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Chapterr 1
Cosmicc ray acceleration and
neutrinoo production
Thee motivation for the attempts to detect cosmic neutrinos is related to the present (lack
of)) knowledge on high energy Cosmic Rays (CRs). The very high energies these particles
cann reach suggest that some astrophysical objects are capable of particle acceleration up to
highh energies. However, the sources of thee CRs cannot be directly identified, because their
directionss are randomised by the (inter-)galactic magnetic fields. One way of identifying
CRR sources is via detection of neutrinos produced by interactions of CR in or around the
source. .
Sectionn 1.1 contains a brief discussion of CRs and the mechanism by which they may
bee accelerated. This is relevant because the question of the CR origin is one of the main
motivationss for the search for point sources of high energy cosmic neutrinos, but also
becausee the CR spectra at the source are an ingredient for models of neutrino production.
Somee aspects of these models and candidate neutrino sources are the topic of section 1.2.
AA more extensive discussion of CRs and neutrino production can be found in e.g. [7] and
[8]. .

1.11

Cosmic rays

Highh energy protons and nuclei are detected directly by experiments on board satellites
andd balloons and indirectly by observing the extensive air showers they cause in the
Earth'ss atmosphere. The measured flux of high energy protons and nuclei impinging on
thee Earth's atmosphere is shown in figure 1.1. The energies of the particles span many
orderss of magnitude, up to energies above 1020 eV. The differential flux can be described
byy a power law:

wheree 7 is the spectral index. The measured value of 7 changes from about 2.7 to about
3.00 at an energy of roughly 3 x 10 15 eV. This feature is known as the 'knee' of the spectrum.
Att energies of about 3 x 10 18 eV, the spectral index changes again to a value of about 2.7.
Thiss feature is known as the 'ankle'.
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Figuree 1.1: The all particle spectrum of cosmic rays taken from [9].

Forr a relativistic particle with electric charge q and energy E in a magnetic field B, the
radiuss of gyration is given by the Larmor radius RL = E/qB. In the Galactic magnetic
fieldd protons with energies up to 10 18 eV have a Larmor radius which is smaller than the
sizee of the Galaxy and can remain confined to the Galaxy. Up to these energies, CRs are
thereforee thought to have a Galactic origin. The flattening of the spectrum at the ankle
mayy be associated with the onset of the extra-Galactic component.

1.1.11

Shock acceleration

Thee mechanism most likely responsible for accelerating particles up to observed CR energiess is known as 'shock acceleration' or 'first order Fermi acceleration' (see [7] or [10]
forr more details). This process occurs when two plasmas collide, forming a shock at the
boundary.. In this model, particles are magnetically confined to the source and they are
elasticallyy scattered by magnetic irregularities that are frozen into the plasma. On both
sidess of the shock front, the scattering will result in an isotropic velocity distribution of
thee particle with respect to the local medium. Figure 1.2 depicts the situation in the
'lab'' frame, where the shock propagates through the stationary interstellar medium with
velocityy V„. The velocity u of the matter behind the shock is related to the shock velocity
byy hydrodynamics. In case the shock speed is much larger than the speed of sound in the
plasma,, the relation is [10]
uu = \vs.

(1.2)

Whenn a relativistic particle with energy E\ crosses the shock front from the unshocked to
thee shocked medium at an angle 6\, its energy in the rest frame of the shocked medium is
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This energy will not change in the elastic
E[E[ = TEi(l + - cosöi), where T = (1 — \)~ï.
scattering.. When the particle enters the unshocked medium again, under an angle 9'2 as
measuredd from the shocked medium, its energy is
EE22 = r 2 £ ' 1 ( l +u u- cos6*0(1 +a a- c o s 0 £ ) .
cc
cc

(1.3) )

Forr isotropic fluxes, average values of cos^i and cos9'2 for particles crossing the shock
frontt are (cose1!) = (cos 6*2) = 2/3. The average fractional energy increase e is thus given
by y
__ / AE \ _ E2 - Ex _ 4 u _ Vs
(1.4) )
3c c
EEx x
\\ E I
wheree terms of order \ are neglected. Thus, the energy of the particle is increased by a
constantt factor every time it goes back and forth over the shock front.

magg nette

shockedd medium

unshockedd medium

Figuree 1.2: Cartoon of the shock acceleration mechanism.
A particle moves from the
unshockedunshocked medium, which is at rest in this picture, into the shocked medium, where it
elasticallyelastically scatters on the irregular magnetic Belds. When returning back to the unshocked
medium,medium, the particle has gained a fraction Vs/c of its original energy.

Particless are advected away from the shock region together with the shocked material
withh velocity Vs/A. The number of particles escaping from the source per unit time and
areaa is therefore pVs/A, where p is the density of cosmic rays. The flux of particles crossing
thee shock back into the unshocked medium follows from the projection of an isotropic flux
onn the plane of the shock front. It is given by cp/A. The probability that a particle escapes
fromm the shock region by advection instead of crossing back into the unshocked medium, is
thereforee PeSc = Va/c. The combination of a constant increase in energy e with a constant
escapee probability PesC, gives rise to a power law spectrum:
dN dN
o c £ -~dE ~dE

ln(l-fW) )

(1.5) )
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Neutrinos

Thee values of P^ and e derived above are both much smaller than one and lead to a value
forr the spectral index of 7 = 2. More detailed calculations indicate that values between
2.11 and 2.4 may be more realistic [6]. Nevertheless, many models of neutrino production
assumee a 'generic 1 spectrum of protons proportional to E~2.
Thee acceleration stops when the particles can no longer be confined to the source
regionn by the magnetic field, when the energy loss via synchrotron radiation or inelastic
interactionss becomes comparable to the energy gain from the acceleration process, or
whenn the shock decays.
T h ee observed CR spectrum is steeper than the typical spectra predicted by the shock
accelerationn mechanism. This can be explained by models of CR propagation through the
galaxy,, wdiich predict that high energy CRs have a higher probability to escape from the
Galacticc magnetic field. The remaining particles therefore have a steeper spectrum. For
extra-Galacticc sources, the steepness of the observed spectrum is influenced by redshift
andd the GZK effect [11] [12]. The expected shape of the spectrum at very high energies
thereforee depends on the distribution of CR sources in the universe.

1.22

Neutrinos

Thee sources of CRs can not be identified easily, since the directional information of the
particless is lost as they propagate through the (mter-)galactie magnetic field. Instead,
thee sources could be identified by observing neutrinos that are produced in interactions
off CRs in or near the source.

1.2.11

Neutrino production

Modelss of neutrino production rely on interactions of accelerated protons {or nuclei) with
photonn or matter fields in or near the accelerating astrophysical objects. In these interactions,, charged and neutral pions are produced:
pp + 7 o r p

:t

+ N27T° + X,

(1.6)

wheree A7 « Ar2. The charged pions then decay to give neutrinos, while neutron pions
decayy into photons:
7T++

—

fl+ + v^ -> e + + ve + v^ + 9^

7T~~

-*

fJL~ + Up —> e~ + Ve + l/p + Up

(1.7)

7T°° —> 7 + ").
Thee exact value of the ratio between the number of charged and neutral pions depends
onn the type (p or 7) and on the centre of mass energy, but the numbers of produced
photonss and neutrinos 1 are always roughly equal [13]. The fluxes of neutrinos and high
energyy photons are therefore closely related. In many environments, however, the high
energyy photons from the 7r° decay initiate electro-magnetic cascades via the production
off e + e _ -pairs. The result is that the energy of the photons is emitted as non-thermal
11
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Since neutrino telescopes can not distinguish between v and £>, this distinction is not made.
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radiationn at lower energies (where the cross section for pair production has decreased to
thee point where photons can escape). As a result, only the bolometric (i.e. integrated
overr energy) fluxes of photons and neutrinos are related. Many models of the neutrino
fluxesfluxes are therefore normalised to (some fraction of) the X-ray or gamma ray luminosity
off the source. It should, however, be noted that this is not a very robust procedure, since
non-thermall radiation can also be generated through synchrotron radiation of electrons
(inn which case no neutrinos are predicted).
Thee shape of the neutrino spectrum is calculated from the shape of the spectrum of
thee interacting protons, which is almost always taken to be proportional to E~2, and
fromm the spectrum of the target photons or protons. Near the pion production threshold,
interactionss with photons occur predominantly via the A + resonance:
pp + 7 -> A + -» 7r+ +n,

(1.8)

whichh establishes a relation between the energies of the interacting photon and proton:
AEAEPPE^E^ = c\Ml

- M2p).

(1.9)

Forr high proton energies, roughly 20% of the proton energy is transferred to the pion and
thee neutrinos finally acquire about 5% of the proton energy. The neutrino spectrum thus
followss the distribution of the energy of the interacting protons, which can be calculated
byy computing the number of pq pairs available for A production. The relevant photon
spectraa are often known from observations. For a sharply peaked photon spectrum, as is
thee case for a thermal radiation field, the neutrino energy spectrum follows the shape of the
protonn spectrum {E~2). In many sources, the target photons are non-thermal and have a
(broken)) power law spectrum, which results in a break in the predicted neutrino spectrum.
Iff interactions with protons dominate, the centre of mass energy is virtually always above
thee pion production threshold and the produced spectrum of neutrinos follows the proton
energyy spectrum (see e.g.[14]).

1.2.22

Candidate neutrino sources

Manyy astrophysical objects exhibiting non-thermal photon spectra, which hints at particle
acceleration.. If hadrons are accelerated in these objects, they could be sources of high
energyy neutrinos. A number of candidate sources is discussed below.
A c t i v ee G a l a c t i c N u c l e i : Active Galactic Nuclei (AGN) are objects associated with the
centress of galaxies. The amount of energy released by these objects as non-thermal
radiationn exceeds that of any other type of object known. The energy is thought to
bee provided by the gravitational energy of matter falling onto a super-massive (10 8
Solarr masses) black hole. In some cases, AGNs are observed to emit relativistic jets.
Modelss exist for neutrino production in both the accretion disk, where the target
forr photomeson production is provided by thermal photons, and in the jets, where
thee target can also consist of synchrotron photons [15]. Neutrino production in jets
iss particularly interesting if the jet axis is oriented along the line of sight. Such
objectss are called blazars.
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G a m m aa ray bursts: Gamma ray bursts (GRBs) are short, very luminous eruptions of
MeVV photons. The observed radiation is believed to be produced by electrons that
aree accelerated by shock waves in relativistic (T pa 300) jets. It is suggested in [16]
thatt protons accelerated in GRBs may be responsible for the highest energy CR,s.
Iff protons are indeed accelerated in GRBs, the MeV photons provide a target for
photomesonn production [17]. In this model, the neutrino flux is thus normalised
too the CR flux and may be detectable by ANTARES (see section 6.6). There is
recentt evidence that GRBs are associated with supernovae [18]. If the GRB and
supernovaa occur simultaneously, neutrinos are also generated while the GRB jet is
stilll burrowing its way through the stellar envelope [19].
S u p e r n o v aa R e m n a n t s : The matter ejected in supernova explosions collides with interstellarr matter, forming a shock wave at. which particle acceleration may occur. These1
supernovaa remnants (SNRs) are thought to be responsible for the production of the
bulkk of the CRs with energies up to about 10 15 eV. Interactions of CRs with ambient
matterr are expected to produce neutrinos and gamma rays via decay of charged and
neutrall pions. Indeed, a number of SNRs have been observed to emit gamma rays
off energies up to the TeV range. For one SNR, it has been claimed that the TeV
gammaa spectrum is indicative of 7r° decay [20], which would be evidence for the
accelerationn of protons. However, such claims are controversial [21] and models that
explainn the TeV emission by inverse Compton scattering of accelerated electrons on
ambientt photons are not considered obsolete.
Inn a sub-class of SNRs, a rapidly spinning neutron star, which is the residue of
thee progenitor star, fills the SNR with a 'pulsar wind' consisting of electrons and
positronss emitting strong synchrotron radiation. Such configurations are called plerions.. Acceleration of protons and nuclei could take place at shocks in the pulsar
windd [7]. Alternatively, the magnetic field configuration of a rapidly rotating neutron
starr could lead to acceleration of protons and nuclei [22], The supernova remnant
wouldd provide a target for these particles. The neutrino fluxes are usually predicted
byy assuming that (part of) the observed gamma ray flux is produced by the decay
off 7T°s, which should be produced in roughly equal amounts as 7r s, which produce
neutrinoss [23] [24].
M i c r o q u a s a r s :: Microquasars are Galactic X-ray binary systems, which exhibit relativisticc jets. They are believed to consist of a central stellar mass black hole or neutron
starr that accretes matter from a companion star. Microquasars thus resemble AGNs,
butt on a much smaller scale. If, in addition to electrons, hadrons are accelerated in
thee jet, interactions with the synchrotron photons produced by accelerated electrons
wouldd lead to neutrino production [25]. In [26] neutrino fluxes and event rates are
predictedd for a number of Galactic microquasars. Some of them may be detectable
byy ANTARES as will be shown in section 6.6.
Figuree 1.3 shows a compilation of flux predictions for point-like sources of neutrinos,
takenn from [6]. In section 6.6 we will comment the sensitivity of ANTARES to these
fluxes. .

10 0

1.2..

Cosmicc ray acceleration and neutrino production

10 22

10 3

10 4

10 5

10 6

Neutrinos

10 7

EE (GeV)
Figuree 1.3: Summary of neutrino flux models for point sources of v^s. The diffuse atmosphericmospheric neutrino flux and the flux of CR neutrinos from the Galactic disc have been
integratedintegrated over a 1° x 1° solid angle. (T) AGN core model (with pp interactions) by Nellen
et.et. al. [14] for 3C273 or similarly for Mrk501 during its bursting phase in 1997, if it emits
halfhalf of the TeV gamma ray flux in neutrinos. (2) Stecker and Salomon [15] for 3C273 due
toto p7 interactions. © Mannheim [27] model for the jet of 3C273. @ Colafrancesco et al.
[28][28] model for the Coma cluster of galaxies. © Bednarek and Protheroe [29] model for
thethe Crab nebula. © Ingelman and Thunman [30] model for neutrinos produced by CR
interactionsinteractions in the Sun. (7) Gaisser et al. [31] model for SNR IC443. © idem for 7 Cygni.
@@ Atoyan et al. [32] model for SNR CasA. Figure taken from [6[.

1.2.33

Other sources of neutrinos

Detectionn of cosmic neutrinos produced via proton acceleration is the main goal of large
neutrinoo telescopes such as ANTARES, but other sources of neutrinos are known to exist.
Inn addition there are some speculative sources that could provide an interesting neutrino
signal.. The most important sources of neutrinos are listed below.
A t m o s p h e r i cc neutrinos: Cosmic rays interact in the Earth's atmosphere, producing a
showerr of particles. In this shower, neutrinos are produced through the decay of
chargedd pions (and also kaons and charmed mesons). The resulting neutrino flux
dominatess any (hypothetical) cosmic neutrino flux at low energies. Thousands of
thesee neutrinos will be detected by ANTARES.
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C o s m i cc ray n e u t r i n o s from t h e Galactic disc: Diffuse CRs propagating through the
Galaxyy will interact with the interstellar medium and produce gamma rays (from
7T°)) and neutrinos (from TT^ decay). As a result, one expects part of the neutrino
fluxflux to be correlated with the matter density in the Galaxy.
G Z KK neutrinos: If the highest energy CRs are produced at cosmological distances and
thee GZK effect exists, the energy lost by the protons will be converted into neutrinos
andd photons of very high energy. Only the neutrinos can propagate further and can
bee detected. Having very high energies and a flux comparable to the flux of the
highestt energy CRs, they could be detected by experiments like AUGER [33].
N e u t r i n o ss from dark m a t t e r annihilation: There is evidence that a large fraction of
thee matter in the Universe must be non-baryonic. One possibility is that this matter
consistss of WIMPs (weakly interacting massive particles), which may be associated
withh the particles predicted by supersymmetric extensions of the Standard Model.
Thee supersymmetric partners of the Higgs and gauge bosons combine into mass
eigenstatess called neutralinos. The lightest neutralino could be stable, which would
makee it a viable dark matter candidate.
Neutralinoss produced shortly after the big bang, may become gravitationally bound
too astrophysical objects like the Sun, Earth or the Calactic centre, where they lose
energyy in elastic interactions with ordinary matter. The result is a dense population
off neutralinos, which may then lead to annihilation. Depending on the properties
off the neutralino, the annihilation produces a mix of gauge and Higgs bosons and
heavyy fermions, which subsequently decay. Among the decay products are gamma
rayss and neutrinos. The latter are particularly interesting when the neutralinos are
clusteredd in the core of objects that are opaque to gamma rays. Neutrinos from
neutralinoo annihilation in the centre of the Sun may be detected by ANTARES for
certainn supersymmetric models [34].

1.2.44

Effect of neutrino oscillations on the flux

Beingg unaffected by magnetic fields, photons and large column densities of matter, neutrinoss can propagate freely through the universe without being absorbed or deflected. The
onlyy complication is that oscillations of neutrinos will induce flavour changes while the
neutrinoss propagate through the universe.
Thee present knowledge on neutrino mixing is summarised in [35]. The smallest allowed
A m 22 is 5.4 x 10~ 5 e V 2 / c 2 . For neutrino energies below a PeV, this leads to an oscillation
lengthh < 0.01 lightyear. The potential sources of cosmic neutrinos are thus located many
oscillationn lengths away. On Earth, all oscillations will be averaged out, so that the
probabilityy of a neutrino changing flavour from a to (3 is given by the 'classical limit':
P ( ^ - ^ )) = ^ | t / m | 2 l ^ l 2 .

(1-10)

ii

Wheree U is the 3 x 3 neutrino mixing matrix and the summation is over the three mass
eigenstates. .
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Thee neutrino mixing matrix is now fairly well constrained by a global fit to data
fromm Solar, atmospheric, accelerator and reactor experiments [36]. This allows the flavour
compositionn of the neutrino flux on Earth to be calculated as a function of the composition
att production. The flavour composition expected from charged pion decay is ve : vM : vT =
1 : 2 : 00 (see equation 1.7). In environments with very high magnetic fields, the muons
losee energy due to synchrotron radiation before decaying, leading to a suppression of the
vvee flux with respect to the v^ flux. In the extreme case this leads to a flavour mixture
vvee : Up : vr = 0 : 1 : 0. For either mixture, the resulting neutrino flux at the Earth has
beenn calculated. The result is shown in figure 1.4. One can see that all neutrino flavours
occurr with roughly the same flux, regardless of the composition at production. The flux
off muon neutrinos is reduced by a factor 2 (or 3 in case ve
vvT T 0 : 1 : 0 ) .. It is
furthermoree clear that, for the purpose of neutrino astronomy, the neutrino mixing matrix
iss already sufficiently constrained, since neutrino mixing only accounts for a systematic
uncertaintyy of about 20%.
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Figuree 1.4: Fluxes of the three neutrinotrino flavours at the Earth as a fractiontion of the total flavour neutrino
üuxüux for a source producing
only
muonmuon neutrinos and for a source
producingproducing a mix of electron and
muonmuon neutrinos in proportion 1 : 2 .
TheThe error bars are calculated using
thethe allowed values of the mixing anglesgles at 1 a confidence level.
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