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a b s t r a c t 

Although supernova remnants remain the main suspects as sources of Galactic cosmic rays up to the 

knee, the supernova paradigm still has many loose ends. The weakest point in this construction is the 

possibility that individual supernova remnants can accelerate particles to the rigidity of the knee, ~ 10 6 

GV. This scenario heavily relies upon the possibility to excite current driven non-resonant hybrid modes 

while the shock is still at the beginning of the Sedov phase. These modes can enhance the rate of particle 

scattering thereby leading to potentially very–high maximum energies. Here we calculate the spectrum 

of particles released into the interstellar medium from the remnants of different types of supernovae. 

We find that only the remnants of very powerful, rare core–collapse supernova explosions can accelerate 

light elements such as hydrogen and helium nuclei, to the knee rigidity, and that the local spectrum of 

cosmic rays directly constrains the rate of such events, if they are also source of PeV cosmic rays. On 

the other hand, for remnants of typical core–collapse supernova explosions, the Sedov phase is reached 

at late times, when the maximum energy is too low and the spectrum at very–high energies is very 

steep, being mostly produced during the ejecta dominated phase. For typical thermonuclear explosions, 

resulting in type Ia supernovae, we confirm previous findings that these objects can only produce cosmic 

rays up to � 10 5 GeV. The implications for the overall cosmic ray spectrum observed at the Earth and 

for the detection of PeVatrons by future gamma–ray observatories are discussed. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The role of supernova remnants (SNRs) for the origin of Galac-

ic cosmic rays (CRs) is considered so well established that it has

een elevated to the rank of a paradigm. Despite the solid evidence

hat particle acceleration takes place at SNR shocks, the paradigm

emains based on some poorly known assumptions and certainly

ails to explain some observational facts. 

The main challenges that the SNR-CR paradigm faces can be

ummarised as follows: 1) in most cases in which there is evi-

ence for gamma–ray emission of hadronic origin the spectrum of

ccelerated particles is steeper than the canonical E −2 spectrum

redicted by the test particle theory of diffusive shock acceleration

DSA), and much steeper than predicted based on the non-linear

eneralization of the theory; 2) steeper spectra of CRs injected by

NRs are also required based on the observed B/C ratio and other

ndicators [1] ; 3) the possibility for SNRs to accelerate high energy

Rs relies on the fact that a fast growing CR induced instability
∗ Corresponding Author. 
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ay be excited and leads to an enhanced scattering rate, resulting

n turn into a higher maximum energy. Even in the presence of

his fast growing instability, several factors limit the possibility to

xplain the observed fluxes in the PeV region, as discussed below. 

The third is certainly the most severe problem that the

aradigm encounters and, to say the least, raises the important

uestion of which SNRs, if any, can actually accelerate particles to

eV energies [2–7] . 

The answer to this question is instrumental to constructing

 solid, credible SNR paradigm for the origin of CRs, or other-

ise look for alternative accelerators capable of reaching the P7eV

ange, such as e.g. sources in the Galactic Center region, star clus-

ers, or OB associations (see e.g. [8–10] ). The problem of the pro-

uction of PeV particles is one of the key scientific cases of up-

oming gamma–ray observatories, such as the Cherenkov Telescope

rray (CTA). 

Here we consider the three most interesting types of supernova

SN) explosions from the point of view of CR acceleration: typical

hermonuclear SNe, typical core–collapse SNe, and peculiar highly

nergetic core–collapse SNe. We refer to these sources respectively

s type Ia, type II, and type II ∗. We investigate the maximum en-

https://doi.org/10.1016/j.astropartphys.2020.102492
http://www.ScienceDirect.com
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ergy and the spectrum of particles liberated into the ISM both in

the form of escape flux (at any given time) and particles accumu-

lated downstream of the shock for the whole duration of the ex-

pansion and eventually injected into the ISM, at the end of the

SNR life. In the latter case, the effect of adiabatic energy losses is

taken into account. For core–collapse SNe the environment is de-

termined by the wind (or winds) of the progenitor star and such

environment severely affects the maximum energy and the spec-

trum of the injected CRs. 

Similar explorations of the potential of different types of SNRs

to accelerate high energy CRs have been performed before, e.g. by

[2] who tried to identify the most likely class of SNe acting as Pe-

Vatrons based on a phenomenological prescription for the maxi-

mum energy, previously put forward by [11] . Such work preceded

the seminal work by [12] on the growth of the non-resonant CR in-

duced streaming instability, that has profoundly changed this field

of investigation and that is at the basis of the present work In Ref.

[5,13] different classes of SNRs were also investigated as sources of

PeV CRs. The estimates of the maximum energy were based upon

the comparison of the acceleration time (or diffusion length, with

Bohm diffusion assumed) and the SNR age (or size). As we dis-

cuss below these assumptions lead to a large overestimate of the

maximum energy. Finally, Refs. [6,14,15] also considered core col-

lapse and type Ia SNRs in order to infer the spectrum of CRs con-

tributed by these sources. However the complex structure of the

environment in which core collapse SN explosions take place was

not taken into account and only CRs escaping the remnant from

upstream were included, while we show that CRs advected down-

stream and losing energy adiabatically have a considerable impact

on the shape of the CR spectrum injected into the ISM. 

We find that only very powerful SN explosions (what we call

type II ∗ SNe) occurring while the progenitor star is in the red su-

pergiant (RSG) phase can account for a maximum energy at the

beginning of the Sedov phase that is in the PeV range. This hap-

pens only for a total explosion energy E SN ~ (5 ÷10) × 10 51 erg, a

mass–loss rate of the progenitor star ˙ M ∼ 10 −4 M � yr −1 , an ejecta

mass M ej ~ 1 M �, and assuming an acceleration efficiency ξ ~ 10%.

Interestingly, the rate of SNe of this type that is required to fit the

proton flux in the PeV region is of order one every 10 4 years, com-

patible with the expected rate of rare very energetic events. 

For remnants of ordinary core–collapse SNe, the parameters are

much less extreme and we find that the spectrum of particles with

very–high energies injected into the ISM is extremely steep and

unlikely to contribute to the CR flux at energies above ~ 1 TeV.

For type Ia SN explosions, the environment is typically rather ho-

mogenous and we confirm previous findings, suggesting a maxi-

mum energy below ~ 100 TeV. 

The article is organised as follows: in Section 2 we describe

the basic physics of particle acceleration and escape from SNRs,

and the environment expected around different types of SN pro-

genitors, which in turn affects the maximum achievable energy. In

Section 3 we discuss the model used to describe the transport of

CRs in the Galaxy. Our results are illustrated in Section 4 . We con-

clude in Section 5 . 

2. CRs from SNRs 

We use the standard test-particle theory of DSA to describe par-

ticle acceleration at a SNR shock. The spectrum of particles accel-

erated at a given time t is f 0 (p, t) ∝ (p/p inj ) 
−α exp (−p/p max (t)) ,

with a normalisation constant calculated so that the energy den-

sity at the shock in the form of CRs is a fraction ξ of the ram pres-

sure ρu 2 
sh 

, where ρ is the density of the gas in which the shock is

propagating at speed u sh . The acceleration history of the SNR is in-

tegrated from early times in the ejecta dominated (ED) phase to

the end of the Sedov-Taylor (ST) phase, while we assume that no
cceleration takes place during the radiative phase, because of the

ow shock speed at that time and because substantial ion-neutral

amping of waves is expected. 

The spectrum of CRs that a SNR injects into the ISM is the sum

f two contributions: 1) the escape flux, made of particles released

t any given time from the upstream region in a narrow range of

omenta around p max ( t ), and 2) the particles that are collected

ownstream of the shock and released into the ISM at the end of

he ST phase, after substantial adiabatic energy losses. Below we

iscuss the two contributions separately. 

We follow the approach of Ref. [16] to describe the escape of

articles from upstream: the escape flux at time t is concentrated

round the maximum momentum, p max ( t ) reached at that time.

he spectrum of escaped particles integrated over the expansion

istory (starting from a time t 0 early enough in the ED phase) is:

 esc (p) = 

∫ T SN 

t 0 

dt 
4 π

σ
r 2 sh (t) u sh (t ) f 0 (p, t ) G (p, p max (t )) , (1)

here σ = 4 is the compression factor at the shock, and

 (p, p max (t)) = exp (−p max (t) /p) / (1 − exp (−p max (t) /p)) is de-

ived in test-particle theory of DSA, although can be easily

eneralized to its non–linear extension [16] . It has been discussed

n much previous literature that the escape flux integrated in the

T phase is ∼ p −2 , while at momenta p � p M 

, where p M 

is the

aximum momentum reached at the beginning of the ST phase,

t steepens considerably, by an amount that depends on how u sh 

volves in time [4,6] . 

Particles accelerated to p < p max ( t ) at any given time are ad-

ected downstream and lose energy adiabatically due to the ex-

ansion. These particles are only liberated at time t = T SN , that we

ssume coincides with the end of the ST phase, and their spectrum

ntegrated over time is: 

 acc (p) d p = 

∫ T SN 

t 0 

d t 
4 π

σ
r 2 sh (t) u sh (t ) f 0 (p ′ , t ) dp ′ , (2)

here the momentum p ′ is related to p through the rate of adia-

atic losses [17] : 

dp 

dt 
= 

p 

L (T SN , t) 

dL (T SN , t) 

dt 
, (3)

nd L (T SN , t) = (ρ(t ) u 2 
sh 

(t ) /ρ(T SN ) u 
2 
sh 

(T SN ))) 
1 / 3 γ . 

We consider shocks resulting from the explosion of thermonu-

lear (type Ia) and core–collapse supernovae (labelled as type II

ere). Type Ia SN explosions typically occur in a rather uniform

SM, whereas type II SNe evolve in a structured medium which

rises from the final stages of the evolution of the progenitor star

18] . During the main sequence stage, the progenitor star produces

 wind that excavates a bubble of low density hot gas in pressure

alance with the ISM. When reaching the RSG stage, a low–velocity

ense wind forms. When the SN explosion occurs, the shock prop-

gates first through a RSG wind with density n w 

= 

˙ M / (4 πmu w 

r 2 ) ,

hen in a low density hot bubble, and finally reaches the unper-

urbed ISM. As discussed in [18] , it may happen that the SN ex-

losion occurs when the progenitor is in the WR phase and the

ind is much faster and more diluted than that of RSG stars.

he SN explosions that occur in this case typically lead to very

teep spectra because they reach the ST phase very late, when

he maximum energy is low. For a typical core–collapse progeni-

or, the wind mass–loss rate is ˙ M ≈ 10 −5 M �yr −1 , the wind speed

s u w 

≈ 10 6 cm s −1 , the bubble density is n b = 10 −2 cm 

−3 , the tem-

erature is T b = 10 6 K. The boundary r 1 between the RSG wind of

ensity n w 

= 

˙ M / (4 πmu w 

r 2 ) and the low density bubble is set by

quating the RSG wind pressure to the thermal pressure of the hot

ubble, so that r 1 = 

√ 

˙ M u w 

/ 4 πkn b T b , where k B is Boltzmann’s con-

tant and m = m p (1 + 4 f He ) / (1 + f He ) is the mean mass of inter-
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Fig. 1. Density upstream of the expanding SNR shock (thick) and shock velocity 

(thin) as a function of time, for type Ia (solid blue), II (dotted red) and II ∗ (dot–

dashed green) progenitors of Tab. 1 , assuming ξ = 0 . 1 . The vertical lines indicate 

the beginning of the ST phase for each case. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 

Parameters associated to the three con- 

sidered progenitors [5,13] . 

Type Ia II II ∗

M ej [M �] 1.4 5 1 

E SN [10 51 erg] 1 1 10 
˙ M [ 10 −5 M �/yr] – 1 10 

u w [10 6 cm/s ] – 1 1 

r 1 [pc] – 1.5 1.3 
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Fig. 2. Time evolution of the maximum momentum of accelerated protons for type 

Ia (solid blue), II (dotted red) and II ∗ (dot–dashed green) progenitors of Tab. 1 , as- 

suming ξ = 0 . 1 . The vertical lines indicate the beginning of the ST phase for each 

case. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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tellar nuclei per hydrogen nucleus, and we adopt a Helium abun-

ance f He = 10% . The boundary between the low density bubble

nd the ISM depends on the properties of the main sequence star

ind [19] and is typically r 2 ≈ 30 pc. The density profile in which

he SNR shock expands, and the velocity of the shock are shown in

ig. 1 for the three benchmark cases considered below. 

The temporal evolution of r sh and u sh is described by self–

imilar solutions, in the case of type Ia and type II in the RSG

ind [20,21] . In the structured medium, the thin–shell approxima-

ion is adopted to derive semi–analytical descriptions [13,22,23] .

s we discuss below, for rare core-collapse SNe, that we denoted

enerically as type II ∗, the parameters of the wind and bubble can

e quite different from the typical ones listed above. 

In Fig. 1 the thick (thin) lines show the density (shock velocity)

t the location reached by the shock at time t . The fact that the ra-

ius does not scale linearly with time, even during the ED phase,

xplains why the curves for the density in the wind for type II

NRs have a slightly different slope (they would be ∝ r −2 in the

ind of the progenitor star, if plotted as functions of the distance

rom the explosion center). For core collapse SNe, about a few hun-

red years after the explosion, the shock enters a hot dilute bubble,

n which the shock speed remains roughly constant. Finally, a few

housand years after the explosion, the shock reaches the ISM and

ts speed drops considerably. Typically, for ordinary type II SNe the

T phase is reached when the shock propagates in the bubble. For

ery powerful, type II ∗ SNe, the shock velocity is very fast to start

ith, the wind density close to the star is large and the ST phase

s reached very early, typically within a few years from the time

f explosion. These considerations are of pivotal importance in the

etermination of the time dependence of the maximum momen-

um of accelerated particles, p max . 

In the absence of wave self-generation, induced through exci-

ation of a streaming instability, the values of p max that can be
chieved are too low to have an impact on the origin of CRs

24,25] . The fastest growing modes excited by CR streaming ahead

f a shock are the non-resonant hybrid modes discussed first in

ef [12] . Their non resonant nature is best expressed by the fact

hat the wavenumber where the growth rate is the highest, k max =
4 π
cB 0 

J CR (> p) , is required to be much larger than 1/ r L ( p ), where r L 

s the Larmor radius in the unperturbed field B 0 , of the particles

ith momentum p dominating the CR current, J CR ( > p ). Provided

his condition is fulfilled, the growth rate is γmax = k max v A , where

 A = B 0 / (4 πρ) 1 / 2 is the Alfvén speed. As discussed elsewhere (see

26–29] for recent reviews), the growth of the instability is accom-

anied by a growth of the size of the eddies and the saturation

ccurs when k max ≈ 1/ r L, δB , namely when the Larmor radius in the

mplified field δB becomes equal to k −1 
max . The particles are then

ble to scatter off these perturbations. Typically the saturation cor-

esponds to a few e-folds, say 5, of the growth: 
 t 

0 

dt ′ γmax (t ′ ) � 5 . (4)

As discussed by [6] , this is an integral equation for p max ( t ) that

an be solved analytically, and results in: 

p max (t) ≈ r sh (t) 

10 

ξe 
√ 

4 πρ(t) 

	

(
u sh (t) 

c 

)2 

, (5) 

here 	 = ln 

(
p max (t) 

mc 

)
. 

When ξρ(t) u 3 
sh 

(t) / (	c) < B 2 0 / (4 π) , the non–resonant modes

annot be excited, and we assume that the maximum energy is

etermined by the growth of resonant modes. For simplicity here

e neglect the role of damping processes in limiting the growth

f resonant modes. Damping contributes to further lowering the

aximum energy during late stages of the SNR evolution. 

As we discussed above, the effective maximum momentum, p M 

,

hat appears in the spectrum of CRs released by the SNR into the

SM, is the one reached at t corresponding to the transition from

D to ST phase. For typical parameters of a type Ia SNR, p M 

� 50

eV/c, quite below the energy of the knee, as shown in Fig. 2 (solid

urve), that illustrates the time dependence of p max . The same fig-

re also shows the maximum energy for the case of typical core–

ollapse SNRs (dotted curve), for the reference values of the pa-

ameters listed in Tab. 1 and assuming ξ = 0 . 1 . Even in this case,
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Fig. 3. Maximum energy of accelerated protons at the transition between the ED 

and ST phase of a SNR from a type II ∗ progenitor, for different SN total explosion 

energy E SN and ejecta mass M ej , for a RSG mass–loss rate ˙ M = 10 −4 M � yr −1 and 

ξ = 0 . 1 . 
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for typical conditions, it is not feasible to reach the energy of the

knee, at any time during the evolution of these SNRs. For the type

II ∗ SN explosions the conditions may potentially be more promis-

ing because of the larger energy of the explosion and the larger ex-

pected mass–loss rate for these events. If to assume that in the last

~ 10 5 years of the RSG phase of the progenitor the mean mass–loss

rate is ∼ 10 −4 M �yr −1 , the maximum energy at the beginning of

the ST phase as a function of ejecta mass and total explosion en-

ergy is shown in Fig. 3 , assuming an acceleration efficiency ξ = 0 . 1 .

Fig. 3 illustrates in a clear way how, even in the presence of

these extreme conditions, reaching PeV maximum energy at the

beginning of the ST phase, that now takes place only a few tens of

years after the explosion in the RSG wind, a very large explosion

energy is required ( E SN ~ 4 ÷10 × 10 52 erg) and relatively low ejecta

mass (at most few solar masses). The thick dash-dotted curve in

Fig. 2 shows the time dependence of p max ( t ) for the rather opti-

mistic case of M ej = 1 M � and E SN = 10 52 erg. 

In all cases of core–collapse SNe, the shock velocity and loca-

tion in the complex medium around the progenitor star have been

calculated using the thin-shell approximation [13,22,23] . 

It is worth stressing that much larger maximum energies were

previously quoted by [5] , the main reason being that they assumed

some phenomenological description for the strength of the mag-

netic field in the shock region, at odds with the predictions based

on the growth of the non-resonant CR driven modes. Moreover, the

condition used for the maximum energy, based on the size of the

diffusion length, is incompatible with the condition in Eq. 4 , corre-

sponding to a magnetic field strength a factor 
√ 

c/u sh larger than

what Bell’s modes can produce [29] . 

3. Galactic transport of CRs 

Although the main purpose of this article is not to provide a

best fit to the observed CR spectrum, it is important to realize that

while the maximum energy is mainly determined by the CR accel-

eration efficiency, ξ , the flux of CRs observed at the Earth is pro-

portional to the product of ξ and the rate of occurrence of the

given type of SN explosions, so that a description of CR transport

in the Galaxy is necessary. This will allow us to assess the role of

different types of SN explosions as potential PeVatrons. 

Here we adopt a simple weighted slab model [30,31] for CR

transport. The thin Galactic disk of half–thickness h and radius
d 
 d = 15 kpc is located at z = 0 and is assumed to be the site where

oth sources and gas are located. The equation describing I ( E ), the

ux of protons with kinetic energy, E , can be obtained imposing

ree escape at the halo boundary H � h d , I(E, z = ±H) = 0 , so that:

(E) 
[ 

1 

X (E) 
+ 

σ

m 

] 
+ 

d 

dE 

{[[
dE 

dx 

]
ad+ion 

]
I(E) 

}
= 

p 2 q 0 (p) 

μv 
(6)

here the rate of adiabatic and ionization losses, 
[

dE 
dx 

]
ad+ion 

is de-

ailed in [1] and [32] . Here v is the particle velocity, and X is the

rammage, a function of the diffusion coefficient D and advection

elocity u : 

 (E) = 

μv 
2 u 

[ 
1 − exp (− uH 

D (E) 
) 
] 

(7)

ith μ = 2 h d mn 0 (1 + f He ) . From observations μ ≈ 2.3 mg/cm 

2 

33] , and we adopt n 0 = 1 cm 

−3 . In agreement with recent results

34] , the diffusion coefficient is assumed to have the functional

orm: 

 (p) = D 0 
v (p) 

c 

( p/mc ) 
δ[

1 + (p/p b ) 
δ/r 
]r . (8)

Fitting to available AMS–02 data, [1] found a best fit with

 = 0 . 1 , 
δ = 0 . 2 and p b = 312 GeV/c, D 0 = 1 . 1 × 10 28 cm 

2 /s and

= 0 . 63 assuming H = 4 kpc and adopting a Galactic advection ve-

ocity of u = 7 km/s. Finally, the injection q 0 is assumed to be due

o SNRs. Assuming an explosion rate νSN , we write: 

 0 (p) = 

νSN 

πR 

2 
d 

[ N acc (p) + N esc (p) ] , (9)

here we indicated separately the injection into the ISM of

rapped particles, N acc , and escaping particles N esc . 

. Results 

We calculated the flux of CRs from type Ia, II and II ∗ SNRs, using

s a boundary that the flux of CRs at the Earth from each of them

e at most equal to the observed CR proton flux. This is a very

mportant constraint, that translates into an upper limit on ξ , for

 given SN rate, thereby constraining p max . For a given value of

, the energy efficiency ξ SN , corresponding to the fraction of total

xplosion energy converted into CRs over the lifetime of a SNR can

e defined as: 

SN = 

1 

E SN 

∫ p max 

p min 

dp T (p)4 π p 2 [ N acc (p) + N esc (p)] . (10)

In Fig. 4 we show our results for type Ia SNRs, for which the

ell–known rate is νSN,Ia ≈ 1/century. The available data on the

roton flux (or when not available the flux of light nuclei, H+He)

re also shown. The yellow shaded area, shown for illustration pur-

oses, encompasses the range of observed fluxes, with their own

ystematic uncertainties. The dashed line represents the contribu-

ion of CRs trapped in the downstream, after adiabatic losses and

ransport in the Galaxy, while the dotted line is the contribution of

scaped particles. The total flux is the thick solid line. Saturating

he CR flux to the observed flux at ~ 100 GeV energies requires

SN = 0 . 11 ( ξ = 0 . 10 ), which corresponds to a maximum effective

nergy in these sources of few tens TeV. The results for the bulk of

ype II SNRs (rate νSN,II ≈ 2/century) are shown in Fig. 5 . The nor-

alisation to the flux in this case requires ξSN = 0 . 07 ( ξ = 0 . 03 ).

s also visible in Fig. 2 , in this case the effective maximum energy

s very low, because the ST phase starts late, when the shock prop-

gates in the hot dilute bubble: as a result, at very high energies,

hat here we are most interested in, the source spectrum is very

teep. 



P. Cristofari, P. Blasi and E. Amato / Astroparticle Physics 123 (2020) 102492 5 

Fig. 4. Galactic CR protons from type Ia SNRs. Contributions from cumulative ac 

celerated particles N acc (dashed), escaping particles N esc (dotted) and their sum 

(solid) are shown. α = 4 , νSN , Ia = 1 / 100 yr −1 and ξSN = 0 . 11 ( ξ = 0 . 10 ). Local data 

from various experiments are shown: AMS-02 [35] , PAMELA [36] , CALET LE and HE 

[37] , DAMPE [38] , ARGO–YBJ [39] , ARGO fit for protons [40] , Tibet [41] and KAS- 

CADE [42] . The yellow areas correspond to the typical level of measured protons. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 5. Analog to Fig. 4 for type II progenitors. α = 4 , νSN , II = 2 / 100 yr −1 and ξSN = 

0 . 07 ( ξ = 0 . 03 ). 
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Fig. 6. Analog to Fig. 4 for type II ∗ progenitors. α = 4 , ξ = 0 . 1 ( ξ SN = 0.22) and 

νSN , II ∗ = 1 . 5% × 2/100 yr −1 . 
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The situation is quite different for type II ∗ SN explosions:

 maximum energy of 1 PeV is achieved at the beginning of

he ST phase if ξ = 0 . 1 ( ξSN = 0 . 22 ), a rate of mass–loss ˙ M =
0 −4 M � yr −1 , a total explosion energy E SN = 10 52 erg and an

jecta mass of M ej = 1 M � which implies that the observed flux

f CR protons is reproduced for a rate νSN , II ∗ � (1 ÷ 2 . 5)% ×
 / 100 yr −1 ( Fig. 6 ). A more realistic value for M ej of few solar

asses would require an even larger energetics, as shown in Fig. 3 ,

r mass–loss rates � 10 −4 M �/year. 

If these rare SNe are to account for particle acceleration up to

he knee energy, they may well contribute most of the CR flux also

n the energy region 10 2 − 10 4 GeV, leaving little room for other

ypes of SNe as sources of Galactic CRs. Remarkably, the inferred

ate of these SN explosions as derived above is within the typi-

al estimated rate of type IIb and IIn events, � 4% of all Galactic

Ne [43–48] , with characteristics which are very similar to those of

hat we named II ∗ but could also correspond to peculiar, rare SNe

f other types [49] . The transition from CRs trapped in the down-
tream and those that gradually escape from the SNR at any given

ime forms a feature at ~ 10 TeV that is reminiscent of the DAMPE

eature in the proton spectrum [38] . 

. Discussion and conclusions 

There are several important conclusions that can be drawn from

he calculations illustrated above: 1) if the growth of the non-

esonant modes is the main mechanism for magnetic field ampli-

cation at SNR shocks, then the maximum energy is in the PeV

ange only for rare remnants of very energetic SN explosions, if

he efficiency of CR acceleration is ξ ≈ 10%. The requirements in

erms of energetics of the SN explosion and mass–loss rate may

e made appreciably weaker if PeV CRs are helium nuclei, as can

e easily inferred from Fig. 3 ; 2) the rate of these rare events is

onstrained by the CR proton spectrum, and if their contribution

s dominant at the knee, it is also dominant at 10 2 − 10 4 GeV, so

hat little room is left for more ordinary SNRs at such energies;

) the spectrum of CRs injected by a given SNR is always the in-

egral over its temporal evolution of two components, the escape

ux from upstream and the contribution of CRs advected down-

tream and eventually liberated into the ISM at the end of the

NR evolution, after substantial adiabatic energy losses. The over-

ap of the two components leads to the appearance of features in

he spectrum that qualitatively resemble the ones recently claimed

y DAMPE [38] . 4) The small rate of type II ∗ SNe, about one every

0 4 years, and the fact that PeV energies are typically reached in

he first few years after the SN explosion make the perspectives of

etecting very–high–energy gamma rays from these potential Pe-

atrons rather grim and certainly less optimistic than in previous

tudies [50] , at least for observatories such as CTA [51,52] . On the

ther hand, if CTA were to detect a number of shell SNRs acting

s PeVatrons, this may well suggest that other, more effective pro-

esses of magnetic field amplification are at work at SNR shocks,

hich would then reflect in a need to reconsider the very bases of

he SNR paradigm for the origin of CRs. 

At the same time, while the relatively small rate of poten-

ial PeVatrons would suggest to consider constraints coming from

nisotropy, it is in fact unlikely that future measurements of the

nisotropy in the PeV range will carry useful information about the

ature of sources of PeV CRs. This is because the relative rarity of

ources will mostly increase the fluctuations rather than the mean

nisotropy (see e.g. [53] ). 
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It is also worth noticing that none of the types of SNRs consid-

ered here is able alone to describe the relatively smooth CR spec-

trum that we measure over many decades in energy. In a way,

rather than being surprised by the appearance of features, one

should be surprised by the fact that the CR spectrum is so regular.

On the other hand, it is not clear how this conclusion may change

by taking into account a spread in the values of the explosion en-

ergy and rate of mass–loss for each of the SN types considered

above. The impact of the points above calls for an urge for ques-

tioning some of the basic assumptions. In this sense, one should be

aware that in the dense environment of RSG winds, it is unlikely

that particles can really escape freely, being their upstream gyro-

radius always smaller than the size of the shock for the energies

considered here. Perhaps this may imply that some additional ac-

celeration may be taking place even after the non-resonant modes

stop growing. The detection of some of these astrophysical sources

in the PeV range by current and future instruments [54,55] might

provide precious clues in this respect. 

Declaration of Competing Interest 

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper. 

Acknowledgments 

We thank R. Aloisio and C. Evoli for fruitful discussions. EA ac-

knowledges support from ASI / INAF n. 2017-14-H.O , SKA-CTA-INAF

2016 and INAF-Mainstream 2018 . 

References 

[1] C. Evoli, R. Aloisio, P. Blasi, Galactic cosmic rays after the AMS-02 observations,

Phys. Rev. D 99 (10) (2019) 103023, doi: 10.1103/PhysRevD.99.103023 . 
[2] L.G. Sveshnikova, The knee in the Galactic cosmic ray spectrum and variety in

Supernovae, A&A 409 (2003) 799–807, doi: 10.1051/0004-6361:20030909 . 
[3] S. Gabici, C. Evoli, D. Gaggero, P. Lipari, P. Mertsch, E. Orlando, A. Strong,

A. Vittino, The origin of Galactic cosmic rays: Challenges to the standard
paradigm, International Journal of Modern Physics D 28 (15) (2019), doi: 10.

1142/S0218271819300222 . 1930022–339 

[4] M. Cardillo, E. Amato, P. Blasi, On the cosmic ray spectrum from type II su-
pernovae expanding in their red giant presupernova wind, Astropart. Phys. 69

(2015) 1–10, doi: 10.1016/j.astropartphys.2015.03.002 . 
[5] V. Ptuskin, V. Zirakashvili, E.-S. Seo, Spectrum of Galactic Cosmic rays ac-

celerated in supernova remnants, ApJ 718 (1) (2010) 31–36, doi: 10.1088/
0 0 04-637X/718/1/31 . 

[6] A.R. Bell, K.M. Schure, B. Reville, G. Giacinti, Cosmic-ray acceleration and es-

cape from supernova remnants, MNRAS 431 (1) (2013) 415–429, doi: 10.1093/
mnras/stt179 . 

[7] S. Gabici , D. Gaggero , F. Zandanel , Can supernova remnants accelerate protons
up to PeV energies? in: Proceedings of the Rencontres de Blois 2016, 2016

2016arXiv161007638G, In this issue . 
[8] L. Jouvin, A. Lemière, R. Terrier, Does the SN rate explain the very high energy

cosmic rays in the central 200 pc of our Galaxy? MNRAS 467 (4) (2017) 4622–

4630, doi: 10.1093/mnras/stx361 . 
[9] F. Aharonian, R. Yang, E. de Oña Wilhelmi, Massive stars as major fac-

tories of galactic cosmic rays, Nat. Astron 3 (2019) 561–567, doi: 10.1038/
s41550- 019- 0724- 0 . 

[10] A .M. Bykov , A . Marcowith , E. Amato , M.E. Kalyashova , J.M.D. Kruijssen ,
E. Waxman , High-energy particles and radiation in star-forming regions, arXiv

e-prints (2020) . arXiv:2003.11534 

[11] D.C. Ellison, L.O. Drury, J.-P. Meyer, Galactic Cosmic rays from supernova rem-
nants. II. Shock acceleration of gas and dust, ApJ 487 (1) (1997) 197–217,

doi: 10.1086/304580 . 
[12] A.R. Bell, Turbulent amplification of magnetic field and diffusive shock acceler-

ation of cosmic rays, MNRAS 353 (2) (2004) 550–558, doi: 10.1111/j.1365-2966.
2004.08097.x . 

[13] V.S. Ptuskin, V.N. Zirakashvili, On the spectrum of high-energy cosmic rays
produced by supernova remnants in the presence of strong cosmic-ray stream-

ing instability and wave dissipation, A&A 429 (2005) 755–765, doi: 10.1051/

0 0 04-6361:20 041517 . 
[14] K.M. Schure, A.R. Bell, Cosmic ray acceleration in young supernova remnants,

MNRAS 435 (2) (2013) 1174–1185, doi: 10.1093/mnras/stt1371 . 
[15] K.M. Schure, A.R. Bell, From cosmic ray source to the Galactic pool, MNRAS

437 (3) (2014) 2802–2805, doi: 10.1093/mnras/stt2089 . 
[16] D. Caprioli, P. Blasi, E. Amato, On the escape of particles from cosmic ray mod-
ified shocks, MNRAS 396 (4) (2009) 2065–2073, doi: 10.1111/j.1365-2966.2008.

14298.x . 
[17] D. Caprioli, E. Amato, P. Blasi, The contribution of supernova remnants to the

galactic cosmic ray spectrum, Astropart. Phys. 33 (3) (2010) 160–168, doi: 10.
1016/j.astropartphys.2010.01.002 . 

[18] V.V. Dwarkadas, The evolution of Supernovae in circumstellar wind-blown
bubbles. I. Introduction and one-dimensional calculations, ApJ 630 (2) (2005)

892–910, doi: 10.1086/432109 . 

[19] R. Weaver, R. McCray, J. Castor, P. Shapiro, R. Moore, Interstellar bubbles. II.
Structure and evolution., ApJ 218 (1977) 377–395, doi: 10.1086/155692 . 

[20] R.A. Chevalier, Self-similar solutions for the interaction of stellar ejecta with
an external medium., ApJ 258 (1982) 790–797, doi: 10.1086/160126 . 

[21] X. Tang, R.A. Chevalier, Shock evolution in non-radiative supernova remnants,
MNRAS 465 (4) (2017) 3793–3802, doi: 10.1093/mnras/stw2978 . 

[22] J.P. Ostriker, C.F. McKee, Astrophysical blastwaves, Rev. Mod. Phys. 60 (1) (1988)

1–68, doi: 10.1103/RevModPhys.60.1 . 
[23] G.S. Bisnovatyi-Kogan, S.A. Silich, Shock-wave propagation in the nonuniform

interstellar medium, Rev. Mod. Phys. 67 (3) (1995) 661–712, doi: 10.1103/
RevModPhys.67.661 . 

[24] P.O. Lagage , C.J. Cesarsky , The maximum energy of cosmic rays accelerated by
supernova shocks., A&A 125 (1983) 249–257 . 

[25] P.O. Lagage , C.J. Cesarsky , Cosmic-ray shock acceleration in the presence of

self-excited waves, A&A 118 (2) (1983) 223–228 . 
[26] E. Amato, P. Blasi, Cosmic ray transport in the Galaxy: a review, Adv. Space

Res. 62 (10) (2018) 2731–2749, doi: 10.1016/j.asr.2017.04.019 . 
[27] P. Blasi, The origin of galactic cosmic rays, A&ARv 21 (2013) 70, doi: 10.1007/

s00159-013-0070-7 . 
[28] E. Amato, The origin of galactic cosmic rays, Int. J. Mod. Phys. D 23 (7) (2014)

1430013, doi: 10.1142/S0218271814300134 . 

[29] P. Blasi, Acceleration of galactic cosmic rays, Rivista del Nuovo Cimento 12
(2019) 549–600, doi: 10.1393/ncr/i2019-10166-0 . 

[30] F.C. Jones, A. Lukasiak, V. Ptuskin, W. Webber, The modified weighted slab
technique: models and results, ApJ 547 (1) (2001) 264–271, doi: 10.1086/

318358 . 
[31] R. Aloisio, P. Blasi, Propagation of galactic cosmic rays in the presence of self-

generated turbulence, J. Cosmol. Astropart. Phys. 2013 (7) (2013) 001, doi: 10.

1088/1475-7516/2013/07/001 . 
[32] K. Mannheim , R. Schlickeiser , Interactions of cosmic ray nuclei, A&A 286

(1994) 983–996 . 
[33] K.M. Ferrière, The interstellar environment of our galaxy, Rev. Mod. Phys. 73

(4) (2001) 1031–1066, doi: 10.1103/RevModPhys.73.1031 . 
[34] Y.e.a. Génolini, Indications for a high-rigidity break in the Cosmic-ray diffusion

coefficient, Phys. Rev. Lett. 119 (24) (2017) 241101, doi: 10.1103/PhysRevLett.119.

241101 . 
[35] M.e.a. Aguilar, Precision measurement of the helium flux in primary Cosmic

rays of rigidities 1.9 GV to 3 TV with the alpha magnetic spectrometer on the
international space station, Phys. Rev. Lett. 115 (21) (2015) 211101, doi: 10.1103/

PhysRevLett.115.211101 . 
[36] O.e.a. Adriani, PAMELA Measurements of Cosmic-ray proton and helium spec-

tra, Science 332 (6025) (2011) 69, doi: 10.1126/science.1199172 . 
[37] P.S. Marrocchesi , Measurement of the proton spectrum with CALET on the

ISS, in: 36th International Cosmic Ray Conference (ICRC2019), in: International

Cosmic Ray Conference, 36, 2019, p. 103 . 
[38] Q.e.a. An , Measurement of the cosmic-ray proton spectrum from 40GeV

to 100 TeV with the DAMPE satellite, arXiv e-prints (2019) . arXiv:1909.
12860 

[39] B.e.a. Bartoli, Knee of the cosmic hydrogen and helium spectrum below 1 PeV
measured by ARGO-YBJ and a Cherenkov telescope of LHAASO, Phys. Rev. D 92

(9) (2015) 092005, doi: 10.1103/PhysRevD.92.092005 . 

[40] C. Mascaretti, P. Blasi, C. Evoli, Atmospheric neutrinos and the knee of
the cosmic ray spectrum, Astropart. Phys. 114 (2020) 22–29, doi: 10.1016/j.

astropartphys.2019.06.002 . 
[41] M.e.a. Amenomori, Cosmic-ray energy spectrum around the knee observed

with the Tibet air-shower experiment, Astrophys. Space Sci. Transactions 7 (1)
(2011) 15–20, doi: 10.5194/astra- 7- 15- 2011 . 

[42] T.e.a. Antoni, KASCADE Measurements of energy spectra for elemental groups

of cosmic rays: results and open problems, Astropart. Phys. 24 (1–2) (2005)
1–25, doi: 10.1016/j.astropartphys.20 05.04.0 01 . 

[43] S.J. Smartt, Progenitors of core-collapse Supernovae, ARA&A 47 (1) (2009) 63–
106, doi: 10.1146/annurev-astro-082708-101737 . 

44] J. Leaman, W. Li, R. Chornock, A.V. Filippenko, Nearby supernova rates from
the lick observatory Supernova search - I. The methods and data base, MNRAS

412 (3) (2011) 1419–1440, doi: 10.1111/j.1365-2966.2011.18158.x . 

[45] T. Dahlen, L.-G. Strolger, A.G. Riess, S. Mattila, E. Kankare, B. Mobasher, The
extended hubble space telescope supernova survey: the rate of core col-

lapse supernovae to z - 1, ApJ 757 (1) (2012) 70, doi: 10.1088/0 0 04-637X/
757/1/70 . 

[46] T.J. Moriya, K. Maeda, Constraining physical properties of type IIn Supernovae
through rise times and peak luminosities, ApJ 790 (2) (2014) L16, doi: 10.1088/

2041-8205/790/2/L16 . 

[47] R. Ouchi, K. Maeda, Radii and mass-loss rates of type IIb supernova progeni-
tors, ApJ 840 (2) (2017) 90, doi: 10.3847/1538-4357/aa6ea9 . 

[48] N. Sravan, P. Marchant, V. Kalogera, Progenitors of type IIb supernovae. I. Evo-
lutionary pathways and rates, ApJ 885 (2) (2019) 130, doi: 10.3847/1538-4357/

ab4ad7 . 

https://doi.org/10.13039/501100012160
https://doi.org/10.13039/501100005184
https://doi.org/10.1103/PhysRevD.99.103023
https://doi.org/10.1051/0004-6361:20030909
https://doi.org/10.1142/S0218271819300222
https://doi.org/10.1016/j.astropartphys.2015.03.002
https://doi.org/10.1088/0004-637X/718/1/31
https://doi.org/10.1093/mnras/stt179
http://refhub.elsevier.com/S0927-6505(20)30064-5/opte90QZlpxoj
http://refhub.elsevier.com/S0927-6505(20)30064-5/opte90QZlpxoj
http://refhub.elsevier.com/S0927-6505(20)30064-5/opte90QZlpxoj
http://refhub.elsevier.com/S0927-6505(20)30064-5/opte90QZlpxoj
https://doi.org/10.1093/mnras/stx361
https://doi.org/10.1038/s41550-019-0724-0
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0009
https://doi.org/10.1086/304580
https://doi.org/10.1111/j.1365-2966.2004.08097.x
https://doi.org/10.1051/0004-6361:20041517
https://doi.org/10.1093/mnras/stt1371
https://doi.org/10.1093/mnras/stt2089
https://doi.org/10.1111/j.1365-2966.2008.14298.x
https://doi.org/10.1016/j.astropartphys.2010.01.002
https://doi.org/10.1086/432109
https://doi.org/10.1086/155692
https://doi.org/10.1086/160126
https://doi.org/10.1093/mnras/stw2978
https://doi.org/10.1103/RevModPhys.60.1
https://doi.org/10.1103/RevModPhys.67.661
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0023
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0023
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0023
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0024
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0024
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0024
https://doi.org/10.1016/j.asr.2017.04.019
https://doi.org/10.1007/s00159-013-0070-7
https://doi.org/10.1142/S0218271814300134
https://doi.org/10.1393/ncr/i2019-10166-0
https://doi.org/10.1086/318358
https://doi.org/10.1088/1475-7516/2013/07/001
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0031
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0031
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0031
https://doi.org/10.1103/RevModPhys.73.1031
https://doi.org/10.1103/PhysRevLett.119.241101
https://doi.org/10.1103/PhysRevLett.115.211101
https://doi.org/10.1126/science.1199172
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0036
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0036
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0037
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0037
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0037
https://doi.org/10.1103/PhysRevD.92.092005
https://doi.org/10.1016/j.astropartphys.2019.06.002
https://doi.org/10.5194/astra-7-15-2011
https://doi.org/10.1016/j.astropartphys.2005.04.001
https://doi.org/10.1146/annurev-astro-082708-101737
https://doi.org/10.1111/j.1365-2966.2011.18158.x
https://doi.org/10.1088/0004-637X/penalty -@M 757/1/70
https://doi.org/10.1088/2041-8205/790/2/L16
https://doi.org/10.3847/1538-4357/aa6ea9
https://doi.org/10.3847/1538-4357/ab4ad7


P. Cristofari, P. Blasi and E. Amato / Astroparticle Physics 123 (2020) 102492 7 

[  

 

[  

 

 

[  

 

 

[  

 

[  

[  

 

49] V.N. Zirakashvili, V.S. Ptuskin, Type IIn supernovae as sources of high en-
ergy astrophysical neutrinos, Astropart. Phys. 78 (2016) 28–34, doi: 10.1016/j.

astropartphys.2016.02.004 . 
50] P. Cristofari, S. Gabici, R. Terrier, T.B. Humensky, On the search for Galactic

supernova remnant PeVatrons with current TeV instruments, MNRAS 479 (3)
(2018) 3415–3421, doi: 10.1093/mnras/sty1589 . 

[51] C.T.A. Consortium, Science with the Cherenkov telescope array, 2019, doi: 10.
1142/10986 . 

52] P. Cristofari, S. Gabici, T.B. Humensky, M. Santander, R. Terrier, E. Parizot,

S. Casanova, Supernova remnants in the very-high-energy gamma-ray domain:
the role of the Cherenkov telescope array, MNRAS 471 (1) (2017) 201–209 In
this issue, doi: 10.1093/mnras/stx1574 . 

53] P. Blasi, E. Amato, Diffusive propagation of cosmic rays from supernova rem-
nants in the Galaxy. II: anisotropy, J. Cosmol. Astropart. Phys. 2012 (1) (2012)

011, doi: 10.1088/1475-7516/2012/01/011 . 
54] H. Collaboration , Multiple Galactic Sources with Emission Above 56 TeV De-

tected by HAWC, arXiv e-prints (2019) . arXiv:1909.08609 
55] A.e.a. Albert , Science Case for a Wide Field-of-View Very-High-Energy Gam-

ma-Ray Observatory in the Southern Hemisphere, arXiv e-prints (2019) .

arXiv:1902.08429 

https://doi.org/10.1016/j.astropartphys.2016.02.004
https://doi.org/10.1093/mnras/sty1589
https://doi.org/10.1142/10986
https://doi.org/10.1093/mnras/stx1574
https://doi.org/10.1088/1475-7516/2012/01/011
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0052
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0052
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0052
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0053
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0053
http://refhub.elsevier.com/S0927-6505(20)30064-5/sbref0053

	The low rate of Galactic pevatrons
	1 Introduction
	2 CRs from SNRs
	3 Galactic transport of CRs
	4 Results
	5 Discussion and conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


