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Abstract. Relativistic winds of fast-spinning pulsars have been proposed as a potential site
for cosmic-ray acceleration from very high energies (VHE) to ultrahigh energies (UHE).
We re-examine conditions for high-energy neutrino production, considering the interaction
of accelerated particles with baryons of the expanding supernova ejecta and the radiation
fields in the wind nebula. We make use of the current IceCube sensitivity in diffusive high-
energy neutrino background, in order to constrain the parameter space of the most extreme
neutron stars as sources of VHE and UHE cosmic rays. We demonstrate that the current
non-observation of 1018 eV neutrinos put stringent constraints on the pulsar scenario. For a
given model, birthrates, ejecta mass and acceleration efficiency of the magnetar sources can
be constrained. When we assume a proton cosmic ray composition and spherical supernovae
ejecta, we find that the IceCube limits almost exclude their significant contribution to the
observed UHE cosmic-ray flux. Furthermore, we consider scenarios where a fraction of cosmic
rays can escape from jet-like structures piercing the ejecta, without significant interactions.
Such scenarios would enable the production of UHE cosmic rays and help remove the tension
between their EeV neutrino production and the observational data.
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1 Introduction

Galactic accelerators are likely responsible for the dominant component of cosmic rays ob-
served on Earth (below 1015 eV), given their containment by the Galactic magnetic field
(e.g., [1–3]). The recent gamma-ray observations support that the main sources of these
Galactic cosmic rays are supernova remnants [4–6]. A transition is expected to occur at
higher energies (around 1017−18 eV), and cosmic rays should originate in — yet unidentified
— extragalactic sources. The known Galactic objects do not possess the required energet-
ics to produce cosmic rays above 1018 eV. Besides, the presence of a source in the Galaxy
contributing at these energies would induce a signature in the large-scale anisotropy of the
arrival directions of cosmic rays, that is not observed. Measurements with the Auger Obser-
vatory and the Telescope Array are already constraining the Galactic-extragalactic transition
energy and models of the Galactic magnetic field [7–9].

At the highest energies, the possible candidate sources have been progressively nar-
rowed down to a handful of objects over the last decades, but the major culprit has not
been yet identified. Among the most promising sources, active galactic nuclei (AGN) with
their black holes, jets, hotspots, and flares, as well as gamma-ray bursts (GRBs), including
low-luminosity GRBs associated with trans-relativistic supernovae, are heavily plebiscited
(see e.g., review [10] and references therein). A contender that was introduced early on by
refs. [11–13] and has been resuscitated more recently by refs. [14–17] are magnetized and
fast-spinning neutron stars. These objects combine many advantages: their rotation speed
endows them with a large energy reservoir (Erot ∼ 2 × 1052 erg I45P

−2
−3 , with I the star

inertial momentum and P its spin period,1 for an isolated new-born pulsar spinning close
to the disruption limit), and their population density (ṅs ∼ 10−4 Mpc−3 yr−1 [18]) is high
enough to allow a comfortable total energy budget. The energy injected into UHECRs is of
order ĖUHECR ∼ 0.5 × 1044 erg Mpc−3 yr−1 [19, 20], which implies that a fraction of order

1Here and in what follows, quantities are labelled Qx ≡ Q/10x in cgs units unless specified otherwise.
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10−4 of the neutron star population is required to achieve the ultrahigh energy cosmic ray
(UHECR) flux level.

Within the zoo of neutron stars, those with extremely strong surface dipole fields of
B ∼ 1015 G, which are often called magnetars (see [21–23] for reviews), have attracted
particular attention because of their energetics [13–15]. This subpopulation, the existence
of which was predicted in the 90s [24], is accepted as the explanation to the observed Soft
Gamma Repeaters and Anomalous X-ray Pulsars [25–27].

Neutron stars are believed to be the byproducts of supernovae explosions. It is thus likely
that, at the early stage of the neutron star life, when it is able to supply enough energy to
accelerate particles to ultrahigh energies, it is surrounded by the radiatively and baryonically
dense supernova ejecta. Assuming that particles can be successfully accelerated within the
neutron star wind or nebular region, they will have to cross this interface, as well as the dense
supernova ejecta, on their way to the interstellar medium. In ref. [16], we demonstrated that
for magnetars, the energy losses experienced by particles during their flight in the supernova
ejecta did not allow their escape at ultrahigh energies, unless the ejecta mass was considerably
lower than for standard core-collapse supernovae, or if a mechanism such as a jet was invoked
to pierce the envelope. Indeed, magnetars spin down faster than more mildly magnetized
stars, and the highest energy particles are produced when the surrounding ejecta is still too
opaque to let them escape.

Magnetars are thus not necessarily favored to produce cosmic rays at the highest en-
ergies. They could be contributing however at energies below ∼ 1018−19 eV. In this energy
range, the composition measured by the current experiments indicate that protons are dom-
inant [28, 29].

The interactions of cosmic rays within the nebula or supernova ejecta regions should
lead to the generation of secondary particles, including high energy neutrinos, which has
been suggested as a very powerful test of newborn pulsar scenarios for UHECRs [14]. The
guaranteed level of neutrinos expected for a pulsar population fitting the Auger data (both
spectrum and composition) was calculated in ref. [30]. We demonstrated there that this flux
would be observable by IceCube within the next ten years.

In this work, we make use of the current IceCube sensitivity in neutrinos, in order to
constrain the parameter space of the most extreme neutron stars as extragalactic sources
of cosmic rays, focussing on the particle energy range above 1017 eV. As discussed in this
study, this range corresponds indeed to the peak of the produced neutrino flux. We demon-
strate that the current non-observation of neutrinos in the EeV range radically shrinks the
range of parameters allowed for magnetars that would efficiently produce very high-energy
cosmic rays, and almost exclude any contribution from these sources. For higher energies,
as mentioned above, either a low mass supernova ejecta or a jet-like structure is needed to
let particles escape without too much damage. We show that even within these scenarios,
the constraints imposed by the level of neutrinos at EeV energies still partially constrain
magnetars as sources of UHECRs.

We give in section 2 an overview of the UHECR production issues (ion injection, ac-
celeration and escape) related to neutron stars and their surrounding nebula and supernova
ejecta. We estimate the corresponding neutrino fluxes in section 2.4. In section 3, we present
our parameter scan over the neutron star pulsation and dipole field, the source birth rate,
and the particle acceleration efficiency. In section 4 we consider scenarios with the presence
of jet-like structures. We discuss our results and conclude in section 5.

– 2 –
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2 UHECRs and High-energy neutrinos from young neutron stars

2.1 Particle injection and acceleration

Ions (from light to heavy nuclei) can be stripped off the neutron star surface by a combination
of strong electric fields and bombardment of particles [31, 32]. The acceleration mechanism of
these extracted particles up to ultrahigh energies in neutron star environments is an unclear
point of this source scenario. Our poor knowledge of the neutron star magnetospheres, winds,
nebulae and termination shocks (at the interface between the wind and the surrounding su-
pernova ejecta) is central to the difficulties encountered in building a detailed acceleration
model, consistent with the observations and the leptonic emission counterparts. The features
of the radiation due to pairs are themselves challenging to explain, and despite an increasing
experimental and theoretical effort been put to understand the working of neutron star out-
flows and nebular emissions, the community is still struggling to solve fundamental problems
(see e.g., reviews by ref. [33, 34]), such as how and where pairs are been accelerated, or the
related problem of electromagnetic to kinetic energy transfer within the wind (the so-called
σ-problem).

One certainty however is that neutron stars spin down, and subsequently, their rotational
energy is channeled via their winds towards the outer medium. Following ref. [35], one can
calculate that particles of mass number A in the wind can reach a maximum energy at
neutron-star birth

E0 ∼ 2.7× 1020 eVAη κ−1
4 P−2

i,−3B15R
3
?,6 , (2.1)

where B is the dipole magnetic field strength of the star, R? its radius and Pi the initial
spin period. The value of κ, the pair multiplicity, can range between 10 − 108 in theory (a
highly debated quantity, see e.g., [34]). In this work we take κ ∼ 104, which means that
∼10% of the pulsar power goes into ions, if particles receive the full potential of the pulsar.
This energy conversion efficiency is consistent with the prediction by recent simulations of
pulsar magnetospheres [36]. This estimate assumes that the electromagnetic luminosity of
the pulsar wind Lp ∼ 6.6× 1048P−4

−3B
2
15R

6
?,6 erg/s is converted into kinetic luminosity Ṅmc2

with efficiency η ≤ 1: E0 = ηLp/Ṅmc
2. The particle rest mass power can be written as a

function of the Goldreich-Julian rate ṄGJ [37]: Ṅmc2 ≡ ṄGJ(2κme +Amp/Z)c2 [35].

In equation (2.1) we assume that the flux of particles being heated by the pulsar follows
the Goldreich-Julian rate ṄGJ, as we consider the scenario that ions only get accelerated
in the pulsar wind. If the magnetic energy is dissipated in a volumetric way throughout
the nebula by e.g., reconnection [38], pairs could be created in abundance in the nebula, in
particular for rapidly rotating millisecond pulsars [39]. However, it is unclear if the magnetic
energy in the nebula could be dissipated efficiently into the pairs.

We have also assumed a proton composition of cosmic rays. Some mechanisms (such
as extraction of ions by strong electric fields [31, 32], mixing of the stellar material via
Kelvin-Helmholtz instabilities or oblique shocks [40, 41], nucleosynthesis at the proto-pulsar
phase [42, 43]) could lead to heavy nuclei injection, as we have discussed in our earlier
work [16].

Note that acceleration to high energies can only happen in the first stages of the life of
the neutron star, typically within the spin-down timescale

tEM =
9Ic3P 2

8π2B2R6
∼ 3.1× 103 s I45B

−2
15 R

−6
?,6P

2
i,−3 . (2.2)

– 3 –
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If gravitational wave losses are substantial, the star spins down over a timescale

tGW =
5c5P 4

210π4GIε2
∼ 1.5× 106 sP 4

i,−3I
−1
45 ε

2
−4 , (2.3)

with ε the ellipticity created by the interior magnetic fields of the star, if the magnetic
distortion axis and the rotation axis of the star are not aligned [44–46]. Typically ε =
βR8

?B
2/(4GI2) ∼ 4×10−4β2R

8
?,6B

2
15I

−2
45 , where β is the magnetic distortion factor introduced

by ref. [45], which measures the efficiency of the interior magnetic field in distorting the star.
This factor depends on the equation of state of the star interior and on its magnetic field
geometry. Ref. [45] finds that the value of β can range between 1−10 for perfectly conducting
interiors (normal matter), 10− 100 for type I superconductors and can reach & 100 for type
II superconductors (for a detailed study on the connection between magnetars as sources of
UHECRs and gravitational waves, see ref. [15]). We will note

tsd ≡ (t−1
EM + t−1

GW)−1 . (2.4)

In the following, we will place ourselves in a regime where the conversion efficiency of
the wind electromagnetic into kinetic luminosity is high enough to achieve ultrahigh energies.
Our results remain valid if we relax this assumption, at the cost of a softer injection spectrum
that would be produced by the stochastic acceleration to reach the highest energies.2 Taking
into account the neutron-star spin down (assuming a breaking index of 3, corresponding
to a spin-down luminosity Lsd = Lp (1 + t/tsd)−1), we thus consider that cosmic rays are
accelerated at a given time t3.5 = t/103.5 s at energy [12, 13]

ECR(t) = E0 (1 + t/tsd)−1

∼ 1.3× 1020 eVAη κ4I45B
−1
15 R

−3
?,6 t3.5

−1 . (2.5)

Channeling the Goldreich-Julian charge density into particles and taking into account the
neutron-star spin down rate, one can write the cosmic-ray injection flux [12, 13]

dNCR

dE
(t) =

9

4

c2I

ZeBR3
?

ECR(t)−1

[
1 +

ECR(t)

EGW

]−1

, (2.6)

where EGW is the critical gravitational energy at which gravitational wave and electromag-
netic losses are equal. The cosmic-ray luminosity then reads

LCR(t) ≡ E2
CR

d2NCR

dE dt
(t) =

9

4

c2I

ZeBR3
?

ECR(t)(t+ tsd)−1 . (2.7)

2.2 Radiation backgrounds in the nebula region and in the supernova ejecta

Ultrahigh energy ions can experience photo-pion production or photo-disintegration in the ra-
diation fields surrounding the neutron star: in the nebular region at the interface between the
pulsar wind and the supernova shell (a non-thermal component), and in the supernova ejecta,
where most of the incident non-thermal radiation is thermalized over short timescales [47].

2In the case when the conversion is not fully efficient, stochastic types of acceleration could take
place at the shock to further push the maximum acceleration energy to the confinement limit γconf =
ZeBPWNRPWN/(Ampc

2) (where BPWN and RPWN represent respectively the pulsar wind nebula magnetic
field and radius), which can reach values > 1011 over the spin-down timescale for neutron stars with parame-
ters B & 1012 G and initial rotation period Pi ∼ 1 ms [35]. See however our discussion on acceleration limits
due to synchrotron cooling a few paragraphs below.

– 4 –
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For neutrino production, the effects of this non-thermal radiation background in the
nebula can be neglected as long as the confinement time of UHECRs in this region tconf,neb
is shorter than the photo-hadronic interaction timescale tAγ,neb. The most important con-
tribution to pion-production will come from photons produced by synchrotron emission.
The synchrotron photon density for nebulae of fast-spinning neutron stars, nγ , can be
computed following ref. [35], and the corresponding interaction timescale reads tAγ,neb =
(σAγnγc)

−1, where σAγ is the photo-hadronic interaction cross-section. The magnetic con-
finement timescale in the nebula can be expressed tconf,neb = R2

neb/(rLc), assuming a Bohm
diffusion regime in the nebula magnetic field of strength Bneb.

These timescales depend on the size and on the average strength of the magnetic field
in the expanding nebula region. These quantities can be calculated applying the estimates
of ref. [48] (see also [35, 47]). Figure 1 illustrates that the ratio tconf,neb/tAγ,neb � 1 for
fast-spinning pulsars and magnetars. This is in particular valid at times close to tsd (vertical
dotted lines) when most of the neutron star luminosity is provided. In the calculations, we
have chosen ηB = 0.1, a parameter corresponding to the magnetic fraction of the energy
injected into the nebula (and that is actually contained in η in eq. (2.1)). This value is rather
conservative as ηB � 1 from the observations of pulsar wind nebulae (e.g., [49–54]). These
figures were computed for a particle Lorentz factor of 109, but lower energies would lead to
even milder effects of the radiation field.

As was pointed out in ref. [47], it is thus possible that the UHECRs cross the nebula
region without undergoing efficient photo-hadronic interactions. This remains valid except
for strongly magnetized neutron stars. Note that protons would also cool via synchrotron
in the strong magnetic field of the nebula, then particles would not reach very high energies
for strongly magnetized magnetars [35]. However, UHECRs could interact with the radia-
tion field of the supernova and produce ultrahigh energy neutrons that are not affected by
synchrotron cooling. Besides, the conversion of the wind electromagnetic energy to kinetic
energy is often assumed to be efficient because of the observation of the Crab Nebula [34],
but this is not certain at the early stages and in the types of objects we are considering. This
point is further supported by the fact that the MHD theory is unable to reproduce an effi-
cient conversion (the so-called σ-problem) [34]. This would imply that the magnetic energy
density of turbulent fields could be small enough, where synchrotron cooling can be avoided.
Another possibility is that in a typical Type Ibc supernova, the ejecta mass could be as
small as ∼ 2M� so that the ejecta velocity is larger, creating a larger nebula size with milder
magnetic fields. Therefore cosmic ray particles may avoid significant synchrotron losses and
reach the highest energies.

Particles then enter the supernova ejecta. At times shorter or of order the spin-down
time tsd that we consider here, the supernova ejecta is dense enough to provide a non-
negligible interaction medium for the accelerated cosmic rays. In particular, the incident
non-thermal radiation field from the nebula is nearly immediately thermalized and provide
a thermal radiation background for photo-hadronic interactions.

The ejecta of a standard Type II core-collapse supernova can be modeled as a sphere
expanding with a velocity [47]

βej =

(
2ESN

Mej c2

)1/2(
1 +

Erot

ESN

)1/2

∼ 4.8× 10−2 I
1/2
45 P

−1
i,−3M

−1/2
ej,1 , (2.8)

where the explosion energy of the supernova ejecta ESN = 1051 erg and the pulsar wind
energy Erot = 2π2I/P 2

i . The size of the ejecta can be written as Rej(t) = βejct. Notice that

– 5 –
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Figure 1. Time evolution of the ratio of the confinement timescale, tconf , to the pion production
timescale, tpγ , in the non-thermal radiation field of the nebula region, for a proton at Lorentz factor
109, for a neutron star with initial rotation period P−3 = 1, 3, 10 (increasing thickness), dipole mag-
netic field B?,13 = 1, 100 (black and red), leptonic multiplicity κ4 = 1 and ηB = 0.1. The vertical
dotted line indicates the spin-down timescale tsd corresponding to each rotation period (increasing
thickness).

for clarity, from here on we do not show the dependence of the numerical estimates on the
inertia and the star radius (set to I45 and R?,6 respectively), as these quantities are well-fixed
by neutron star physics.

The thermal photon energy density in the supernova ejecta Uth reads

Uth =
3Eth

4πR3
ej

(2.9)

where Eth = ESN,th + ηth Lsd t, with ESN,th ∼ 1049 erg being the thermal energy from the
heating by supernova shocks and unstable isotopes such as 56Ni, and ηth is the fraction of
the rotational energy converted into thermal photons in the ejecta [55], which we assume
to be ηth = 1. For comparison, thermalization of photons in the nebula usually happens
when the optical depth of Thomson scattering gets around ∼ 10 − 100, corresponding to a
1−10 % conversion from the rotational energy to thermal photons. We note a more detailed
modeling of the thermal photon energy density in [56]. The corresponding ejecta temperature
can be expressed T = (Uth/a)1/4, where a is the radiation constant. This thermal component
peaks at energy εγ,th = kT . The thermal radiation background leads to a cooling time by
photo-pion interaction for a proton

tpγ,th =

(
c ξpγσpγ

Uth

εγ,th

)−1

∼ 8× 10−6 s η
−3/4
th,0 P

−3/4
i,−3 M

−9/8
ej,1 t

9/4
3.5 (2.10)

– 6 –
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where σpγ ∼ 5 × 10−28 cm−2, and the elasticity of the pγ interaction ξpγ = 0.2 [14]. In this
calculation, we have assumed that the particle energy lies always above photo-pion interaction
threshold (and not in the resonance peak of the pγ interaction cross-section). For analytical
estimations here and in the rest of this section, we have assumed parameters for which the
pulsar rotational energy dominates the supernova intrinsic thermal energy.

The opacity then reads

τpγ,th =
Rej

ctpγ
∼ 1.9× 107 η

3/4
th,0P

−1/4
i,−3 M

5/8
ej,1 t

−5/4
3.5 , (2.11)

and the time at which the medium becomes transparent to protons

t∗pγ,th ≡ t(τpγ,th = 1) ∼ 2.1× 109 s η
3/5
th,0P

−1/5
i,−3 M

1/2
ej,1 . (2.12)

From these estimates, one can see that contrarily to the non-thermal radiation field in the
nebula, the thermal radiative background in the supernova ejecta should have a strong effect
on the accelerated particles at early times. Only a considerably small value of ηth would
minimize its effect.

Cosmic ray energy at time t∗pγ,th reads

ECR(t = t∗pγ,th) = 3.6× 1014 eVAηκ4B
−1
15 η

−3/5
th,1 P

1/5
i,−3M

−1/2
ej,1 . (2.13)

We define
tpγ ≡ min(tpγ,th, tpγ,neb) , (2.14)

its corresponding opacity τpγ , and the time at which the medium becomes transparent for
protons t∗pγ ≡ t(τpγ = 1). From the above discussion, t∗pγ ∼ t∗pγ,th.

2.3 Surrounding ejecta and escape (baryonic background)

At early times, the supernova ejecta presents also a dense baryonic background that can lead
to efficient hadronic interactions for UHECRs. The mean density of the sphere over the size
Rej(t) = βejct can be written [48]:

ρej(t) =
3Mej

4πβ3ejc
3t3
∼ 5.1× 10−5M

5/2
ej,1P

3
i,−3t

−3
3.5 g cm−3 . (2.15)

Here Mej = 10Mej,1M� denotes the ejecta mass and Eej = Erot +Eexp ∼ 2×1052 erg I45P
−2
i,−3

the ejecta energy, expressed as the sum of the neutron star rotational energy and the super-
nova explosion energy (Eexp ∼ 1051 erg) [57]. Equation (2.15) provides a reasonable estimate
of the evolution of the density of the ejecta surrounding the neutron star for various super-
nova scenarios, as is discussed in ref. [16]. Note that results are only mildly sensitive to the
ejecta mass within a range 5− 20M�.

As discussed in ref. [16], the composition of the supernova ejecta depends upon the
type, progenitor mass, and the final interior mass of the supernova, and rotation-powered
pulsars and magnetars have been invoked as the remnant of a wide variety of supernova
types, such as Ib, Ic, or II. The composition of all these objects is dominated by Hydrogen or
light elements. For simplicity, we will consider in the following that the ejecta is composed of
pure Hydrogen. We have demonstrated in ref. [16] that different ejecta composition did not
have a considerable impact as far as the production and escape of UHECRs was concerned.
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The hadronic interaction timescale can be expressed as

tpp = mp(c ρejσppξpp)
−1 ∼ 1.7× 10−5 sM

−5/2
ej,1 P−3

i,−3t
3
3.5 , (2.16)

and the background optical depth for protons

τpp =
Rej

ctpp
∼ 8.9× 106M2

ej,1 P
2
i,−3 t

−2
3.5 , (2.17)

with the proton-proton interaction cross-section σpp ≈ 1×10−25 cm2 at 1018 eV and ξpp ∼ 0.5.
Note that, at a given time, this quantity does not depend on the magnetic field of the neutron
star. The dependence is actually implicitly considered, as we will evaluate the optical depth
at time tsd, which is shorter for faster spin-downs, i.e., for higher B. The corresponding time
and energy at which cosmic rays can escape read

t∗pp ≡ t(τpp = 1) ∼ 9.4× 106 sMej,1Pi,−3 . (2.18)

ECR(t = t∗pp) ∼ 6.0× 1016 eV ηκP−1
i,−3B

−1
15 M

−1
ej,1 . (2.19)

This equation shows that, as was demonstrated and discussed in refs. [12, 16], the ejecta is
too dense to allow the escape of the highest energy protons through the supernova ejecta.
For milder magnetic fields than for magnetars, the spin-down time is longer and the ejecta
can become diluted enough to allow the escape of heavy nuclei at UHE. One might consider
however that some mechanisms invoked in the next section and in section 4 can carve a path
for cosmic rays to escape safely, for magnetars in particular which are extreme objects.

2.4 Neutrino production and diffuse flux

The cosmic-ray interactions on the hadronic and radiative backgrounds described in the pre-
vious sections will inevitably lead to the production of charged pions, and thus of neutrinos.
The meson production efficiency reads

fmes = min (τpp + τpγ , 1) (2.20)

We will assume that for each interaction, charged pions undertake a fraction of the parent
cosmic-ray energy fπ ≡ Eπ/ECR ∼ 0.2 , and each neutrino fν ≡ Eν/Eπ ∼ 0.25.

At early times when the ejecta is very dense, the secondary nuclei and pions continue to
interact with the radiation and hadron background and produce higher order nuclei, neutrinos
and pions [14]. Charged pions have a lifetime of τπ = 2.6 × 10−8 s in the lab frame. They
interact with protons with cross section σπp ∼ 5×10−26 cm2 and elasticity ξπp = 0.5 [14], and
with thermal photons with σπγ ∼ 10−28 cm2 and ξπγ ∼ 0.5, producing additional neutrinos
and pions that undergo further πp and πγ interaction. Notice that the πγ cross section
was estimated by σπγ ∼ σpγ (σπp/σpp). This cascade continues until min(tπγ , tπp) = γπ τπ.
Charged pions then stop interacting and decay into neutrinos via π± → e± +νe(ν̄e)+ ν̄µ+νµ.
One can then define a neutrino flux suppression factor as

fsup = min

1,

((
tπp
γπ τπ

)−1

+

(
tπγ
γπ τπ

)−1
)−1

 ∼ 6.5× 10−8 η−1κ−1
4 P−3

i,−3B15M
−5/2
ej,1 t43.5 .

(2.21)
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Assuming that cosmic rays follow dNCR/dECR ∝ E−p
CR , then the spectrum of the

neutrinos from the pion decay can be written as [14]:

E2
ν

dNν

dEν
∝

{(
Eν/E

had
ν

)(2−p)
if Eν < Ehad

ν(
Eν/E

had
ν

)(1−p)
e−Eν/(fν ECR) if Ehad

ν < Eν < ECR/4
(2.22)

where Ehad
ν ≈ 0.25 (tπp(ECR)/τπ) mπc

2 is the break energy for cosmic rays injected with
energy ECR. The neutrino flux is normalized by∫

Eν
dNν

dEν
dEν =

∫
3

8
ECR

dNCR

dECR
fsupfmesdECR . (2.23)

The total neutrino spectrum thus breaks for fsup = 1 at time

tν,b = 3.0× 105 s η1/4κ
1/4
4 P

3/4
i,−3B

−1/4
15 M

5/8
ej,1 . (2.24)

Inserting tν,b into equation (2.5), the break is found at energy

Eν,b = 1.2× 1017 eVAκ
3/4
4 η3/4P

−3/4
i,−3 B

−3/4
15 M

−5/8
ej,1 . (2.25)

For the two estimates above, we have assume that πp interactions are dominant over πγ, as
tπp < tπγ for our chosen parameters t3.5, B15 and Pi,−3. Note that most of the neutrinos
are produced by cosmic rays of 1018−19 eVs. The neutrino flux at the break energy from a
population of UHECR sources with birth rate <(D) at a given distanceD, can be estimated as

E2
ν,b Φν,b =

1

4π
<(0) fzDH

3

8
E2

CR

dNCR

dE
(tν,b) fsupfmes (2.26)

where DH is the Hubble distance corresponding to redshift zH, and the factor

fz ≡
1

DH

∫ zH

0

1

1 + z

dD

dz

<(D)

<(0)
dz . (2.27)

For a uniform source birthrate <(D) = <(0), fz ∼ 0.55, and for a source emissivity following
the star formation rate (SFR) as in ref. [64], fz ∼ 2.5. For magnetars, for which hadronic
interactions dominate, the diffuse neutrino flux can then be estimated as [14] (assuming
tsd � tν,b)

E2
ν,b Φν,b = 1.5× 10−8 GeV cm−2 s−1 sr−1 κ

3/4
4 P

−3/4
i,−3 η3/4B

−7/4
15 Z−1M

−5/8
ej,1

× fz
2.25

<(0)

1.2× 103 Gpc−3 yr−1
. (2.28)

We normalize the flux of neutrinos by setting the associated cosmic-ray flux to the
observed level. Assuming an energy loss length Dloss on the intergalactic backgrounds at a
given energy, the cosmic-ray flux can be estimated roughly as

ΦCR '
1

4π
E2

CR

dNCR

dECR
<(0)Dloss . (2.29)

At the cosmic-ray break energy, at time tCR,b = max(t∗pp, t
∗
pγ) ∼ t∗pγ , the cosmic-ray flux

thus reads

E2
CR,b ΦCR = 2.0× 10−12 GeV cm−2 s−1 sr−1AZ−1ηB−2

15 κ4 (2.30)

η
−3/5
th,0 P

1/5
i,−3M

−1/2
ej,1

<(0)

1.2× 103 Gpc−3 yr−1

Dloss

4000 Mpc
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Figure 2. Spectra of cosmic rays (left) and neutrinos (right) from a magnetar with surface mag-
netic field B = 1015 G and initial spin period Pi = 1 ms, comparing to measurements of the KAS-
CADE [58, 59] and the Auger Observatory [60], as well as the IceCube 5-year sensitivity [61, 62]. Only
hadronuclear interaction is taken into account, and the acceleration efficiency is set to be η = 1. In
both plots, analytical results from this work (blue) are comparable to numerical results from [16, 63]
(note that in the right panel, the black dashed line shows only neutrinos from primary cosmic rays).

In the majority of the parameter-space considered, ECR,pp . 1017 eV and we fall in a regime
where the energy-loss distance is close to the Hubble distance. Diffusion effects in the in-
tergalactic magnetic fields would alter the distance Dloss (see, e.g., [65–67]) significantly for
cosmic-ray energies & 1017 eV, then we take the corresponding Dloss as calculated in [10].

In figure 2 we show the cosmic ray and neutrino spectra from a magnetar with B = 1015

G and Pi = 1 ms calculated using the above methods. As a consistency check, we also show
the spectra calculated via numerical simulations [16, 63]. We find that the two approaches
produce comparable results.

The predicted flux is then compared with the observed cosmic ray flux Φob
CR. In our cal-

culation we take the measurements by KASCADE [58, 59] and the Auger Observatory [60].
Notice that the energy losses by interactions on the cosmic radiation fields during the propa-
gation from the source to the Earth further changes the spectrum. This change is not taken
into account here, as the dominant process at these energies are adiabatic losses.

As the main contributors to cosmic rays below 1017 eV are known to be most probably
not extragalactic, we thus only consider sources that have the energetics to go above this
energy, with E0 = 1017 eV. This will be indicated as a green dashed line in the top left corner
of our limitting contours in section 3.

In addition, we limit the upper bound of the birth rate of the sources to be no more than
20% of supernova birth rate RSN = 1.2× 105 Gpc−3 yr−1 [14, 68], which can be expressed

<(0) = min

(
Φob
CR

ΦCR
R0, 20%RSN

)
. (2.31)

2.5 Comparison between radiative and hadronic background effects

As both radiative and hadronic backgrounds evolve with time, the dominant process in
a pulsar also changes over time. The time tν,b when neutrino spectrum breaks due to the
ending of πp or πγ suppression (defined in equation (2.24)) serves as a good reference time for
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Figure 3. Interaction timescale ratios tpγ/tpp (colored contours) calculated at the break time tν,b
defined in Equation 2.24 (white contours showing log tν,b), for the parameter space (B,Pi), with
ηth = 1. The radiation field is dominant over the hadronic backgrounds for the fastest-spinning
neutron stars with sub-millisecond periods (green colors). For pulsars with periods more than ∼ 1
ms, hadronic interactions dominate at tν,b (red colors). The lower limit of the y-axis corresponds to
the minimum spin period of a neutron star, Pi,min ∼ 0.6 ms [69].

the system. Figure 3 presents the ratios tpp/tpγ (colored contours) calculated at tν,b (white
contours showing log tν,b), for the parameter space (B,Pi), with ηth = 1. The radiation
field is dominant over the hadronic backgrounds for the fastest-spinning neutron stars with
spin period less than ∼ 1 ms. This is because the higher rotational speed the star has, the
more energy can be converted to the thermal photons. To have hadronic interactions always
dominate over photopion interactions over the entire (P,B) parameter-space studied here, ηth
needs to be as low as ∼ 10−3. Our calculation here does consider super-luminous supernova.
For super-luminous cases, the radiation energy can reach 1051 erg, and the pγ process would
be more important.

Note however that this calculation assumes that the radiation background in the su-
pernova ejecta is isotropic. In the case of a jet-like structure, the radiation field would be
beamed and the corresponding photon energy experienced by the proton would scale with
1/Γ, Γ being the Lorentz factor of the jet. For lower dissipation efficiency into radiation and
beamed radiation, the contribution of the radiative background should be lower unless jet
emission is intense. It is thus likely that the hadronic interactions are dominant over a large
fraction of the parameter space that enables the acceleration of particles to UHE. This case
is discussed in section 4.

One caveat of this comparison assumes that accelerated cosmic rays undergo interactions
with radiative and baryonic backgrounds at the same time. However in a realistic picture,
cosmic rays would most probably interact with the thermal photons that fill the entire pulsar
wind bubble first, and then with baryons when they manage to go through the bubble. In
that case, the region filled with warm color in figure 3 should still be significantly impacted
by the photopion process.
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3 Parameter scan and the viable neutron stars

Figures 4 and 5 show the expected neutrino flux log10(E
2
ν,bΦν,b) emitted by populations of

neutron stars over the parameter space of (B,P ), considering only hadronic interactions
(figure 4) and both hadronic and photo-pion interactions (figure 5). In this parameter scan
we assume that neutron stars have an acceleration efficiency η = 1, ejecta mass Mej = 10M�,
and a source emissivity following a uniform distribution. In these plots we have calibrated the
source birthrate using cosmic ray observations. Specifically, for each point in the parameter
space, the birth rate of the neutron star population with characteristics (P,B) is calculated
so as to fit the measured cosmic ray flux at ECR,b, following eq. (2.31).

We first consider hadronic interactions in figure 4. The white contours present the
neutrino break energy Eν,b where the neutrino spectrum peaks, and the green contours
present the peak energies ECR,b of high-energy cosmic rays from the neutron stars. Eν,b
reaches 1018 eV in the parameter region of 1012 G < B < 1015 G and Pi < 0.6 ms. For larger
P and smaller B, Eν,b decreases because the star is less energetic. On the other hand, when
B > 1014 G, magnetars have a fast spin-down time while the system remains too opaque
for pions to decay, which results a cutoff on the neutrino peak energy. The dotted red line
delimits the region where neutron stars would emit a diffusive neutrino background that
exceeds the 5-year sensitivity of the IceCube Observatory.

Figure 5 depicts the same parameter region, but additionally takes into account the
radiation background in the pulsar winds. A thermalization factor of ηth = 1 is assumed for
this calculation. The radiation background does not change the neutrino break energy signif-
icantly. However, as the radiation field decreases much slower than the hadron background,
it causes the cosmic ray spectrum to break much later in time compared to the hadronic
case. As a result, the lower cosmic ray flux at ECR,b implies a higher normalization for the
neutrino flux, and a larger parameter region is constrained by observations.

In figure 6 we present the limit contours for a range of acceleration efficiency with η =
[0.01, 0.1, 0.5, 1]. For all four cases, we assume ejecta mass Mej = 10M�, no jet configuration,
and source emissivity following SFR. Both hadronic and radiation backgrounds with ηth =
1 are considered. We find no strong variation in cases with η ≥ 0.5. For η < 0.5, the
confinement area decreases for smaller η. Note that in the case η = 0.01, the maximum
cosmic ray energy accelerated by the pulsar wind can only reach 1018 eV.

4 In presence of jet-like structures

The confining pressure of the toroidal magnetic field could collimate the proto-magnetar
wind along its polar axis, and drive a jet that has the properties of long gamma-ray bursts
jets [44, 70–74]. Cosmic rays accelerated inside the proto-magnetar jet could then escape
through the pierced supernova envelope. The escape of nuclei through jets, taking into
account the radiative and baryonic background fields, has been studied numerically and
semi-analytically in the context of GRBs by ref. [40] and for proto-magnetar jets by ref. [75].

The collimation power becomes significant for values of the ratio of the Poynting flux
to the total energy at the termination shock of the wind, Ėmag/Ėtot & 0.2, at times t ∼
10− 100 s [72]. The conversion of magnetic energy into kinetic energy in relativistic outflows
at large radii are uncertain and might not allow the formation of a jet. Studies of the Crab
Pulsar wind nebula show indeed that Ėmag/Ėtot ∼ 10−2 at large radii [50, 76], but magnetars
could have different fates.
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Figure 4. The neutrino flux log10(E2
ν,bΦν,b) in GeV cm−2 s−1 sr−1 emitted by populations of neu-

tron stars with the same characteristic (B,P ), assuming acceleration efficiency η = 1, ejecta mass
Mej = 10M�, jet fraction fjet = 0 and source emissivity following a SFR evolution. The sources
birthrates are normalized via cosmic ray measurements. Only hadronic backgrounds is considered
for the interactions. Overlaid are the IceCube 5-year sensitivity limit [61, 62] (red dotted), cosmic
ray peak energies ECR,b (black dashed), and neutrino break energies Eν,b (white). We only consider
parameter region below the green dashed line, which encloses sources that can produce cosmic rays
above 1017 eV. The parameter space below the red dotted line is excluded.

Figure 5. Same as figure 4, but considering both hadronic and radiative backgrounds. For the
radiative background, we assume ηth = 1, and the thermal component dominants over the non-
thermal component (see section 2.2 for details).
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Figure 6. Limiting contours for different acceleration efficiency η = 0.01, 0.1, 0.5, 1. As in the previous
plots, the parameter space below the contours is excluded by IceCube. All cases assume ejecta mass
Mej = 10M�, no jet and source emissivity following SFR evolution. The sources birthrates are
normalized via cosmic ray measurements. Both hadronic backgrounds and radiative backgrounds
assuming ηth = 1 are considered for the interactions.

Reference [13] also proposed that the supernova ejecta could be disrupted by the mag-
netar wind. Such phenomena have never been observed, neither in magnetar envelopes, nor
in rotation-powered pulsar envelopes.

We parametrize the uncertainties of these escape scenarios by introducing the quantity
fjet, that gives the fraction of accelerated particles that can escape without crossing a dense
environment. Note that in the jet scenario we still assume that all particles get accelerated in
the pulsar magnetosphere, so particles injected off the jet-axis will still undergo interactions
with the rest of the ejecta that has not been pierced.

The flux of cosmic rays escaped from jets is compared to the observed cosmic ray flux,
putting an extra constraint on the magnetar birth rate, in addition to that from the cosmic
rays leave from the non-jet region after interactions:

<(0) = min

(
Φob
CR

ΦCR,sp
R0,

Φob
CR

ΦCR,jet
R0, 20%RSN

)
(4.1)

where ΦCR,jet = fjetE
2
0 dN/dE<(0)Dloss/4π is the cosmic ray flux from the jet region peaking

at E0, while ΦCR,sp = (1− fjet) ΦCR is the flux from the non-jet region peaking at ECR,b.

Figure 7 presents the neutrino flux over the parameter space assuming a jet fraction
fjet = 0.1. The parameter region with B > 1014 G and P < 10 ms is significantly impacted.
The reason is that the jet allows the escape of UHECRs accelerated by the fast-spinning
magnetars in this region, which poses a strong limit on the star burst rate due to their low
flux. The constraints on magnetars with larger spin periods still hold.
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Figure 7. The neutrino flux log10(E2
ν,bΦν,b) in GeV cm−2 s−1 sr−1 emitted by populations of neu-

tron stars with the same characteristic (B,P ), assuming acceleration efficiency η = 1, ejecta mass
Mej = 10M�, jet fraction fjet = 0.1 and source emissivity following SFR. The sources birthrates are
normalized via cosmic ray measurements. Both hadronic backgrounds and radiative backgrounds as-
suming ηth = 1 are considered for the interactions. Overplotted are the IceCube sensitivity limit (red
dotted), cosmic ray peak energie Ecr,peak (black dashed), and neutrino break energies Eν,b (white).
The parameter space within the red dotted line is excluded.

Figure 8 shows the limiting contours for different jet fractions with fjet =
[0.001, 0.01, 0.1, 0.5]. η = 1 and source emissivity following SFR have been assumed for
all cases. As expected, when fjet � 1, the results get back to cases without any jet config-
uration. The parameter space is less confined with a large fjet, as most cosmic rays escape
without producing neutrinos. Interestingly, the most standard magnetars remain excluded
even with a large jet fraction.

5 Discussion, conclusions

In this work we have constrained magnetars as sources of cosmic rays above 1017 eV, by
comparing their expected neutrino production to the observational limits measured by the
IceCube Observatory. We have considered particle interactions with both radiative field
in the pulsar wind nebula and the hadronic backgrounds of the supernova ejecta. High-
energy neutrinos provide a powerful tool to probe very high-energy cosmic-ray acceleration
hidden in supernova ejecta [14]. Assuming a proton cosmic ray composition, we find that the
assumption of magnetars being the dominant high-energy cosmic ray sources is mostly ruled
out by the IceCube upper limits on the diffusive neutrino background, unless the ejecta mass
is much smaller than in a typical core-collapse supernova, or a large fraction of cosmic rays
can escape without significant interactions from the jet-like structures piercing the ejecta.

Throughout the work we have assumed that cosmic rays are mostly composed of protons.
If cosmic rays are instead nuclei with mass number A, their meson production efficiency from
interactions with hadronic backgrounds would decrease by fmes,Np ∝ A−1/3 [30], while that
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Figure 8. Limiting contours for different jet fraction fjet = 0.001, 0.01, 0.1, 0.5. Like previous plots,
the parameter space within the contours is excluded by IceCube. All cases assume ejecta mass
Mej = 10M�, η = 1 and source emissivity following SFR. The sources birthrates are normalized via
cosmic ray measurements. Both hadronic backgrounds and radiative backgrounds assuming ηth = 1
are considered for the interactions.

from the photodisintegration drops to fmes,pγ ∝ A−1.21 [77]. On the other hand, as eq. (2.5)
shows, nuclei would be accelerated at much later time than protons at the same energy. As a
result, the environment would be less dense and particles could escape with higher energies
compared to the proton scenario. In the end we would expect less neutrino production and a
less constrained parameter space if cosmic rays have a heavy composition. However, we note
that a large number of higher-order products, including secondary mesons and neutrinos,
would also result from the Np and Nγ interactions and thus help to constrain the parameter
space. Indeed, as ref. [30] shows, there is no significant difference between the neutrino flux
produced by protons and iron nuclei primaries, if considering only hadronic interactions.

In section 4, we showed that the presence of jets in magnetars enabling the escape
of UHECRs can help remove the tension between their EeV neutrino productions and the
observation. In particular, we demonstrate that if 10% cosmic rays can leak from the jet
structure, fast-spinning magnetars shift outside of the exclusion region due to the IceCube
limits, as the low UHECR flux ensures a rare magnetar birth rate.

With equation (2.31) we have assumed that the birth rate of the sources is no more
than 20% of normal supernova birth rate. This upper limit could be over-estimated for fast-
spinning magnetars. [78] showed that fast-spinning strongly magnetized pulsars could lead
to superluminous supernovae, which are found to be as rare as 0.01% − 0.1% normal core
collapse events [79]. A much lower birth rate could help remove the constraints on fast-
spinning magnetars as sources of high-energy neutrinos, but the conclusion that magnetars
cannot be the dominant sources of cosmic rays above 1017 eV still holds.
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Reference [80] suggested that neutron stars at birth have spin periods that follow a nor-
mal distribution with mean 300 ms and standard derivation 150 ms, and the log of their dipole
magnetic fields that follow a normal distribution with mean 12.65 and standard derivation
0.55. Here we have ignored the effect of such a distribution as we aim to separate the contri-
bution from different parts of the parameter space. In particular, we focus on magnetars in
this work, and it is not obvious that these objects present such a distribution. Cosmic ray
and neutrino productions from a cumulation of neutron star population following a (P,B)
distribution can be found in [17, 30]. We stress that the conclusions of these works (that
focus on mildly magnetized pulsars) are not in contradiction with the present paper, because
of the population distribution and the injection of a non-proton composition.
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