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Abstract. Despite efforts by many researchers, the inter-
pretation of the “knee” in the cosmic ray spectrum atE ≈
1015.5eV remains controversial. We propose that this fea-
ture in the cosmic ray spectrum may be due to the interac-
tion of cosmic rays with massive neutrinos in the halo. The
required cross section is assumed to be larger than that pre-
dicted by the Standard Model and due to a neutrino magnetic
dipole moment. The position of the knee is determined by
the neutrino mass. The values for the neutrino parameters
obtained from the analysis of existing experimental data can
be compatible with present bounds, making this an attractive
explanation of the knee which can be confronted with future
experiments.

1 Introduction

The cosmic ray spectrum can be described by a power law of
the formE−γ in a large energy range. There are three distinct
ranges characterized by different values of the spectral index.
Around 1015.5eV , in the so called “knee” region, the spec-
trum steepens and the spectral index changes from 2.75 to 3.
Between1017eV and1018eV the energy spectrum steepens
again, presenting a second “knee” where the spectral index
increases from 3.0 to 3.3. At higher energies the “ankle”
appears where the spectrum flattens and the spectral index
decreases. However, this region extending to3.0 × 1020eV ,
γ is measured with very large errors due to poor statistics.
The need for good quality data and enough statistics in the
upper-end of the spectrum is evident. The first change in the
slope, the “knee”, was first reported in 1959 (Kulikov and
Khristiensen, 1959) and later by other experiments (Nagano,
1984; Danilova, 1993; EAS-TOP Coll., 1995; Amenomori,
1996; Chudakov, 1997; Glasstetter, 1997), and the origin of
this feature is not yet understood despite the good statistical
accuracies in this energy range. This fact has motivated new
experiments with novel detection techniques in order to try
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to understand the origin and nature of these events (Pierre
Auger Observatory Design Report, 1997).

There exist strong arguments based on the universality of
spectral indices, isotropy and the total integrated energy sup-
porting the widely accepted idea that below3.0×1018eV the
cosmic ray (CR) particles are accelerated in energetic galac-
tic objects such as supernova explosions. The most straight-
forward interpretation of the spectrum features is then that
they are due to contributions from different types of sources.
The most popular models describe the knee as a change in the
sources from Type I to Type II SN and/or to changes of the
particle acceleration efficiency as a function of the electric
charge (Lagage and Cesarsky, 1983; Druri et al., 1994; Pe-
ters, 1961). These models predict a transition of the compo-
sition from proton (or light-nuclei) to iron(or heavy-nuclei)
dominated primaries.The observed isotropic arrival direction
can be attributed to a diffusion process to the galactic mag-
netic field. There are other proposals that associate the changes
of the spectral index to the reduction of the efficiency of
the galactic magnetic fields to confine the CR’s (Syrovatsky,
1971; Wdowczyk and Wolfendale, 1984; Ptuskin et al., 1993).
It has been also suggested that the “knee” represents a change
in the characteristics of hadronic interactions since the avail-
able interaction models are not able to predict the measure-
ments of all observables satisfactorily. However, observa-
tion of the “knee” in different EAS components do not seem
to show the sorts of contradictions that might suggest new
physics in these interactions. An alternative explanation of
the “knee” is that of Erlykin and Wolfendale. They claim ob-
servational evidence for a complicated structure at the “knee”
region which could be attributed to a recent nearby supernova
(Erlykin and Wolfendale, 1997, 1999, 2000).

Alternatively, several models have been proposed for the
origin of UHECR beyond the predicted GZK cut off. Among
them the most conventional solution is the annihilation of
UHE neutrinos with massive relic neutrinos clustered into
large galactic halos where they constitute an important hot
dark matter component (Weiler, 1982; Roulet, 1993; Fargion
et al., 1999; Yoshida et al, 1998; Waxman, 1998). The sce-
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nario, however, is controversial as the number of neutrinos
needed would be close to the total luminosity of the uni-
verse. It is clear that more theoretical studies as well as high
statistics collected by new experiments are needed to provide
convincing evidence of a dark neutrino halo, and to estimate
neutrino masses using this kind of model.

In this letter we propose a new explanation: that the “knee”
might be due to high energy cosmic rays losing energy due to
interaction with massive neutrinos in the galactic halo. The
usual weak interaction cross sections are too small to produce
the observed structures, but once the possibility of a nonzero
rest mass is included, a magnetic dipole moment can also
be present, and can, in principle, dramatically increase the
inelastic neutrino-nucleon cross section.

2 Thep− ν cross section

In order to calculate the inelastic neutrino-proton cross sec-
tion in the relevant kinematic regime, we use the parametriza-
tion of the measured quasielastic (i.e. including, and domi-
nated by the∆) cross section from (Mo and Tsai, 1969) and
adapt it to the case of a neutrino with a magnetic moment.
This necessitates replacing the usual electromagnetic cou-
pling−ieγµ with the appropriate derivative couplingκ2mν

σµνq
ν

wheremν is the mass of the neutrino andκ its magnetic mo-
ment. A reasonably straightforward calculation described in
more detail elsewhere then gives the required cross section
as a function of bothnν andκ.

3 Effects of Massive Neutrinos with Magnetic Moments
on Cosmic Rays

To determine the effect of the energy loss due to proton-
neutrino interaction on the CR spectrum we must first obtain
the mass of the neutrinos. We assume that the sharp fea-
ture of the “knee” in the spectrum gives the threshold energy
for the proton-neutrino process - a sort of weaker, lower en-
ergy version of the GZK effect.mν is then obtained from
the kinematics of thepν interaction, considering single pion
production from a nucleonN :

ν + N → ν + ∆, ∆→ N + π (1)

Fixing the threshold energy for the pion production atEp =
3 × 1015eV and analysing the point at which the interaction
begins to be relevant, one findsmν = 100 eV. Such a mass
is clearly ruled out for the electron neutrino, but still open
for the muon or tau neutrinos, or some heavier neutrino or
neutrino-like particle. Required values for the magnetic mo-
ment will further constrain the candidate neutrino species as
discussed later in this paper. More sophisticated fits are in
preparation and will be presented elsewhere.

Relatively low mass neutrinos are expected to cluster into
large galactic halos and this has led to the possibility of their
playing an important role as hot dark matter. In fact, the
gravitational clustering of relic cosmic neutrinos in the HDM

halo is more efficient for heavierντ or νµ (Zel’dovich et al.,
1980). The uncertainties in the parameters that describe the
dark halo, core radius, local density, spatial extent and shape,
are large because observations do not tightly constrain it. In
order to estimate the neutrino number density in the galactic
halo we used the favoured halo mass distribution model from
(Dehnen and Binney, to appear) where the halo is described
by the spheroidal density distribution

ρ = ρ0 (
m

r0
)−γ (1− m

r0
)γ−β exp(

−m
r2
t

) (2)

with,

m = (R2 + q−2 z2)
1
2 (3)

where the parameters were fitted to observational data with
q fixed to 0.8. This distribution allows us to determine the
neutrino number densitynν assuming a uniform distribu-
tion of neutrinos in a core of 10 kpc, which resultsnν =
1.5×108cm−3 for the calculated value ofmν = 100 eV. This
value for the number density is compatible with the bounds
of neutrino clusters in the galactic halo due to the Pauli exclu-
sion principle and the Tremaine-Gunn phase-space density
constraint (Tremaine and Gunn, 1979), which implies that
if neutrinos constitute all dark matter in galaxies then their
masses should be larger than 100 eV.

4 Propagation effects

In a previous paper, we studied the effect of the universal ra-
diation field on UHECR. We use now a similar approach to
calculate the implications of the interaction of galactic CR’s
with an assumed density of massive neutrinos in the galactic
halo. In spite of the fact that the neutrino-proton cross sec-
tion atE ≈ 1015eV is rather small, the energy loss rate is
enhanced if the massive neutrinos cluster in the galaxy. Al-
though the photo-pion cross section is large, this process is
highly suppressed due to the low density of starlight photons.
The energy loss due to interactions with massive neutrinos in
the halo is determined by the integral of the nucleon energy
loss per collision multiplied by the probability per unit time
for a nucleon collision moving through the neutrino back-
ground.

dE/dt =
c

γ

∫ wm

0

dwoK(wo)σ(wo)n (4)

wherew stands for the neutrino final energy in the proton
rest frame,n is neutrino density,σ the p − ν cross section
calculated above, andK is the average energy loss of the
nucleon in the collision.

The numerical integration of equation (4) is finally per-
formed where the neutrino mass, the corresponding magnetic
dipole moment and the propagation time are the parameters
appearing in the interaction. In order to study the modifica-
tion of the CR spectrum we use the balance equation which



1782

Fig. 1. Fit to the cosmic ray flux spectrum derived by KASCADE
with a proton and an iron component.

takes into account the conservation of the total number of
nucleons in the spectrum.

∂N

∂t
=
∂[bN ]
∂E

+D ∇2N +Q (5)

whereb(E) is the mean rate at which particles lose energy.
The diffusion effect due to galactic magnetic field is usu-
ally included in the balance equation by a term of the form
D ∇2N . In the present paper we take into account the diffu-
sion in the galaxy by calculating the galactic residence time
for CR’s. It is worth noting here that there exist bounds
on residence time values for CR particles in this energy re-
gion. The third term corresponds to the particle injection
rate into the volume which is considered to have a power
law Q = KE−γ . The solution of this equation can be ob-
tained in the same manner than in reference [Anchordoqui et
al. (1997)]. The parametrization ofb(E) does not allow for a
complete analytical solution. However, using the change of
variables

t̃ =
∫ Eg

E

dẼ

b(Ẽ)
, (6)

with Eg = f(E, t̃) anddt̃ = dEg/b(Eg) we obtain,

N(E, t) =
κ

b(E)
E−γg b(Eg) (7)

5 Results and Discussion

The energy loss mechanism proposed here is controlled by
3 parameters: the neutrino mass, the neutrino magnetic mo-
ment, and the residence time in the volume under consider-
ation, which includes the galactic disk and halo. The mass

of the neutrino is determined from simple kinematics by the
position of the “knee”. The residence time is calculated from
a diffusion model with a containment volume which extends
out ∼ 10kpc from the core. A simple calculation consid-
ering diffusion from the galactic plane and the same diffu-
sion coefficient in the whole volume yields a residence time
t = 3× 108y. That leaves one free parameter - the magnetic
momentk, which controls the steepening of the spectrum at
the “knee”.

In the present work we use the high statistics KASCADE
data as presented in [(KASCADE COLL., 2001) in order to
estimate the magnetic moment of the neutrinos in the halo.
Fig. 1 shows the total cosmic ray differential flux as mea-
sured by KASCADE together with the modified total energy
spectrum which is obtained from a sum of a proton compo-
nent (abundance≈60%) plus an iron component, both with
spectral indexγ = 2.8 and a value ofk = 5 × 10−6µB ,
whereµB is the Bohr magneton. We consider a simple su-
perposition model to estimate the energy losses suffered by
iron nuclei in their interaction with the neutrinos in the halo.
It is evident, in this case, that any effect in the iron spectrum
should be present at higher energies scaling with A. It is in-
teresting to note that the corresponding cutoff for the heavy
component is expected above1017eV in agreement with the
observed “second knee” observed in the data (Nagano et al.,
1992).

It should be mentioned at this point, that the analysis per-
formed by the KASCADE collaboration shows that the “knee”
is dominated by the light component (70 %) of the CR. Be-
sides an energy dependent mass composition was obtained
favouring a decrease of light elements above the “knee”. It
was also shown that the light and heavy mass groups have
comparable slopes up to the “knee” region, but beyond this
energy the light component increases the slope. Actually, the
heavy mass composition shows no significant “knee” with a
constant indexγ. It can be seen from Fig. 1, that the ob-
tained modified spectrum successfully reproduces the KAS-
CADE data in the region of the sharp “knee” and that the
abundances correspond with those estimated by the collabo-
ration. The differences between the predicted and observed
fluxes over1016eV may be attributed to the fact that in a
more rigorous calculation the leakage of cosmic rays from
the galaxy cannot be completely neglected, while we assume
here, as a first approximation, that the residence time is con-
stant at all energies. It should be emphasized that, as men-
tioned in (Erlykin and Wolfendale, 2001), the sharpness of
the “knee” in the spectrum cannot be explained by smooth
analytic effects of a transition between a regime dominated
by diffusive propagation in the galactic magnetic field and
ones in which the escape of cosmic rays from the galaxy are
suppressed (galactic modulation models).

In summary then, we have considered the effect of CR par-
ticles interacting with massive neutrinos in the halo as an ex-
planation of the “knee” in the cosmic ray spectrum. We have
developed a novel approach which allows us to obtain infor-
mation about the properties of relic neutrinos in the galactic
halo, as well as about their masses and magnetic dipole mo-
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ments. We are able to reproduce the Kascade data around the
“knee” with a mixed composition of protons and iron nuclei,
with a sharp cutoff in the light component which is compat-
ible with experimental data. Results of detailed fits will be
presented elsewhere, together with discussions of the possi-
bilities for earth-based accelerator experiments to study such
neutrinos (or perhaps other massive candidate particles). So
far, the best fit results are not far from the present limits set
at accelerators (5 × 10−7µB), making future prospects very
interesting indeed!
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