
approximately 3 x 10°GeV (3 PeV), commonly referred to as
the CR “knee.” The spectrum steepens to ~—3.1 above the
knee, possibly due to the subsequent cutoffs in the energy
spectra of the different CR elements (S. Thoudam et al. 2016).
The spectrum then flattens back to ~—2.7 at 4 X 10° GeV, a
feature known as the CR “ankle,” which is possibly caused by
the interaction of extragalactic protons with cosmic microwave
background (CMB) photons producing electron—positron pairs
(V. S. Berezinskii & S. 1. Grigor’eva 1988) or due to the
photodisintegration of CRs inside compact extragalactic sources
(N. Globus et al. 2015; M. Unger et al. 2015). At ~10'' GeV,
the spectrum shows a steepening, the so-called “Greisen—
Zatsepin—Kuzmin cutoff,” which can be the result of extra-
galactic CRs interacting with the CMB producing photopions
(K. Greisen 1966; G. T. Zatsepin & V. A. Kuz’min 1966).

Several additional distinctive features have been discovered
in the spectra of the individual CR elements below the knee
energy. In this paper, we focus on the recent observations of a
bump-like feature in the spectra of protons and helium nuclei
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by the DAMPE (Q. An et al. 2019; F. Alemanno et al. 2021)
and the CALET (O. Adriani et al. 2022a, 2023) experiments.
This feature exhibits a hardening in the spectra at a few
hundred GeV, confirming earlier detections by the PAMELA
(O. Adriani et al. 2011) and the AMS-02 (M. Aguilar et al.
2015a, 2015b) experiments, followed by a subsequent soft-
ening above around 10 TeV n~'. Various explanations for the
spectral hardening have been proposed which are based on
physical mechanisms that can affect the CR source spectrum
(P. L. Biermann et al. 2010; Y. Ohira et al. 2011; Q. Yuan
et al. 2011; V. Ptuskin et al. 2013) and the CR propagation
properties in the Galaxy (P. Blasi et al. 2012; N. Tomassetti
2012; S. Thoudam & J. R. Horandel 2014), as well as
explanations based on the presence of nearby sources
(A. D. Erlykin & A. W. Wolfendale 2012; S. Thoudam &
J. R. Horandel 2012a, 2013; G. Bernard et al. 2013). However,
a convincing explanation for the origin of the spectral bump is
still lacking.

Current explanations for the spectral bump are based on a
multicomponent origin of CRs involving nearby sources. For
instance, C. Yue et al. (2019) proposed the existence of
multiple CR components originating from different popula-
tions of distant and nearby sources, while M. A. Malkov &
I. V. Moskalenko (2021) proposed the presence of nearby
Epsilon Indi or Epsilon Eridani stars as the origin of the bump,
and A. Li et al. (2024) explained it on the basis of the presence
of nearby SNRs. In this work, we also present an explanation
based on nearby SNRs, but we bring several improvements
over the other existing works. We consider a similar set of
potential nearby SNRs that have previously been considered in
S. Thoudam & J. R. Horandel (2012a) to explain the spectral
hardening observed at a few hundred GeV. We calculate the
CR flux from the nearby SNRs in the presence of a background
flux from the distant sources, where we use updated ages and
distances of the nearby SNRs, a consistent spectral index for
the CR source spectrum between the background and the
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nearby flux components, finite sizes of the nearby SNRs in
contrast to the commonly assumed point-like approximation,
and a time-dependent escape for CRs of different energies
from the remnants, unlike other works focusing on the
spectral bump.

The effect of source discreteness on the observed spectra of
CR nuclei has also been investigated, for example, in
I. Biisching et al. (2005), A. W. Strong et al. (2009), and
A. Stall et al. (2025) in a different context. Studies of the effect
on the electron spectrum can be found in C. Y. Mao &
C. S. Shen (1972) and R. Cowsik & M. A. Lee (1979), and
later in T. Kobayashi et al. (2004), P. Mertsch (2011), and
S. Thoudam & J. R. Horandel (2012b).

The paper is organized as follows. In Section 2, we describe
our model, and present the calculations of the CR fluxes from
the nearby and the distant sources. We present the main results
in Section 3, the discussion of our findings in Section 4, and
the conclusion in Section 5.

2. The Model

It is widely accepted that SNRs are the major accelerators of
CRs in the Galaxy (e.g., P. O. Lagage & C. J. Cesarsky 1983;
W. 1. Axford 1994), which is supported both by theoretical and
observational evidence. Theoretically, it has been established
that supernova shocks can accelerate suprathermal particles of
the interstellar medium (ISM) to very high energies through
the DSA process (W. 1. Axford et al. 1977; A. R. Bell 1978;
R. D. Blandford & J. P. Ostriker 1978). In addition,
observational evidence comes from the detection of nonther-
mal radio and X-ray emissions (J. Vink & J. M. Laming 2003;
E. Parizot et al. 2006) as well as GeV to TeV gamma rays from
a number of SNRs (M. Ackermann et al. 2013; H. E. S. S.
Collaboration et al. 2018a). Based on this evidence, we
consider SNRs as the main sources of CRs, at least up to an
energy of a few PeVs.

In our model, we consider two distinct components of the
CRs observed at the Earth: a steady background which
dominates the observed flux at most energies, and a time-
dependent local component contributed by nearby sources
(see, e.g., S. Thoudam & J. R. Horandel 2013). The
background CR component is assumed to originate from
distant SNRs distributed uniformly throughout the Galactic
disk. In contrast, the local component is considered to be
produced from nearby SNRs that are within ~1kpc of the
Earth. The nearby SNRs considered in this work are listed in
Table 1 along with their estimated ages and distances from the
Earth. S. Thoudam (2006) showed that sources located mainly
within ~1 kpc can produce a noticeable variation in the CR
flux at the Earth.

The diffusion region for the background CRs is considered
to have a cylindrical geometry with a vertical boundary at +H,
and no boundary in the radial direction (see Figure 1 for a
schematic). This is a reasonable assumption as far as the CRs
at the Galactocentric position of the Sun is concerned because
the majority of them are produced from sources located within
a radial distance close to H from the Sun (S. Thoudam 2008).
The precise value of H remains uncertain. Estimates derived
from various CR propagation models span a wide range of
~2-12kpc (A. W. Strong & I. V. Moskalenko 1998;
W. R. Webber & A. Soutoul 1998). We consider a typical
value of H = 5 kpc for the present analysis. In contrast, for the
local CR component, we assume a diffusion region that is not
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Figure 1. Schematic of the distribution of background and nearby SNRs on the
Galactic plane. The encircled region around the Sun depicts the 1 kpc size
region within which the nearby SNRs considered in this work are located. The
blue dashed line illustrates the propagation of CRs from an SNR.

Table 1
List of Supernova Remnants within a Distance of 1 kpc from the Earth
Considered in This Work

SNR Name Distance Age References
(kpc) (yn)

Geminga 0.25 34 x 10° D, 2)
Loopl 0.17 2 x 10° 3)
Vela 0.30 10* “)
Monogem 0.30 6.8 x 10* )
Cygnus Loop 0.73 2 x 10* (6)
G 114.340.3 0.70 8 x 10° )
Vela Junior 0.70 3.7 x 10° ®), (9
S147 0.90 3 x 10* (10)
HB 9 0.80 8 x 10° 11
HB 21 0.80 1.5 x 10* 12)
SN 185 0.95 1.8 x 10° 13)

References. (1) J. Faherty et al. (2007); (2) H. E. S. S. Collaboration et al.
(2023); (3) C. Dickinson (2018); (4) I. Sushch et al. (2011); (5) C. V. Cappi-
ello et al. (2023); (6) R. A. Fesen et al. (2018); (7) A. Yar-Uyaniker et al.
(2004); (8) N. I. Maxted et al. (2018); (9) E. G. Berezhko et al. (2009); (10)
V. V. Gvaramadze (2006); (11) D. A. Leahy & W. W. Tian (2007); (12)
J. S. Lazendic & P. O. Slane (2006); (13) H. E. S. S. Collaboration et al.
(2018Db).

constrained by any spatial boundary. This assumption is
justified because the CR flux from the nearby sources remains
largely unaffected by the presence of both the vertical and
radial boundaries because of the very short propagation time of
CRs to the Earth. The diffusive propagation time for CRs in
the Galaxy follows #4 r2/ D, where r is the average distance
covered and D is the CR diffusion coefficient. Using this, one
can easily check that the CR propagation time to the Earth
from a source located 1 kpc away is a factor 0.04 smaller than
the escape time from the Galaxy (considering a halo boundary
of H=>5kpc).

2.1. Cosmic Rays from Nearby Sources

After acceleration at supernova shocks, CRs eventually
escape and undergo diffusive propagation through the ISM.
The transport of CRs originating from a single nearby SNR
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can be described by a time-dependent diffusion equation as

. _ N
V-(DVN)+0Q =L, (1)

where Ny(r, E, 1) denotes the number density of CR primary
particles of kinetic energy per nucleon E at a distance r from
the SNR at a given time ¢ after the supernova explosion, D(E)
is the diffusion coefficient of CRs in the Galaxy, and Q
(r, E, 1) = q(r)q(E)q(?) is the source term denoting the CR
injection rate per unit volume from the SNR. In Equation (1),
we neglect CR losses due to nuclear interactions with the
interstellar matter since the time for CRs to reach the Earth
from the nearby SNR is expected to be much less than the
nuclear interaction timescale. For instance, for a typical
interstellar matter density of ny ~ 1Hcm73, the interaction
time for CR protons is f,, = (ny oc)~! ~ 30 Myr, where c is
the velocity of light. This is larger than the diffusive
propagation time 74 &~ r* /4D ~ 0.3 Myr for 1 TeV protons to
the Earth from a source located at 1 kpc (see Section 2.2 for
references to the interaction cross section o, and Section 2.3
for the CR diffusion coefficient D(E)). As we focus mainly on
high energies in this work, we also neglect effects that are
important mostly for CRs at low energies (below ~10GeV)
such as reacceleration, ionization losses, and convection by the
Galactic wind. In addition, we neglect the production of CR
secondaries (if any) inside the remnant from the interaction of
the primary CRs before they are released into the ISM.

In the standard theory of DSA applied to SNRs, charged
particles undergo acceleration each time they traverse the
supernova shock front (W. 1. Axford et al. 1977,
A. R. Bell 1978; R. D. Blandford & J. P. Ostriker 1978).
During the acceleration, the majority of particles are carried
downstream of the shock and are unable to undergo further
acceleration, whereas a small fraction diffuses upstream before
being recaptured by the expanding shock and continuing with
acceleration. This is true mostly during the free-expansion phase
of the SNR evolution where the shock moves at a uniform speed
with its radius increasing linearly proportional to time, whereas
the displacement of particles undergoing a random walk grows
proportional to the square root of time. However, during the
Sedov phase, when the shock slows down, the upstream
diffusing particles can begin to escape the remnant. Generally,
particles are considered to escape the remnant when the
upstream diffusion length D,/v, is larger than the escape
boundary &R, where D, is the upstream diffusion coefficient,
(vy, Ry) are the velocity and radius of the shock, both a function
of the SNR age, and the constant £ < 1 (see, e.g., M. A. Malkov
& L. O. Drury 2001; L. O. C. Drury 2012). In the Bohm
diffusion limit, where the lowest value of the diffusion
coefficient is achieved, D, x E/B,, and using the escape
condition, we get E.,. < B Rsv; for the energy of the escaping
CRs. During the Sedov phase, Ry o< 4 and Vg X FO'G, then the
escape energy decreases (weakly) with time as E.q o 02 If
magnetic field amplification is taken into account, as suggested
(H. J. Volk et al. 2005; D. Caprioli et al. 2009), the escape
energy can have a stronger time dependence. A magnetic field
in the presence of such an amplification scales with the shock
velocity as B, oc v¢, where d is a positive constant, which can
reach a value of 1.5 (A. R. Bell 2004). With this, we get the
escape energy decreasing with time as Eo oc ¢t O2106D,
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Considering that the magnetic field amplification and nature of
the magnetic turbulence are poorly understood, a simple but
reasonable approach is to parameterize the escape energy as
(S. Gabici et al. 2009; Y. Ohira et al. 2011; S. Thoudam &
J. R. Horandel 2012b)

t —Q
Eesc = Emax ( ) > (2)

lsed

where « is a positive constant. Equation (2) assumes that the
particles with the highest energy E..x escape at the onset of
the Sedov phase 7.4, followed by the lower-energy particles at
later times when the shock becomes weak (S. Thoudam &
J. R. Horandel 2012b).

From Equation (2), we can write the CR escape time as a
function of energy as

-1/
AE
Tesc = Ised (Zepm) s (3)

where E is the kinetic energy per nucleon, p,, = 1 PV is the
maximum rigidity (E. G. Berezhko 1996), and o = 2.4 as
determined by the spectral fit performed in S. Thoudam &
J. R. Horandel (2013). It may be noted that the magnetic field
amplification level (d = 1.5) as suggested by A. R. Bell (2004)
corresponds to a value of o = 1.1 for a Bohm-like diffusion. In
our model, the time-dependent escape of CRs is crucial to
explain the spectral hardening of protons and heavier nuclei
observed at a few hundred GeVs by several experiments.
Equation (3) implies that for the same energy/nucleon, heavy
nuclei escape at a relatively early time compared to protons,
with a timescale that is shorter by a factor of (A /Dil/ e,

As discussed above, SNRs can effectively confine high-
energy particles during the early stage of their evolution. At a
later stage, when the shock slows down and cannot efficiently
accelerate particles, it can no longer effectively confine the
particles. We assume that all the low-energy particles escape
the remnant at 10° yr when the shock becomes too weak. In
our model, this happens at energies below ~3 GeV for protons
(for details on the mechanism of particle escape from SNRs,
see, e.g., D. Caprioli et al. 2009 and references therein). The
CR escape time in our model is then considered as
Toee = min [toe.(E), 107 yr]. The corresponding escape radii
can be calculated using the age-radius Sedov relation for
SNRs as given below (S. Thoudam & J. R. Horandel 2013):

T 0.4
Re. = 2.51}0 Tsed [( esc) — 06], (4)

fsed

where vy is the initial shock velocity. We consider the SNR to
be spherically symmetric. Assuming that CRs are uniformly
distributed on the surface of the SNR before they are released,
the source term in Equation (1) is written as

0 B =L s — R s — T, )

.

€esc

where ¢(E) is the source spectrum, which can be expressed in
terms of the total kinetic energy of the particle, U= AE, as
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follows:

q(E) = Aq(U)
= Ak x (U? + 2Um)"0* D2 (U + m), (6)

with m representing the rest-mass energy of the particle, ~y the
source spectral index, and k a constant related to the CR
injection efficiency, which is defined as the fraction f of the
supernova kinetic energy of 10°! erg injected into a given CR
species. The solution of Equation (1) follows (S. Thoudam &
J. R. Horandel 2012b):

2 2
N,(r,E, t) = 9(E)Rexc exp _ Ree®”
rAesc W TD(t — Tese) 4D(t — Tese)

. [ 7R ]
X sinh| ———— .
2D(t - Tesc)

(N

where Ae. = 47R2. is the surface area of the SNR at the
instant when CRs of kinetic energy/nucleon E escape the
remnant. Equation (7) is valid only for time ¢ > T.s.. The CR
flux from the source at t < T, is taken to be zero.

The onset of the Sedov time depends on the initial shock
velocity of the SNR (vy), the initial ejecta mass (M), and the
ambient ISM density (p) as teq ~ (3Mej/47p)' vy . Typical
values of Sedov time lie in the range ~10°-10%yr. We
consider a uniform value of #,,q = 500 yr for all of the nearby
SNRs (S. Thoudam & J. R. Horandel 2013). This gives the CR
escape time in our model a range of T, = (500-10%) yr
depending on the energy, and a corresponding escape radius
Rese ~ (5-100)pc for a typical shock velocity of
vo = 10°kms~'. We assume all the nearby SNRs share the
same set of model parameters {g(E), Tesc(E), Resc(E)}.
Additionally, in our model we consider the same CR source
index for the nearby and the background sources.

2.2. Cosmic Rays from The Background Sources

The flux of the background primary CR component can be
calculated from the time-independent (steady-state) propaga-
tion equation (S. Thoudam & J. R. Horandel 2013):

V - [DV Ny(E)] — np0,6 ()N (E) = —Qp(E), ®)

where N(r, E) represents the CR number density with kinetic
energy /nucleon E in cylindrical coordinate r = (r, z) with the
center at the Galactic center position. The first term of
Equation (8) represents diffusion, and the second term
represents catastrophic loss due to collisions of CRs with
ISM particles, where n is the averaged surface density of
interstellar matter in the Galactic disk, vy, is the velocity, and
op(E) is the inelastic collision cross section of the primary CR
particles. We consider a uniform distribution of the back-
ground sources, represented by Q,(r, E) = Sq(E)é(z), where S
is the supernova explosion rate per unit surface area in the
Galactic disk, and g(E) is the source spectrum defined by
Equation (6). We use the same source index for the
background and the local components, but allow them
to have different CR injection efficiencies considering the
uncertainties in the supernova rate in the Galaxy.
The solution of Equation (8) at r = 0 is given by
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RSq (E)
Ny(0, 0, F) = —o=
p
o0 Ji(KR)
X f o dK, )
0 K coth(KH) +

2D,

where J; denotes a Bessel function of first order and R is the
radial extent of the source distribution, which is taken to be
20kpc. The collision cross section has been taken from
S. Thoudam & J. R. Horandel (2013), which is based on the
cross sections reported in S. R. Kelner et al. (2006) for the
protons and J. R. Letaw et al. (1983) for the heavier nuclei.

Primary CRs produce secondary particles due to their
interaction (spallation) with ISM particles during their
propagation in the Galaxy. The secondary CR production rate
can be calculated as

Qs(r, E) = f NUpN, (r, E’)(S(z)iaps(E, E"dE', (10)
E dE’

where the suffix “s” indicates secondary species, N, is the
primary CR number density, and dop(E, E')/dE’ =
apsé(E’ — E) denotes the differential production cross section
of a secondary nucleus with energy per nucleon E from a
primary nucleus of energy per nucleon E’, where o, is the
total production cross section of the secondary. Equation (10)
then becomes

O(r, E) = nUpUpsz(r, E)6(2). (11)

The density of the secondary CRs can be obtained using a
similar transport equation as describes the primary CRs
(Equation (8)), but with the source term replaced by
Equation (11). Their density at r = 0 is given by (S. Thou-
dam & J. R. Horandel 2013)

R
Ny(0, 0, E) = nu,05sN, (0, 0, E)
( ) = 1UpTps Np( 2D

S

y foo JI(KR) dK
0 K coth(KH) + %

) (12)

where Ny(0, 0, E) is given by Equation (9). For the calculation
of the secondary particles, it should be mentioned that we only
consider primaries from the CR background, but not the
primaries originating from the nearby SNRs as they do not
have enough time to interact with the ISM before reaching the
Earth, as discussed in Section 2.1.

Our study focuses only on boron nuclei as the secondary CR
species. They are known to be produced mainly from the
spallation of '*C and '®O primaries in the Galaxy. Upon
interaction, these primaries generate (''B,'°B) and (''C,™C)
isotopes. The latter subsequently decays into (''B,'°B). For
our calculations, we take the secondary production cross
sections from U. Heinbach & M. Simon (1995).

2.3. Secondary-to-primary Ratio from Background
Cosmic Rays

The secondary-to-primary ratio for background CRs can be
calculated from Equation (12). The ratio, Ng/N, o< 1/D, is
used to determine the diffusion coefficient in the Galaxy. For
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Figure 2. Boron-to-carbon (B/C) ratio for the background CRs (dashed line).
Data points are from the AMS-02 experiment (M. Aguilar et al. 2016).

the present study, we model D(E) in the form of

6
D(E) = DO(E) (EE) L E<E

c 0

NEY (EY

where, again, E is the kinetic energy per nucleon, v is the
particle velocity, c is the velocity of light, Dy is the diffusion
constant, and 6 (6;) are the diffusion indices below (above) the
break energy E;. Optimizing Equation (13) to boron-to-carbon
ratio (B/C) data from the AMS-02 experiment (M. Aguilar
et al. 2016), we obtain Dy = 1.55 x 102 cm?s™!, § = 0.54,
8, = 0.40, and E; = 200GeV n~'. Ey is fixed at 3GeVn ' in
the procedure. The result is shown in Figure 2 (dashed line). In
a pure diffusion model of CR propagation in the Galaxy such
as the one considered in this work, the slight hardening
observed in the B/C data above ~100GeV n ' requires a
change in the diffusion index toward smaller values at high
energies. For simplicity, this is often incorporated as a break in
D(E) around 100-300GeV n~! (Y. Génolini et al. 2017). A
similar behavior of D(E) has also been introduced to explain
the hardening in the CR primary spectra above ~200 GeV n ™'
on the assumption that there exists a respective break in the
turbulence spectrum in the Galaxy (P. Blasi et al. 2012).
However, it has been recently argued that a break in the
turbulence spectrum is unlikely to introduce a corresponding
significant break in the particle spectrum because the “exact”
cyclotron wave—particle resonance condition, p = eB/ck cos 6,
also involves the particle’s pitch angle 6, in addition to the
wavenumber k and the particle momentum p (M. Malkov et al.
2024). Here, B is the ISM magnetic field, e the charge of an
electron, and ¢ the velocity of light. The exact resonance
condition allows particles with the same momentum but with
different pitch angles to interact with waves of different
wavenumbers. This will eventually smear out the effect of the
break in the turbulence spectrum on the particle spectrum.
Moreover, even if a spectral break in the particle spectrum is
formed, the break feature can be smoothened by the diffusion
in momentum space which particles experience during their
propagation through the Galaxy, unless the break is formed not
so far away from Earth (M. Malkov et al. 2024). For the work
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presented here, which focuses on explaining the spectral bump
(along with the spectral hardening above ~200GeVn ')
based on local sources, the break in D(E) introduced in
Equation (13) will not have a significant effect on the main
results. It is also worth mentioning that models involving CR
reacceleration in the Galaxy do not require such a break in D
(E) in order to explain the B/C data (see, e.g., E. S. Seo &
V. S. Ptuskin 1994; S. Thoudam & J. R. Horandel 2014).

It may be noted that recent measurements of B/C by the
CALET (O. Adriani et al. 2022b) and DAMPE (Dampe
Collaboration 2022) experiments show an indication of
flattening of the ratio above ~1TeV. Such a flattening may
be an effect of the reacceleration of CRs by strong shocks
associated with young SNRs during their propagation in the
Galaxy (A. Wandel et al. 1987; P. Blasi 2017) or due to the
production of secondaries inside the source region from the
interaction of primary nuclei with local matter (E. G. Berezhko
et al. 2003; R. Cowsik & B. Burch 2010). Neither of these
mechanisms will affect the background CR primaries.
However, the shape of the background secondaries can be
affected, particularly at high energies, due to the generation of
an additional component of the secondaries with a source
spectrum similar to that of the primaries which is much flatter
than that of the secondaries produced in the ISM. In the
present study, we neglect the flattening in B/C at TeV energies
since it does not affect the major results presented here, which
focus on the spectra of the primary CRs and the all-particle
spectrum.

2.4. Additional Model Parameters

Considering that the interstellar matter is distributed mostly
within the thin Galactic disk, we use the surface matter density
instead of the actual number density for our calculations. The
average surface density has been taken as n = 5.17 x 10*°H
atoms cm ™2 (S. Thoudam & J. R. Horandel 2013), estimated
using atomic and molecular hydrogen observations. This value
represents an average over a circle of 5kpc radius from the
position of the Sun. We add 10% to this value to take into
account the contribution of helium atoms in the ISM. The
supernova surface density in Equation (9) is taken as
§=7.7Myr ' kpc 2, which corresponds to a supernova rate
of 0.98 per century in the Galaxy. This value of the supernova
rate is consistent with 1.9 £ 1.1 per century as inferred by
R. Diehl et al. (2006). Additionally, the effect of solar
modulation is included by considering the force-field approx-
imation with a modulation parameter ¢ (L. J. Gleeson &
W. L. Axford 1968). We take ¢ = 400 MV, as this value is
found to produce an overall good fit to the data below
~10GeV n' for the different CR species considered in this
work, as demonstrated in Section 3.1.

3. Cosmic-Ray Spectra Results

In this section, we present the spectra of the individual CR
elements obtained with our model, and demonstrate that the
presence of nearby SNRs can be responsible for the observed
spectral bump between ~1 TeV and 100 TeV in the proton and
the helium spectra. We also obtain the all-particle CR
spectrum from our model, and compare it with the observed
data up to a few times 10’ GeV.
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Figure 3. Top panel: proton spectrum in log—log plot. Bottom panel: same
spectrum in log—linear plot. The dashed lines show the individual contribution
from the nearby SNRs listed in Table 1, the black solid line shows their total
contribution, and the dashed—dotted line represents the background comp-
onent. The red solid line shows the calculated total (nearby-background)
proton flux at the Earth. Data points are taken from the AMS-02 (M. Aguilar
et al. 2015a), PAMELA (O. Adriani et al. 2011), CALET (O. Adriani
et al. 2022a), and DAMPE (Q. An et al. 2019) experiments. The individual
contributions of the nearby SNRs are not visible in the bottom panel.

3.1. Individual Element Spectra

Proton and helium spectra. Figures 3 and 4 show the
predicted spectra at the Earth for the proton and helium nuclei,
respectively. The upper panels of the figures present the
spectra in log—log scale, which shows the background
contribution (dashed—dotted line) as well as the individual
contribution of the nearby SNRs. The black solid line
represents the total contribution from the nearby SNRs, and
the red solid line represents the total background plus nearby
contribution. The lower panels of the figures show the same
spectra as in the upper panels, but in log-linear scale. In our
calculation, the source index ~ and the CR injection efficiency
f are kept as model parameters. We allow the individual CR
elements to have differing values of (v, f), which are
optimized based on the observed individual elemental spectra.
However, for a given CR species, we constrain the background
and the nearby sources to have the same value of 7. In
addition, we consider all the nearby sources to have the same
values of v and f for a given CR species. For the protons
(Figure 3), we obtain the best-fit values as v = 2.34, f = 16%
for the background component, and f = 25% for the nearby
SNRs. For the helium nuclei (Figure 4), we find v = 2.28,
f = 1.52% for the background, and f = 3.1% for the nearby
component. We also find that choosing a slightly different
value of D(E) for the nearby sources improves the fit quality,
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Figure 4. Top panel: helium spectrum in log—log plot. Bottom panel: same
spectrum in log—linear plot. The dashed lines show the individual contribution
from the nearby SNRs listed in Table 1, the black solid line shows their total
contribution, and the dashed—dotted line represents the background comp-
onent. The red solid line shows the calculated total (nearby-+background)
helium flux at the Earth. Data points are taken from the AMS-02 (M. Aguilar
et al. 2015b), PAMELA (O. Adriani et al. 2011), CALET (O. Adriani
et al. 2023), and DAMPE (F. Alemanno et al. 2021) experiments. Among the
nearby SNRs, only the contribution of Vela is visible in the bottom panel.

especially in the spectral bump region at ~1-100TeVn '
observed by the CALET and the DAMPE experiments. For
this reason, we choose Dy = 10%% cm? s_l, Ey = 3GeV, and
6 = 6, =0.54 (i.e., without a break at 200 GeV) for the CR
propagation from nearby SNRs. For the background comp-
onent, we use the value of D(E) as described in Section 2.3.
This difference in the diffusion properties is possible if the
local region has magnetic turbulence which differs from the
Galactic average experienced by the background CRs in the
Galaxy.

In our model, the observed spectral bump in the proton and
helium spectra at ~1-100 TeV n~ ' is explained as a result of
the contribution from the nearby SNRs, in particular the Vela
SNR. Below ~1TeV n~', the nearby component contributes
significantly less compared to the background flux. The steep
rise in the CR flux from Vela at ~1 TeV n~' is mainly due to
the energy-dependent CR escape mechanism implemented in
our model. CRs below ~1TeVn~' are mostly still confined
with the remnant. There is also an additional effect due to the
slow diffusion of CRs at low energies making them unable to
reach the Earth within the given time. On the other hand, CRs
above ~10TeV n !, being released at an earlier stage and
undergoing faster diffusion, have already passed by the Earth,
generating a steep power-law spectrum. It is known that high-

energy particles whose diffusion radius, ry ~ \/D(t — Tose), 18
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much larger than the distance to the observer produce a
spectrum that follows E~0+3%/2) (S, Thoudam & J. R. Horandel
2012a). SNRs such as Loopl and Monogem dominate the
nearby contribution below ~1TeV n_l, while others such as
Vela Junior, SN 185, and HB 9 show their contribution only
above ~10TeVn ', though they remain subdominant with
respect to the contribution from Vela.

The contribution from nearby SNRs looks similar between
the proton and helium spectra, except that the helium results
are slightly shifted toward lower energies. This difference is
primarily due to the early escape time of helium nuclei relative
to the protons at the same energy per nucleon. In fact, in our
model, all the nuclei heavier than protons are released earlier
by a factor of (A/Z)~'/* with respect to the protons (see
Equation (3)).

During the time CRs are confined inside the remnant,
particles can gain energy due to a second-order Fermi
acceleration process resulting from their interaction with the
magnetic turbulence. The energy gain depends on the level of
the magnetic scattering and the confinement time of the
particles. Low-energy particles suffer more scattering, and
they escape at a later stage of the SNR evolution compared to
high-energy particles. Therefore, the energy gain due to the
second-order Fermi process is expected to affect mostly
particles at low energies. In the following, we present an
estimate of the energy gain for protons and its effect on the
spectrum at the Earth, considering the Vela SNR as an
example.

Cosmic rays remain confined inside the remnant as long as
their upstream diffusion length is less than the escape length,
as discussed in Section 2.1. Under this condition, the upstream
spatial diffusion coefficient at the time particles of energy E
escape the remnant is determined as Dy (E) = &R (f)vs(f), where
£ =0.1 (L. O. Drury 2011) and t = e, (E) E V% ag given
by Equation (3). For the value of o = 2.4 adopted in this work,
R, x E %7 and v, oc E®%. This gives Dy(E) x E%%8 which
shows a very weak dependence on the escape energy. In other
words, the upstream diffusion coefficient at an early time when
a high-energy particle escapes is more or less similar to the
value when a low-energy particle escapes at a later time. This
can be understood from our choice of & = 2.4 in the escape
time f.(E), which incorporates a strong magnetic field
amplification where the magnetic field scales with the shock
velocity as B, o< v¢, with d as a positive constant (see, e.g.,
A. R. Bell 2004). At the time when high-energy particles of
energy E; escape, the shock velocity is large, producing a large
B, and a correspondingly small Dy(E;). On the other hand,
when low-energy particles with energy E, start to escape, the
shock has already slowed down, lowering the magnetic field
amplification and producing a large D,(E,) which turns out to
be comparable to the value of D,(E;). The spatial diffusion
coefficient in the downstream is expected to be smaller as the
magnetic field downstream is compressed. We take it as
Dy = D,/4, where for simplicity we assume a compression
factor of 4, which corresponds to strong shocks.* Then, using
the relation between the spatial and the momentum diffusion
coefficients, DyD, ~ (1/ 9)p? V,f (where p = E/c is the
particle momentum and V, is the velocity associated with
the motion of the magnetic turbulence; A. Thornbury &

4 The actual compression factor that is required for our calculation will be

slightly less than 4 as particle escape happens when the shock starts to
slow down.
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L. O. Drury 2014), the momentum diffusion coefficient D, for
the CRs in the downstream can be calculated. The corresp-
onding gain in momentum during the time CRs are confined
downstream is determined from Ap ~  /Dyt.., where we
assume D), is constant over time.” This gives an energy gain
that decreases with energy as AE/E oc E°?°, where we have
used AE = Apc. For V, = 100km s~ ', we get AE/E ~ 8.5%
at 1TeV, which comes down to ~5.0% at 10 TeV. When
applied to the nearby SNRs, the energy gain will allow
particles to escape at slightly earlier times than they would in
the absence of the energy gain, according to Equation (3).
This, together with the effect of the energy-dependent
diffusion in the ISM, will shift the CR spectrum at the Earth
from a nearby SNR toward lower energies. When applied to
the Vela SNR, we have found an increase in its proton flux at
the Earth by a factor of ~1.9 at 1 TeV and ~1.1 at 10 TeV
with respect to the flux in the absence of the second-order
Fermi acceleration process shown in Figure 3. Although this
increase at <1 TeV looks significant for Vela, the effect on the
total proton flux (background plus nearby components) will
not be significant as the nearby SNRs contribute less than
~10% of the total flux below 1 TeV.

Heavier-element spectra. The spectra for the heavier
elements are shown in Figure 5 for carbon, oxygen, and iron
nuclei, and in Figure 6 for neon, magnesium, and silicon
nuclei. For these elements, the spectra are shown only in log—
log scale. The effect of the nearby SNRs looks similar to those
found in the proton and helium spectra, showing a bump-like
feature at ~(1-100) TeV n~'. Except for the source index -y
and the CR injection fraction f, all other model parameters
remain the same as in the calculation for the proton and helium
spectra. Table 2 gives the values of « and f (for the background
and the nearby SNRs) for the different elements used in our
calculation.

Similar to the proton and helium results, Vela gives the most
significant contribution above ~1TeV n~' also in the case of
heavier nuclei, producing a signature of spectral hardening at
TeV energies. This is in agreement with the observations from
the AMS-02 and the CALET experiments. CREAM measure-
ments show large uncertainties at these energies, although a
similar trend of spectral hardening seems to be present. Future
sensitive measurements at higher energies can provide a
crucial check of our prediction for the heavier elements.

3.2. All-particle Spectrum

We calculate the all-particle CR spectrum by combining the
spectra of the different elements shown in Figures 3-6.
The result is shown in Figure 7 (black solid line) and
compared with the available measurements from the IceTop
(M. G. Aartsen et al. 2013) and Tibet III (M. Amenomori et al.
2008) experiments. The dashed lines represent the spectra of
the individual elements, which are sums of the contribution
from the background and the nearby sources. In order to
reproduce the knee feature in the observed all-particle
spectrum, we consider an exponential cutoff in the source
spectrum at E. = 4 X 10°ZGeV in our calculation, where Z is
the charge number of the element. The deficit in our model
prediction above ~10” GeV possibly indicates the presence of

> Inour estimate, we neglect the variation of the spatial diffusion coefficient
Dy (and hence of D) over time. In reality, the value of Dy (or D,) is expected
to increase (or decrease) with time as the level of the magnetic field
amplification goes down with the SNR age.
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Figure 5. Cosmic-ray energy spectra of the carbon (top), oxygen (middle), and
iron (bottom) nuclei. The dashed—dotted line shows the background spectrum,
the black solid line shows the total nearby component, the dashed lines show
the individual nearby SNRs, and the thick solid maroon line shows the total
nearby plus background. The CALET (O. Adriani et al. 2020, 2021) data
points have been shifted in energy by +8% for carbon and oxygen, and +6%
for iron to minimize the systematic offset with respect to the AMS-02 data
(M. Aguilar et al. 2017, 2021).

a second or additional Galactic component (S. Thoudam et al.
2016; S. Bhadra et al. 2024) over the regular sources
considered in this work.

4. Discussion

Explanation of the spectral bump. In this study, we have
shown that the spectral bump of CR protons and helium nuclei
in the TeV region, as recently observed by the CALET and the
DAMPE experiments, can be explained as an effect of the
contribution from nearby SNRs, especially the Vela SNR. In
our model, the spectral bump is explained mainly as a result of
the low-energy cutoff due to the energy-dependent escape of
CRs from the SNRs and a high-energy falloff of the spectrum
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Figure 6. Cosmic-ray energy spectra of the neon (top), silicon (middle), and
magnesium (bottom) nuclei. The dashed—dotted line shows the background
spectrum, the black solid line shows the total nearby component, the dashed
lines show the individual nearby SNRs, and the thick solid maroon line shows
the total nearby plus background. The CREAM (H. S. Ahn et al. 2009) data
points have been shifted in energy by +11% for neon, silicon, and magnesium
to minimize the systematic offset with respect to the AMS-02 data (M. Aguilar
et al. 2020).

Table 2
Values of the Source Spectral Index «y and the CR Injection Efficiency f for the
Different CR Elements for the Background and the Nearby SNRs

Injection Fraction (f x 10*° erg)

Elements Spectral Index (7)
Background Sources Nearby SNRs

Proton 2.34 16.0 25.0
Helium 2.28 1.52 3.10
Carbon 2.32 0.056 0.082
Oxygen 2.31 0.062 0.070
Iron 2.32 0.010 0.010
Silicon 2.35 0.014 0.014
Neon 2.35 0.012 0.012
Magnesium 2.38 0.014 0.016
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Figure 7. All-particle CR spectrum predicted by our model (black solid line).
Each dashed line represents a spectrum of an individual element, which is the
sum of the background and the contribution from the nearby SNRs. Individual
elemental data are shown only for protons and helium nuclei (same as in
Figures 3 and 4). The all-particle data are from the IceTop (M. G. Aartsen
et al. 2013) and Tibet III (M. Amenomori et al. 2008) experiments.

due to the energy-dependent propagation of CRs in the Galaxy.
These results are in agreement with the earlier findings
presented in S. Thoudam & J. R. Horandel (2012a, 2013) in
the context of the observed spectral hardening at
~(200-300) GeV n ! In contrast, in a recent analysis, A. Li
et al. (2024) identified other nearby sources such as Geminga,
Monogem, and Loop I as the main contributors to the observed
spectral bump. Their calculation differs from our approach in
that we consider a more realistic energy-dependent escape of
particles from the sources while they assume an energy-
independent burst-like injection. Moreover, we consider a
more consistent approach by fixing the same source spectral
index between the nearby SNRs and the background sources,
while A. Li et al. (2024) allows the source index to vary
between the nearby SNRs and also with respect to the
background component. Our model also reproduces quite well
the observed spectra of the heavier elements up to iron, and at
the same time predicts a spectral bump for the heavier
elements similar to that of the protons and helium nuclei,
which can be tested with future observations.

Comparison with other existing models for spectral hard-
ening. The origin of the spectral bump is most likely connected
with the spectral hardening observed at ~(200-300) GeV n L.
Several models have tried to explain this spectral hardening,
but not all of the models can easily explain the bump. For
instance, explanations based on a break in the diffusion
coefficient (P. Blasi et al. 2012; N. Tomassetti 2012) or on a
hardened source spectrum (Q. Yuan et al. 2011; V. Ptuskin
et al. 2013) as well as models based on global reacceleration of
CRs by weak shocks in the Galaxy (S. Thoudam &
J. R. Horandel 2014) successfully reproduce the spectral
hardening, but they cannot explain the observed bump unless
multiple populations of CR sources are invoked (e.g.,
V. 1. Zatsepin & N. V. Sokolskaya 2006; C. Yue et al.
2019). On the other hand, models based on the presence of
nearby sources such as the one presented in this work (see also
S. Thoudam & J. R. Horandel 2012a, 2013) or potential nearby
CR reacceleration sites as proposed in M. A. Malkov &
I. V. Moskalenko (2021) can explain the spectral hardening
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Figure 8. Boron-to-carbon (B/C) ratio in the presence of nearby SNRs (cyan
dashed line). The red dashed line shows our model prediction considering only
the background sources (same as shown in Figure 2). Data are from the AMS-
02 experiment (M. Aguilar et al. 2016).

and the bump at the same time. In our model, these features are
generated by CRs from the Vela SNR.

Effect of nearby sources on the B/C ratio. The presence of
nearby sources directly affects the secondary-to-primary ratios
at the energies where their contribution to the primary CR
spectra is significant. Secondary spectra remain unaffected as
CR primaries from the nearby sources have to travel far
distances in the Galaxy by the time they interact with the ISM
and produce secondaries. This leads to a negligible contrib-
ution of the secondaries produced by CR primaries from the
nearby sources with respect to that produced by the back-
ground primaries. The effect will be a suppression in the
secondary-to-primary ratios at the energy range where the
nearby sources show significant contributions in the primary
spectra. This is visible in Figure 8 (cyan line) at energies above
~1TeVn . However, at these energies the ratio can also be
strongly affected by the reacceleration of secondary CRs by
strong shocks in the Galaxy or by the contribution of
additional CR secondaries from the interaction of CR
primaries inside the sources, neither of which are included in
the present study, as discussed in Section 2.3. Therefore, in
reality the steepening in the ratio at high energies caused by
the presence of nearby sources is expected to remain buried
under other dominant effects mentioned above, making it hard
to observe.

Effect of nearby sources on cosmic-ray anisotropy. The
contribution of the nearby sources is also expected to produce
some level of CR anisotropy at the Earth. For a single source
dominating the CR flux at a given energy, the total anisotropy
0 can be calculated as (e.g., S. Thoudam 2007)

5(E) = Img,. (14)
I
where I, denotes the CR intensity from the dominant source at
energy E and It is the total CR intensity (background plus
nearby contribution) at that energy. The anisotropy 6,, from a

dominant single source under the diffusion approximation is
given by (C. Y. Mao & C. S. Shen 1972)

_ 3Dy |V,

0,
" c Nn

5)

where Ny, is given by Equation (7) for the dominant source
with distance r,, and age t,,,, and Dy is the diffusion coefficient
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in the local region. For the proton spectrum shown in Figure 3,
we get & ~ (1.1-6) x 107° over an energy range of
(1-100) TeV. These values are approximately a factor of
(2-6) higher than the measured dipole anisotropy, which is
~(0.5-1) x 1072 in the same energy range (see A. U. Abeys-
ekara et al. 2019 and references therein). Similar discrepancies
were also found in earlier studies (e.g., A. D. Erlykin &
A. W. Wolfendale 2006; P. Blasi & E. Amato 2012;
S. Thoudam & J. R. Horandel 2012a). In our model, this
discrepancy can be related to the poorly known diffusion
coefficient in the local region and uncertainties in the age and
distance parameters of the nearby SNRs. Cosmic rays probe
large distances in the Galaxy, and therefore the diffusion
coefficient determined from the boron-to-carbon data (avail-
able only up to a few TeVs n™') mainly represents the average
value in the Galaxy (R. Taillet & D. Maurin 2003; S. Thou-
dam 2008). This value may differ from that in the local region
given that our Sun is located inside the Local Bubble, a hot
cavity with an estimated size of ~0.5 kpc (P. C. Frisch 2006).
Therefore, understanding the local magnetic field structure and
its effects on the propagation of CRs can be crucial for the
study of anisotropy. Indeed, the small-scale structures
observed in anisotropy data at few TeVs are often attributed
to the local magnetic field configuration (which is not so well
understood) and to the nature of particle scattering in the field,
as discussed in L. O. C. Drury & F. A. Aharonian (2008),
G. Giacinti & G. Sigl (2012), and M. Ahlers (2014). Moreover,
the effect of the heliosphere may be important. At energies
below ~10TeV, CRs have a maximum gyroradius of
approximately 800 au® in a 3 4G magnetic field, and therefore
their propagation en route to the Earth can be further affected
by the heliosphere, which extends up to about a few thousands
au (P. Desiati & A. Lazarian 2013; N. V. Pogorelov 2016).

5. Conclusion

We have explored in detail the contribution of nearby SNRs
to the observed flux of CRs at the Earth. Based on the results
obtained in this work, we conclude that the spectral bump at
TeV energies in the proton and helium spectra, as recently
observed by the CALET and the DAMPE experiments, is most
likely an effect of the contribution of nearby SNRs, in
particular the Vela SNR. The contribution of the nearby SNRs
is also found to be consistent with the observed spectra of
heavier elements from carbon to iron, and also with the all-
particle spectrum up to energies beyond the knee when
combined with a background CR component originating from
the distant sources.
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