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Diffusive origin for the cosmic-ray spectral hardening reveals signatures of a
nearby source in the leptons and protons data
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In this work we aim at reproducing, simultaneously, 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. Those features are interpreted as signatures of one
nearby hidden cosmic-ray accelerator. We show that this interpretation is consistent with the dipole-
anisotropy data as long as the rigidity scaling of the diffusion coefficient features a hardening at ~200 GV,
as suggested by the light-nuclei data measured with high accuracy by the AMS-02 Collaboration. Such
rigidity-dependent diffusion coefficient is applied consistently to the large-scale diffuse cosmic-ray sea as
well as to the particles injected by the nearby source.
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I. INTRODUCTION

The past years have witnessed a remarkable increase in
the accuracy of both hadronic and leptonic cosmic-ray (CR)
data. This advance allowed the community to pinpoint
spectral features in primary and secondary species at
different energies, which offer a unique opportunity to
shed light on the long-standing questions regarding the
origin and transport of the nonthermal population of high-
energy cosmic particles in our Galaxy [1,2]. These new data
were in particular reported by the AMS-02 Collaboration,
which presented some remarkable results. The first general
trend is that for primary nuclei (protons, He, C, O) the
spectral index progressively hardens at rigidities above
~200 GV [3]. Recent observations of other primary ele-
ments, such as Ne, Mg and Si [4], confirm this hardening
but with smaller breaks. Moreover, the spectral hardening is
also found for secondary nuclei (Li, Be, B) but with a value
twice as large as the one observed for primary species
[5-7]. The spectral hardening for the proton spectrum has
been confirmed by the DAMPE experiment, which also
reported a spectral softening at 13.6 TeV, with the energy
index changing from 2.60 to 2.85 [8]. This spectral “bump”
seems to be firmly established in the observations, being
independently measured by the ATIC [9] and NUCLEON
[10] experiments.
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On the other hand, in the lepton domain, the spectrum
has a power-law shape at up to ~TeV energies [11]
followed by a spectral break at ~1 TeV, as reported by
the H.E.S.S. [12,13], CALET [14] and DAMPE [15]
collaborations. This spectral feature possibly points
towards a nearby old remnant, as shown originally in
Recchia et al. [16] and later elaborated in a wider context in
Fornieri et al. [17]. Moreover, attempts to assign the high-
energy (E > 1 TeV) observed leptons to known nearby
sources—such as Vela and Cygnus Loop—using radio data
have recently revealed their subdominant contributions (see
for example Manconi et al. [18]).

The physical origins of the different hadronic spectral
features, as well as the all-lepton spectra and positron
fraction, remain strongly debated. The larger spectral break
of the secondary species with respect to primaries suggests
a diffusive origin of the effect, as discussed in e.g.,
Vladimirov et al. [19], Génolini et al. [20], whereas the
high-energy softening might be due to a contribution of a
nearby Supernova Remnant (SNR). However, the latter
would require an anomalously slow diffusion in the
interstellar medium between the source and the Earth in
order to be consistent with the current data on the dipole
anisotropy [21]. Otherwise, the predicted anisotropy would
overshoot the observed data by more than one order of
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magnitude. When modeling such effect, a good knowledge
of the physical properties of the interstellar medium
surrounding the source is required. As a matter of fact,
the way CR self-generated turbulence can be damped
depends strongly on the type of interstellar phase and in
particular its content in neutrals [22,23]. This modeling,
including a slow diffusive zone around the source, will
deserve a future study. Liu er al. [24], Yuan et al. [25]
propose an alternative two-zone disk/halo diffusion setup to
reproduce both nuclei and anisotropy spectra. However,
this model is not concerned with leptons and has only been
applied to background cosmic-ray particles. Malkov and
Moskalenko [26] propose a model interpreting both the
spectral hardening and the softening with a CR contribution
produced by the reacceleration of the background CR
spectrum at a weak, nearby shock, possibly associated
with the bow shock of a runaway star. Both spectral
components are a consequence of the Earth moving in a
magnetic flux tube footed at the shock surface. While
drifting in the flux tube, reaccelerated CRs trigger an
acoustic instability due to their pressure gradient. The
propagation elapsed time is long enough for an
Iroshnikov-Kraichan turbulence to be set up and control
the CR mean-free path. An advantage of this model is that it
relies only on two parameters, namely the shock Mach
number and the bump rigidity. However, the model does
not include any leptonic component, neither does it deal
with the CR-anisotropy amplitude and phase at 200 GV and
13 TV properly. Yuan et al. [25] also consider a nearby
source to explain both the hardening and softening spectral
features, though not discussing the leptons. To that aim, the
model assumes a spatially dependent diffusion coefficient
for the background CR-sea but a single power-law diffusion
coefficient for the source components. Even though this
could be motivated by the fact that high-energy particles
diffuse much faster than low-energy ones, eventually
spending most of their time in one zone only, this effect
is quantified in our modeling and it is found to be true only
for energies above E ~ 10 TeV. This is in fact the source of
the problems in the all-lepton spectrum, where a particle
population is required to contribute also in the range
E ~[50 GeV, 1 TeV]. Interestingly, though, the authors
show that a different elemental composition at the source
may explain the spectral difference between the He, C, O
and the Ne, Mg, Si groups.

In this paper (and in the associated paper), we propose a
comprehensive scenario that correctly reproduces proton,
lepton and anisotropy spectra.

Our model features two key points of novelty. (i) First, we
argue that a nearby, possibly hidden, old Supernova
Remnant is responsible for both the hadronic bump mea-
sured by DAMPE/NUCLEON/ATIC and the leptonic
break reported by H.E.S.S. (ii) We then consider, for the
first time in the background + source context, a transport
scenario featuring a rigidity scaling that progressively

hardens—deviating from the single power law—as sug-
gested by AMS-02 light nuclei data. We show that this
crucial ingredient allows us to reproduce the anisotropy data.

The paper layout is as follows. In Sec. II, we describe our
transport model, with particular attention to the phenom-
enological treatment that implements a variable slope of the
diffusion coefficient for the nearby-source solution as well.
In Sec. III, we characterize the contributions from a hidden
nearby source, connecting for the first time the leptonic and
hadronic features and showing that those interpretations
are consistent with the CR dipole anisotropy. Finally, in
Secs. IV and V, we discuss the results and derive our
conclusions.

II. OUR TRANSPORT SETUP

In this section, we describe the propagation setup that
will be used throughout the paper, which is based on the
model settings presented in Fornieri et al. [17].

We consider a large-scale diffuse background of had-
ronic and leptonic cosmic particles, plus a contribution
from a nearby accelerator. While the latter component is
computed in a semianalytical way, the former i.e., a smooth
contribution) is characterized by solving the general dif-
fusion-loss transport equation with the DRAGON! [27,28]
numerical code. DRAGON takes into account all the
physical processes from low-energy up to high-energy
effects. In this work, we consider a 2D configuration, with
cylindrical symmetry and an azimuthal-only Galactic
magnetic field geometry. The physical ingredients imple-
mented in our run, for what concerns the environment
setup—the gas distribution, interstellar radiation field and
intensity of the regular and turbulent magnetic fields—as
well as the CR physics parameters—the CR source dis-
tribution and the nonadiabatic energy losses suffered by
both hadrons and leptons—are the same described in
Fornieri et al. [17].

However, a key difference with respect to the afore-
mentioned work resides in the assumption on the diffusion
coefficient. As mentioned in the Introduction, the more
pronounced effect detected in the purely secondary species
seems to point towards a feature in the transport.
Specifically, the CR distribution function at the disk level,
that is found by solving the transport equation, can be
written as fo(E) ~ S(E)/D(E), where S(E) is the particle
injection spectrum and D(E) ~ E° the diffusion coefficient.
For primary species, S(E) ~ E~'n, from which we get

o~ E"Tw=0 while for secondaries, the injection spec-
trum is the propagated spectrum of the primaries, resulting
in [~ ETw=/D(E) = E-'w=2%_ This implies that any
change in the slope of the diffusion coefficient will produce
a change in the secondaries’ spectrum that is twice as large

lhttps://github.com/cosmicrays/DRAGON.
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FIG. 1. The diffusion coefficient obtained from the paramet-

rization D(E) = DO(EEO)é(E), modifying the parameters (yyign. A)
starting from the THMb model in Tomassetti [29], as described in
the text.

as that in the primaries. This is what is observed by AMS-
02 [6] for the CR hardening at ~200 GeV.

As a consequence, assuming this hardening to be of
diffusive origin, it appears quite natural that equal changes
in the transport properties should affect the propagation of
particles from nearby sources as well.

To consider this, we study the phenomenological
setup considered in Tomassetti [29], where the slope of the
diffusion coefficient—typically parametrized as D(E) =
DO(E%)‘S(E), with D, normalization at reference energy E,

and ¢ here changing with E—smoothly hardens as energy
(or, equivalently, rigidity) increases, assuming the follow-
ing expression:

dlog D(p) A
dlogp

where p is the particle rigidity, p, is the reference rigidity
and (yign, A, &) are free parameters of the model.

In order to account for the nearby-source contribution to
the proton flux, we slightly modify the parameters (ypigh, A)
starting from their THMb-model (Two-Halo Model b) values.
In what follows, they become ypop, = 0.19, A = 0.53, while
the others are left unchanged, as £ = 0.1, with a normalized
diffusion coefficient D, = 1.21 x 10?® cm? s~! at reference
rigidity 2 GV. With these parameters, the diffusion coef-
ficient presents a smooth transition, specifically as shown
in Fig. 1.

The key point shown in Tomassetti [29] 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] < £L) region and
an extended-halo (L < |z| < L) region, where L ~ 4 kpc
and £ ~ O(0.1). Possible underlying physical explanations
for this change of slope in the diffusion coefficient have

been proposed. (i) One assigns it to the transition between
a diffusion regime, generated by self-generated turbulence,
to another one for which an external large-scale (Liy ~
10-100 pc)  Alfvnic cascade is responsible [30].
(i) Alternatively, based on the theory developed in a
relatively recent series of papers [31-33], this change is
interpreted within a framework where different damping
mechanisms, dominating in the two regions, produce a
different behavior in the turbulent waves, which are the
scattering centers that cause CR diffusion [34].

It has been shown recently that the real picture could
involve a combination of the two hypotheses above [35]: in
fact, taking into account all the three magnetohydrody-
namics (MHD) modes in which an external turbulent
cascade is decomposed, the role of Alfvn modes in shaping
the D(E) is significantly subdominant, emerging in turn the
effect of the fast modes that generate a diffusion coefficient
that is likely not a single power law of the rigidity.
However, under plausible physical condition, it has not
been possible to reproduce the CR spectra in the whole
energy range and good results have been found in the high-
energy regime (E > 200 GeV), in terms of particle spectra
as well as secondary/primary ratios. With this regard, it is
worth mentioning that the energy E ~ 200 GeV at which
self-generated turbulence stops dominating the CR diffu-
sion was already predicted in Farmer and Goldreich [36].

In Tomassetti [29], the transport equation is analytically
solved under simplifying conditions and the diffusion
parameters of Eq. (1) are adjusted to the boron-over-carbon
(B/C) data available at that time. Later, the same author
found a better agreement to the updated observations by
incorporating a factor f" (where f = v/c and n~ —0.4)
into the definition of the diffusion coefficient, in Feng et al.
[37]. This change in the low-energy trend of D(E) is
discussed in Génolini et al. [38]. It has been interpreted in
terms of dissipation of MHD waves in the interstellar
plasma [39] or, alternatively, considering nonresonant
interactions between the cosmic rays and the same turbu-
lent waves [40]. As it is clear, adding this factor has a
negligible effect at particle energies for which g — 1;
therefore, it can be safely ignored in the computation of
the spectra from our isolated nearby source.

Here, as mentioned above, we solve the equation for the
large-scale background with the DRAGON numerical solver,
that takes into account all the processes approximated in the
analytical solution. As shown in Fig. 2, we find that the B/C
flux ratio observed by AMS-02 [5] and PAMELA [41] can
be nicely reproduced using n = —0.5 and adjusting the
values of ypiep and A to 0.19 and 0.53, respectively, as
indicated in the figure. The Voyager-1 [42] data points,
measured outside of the heliopause, are captured at low
energy by our unmodulated black solid line. The solar
modulation is taken into account using the force-field
approximation [43], with an effective potential (¢oq) =
0.54 £ 0.10 [44.45]. In the plot, its effect is shown as a gray
band. We highlight that this framework suitably reproduces
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FIG. 2. B/C ratio computed for the described model with the
DRAGON numerical solver with and without adding the influence
of the solar modulation, against AMS-02 (red) and PAMELA
(blue) data points. Voyager unmodulated data points are also
shown at low energy (green). References are in the text.

the high-energy range of the B/C observations as well as the
hardening found in the primary CR species, for which the
model was originally built.

In this paper, the transport setup described in Eq. (2.1)—
and shown in Fig. 1—is adopted consistently in both the
large-scale propagation and in the propagation of particles
from the nearby remnant. As it will be shown below, this
ingredient plays a key role in reconciling the high-energy
break in the all-lepton spectrum (E,: ~ 1 TeV) with the
bump recently reported by DAMPE in the proton spectrum
at £, ~ 10 TeV. Besides, it is crucial to correctly reproduce
the cosmic-ray dipole anisotropy data.

III. TOWARDS A CONSISTENT PICTURE OF
ELECTRON, PROTON AND ANISOTROPY DATA

It has been mentioned in the Introduction that particles
coming from observed nearby sources cannot account for
most of the measured high-energy leptons. However, it is
natural to wonder whether it is plausible to invoke only one
additional hidden source or rather a plurality of them. An
answer, with a detailed estimation, is given in the
Appendix B. In fact, based on the rate of Supernova events
in the Galaxy [46]—the same implemented in DRAGON—
and on the massive losses that leptons undergo during the
journey towards the Earth, we find that we expect Ngyg ~ 2
Supernova explosions in the vicinity of the Solar System.
The catalogs already list more than five [47], which
however have been found not to contribute to the propa-
gated leptons [17,18]. Hence, we conclude that considering
only one hidden source is a physically well-motivated
choice.

Therefore, within the transport setup presented above,
we discuss here a scenario based on the contribution from
an old, hidden Supernova Remnant as a time-dependent
source of cosmic electrons and protons.

In order to match the proton and lepton fluxes, the
accelerator we are considering is characterized by distance
d =300 pc and age f,5c = 2 X 10° yr. The age is fixed by
the location of the ~1 TeV spectral break in the lepton flux,
based on the traveling time of the released particles that are
affected by massive losses, as Atyaver ~ 1/(boEqps) ~ 107 yr,
with by~ 1.4 x 1071 GeV~! - s! for standard ISM con-
ditions and regular magnetic field By =3 uG. In fact,
Tage = trel T Alyrayer, Where 1 1s the release time, which is
of course 7, < Afy,yq- Since leptons of such high energy
can only be accelerated and injected in the early stages of
the SNR evolution—according to Eq. (A5), ~1 TeV
electrons are released at ~10* yr—then Lage = trel T Alrayel ¥
Atiaver- Such rough estimation shows that the reference age
is determined with high level of robustness by the loss
mechanism, and that no degeneracy holds with the source
distance, which does not enter the calculation. The distance
we chose, on the other hand, is the one that better
reproduced the data in the region around the break. As
studied in Fornieri et al. [17], in fact, the peak of the
propagated spectra broadens as the source-to-observer
distance decreases. An a posteriori check will confirm
that the total energy budget of such accelerator and the
relative conversion efficiencies into accelerated protons and
electrons are compatible with theoretical expectations. We
assume that particles remain confined inside the SN shock
as long as their energy is lower than the maximum allowed
value—we refer to this value as escape energy. 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. In this work, we assume that the CR
escape energy is dominated by the limited current that
particles can generate to trigger nonresonant streaming
instability during the free expansion and Sedov phases;
conversely, it is limited by geometrical losses during the
later radiative phases. The timescale of each phase of the
SNR evolution, as well as the details to compute the escape
energy at each time instant, are discussed in Appendix A.
With this regard, we remark that the parameters of the ISM
that impact the release time are not the result of a fitting
procedure, but rather they are chosen based on independent
observations.

After the escape, particles are injected into the ISM
according to a time-dependent luminosity function L(z)
and transported from the source to the Earth via the
following diffusion-loss equation, written in polar coor-
dinates [48]:

Of(E.t,r) _D(E) ,0f 9
or 12 or or OE

(b(E)f) + Q(E, 1),
(3.1)

where Q(E, t,r) = S(E)L(t)6(r) is the source term—with
the luminosity function of the form L(r) = Lo/(1 + )™,
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where 74 = 10° yr and ag = 2—, D(E) = DO(E£0)5<E)—as
described in the previous section—and b(E) =“E is the
rate of energy loss, which depends on the specific particles
we are considering.

The previous equation neglects low-energy effects such
as advection and reacceleration, since, in the energy regime
we are interested (above ~1 GeV), the transport process is
nearly completely diffusive.

Finally, as a consistency check, the total energy budget
associated with each CR population injected by the source
can be calculated as follows:

Tage +oo
Bo=[ar [ ar [ aEE- 0. 32)
frel(E) 0

where clearly 7, is the instant of the release and 7, the
current age of the source.

A. All-lepton spectrum

In the case of leptonic cosmic rays above ~1 GeV, the
energy-loss term accounts for inverse Compton (IC) scat-
tering and synchrotron losses. The IC cross section above
~50 GeV gets modified by relativistic effects, as shown in
Hooper et al. [49], and the loss rate can be written as
follows:

4 , 2
b(E) = =3 oorliinti + Ual(,0a) . (33)

where 67 ~ 6.65 x 1072° cm? is the Thomson cross sec-
tion, (U;, Up) are respectively the energy density of the
interstellar radiation field components and of the back-
ground magnetic field, and fiy is the approximated
correction factor:

fi(E) ~ %'(mecz/kBTi)z
o B (m, 2 kg T;)? + (E*/m2c*)’

(3.4)

where T; are the black-body spectrum temperatures cor-
responding to U;. For each contribution, we adopted the
reference value reported in Evoli et al. [50].

The Green function of Eq. (3.1) reads

O(E)b(E) — —+-
B = o @ g,

where E; refers to the energy at a time (7 — #,;) ago and

ran(EvE) =4 [F ?((5)) dE' is the square of the diffusive

distance traveled by a particle losing its energy from E; to
E. This solution is still general, in that it does not contain
any information about the injection term.

The dependence of the diffusion slope on energy has to

be included in the integral giving the diffusive distance

2 :
T3> as follows:

L 102

1)

|

12)
)

2 ——— tage =1.5x10° —300 7
N age = L. yr, d =300pc

% tage =2x10%yr, d =300 pc

O, 101 — tage =25%10°yr, d =300pc N

@ -=== (pri+sec e”) + (sec e’) + extra

4, ---- Pulsar contribution \
o Total e™ + e~
o e CALET-2018 \

m \

e AMS-02-2014
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100 ! T |
10! 102 103 10*
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FIG. 3. 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 f,,. = 2 X 10° yr (blue solid line). Other ages
(red and green solid lines) are added for comparison. The gray
band reports the systematics for the H.E.S.S. data points.

DO(E%)&(E)

E
ra (B E) = 4/E WdEl

ADLE /E/EO wP(Eo®) J
= a)’
O J e /i, b(Eqw)

(3.6)

where the last step is justified by the simple change of
variable @ = E% In lack of an analytic function §(w), the

integral can be solved numerically.

As a last step, to obtain the propagated spectra at
Earth, we have to integrate Eq. (3.5) over time, from
the instant of the release from the source to the current
time, featuring a model for the time evolution of the
luminosity. This is discussed in detail in Atoyan et al.
[48], and summarized in Fornieri et al. [17] (their
Appendix A).

In Fig. 3 we show the et + e~ propagated spectrum
resulting from the convolution of several components,
plotted against data from AMS-02 [51], CALET [14]
and H.E.S.S. [13]. Data from other experiments have not
been added to avoid superposition, being consistent with
the present ones. The smooth diffuse background (red
dashed line) is the sum of: (i) primary e, injected with
DRAGON with a power-law spectrum I'D5*¢" = 2.74 and a
cutoff ERR®¢ =20 TeV that is estimated equating the
acceleration and loss timescales [52]; (ii) secondary e™,
fixed by the DRAGON-propagated primary species; (iii) a
smooth extra component of primary et + e~ pairs, that
represents the convolution of a large [~O(10*)] number of
old (f,ge > 10° yr) pulsars (see Fornieri et al. [17]). For
what concerns their relative contribution, we note that such
extra component is fixed by fitting the low-energy
(E,+ <40 GeV) positron flux (see Fornieri et al. [17]);
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therefore, its impact amounts to just ~3% of the total
leptonic flux, while the secondary component is even
smaller, up to ~1%.

The solar modulation is ignored in the plot, as it nearly
has no effect at such energies (£ > 10 GeV).

The blue dashed curve represents a fit of the positron
flux: here, we invoke pulsars and use the fit to the AMS-02
data points performed in Fornieri et al. [17], for the
simplest case of a burstlike injection and an intrinsic cutoff
in the injection spectrum. Other parametrizations of the
positron component do not change the final contribution, as
they are fit over the positron flux, expected to originate
from a separate class of sources, regardless of the physical
nature.

The three solid curves correspond to the contribution
from the hidden remnant discussed in this work. They are
computed by solving Eq. (3.1) for different ages, with the
calculations described above in this section. The electron
population is injected as a single power law with a slope
I’ = 2.45. This spectrum is softer than the one used
for the proton flux, as we will see in the next section.
However, such difference is physically motivated by the
sychrotron losses that electrons undergo before being
released [53]. The total energy budget associated with
the leptonic population, computed by means of Eq. (3.2),
is ES, ~4.5x 10Y erg.

Finally, the black curve is the sum of all the contribu-
tions, where we have chosen the source of age f,,. =
2 x 10° yr as our best-fit choice (blue solid).

The plot shows how the energy-dependent release cuts
off the low-energy particles (E < 100 GeV) that—being
the last ones to reach the shock escape energy—did not
have the time to be released and then propagate to the Earth.
This effect is amplified by the KN correction. Indeed, a
corrected cross section increases the propagated flux of a
factor ~1.5-2, with respect to the nonrelativistic treatment,
above energies E ~ 200 GeV [50]. Therefore, in order to
reproduce the ~1-TeV peak, a lower injected flux is
needed.

As far as the luminosity function is concerned, its
parameters (a,,7,) are found in order to match the
observed lepton flux, although we studied how our
predictions change as they vary. In particular, we
considered a4 € [1,3] and reported negligible variations
in the spectrum. On the other hand, while varying 74 in the
range [10*,2 x 10°] yr does not qualitatively change the
results, smaller values cannot reproduce the data
points above the ~TeV break. Indeed, since 74 acts as a
timescale for the luminosity function, a quickly decaying
luminosity would approach the limit of a burstlike injection
(L(1) = Lo6(t — ty)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.

B. 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.

To compute the contribution from the nearby source to
the proton flux, we use again Eq. (3.1), neglecting the loss
processes considered for leptons, as they would start to play
arole at much higher energies (above ~100 TeV). Besides,
spallation and nuclear decay only modify the CR spectra at
low energy (below ~1 GeV).

Therefore, from the same Green function used for the
leptons, Eq. (3.5), we can reduce to the hadronic distribu-
tion function. Indeed, considering the losses as negligible,
b(E,) ~ b(E). Besides, the diffusive distance /5 is not
dominated by the loss timescale and becomes 73 (E) =
4D(E)(t - trel)'

In conclusion, the Green function for protons can be
written as follows:

2

O(E) -+
f(l", t, E) = 7T3/(27'3_4)ff - e diff
o)
[47[D(E)(t - trel)]3/2

2
TADE) (i)

(3.7)

In the above expression we can directly implement the
effect of a variable diffusion slope as D(E) = DO(E%)‘XE).

Finally, as done for the leptons, we get the propagated
spectra integrating the Green function (3.7) over time, from
the release time to the current instant.

In Fig. 4, we show our result. This is the sum of two
different components: (i) the first is the diffuse CR

—— tage = 1.5><105yr, d =300pc
105] — tase =2x10%yr, d =300 pc

—
|

) tage =2.5x10°yr, d =300 pc
'T —-— Diffuse Protons

a _— -
10 4 Total L —
‘E ---- Total Unmod Y
o Voyager 2016

2 AMS-022015  /

/

O, 103 « DAMPE2019 /

—~ /

-t

& ;

J

w107 y
[N K

0 /

7
;
10! L
101 10! 103 10°
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FIG. 4. The total proton spectrum (black solid line), resulting
from the sum of the DRAGON modulated spectrum (dashed-
dotted line) and the solution of the single-source transport
equation computed in this work, for the age 7, =2 X 10° yr
(blue solid line). Other ages (red and green solid lines), as well as
the unmodulated spectrum (black dashed line), are added for
comparison.
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background, i.e., a proton population injected with slope
Fﬁ?” ~ 2.4 and propagated with DRAGON as described in
Sec. II. This component is shown unmodulated (dashed
line) and modulated with the average effective potential
discussed above (¢;,0q) = 0.54 (dashed-dotted line); (ii) the
single source, namely an injection spectrum S(E) para-
metrized as a power law with slope Fi’;j = 2.1, plus a data-
driven high-energy exponential cutoff implemented at
E =20 TeV: we notice that such CR escape energy
from an ~10° — yr source is compatible with a maximum
escape energy of 1 to a few PeV considered at the
beginning of its Sedov phase, namely at ~10° yr. This
contribution is computed by solving Eq. (3.1), in the limit
of negligible losses (b(E,) ~ b(E) — 0), and shown for
three different ages.

The total energy budget of the proton population
originating in the source is calculated again via Eq. (3.2)
and found to be EY, ~2.5 x 10*° erg for the source of our
choice, i.e., the one of age lage = 2 X 10° yr. The model is
plotted against data points from AMS-02 [54] and DAMPE
[8] in the whole energy range. Furthermore, Voyager data
[42] are also reported in the plot and appear consistent with
the unmodulated propagated spectrum. Finally, the modu-
lated sum of the two contributions is shown as the black
solid line. As for the case of the all-lepton spectrum, the
effect of the energy-dependent release time cuts off the low-
energy (E <100 GeV) part of the spectrum. We checked
that varying the parameters of the luminosity function
(ag,74) in the same range considered for the leptons has no
sizable impact on the proton flux.

Even though the nearby-source contribution is small, we
want to remark upon its importance for two main reasons:

(1) As we easily notice, without it the DAMPE points
could not be reproduced,

(2) It must be present, since, as remarked before,
Supernova Remnants inject both electrons and
protons.

In particular, the last statement is supported by what we
find in terms of the two populations’ energy budgets. In
fact, the factor E¢,,/EF, ~ 1%, as well as the two quantities
evaluated separately, are consistent with the theoretical
predictions of a total energy budget for a SN explosion
of Equg ~ 10°! erg, a conversion efficiency in protons of
the order ~107'-1072, and in electrons of the order
~1073-1073 [55-57].

C. CR dipole anisotropy

The cosmic-ray dipole anisotropy (DA) provides a
crucial complementary probe that makes it possible to
constrain the model proposed in this paper. The high degree
of isotropy (up to 1 part in ~103) detected by a variety of
experiments in a wide energy range is especially con-
straining as far as the contribution from a local source is
concerned. In particular, the interpretation of a single

source as being at the origin of the spectral feature in
the proton spectrum between 1 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 an extended high-
confinement zone surrounding the source of interest (see
for instance Fang er al. [21]).

In this section, we consider instead the transport
scenario suggested by the hardening in the light nuclei,
as described in Sec. II, and compute the dipole anisotropy
associated with the hidden remnant, with the formalism
described below.

The CR DA is the first order of the expansion in
spherical harmonics of the CR intensity as a function of
the arrival direction, 1(0, ¢) [58]. In the case of an isolated
nearby source, the dipole term is dominant and can be
written as follows [59]:

51‘ _ Imax - Imin

I(a) =1+ 6§1cosa, ,
l Imax+1min

(3.8)

where «a is the angle of the observation line, denoted as 7,
with respect to the source direction, labeled 7-
In the diffusive-regime approximation, we obtain

3D(E)| Vf,
c | fi

where f; = f;(r,t,E) is the distribution function of the
cosmic rays transported from the single source.

The total dipole anisotropy, assuming the presence of a
set of sources, can be written as

doifibit 7
B =

If we directly observe in the direction of the anisotropy
source, 7- 71 = 1, and the total anisotropy can be decom-
posed as the part coming from the dominant source plus an
average term coming from the background:

1, Z,-f,»a,»>
Bo=s Tt < S/

To support the interpretation of the total anisotropy as
two separate terms, we notice that, at the energy where
the anisotropy amplitude presents an evident break
(E ~ 100 GeV), we also observe phase flip from R.A. ~
4h to the direction of the Galactic Center (GC) (see Ahlers
and Mertsch [58], their Fig. 7). In other words, the DA data
above this energy can be associated with the large-scale
diffuse background and are assumed to follow a simple
power law [58]. It is worth mentioning that the anisotropy
associated with the diffuse cosmic rays, in principle, should

51':

, (3.9)

(3.10)

(3.11)
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FIG. 5. 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
fage = 2 X 10° yr. Anisotropy data are consistent with each other;

therefore, here we plot a subset of them to avoid confusion. The
plotted points are from ARGO [61,62] and Tibet-ASy [63].

directly come from the propagated distribution function
computed with DRAGON. However, we propagated the
particles with a homogeneous diffusion coefficient,
neglecting the vertical component of the Galactic mag-
netic field in the GC region. In terms of the associated y
rays, this simplification leads to what is referred to as the
gradient problem, i.e., the well- known discrepancy (for
E, > 100 MeV) between the theoretical CR-flux profile
obtained by assuming SNRs to be the sources of Galactic
CRs and that inferred from EGRET y-ray diffuse obser-
vations [60]. Physically speaking, ignoring the vertical
escape of CRs around the GC causes a longer residence
time i.e., less-efficient diffusion)—with respect to the
exact D(E) parametrization—of the particles around the
Galactic Center, resulting in a larger production of
photons. Analogously, we would expect the same over-
production of CRs in the GC region to overestimate the
real dipole anisotropy.

Motivated by these considerations, in Fig. 5 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.

To reproduce the diffuse contribution, we use the fit
parameters recently suggested in Fang et al. [21], according
to which the background anisotropy can be written as
Ape = ¢1(7E5), where (cy,¢y) = (1.32x1073,0.62).
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 behavior for
the released particles. This component corresponds to the
red solid line in the figure, for the source of age
fage = 2 X 10° yr, the same considered in the previous
sections.

We want to remark again that a key role to reproduce the
observations is here played by the slope of the diffusion
coefficient, that, according to Eq. (2.1), becomes harder in
the high-energy region (6 < 0.2 at E > 10 TeV).

IV. DISCUSSION

As a first discussion point, we want to comment on the
nature of the source here invoked. Given its old age, it is
reasonable to assume that the remnant is currently in the
final stage of its evolution, deep into the radiative phase.
Hence, we expect it to be quite extended and the detection
of its faint multiwavelength signature to be very challeng-
ing, especially from a distance as large as ~300 pc. In
particular, if ~100 — GeV protons are still confined in the
SNR at its age, then one should expect a y-ray emission,
resulting from pion decay, cutting off around ~10 GeV.
Electrons at these energies emit synchrotron radiation up to
a frequency of ~300 GHz and the source may be of interest
for future square-kilometer array observations. Moreover,
electrons contribute to IC y-ray emission up to ~100 MeV,
~1 GeV and ~10 GeV for IR, optical, UV soft photons
background, respectively. From the point of view of the
injection mechanisms, we notice that the injection slopes of
the protons and leptons from our additional source are
different from the ones considered for the large-scale
background computed with DRAGON: this is due to the
fact that the latter component results from the convolution
of a large number of sources. Therefore, the information on
their possibly different injections and the locations of their
emission peaks is averaged out. However, as a consistency
check, we observe that the discrepancy between proton’s
and lepton’s spectral indices is the same if we consider
separately the single source (Al = an; - Fi’;j =0.39)
and the large-scale distribution (AII* =T8¢ — Fi?Ap =
0.34). This in fact well reflects the different physics behind
proton’s and lepton’s release, as discussed at the end of
Sec. IITA.

From a wider perspective, regarding a SNR origin for the
et 4 e~ spectrum, it is worth noticing that, due to the
incompleteness of the catalogs, especially for old remnants,
a proof of concept would be represented by a Monte Carlo
simulation of all the possible configurations of source
distributions in our Galaxy. A step in this direction is
presented in Evoli et al. [64], suggesting that the SNR
explanation is disfavored at more than 2, with respect to
the average configuration. This result is model dependent,
in particular is based on a source distribution that is set to
follow the Galactic spiral arms. However, the Solar System
is found in the so-called Orion Spur, a minor arm structure
in the Milky Way between two major arms. This is not
included in that work, whereas we believe it to be of major
importance, in particular for the leptonic observables above
1 TeV. The amount of the uncertainty can be estimated in
their Fig. 6, where the lepton horizons—as caused by their

103013-8



DIFFUSIVE ORIGIN FOR THE COSMIC-RAY SPECTRAL ...

PHYS. REV. D 104, 103013 (2021)

energy-loss rate—for particles of E = 100 GeV, 1 TeV,
10 TeV, are sketched. In particular, the 10-TeV horizon
includes two arcs of two major arms at equal distance from
the Solar System. Therefore, one estimates that ignoring the
Orion Spur results in neglecting roughly ~1/3 of the
leptons of this energy. Similarly, we estimate that ~20/25%
of the particles are missing from the 1-TeV range of the
e’ 4 e~ spectrum. This lack can abundantly account for
the 20 dispersion of the Monte Carlo average curve. It is
therefore the reason why, on average, the high-energy
(E ~1 TeV) range of the all-lepton spectrum cannot be
captured by their calculations.

In this context, we want to comment on the number of
nearby SNRs that we may expect to contribute to the high-
energy part of the leptonic and hadronic spectra. We
remark that a limited number of young sources exist in the
vicinity of the Sun, and they may also provide a sizable
contribution to the observed fluxes. In particular, we
emphasize the possible role of the young type-II
Supernova Remnant in the southern constellation Vela.
The young age of this accelerator (~1.1 x 10* yr) restricts
its potential signature in the lepton spectrum at energies as
large as ~10* GeV, thus not limiting our proposed
scenario. However, its presence could constrain the
parameters involved in the luminosity function and in
the energy-dependent release time. Indeed, a rough
calculation of its emission based on our reference trans-
port setup has revealed a predicted flux that is strongly
dependent on the parameters of the model, and that can
span between a negligible contribution—as small as more
than 2 orders of magnitude below the level of the data
points—and a dominant one. However, a detailed model-
ing of this object constrained by multiwavelength data is
beyond the scope of the present work.

Moreover, we are confident that more accurate data in
this domain—E ~ 1-50 TeV, subject of interest for the
Cherenkov telescope array—expected in the near future
will help to disentangle the question, possibly revealing the
presence of a spectral feature.

A final important point that is worth to discuss regards
the implications of using the same rigidity-dependent
diffusion coefficient for both the diffuse CR component
and the isolated nearby source. In particular, this means
that hardening at ~200 GeV is actually due to a super-
position of two effects: and (i) the diffusive origin coming
from physical differences in the halo and in the disk, and
(i) the nearby-source contribution. In this sense, an
important role is played by the softening in the
DAMPE spectrum, which is interpreted as an intrinsic
cutoff of the hidden remnant. In fact, even though a more
pronounced hardening with no additional sources could be
considered to account for the mismatch between AMS-02
and DAMPE data, this would be still not sufficient to
reproduce the complex structure observed by DAMPE—
the softening at E ~ 10 TeV. In particular, no theoretical

models predict so far a cutoff in the proton propagated
spectra below the knee (Ey,..~5 PeV). As a conse-
quence, the scenario here proposed predicts that the CR
spectrum above E ~ 100 TeV would have a slope similar
to that observed after the ~200 — GeV hardening. With
this aim, higher-energy data points in the future will
certainly help to disentangle this puzzle.

V. 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 with a nearby, fading Supernova Remnant. We
believe this simultaneous interpretation to be of paramount
importance, since SNRs are accelerators for both electrons
and protons.

We injected the particles with a realistic—and physically
motivated—energy-dependent release time that considers
the different stages of the SNR evolution and the sur-
rounding medium, and with a luminosity function that
declines over time. Then, we computed their propagation
from such object in a spherically symmetric setup,
and found that all the available 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 repro-
duce the cosmic-ray anisotropy data without any further
assumption. Moreover, the combined leptonic and had-
ronic data led us to characterize the properties of the
particles accelerated by such object in good agreement
with theoretical expectations.
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APPENDIX A: ENERGY-DEPENDENT RELEASE
TIME FROM SUPERNOVA REMNANT SHOCKS

In this Appendix we review the dominant mechanisms
that confine particles inside the Supernova shocks. Once
those processes are overcome, particles can be released
from the source. As leptons suffer from severe energy
losses and are m,/m, ~ 10° times less efficient than
hadrons in generating streaming instabilities, the release
processes for hadrons and leptons will be discussed
separately.

1. Release time for hadrons

Hadrons can escape from SNRs because of two main
reasons: (i) due to geometrical losses, when their mean-free
path gets larger than a fraction of the shock radius [65];
(ii) due to the limited current they are able to trigger
upstream2 of the shock [66]. In the latter case, the CR
current is necessary to trigger the nonresonant streaming
instability and to produce magnetic field amplification at
the shock precursor [67]. As the nonresonant instability
growth rate scales as NMSh’ with ug, velocity of the shock—
for a  E~2 particle distribution that we assume hereafter—
it likely controls the maximum CR energy at the early
stages of the evolution of the SNR shock, i.e., during free
expansion and, possibly, Sedov-Taylor phases.

Maximum energies imposed by geometrical losses are
set because the CR diffusive path in the precursor reaches a
fraction £ < 1 of the shock radius Ry,, namely

D(E)

‘= ush(t)

= gRsh(t)’ (Al)

where the diffusion coefficient is here parametrized in
terms of its Bohm value D(E) = 5,..r.c/3, where 77, is a
numerical factor n,.. > 1. We consider relativistic particles
of charge Ze, with a Larmor radius ri, = E/ZeB(t) (here-
after we only consider protons, so Z = 1). Therefore the
maximum energy fixed by geometrical losses is

3% R (un(1)B(1).

acc

Emax,Geo = (AZ)

Hereafter we fix £ = 0.3 and 7, = 1.

Limited-current loss process dominates in case of strong
magnetic field amplification, hence during the SNR evo-
lution stages where the shock strength is high. The
maximum CR energy in that case depends on the type
of ambient medium: either circum-stellar gas (CSM)—as
for a core-collapse Supernova—or ISM—as for a type-la
Supernova—I[66]:

*The region upstream—as opposed to the downstream—of the
shock is the region where the shock front has already passed.

e\t
U NONZO NS

e/
¢Eesc,Cur,ISM = \/_)(ush([)sth(t) fa (A4)
2

yTc

where y7 is the number of e-folding growth time necessary
to amplify the magnetic field (we take yz = 5 hereafter),
x = Ucgr/pu3,, is the fraction of the shock kinetic energy
imparted into CRs (we take y = 0.1 hereafter), p is the
ambient gas mass density and ¢ = In(E, . /m ,c?).

We consider a shock radius scaling with time as ~t”,
where b depends on the evolution stage: b =1, b = 2/5,
b=3/10, b = 1/4 in the free expansion (Free), Sedov-
Taylor (ST), pressure-driven snowplough (PDS) and
momentum-conservation phases (MCS), respectively.
We use the scaling laws derived in Truelove and
McKee [68], Cioff et al. [69] to evaluate the shock radius
and speed at the transition between two phases. The
magnetic field strength is assumed to vary as a certain
power of the shock speed, namely B(f) « uf, where a may
depend on the SNR evolution stage. Once the time
dependence of E, i, is explicit, we can inverse it to find
the release time #(E,, yx)-

With this procedure, the timescales for the different
stages of the SNR evolution, from the ST phase until the
dissipation of the remnant (merging stage), can be calcu-
lated as follows:

o -1/2 -1/3
ISTkyr = 0-3ESNR,51Mej.O”T,1

_143/14
36.1¢7 Elin <,
IPDSkyr =~ 5714 a7

2/14n;{17
t min { 611}%’8 476 ]t
MCS kyr — M1 ) PDS k
T e e
Eé{\IIIgSI'llT/Z 2/14 o7
Imergekyr = 153 <T> IMCS kyr» (A5)

where Egngrs; is the total energy of the SN explosion in
units of 10! erg, M; , is the mass of the ejected material in
units of 1 Solar masses, ny; =p/m, is the ambient
medium density in units of 1 cm™3, £, is the ambient
medium metallicity, v, g is the speed of the ejected material
in units of 10% cm/s, ®. =1 is the thermal plasma
conductivity, f =2 is the factor by which the pressure
inside the shock exceeds the ambient-medium pressure
and Cyq = 1 is the sound speed in units of 10° cm/s. In this
work, we fix the energy budget to E, sng = 10°! erg, the
ejecta mass My =1 Mg, the ejecta velocity to v =
10° cm/s and the ambient density to n; = 10 cm™>.
These timescales are expressed in kiloyears.
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TABLE 1. The table reports a list of the parameters that regulate
the particle release in the ISM. The first three rows control the
maximum energy that hadrons can have to be trapped within the
shock, while the others control the timescales of the evolution
stages of the SNR, hence applying to both hadrons and leptons.

Chosen value Range Comments and references

I3 0.3 [0.05, 0.3] [70]

yT 5 [3, 9] [66]

X 0.1 [0.1, 0.5] [67]

Nace 1 Bohm diffusion
for efficient DSA

nr 10 cm™3 [0.01,10?] Based on the
region of the ISM

& 1 [69]

p 2 (1, 3] [69]

Cos 1 [1, 10] [69]

Vej 10° cm/s For a SN of 1 Mg

and 10°! erg
®, 1 [71]

Table I reports a summary of such parameters and shows
that they are well within accepted uncertainty ranges. We
verified that our findings are robust with respect to the
uncertainty intervals, with only the ISM density n; pro-
ducing a small but sizable effect on the nearby-source
solution. In particular, as it can be seen from Eq. (AS5),
changing ny affects the SNR evolution timescales and, as a
consequence, the CR release time. However, as already
mentioned in the introduction to Sec. III, the age of the
particle is estimated as 7cg age = frel + Afjrayvel and, accord-
ing to (A5) and to the required escape energy as a function
of time—FE,, ~t"'V/10 E.  ~t%5 or E. ~t>/*—,
above ~1 TeV we are observing particles whose age is
dominated by the diffusive time, while below
~(O(100) GeV their age is dominated by the release time.
Therefore, varying ny within the uncertainty range will
have an impact only in the low-energy part of the spectrum.
Moreover, the change is sufficiently small that it can be
easily reabsorbed either changing the injection parameters
of the large-scale CR-distribution or with a further fine-
tuning of the transport setup found in [29].

In this work we consider that the maximum CR energy is
current limited in the free expansion and Sedov phases,
while it is limited by geometrical losses during the later
radiative phases. Strong magnetic field amplification only
occurs during the first two adiabatic phases. The magnetic
field is assumed to scale as usl{ ? in the adiabatic phases and
as ug, in the radiative phases (see discussion in Volk et al.
[72]). We further assume that the maximum magnetic field
strength and the maximum CR energy are reached at the
start of the Sedov phase. They are fixed to 100 uG and
1 PeV respectively.

To summarize, we used Eq. (A3) to calculate the proton
escape energy as a function of time as follows:

(i) In (M) Eese cur(t) =In(Ep(ts7)) (}) —-6/5

mpc ST

such that Eyy = E , 1, (ts7) = 1 PeV
1

(i1) Eese Geo.1 (1) = Enm(tpps) (—> o

IpDs

¢t \-11/10
= esc,Cur(tPDS)<—>

IpDS

r N\
(iii) Eese,Geo2 (1) = Em(tmcs) ([—>
MCS

t -5/4
= Lese,Geo, 1 (tMCS) <> .

Imcs

2. Release time for leptons

Besides the processes already discussed for hadrons,
leptons are also sensitive to radiative losses. The maximum
energy fixed by radiative losses is E, .« 10ss- 1hese losses
can prevent them to escape the SNR until the condition
E, maxjoss < Ep max 18 fulfilled [73]. The energy E, i set
by the condition t,.. = f;,,, Where 7,.. and f,, are the
acceleration and loss timescales respectively. We assume
here a simple form of the acceleration timescale,
face = NaceS (r)Dponm/ U2, Where f(r) is a function of the
shock compression ratio. For a parallel shock
f(r)~3r(r+1)/(r—1), while, if magnetic field ampli-
fication occurs upstream of the shock, the function assumes
the form f(r) ~ 6.6r/(r — 1) [74]. A compression ratio r =
4 is adopted hereafter. The time dependence of radiative
losses is imposed by the time variation of the magnetic
field strength B() in the synchrotron process. Synchrotron
loss timescale for an electron of energy E iS fiogsyn =
6zm2c* orcB(t)*E, where m, is the electron mass and o7
is the Thomson cross section.

In conclusion, assuming that geometrical losses are
responsible for electron escape at each stage of the SN
evolution from the Sedov phase on, to calculate the electron
escape energy as a function of time we proceed with the
following steps:

(1) Eesc.Geoo(t) = Em(tst) <ti>—11/10

ST
such that Ey; = E, . (ts7) = 100 TeV

- £\ -11/10
(i) Ewocon (1) = Exs(tops) (—)

Ipps
¢\ -11/10
= esc,Geo,O(tPDS) <—>
IpDs
r o\
(”l) Eesc,Geo,2(t) = EM(IMCS) (I—>
MCS
t -5/4
= Lesc,Geo, 1 (tMCS) <—> .
Ivcs
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APPENDIX B: ON THE EXPECTED NUMBER OF
NEARBY HIDDEN REMNANTS

In this Appendix, we discuss the motivations to consider
only one additional source to look for in the vicinity of the
Earth. We consider the rate—per unit volume, at the solar
circle, as a function of the Galactic latitude z—of both type-
Ia and type-II Supernova events that are implemented in
DRAGON [46]:

RI(Z) = (7.3 kpc_3 Myr_l) . e‘%

Ru(z) = (50 kpe=3 Myr™!) - {0.79¢~ =%

+02le @R}, (B1)
Since we are testing the hypothesis of a Supernova as
source of high-energy leptons (E,- > 1 TeV), we integrate
those rates in a cylinder of half-height /., = 1 kpc, as this
is roughly the distance that those leptons can travel, due to
their massive energy loss. Thus we need to compute

+1kpc

noxg lkpe2 - Myr1] = / dz(Ry(z) + Ru(2)).  (B2)

1 kpe

The result of the integral has to be multiplied by the base
area of the cylinder A = ﬂl”gyl, where r. = 1 kpc for the
same losses reasons, and by the lifetime of a typical
Supernova Remnant, 7,4, ~ 5 x 10° yr. Therefore, within
one SNR lifetime and 1 kpc from the Earth, we expect
Ngnr =~ 2.2 Supernova Remnants potentially contributing
to the observed lepton flux.

Since we already observe five of them in Fornieri et al.
[17], we expect the lowest possible number of additional
hidden sources to dominate the observed all-lepton spec-
trum on Earth. This assumption is corroborated by the
observation of a directional bump in the dipole anisotropy
amplitude (see Ahlers and Mertsch [58] and references
therein), as discussed in Sec. III C.

As a comment on the estimation of the event rate, it
might be argued that the Solar System is embedded in
what is referred to as the local bubble, a low-density
(np £0.1 cm™3) region of the Galaxy of radius r g >
300 pc that likely originated by the explosion of several
SNe [75]. This could imply a different rate of Supernova
events inside it. However, since the age of the bubble is
estimated to be ~O(107) yr, which is much larger than the
average lifetime of a SN, this can only affect the calculation
in the sense of lowering the number of expected events.
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