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Constants and Notation

Some quantities and constants that are used for numericalatgons throughout this report
are listed below. Formulae will be written with the explicgte of the speed of lightand the
reduced Planck constaht Mostly, energy units will be based on electron volts, withne
notable exceptions where traditionally the cgs unit of ergged.

Basic notation

Lorentz boost factor v = \/1%7 (6 = velocity relative tac)
year yr (=7 x107s)
Prefixes

G (Giga) factor10”

T (Tera) factor 0'2

P (Peta) factot0'®

E (Exa) factor1 0'®

Z (Zeta) factor1 0%

Energy and distance

energy conversion 1TeV ~ 1.6erg
light year 1ly =~ 0.95 x 10'%m ~ 0.31 pc
parsec Ipc~ 3 x 10%m ~ 3.261y

Astrophysical constants (present day values)

Hubble constant Ho = 72(3) kms~! Mpc™!
Hubble time 1/Hy =~ 14 Gyr

(close to but not exactly the same as the age of the Universe)
Hubble length c/Hy = 4.228 Gpc

Cosmic Microwave
Background temperature Tovs = 2.725 K

Masses
proton () mass m, = 938.3MeV ¢ 2
neutron ) mass my = 939.6 MeV ¢ 2
neutral pion £")mass Mo = 135.0 MeV ¢2
charged pion£*) mass Myt = 139.6 MeV ¢ 2
electron ¢) mass me = 0.511, MeV ¢2



Chapter 1

Introduction

Neutrinos, together with high-energy photons (gamma rags)) charged particles (cosmic
rays), form the troika of messenger particles that are studh the field of astroparticle
physics. It is commonly accepted that only a multi-messeag@roach, combining ob-
servations from all three particle types, will deliver a quete picture of the fundamental
astrophysical processes taking place throughout the thave

The detection of neutrinos with energies of a few tens of M&V2] from the type Il su-
pernova SN1987A in 1987 was the first observation of neusriram outside of the Solar
System. For the detection bigh-energyneutrinos, exceeding the energy of supernova neu-
trinos, a whole new class of detection devices has been s@acand built, the large volume
Cherenkov neutrino telescopes. While the energy thredoolthigh-energy” neutrinos is
not uniquely defined, it is often most convenient to take gtection threshold of Cherenkov
neutrino telescopes of several 10 GeV.

High-energy neutrinos detected on Earth are of two diffeceigins: First, atmospheric
neutrinos that are mainly produced in the decay of pions @wh& emerging from reac-
tions of cosmic rays or gamma-rays in the upper atmospheriél, astrophysical neutri-
nos that originate from either galactic or extra-galacst@physical processes. Candidates
for sources of galactic neutrinos are supernova remnatite Vctive Galactic Nuclei and
Gamma-Ray Bursts are potential extra-galactic neutriniocgs. Both the atmospheric neu-
trino flux and the expected flux from galactic neutrinos rdudbllow power laws, resulting
in a strongly decreasing flux with increasing enefgy With the spectrum of atmospheric
neutrinos being softer, the galactic neutrino flux is prestico dominate only above a thresh-
old of about10'* ~ 10' eV [3]. An upper limit on the flux of extra-galactic neutrindke
Waxman-Bahcall bound, was derived from the cosmic ray fluiseoled on Earth. It scales
with £=2 and becomes dominant over the atmospheric neutrino fluxingoaith about
E~37, at roughly the same energy range.

Existing neutrino telescopes (NT200+ in Lake Baikal [4], BARES' in the Mediterranean
Sea [5] and IceCube [6] at the South Pole) are routinely réicocting the muon tracks from
the interactions of atmospheric muon neutrinos. A “smoldng” signature of neutrinos
from astrophysical sources would either be a reconstruenedgy beyond-10'* eV for a
significant number of events or a clustering of reconstdicieutrinos from a particular di-
rection. Additional evidence can be provided if this directcoincides with that of potential
neutrino sources, identified e.g. through detection of gamays by imaging atmospheric

LAstronomy with a Neutrino Telescope and Abyss environnidrgaearch



Cherenkov telescopes telescopes (H.E?J8, MAGIC?® [8], CANGAROCO* [9], VERI-
TAS® [10]) or by direct observation of the air shower particleg)(eMILAGRO [11]). No
such evidence has yet been found.

One of the central questions of astroparticle physics istiggn of the highest energy cosmic
rays observed on Earth, with a spectrum extending to erseigiexcess 0f0?° eV. The de-
tection of cosmogenic neutrinos, generated as secondagy@lis in cosmic ray interactions
with cosmic background photons, at comparable energiesdvgive important clues about
the origin, chemical composition and energy of cosmic rayBeir source. Due to propaga-
tion effects, a large portion of this information is lost éve way to Earth for the cosmic rays
themselves. The energies involved in these processesidx¢siond the high-energy region
to theultra-high-energy(UHE) domain. Again, “ultra-high energy” is not a clearlyfihed
classification, and different thresholds for cosmic raysjtrinos and gamma-rays are typ-
ically used. Ultra-high-energy cosmic rays (UHECRS) aegjfiently defined as exceeding
10 eV, since it is commonly accepted that at these energieg nilist be of extra-galactic
origin. For neutrinos, the threshold is usually set@f eV, equivalent to 1 EeV, the order of
magnitude of energy a neutrino possesses when created ieat@on of al0'° eV cosmic
ray with a low energy photon from the cosmic microwave backgd (CMB). Gamma-rays,
finally, do not reach Earth with energies exceeding the Pegealue to photon-photon in-
teractions at the source and with the CMB during propagalibee term “UHE gamma-ray”
is typically used above 100 TeV.

An advantage of the search for neutrinos in the UHE regimbdsabsence of atmospheric
neutrino background. On the other hand, neutrinos at tltya-energies have very small
fluxes, requiring tens of cubic kilometres of target volurnéé surveyed for interactions.
This makes detection unlikely, even with the next genenatibcubic-kilometre sized Che-
renkov detectors that are currently in operation (IceCab@lanned (KM3NeT [12, 13]).
Cherenkov detectors require a relatively dense instruatient, as the spacing between the
photomultiplier tubes (PMTSs) is determined by the atteimmdength of visible light in water
or ice of O(100 m). Due to this constraint, scaling these devices ta eigger volumes is
expensive and technically difficult. New techniques and detector designs therefore need
to be investigated to advance the neutrino branch of astiolegphysics into the ultra-high-
energy domain.

The big interest in astrophysical neutrinos in the EeV reggeevidenced by the inauguration
of the ARENA® workshop series in 2005 [14], in which approaches to detétE Weutri-
nos are discussed. From a technical point of view, the isteseriggered by the fact that
longstanding ideas have finally become technically feasalold because modern detectors,
such as the Pierre Auger Observatory [15, 16] or radio tejess, can extend their research
programme and pursue searches for UHE neutrinos with egikirdware.

One of the techniques for a potential future large-scaldrimeutelescopes is the acoustic
detection which is the main focus of this report. Acoustiatneo detection utilises the so-
called thermo-acoustic effect which implies that a pagtgthower evolving from a neutrino
interaction generates a coherently emitted sound sigrtal mvain frequency components
between 1 and 50 kHz and a peak emission around 10kHz. Acaletection allows for

2High Energy Stereoscopic System

3Major Atmospheric Gamma Imaging Cerenkov Telescope

4Collaboration of Australia and Nippon for a Gamma Ray Obatemy in the Outback
SVery Energetic Radiation Imaging Telescope Array System

8Acoustic and Radio EeV Neutrino Detection Activities



a wider sensor spacing and potentially simpler sensor desid read-out electronics than
the optical Cherenkov technique. The required acoustis@srare inexpensive and robust
devices. Furthermore, underwater arrays of acoustic sesao be used for other scientific
applications besides acoustic detection, such as marcheranronmental science.

Given the small fluxes of UHE neutrinos, measurements neée toackground free over
years. An important task for a novel detection techniquénsascacoustic detection hence
is the study of background intrinsic to the detection mettieat may produce false neu-
trino signals. The detection energy threshold of this teqn expected to be of the order
of 1 EeV, depends strongly on background conditions and ash&n subject of study. For
these and related investigations, the underwater accarstig AMADEUS' was conceived
and build at the Erlangen Centre for Astroparticle PhysiElSAP) and integrated into the
ANTARES detector. The description of the AMADEUS device aesults obtained since it
started operation in December 2007 will be a focus of thisitep

This report is organised as follows: In Chapter 2, sourcdsgii-energy neutrinos are dis-
cussed. Since the expected fluxes of UHE neutrinos are gladated to the measured fluxes
of UHE cosmic rays, the latter are covered in some detailthieuisubjects of discussion are
energy loss mechanisms of particles propagating over dogycal distances which affect
measurements on Earth and have to be taken into account wém@img conclusions about
the conditions at the source. The chapter concludes witeptang bounds and estimates for
UHE neutrino fluxes expected on Earth, derived from expenaleobservations of cosmic
rays and gamma-rays.

In Chapter 3, aspects of neutrino and particle physics aeudsed which are crucial for
the detection of neutrinos on Earth. This comprises nemuwstillations, neutrino interac-
tions and cross sections and the manner in which energy @sded through hadronic and
electromagnetic showers in case of a neutrino interaction.

The subject of acoustic detection of UHE neutrinos is tee@eChapter 4. The theory is
introduced and the crucial aspects of the experimentatteteare elaborated. Some facets
of importance to a potential future acoustic neutrino deteare discussed and expected
rates and required volumes are estimated. A short overvi¢wrtbier activities in acoustic
detection is given and alternative detection methods aseudsed briefly. Neutrino flux
limits in the UHE region from some experiments are presented

Experimental activities in the context of the AMADEUS prcijare the subject of Chapter 5.
This comprises laser and proton beam experiments that wackicted to verify the thermo-
acoustic effect, a technical description of the AMADEUS idewvand first results that were
obtained with it. In this context, both the ambient backgwb@and the background due to
transient sources, which could potentially mimic acousigimals from neutrino interactions,
are discussed. The main scientific goal of the AMADEUS deiscefeasibility study of a
large scale acoustic neutrino detector in the Mediternar8sa. The current status is sum-
marised and remaining subjects of investigation, in paldica more precise classification of
transient sources and Monte Carlo simulations, are disdu$snally in Chapter 6 the report
is summarised and an outlook on the future of the field of aoodstection is given.

Several parts of Chapters 4 and 5 have been taken (with sdjaditenents to fit the context)
from previous publications of this author: Secs. 4.1 andsefle taken from [17] while the
remaining sections of Chapter 5 use passages fron, [[i8]], and [20}.

"Antares Modules for Acoustic Detection Under the Sea
8This is a publication by the ECAP acoustics group.
9The author of the report at hands is the principal authorisfgtiblication.
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Chapter 2

Ultra-High-Energy Neutrinos:
A Key to the Highest-Energy Universe

The first, and so far only, neutrinos detected on Earth thabeaclearly assigned to a source
outside of the Solar System are neutrinos with energies@ivadns of MeV [1, 2], recorded
from the type Il supernova SN1987A. However, the obsermatibcosmic rays on Earth
with energies exceeding?’ eV strongly suggest the production of ultra-high-energiB)
neutrinos £ > 10'® eV). From the observation of UHE neutrinos, conclusionslmdrawn
about the sources of cosmic rays of highest energies and tid®oprocesses that are respon-
sible for the production of these particles. Hence, theckeor UHE neutrinos is strongly
entwined with the subject of cosmic ray physics. In additigamma-rays with energies
above the GeV region are expected to be associated with dleigiion of neutrinos, which
provide additional clues for the search for UHE neutrindseil production and the connec-
tion to other messenger particles of astroparticle phyamieghe subject of this chapter. In
Sec. 2.1, an overview of potential sources of UHE neutriniisb& given and the physics
processes of their production will be introduced. To allowdualitative calculations of neu-
trino fluxes, a deeper understanding of the observation esdtliption of cosmic rays, and of
energy-loss mechanisms of particles traversing the Usevisrrequired. These subjects will
be addressed in Secs. 2.2 and 2.3, respectively. The dadeut#d cosmic ray production
rates and how their chemical composition at the source #&e@lto observations on Earth
will be discussed in Sec. 2.4. With all prerequisites tréate Sec. 2.5 the neutrino flux
associated with cosmic accelerators will be discussed.en 3.6 finally the cosmogenic
neutrino flux, resulting from interactions of cosmic raygshweosmic background photons,
will be examined.

2.1 Sources of Ultra High Energy Neutrinos

2.1.1 Neutrinos from Acceleration of Hadrons

Earth is subject to a constant flux of charged particles thaise the upper parts of the
atmosphere. These cosmic rays have experimental sigaatijpeotons or nucléiand their
observed energy spectrum extends to energies beyoii@V. One possibility to explain

Electrons are not relevant in the context of neutrino préidnc They do not reach Earth with energies in
the TeV region or above and, as will be discussed in Sec. &2jsually not counted as cosmic rays.
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this observation is the existence of extremely powerfulhgosaccelerators which in the
process of accelerating protons or charged nuclei to tleesarkable energies should also—
according to basic physics principles—generate neutriRogential cosmic accelerators and
the connection to neutrino production will be discussed.now

2.1.1.1 Basic Principles

Cosmic rays are presumed to acquire their tremendous &ieeérgies through the mecha-
nism of shock acceleration which will be discussed in S&&42. Independent of the details
of the acceleration processes, an approximation for thermax energyF,,.., of a particle
accelerated in a magnetic field can be deriveq,, is determined by the acceleration rate
and the time a particle remains in the acceleration proddssice, for a given siz& and
magnetic fieldB of an accelerator, the relatidf,,.. ~ ZeBR for a particle with charge
Ze can be derived [21]. An additional factor gfcan be introduced to account for the fact
that the observer may not be at rest w.r.t. the accelerafr fllowing this criterion, the
only known sources which presumably are capable of acd¢elgreosmic rays to energies in
excess ofl0!? GeV are gamma-ray bursts (GRBs) and active galactic nua@NSs). These
objects will be discussed below in Secs. 2.1.1.2and 2.1.1.3
Only charged particles, i.e. protons, nuclei, and elestican be accelerated. Photons and
neutrinos are secondary particles. Accelerated electapriskly loose their energy in form
of synchrotron radiation. The radiated photons can createalectrons through pair pro-
duction or their energy can be increased by inverse Compttesing. The protons interact
with photon fields or with protons of the ambient plasma tadpiae pions according to the
reaction

p+p/y—omr+X | (2.1)

wherem > 1 is the total number of charged and neutral pions creatédienotes further
final state particles, most notably protons and neutrongwdre allowed for by kinematics
and conservation laws. The produced pions (Eg. 2.1) decydiag to

= ut+u, (2.2)
— e+, +7, (2.3)
™ = 7+, (2.4)

where the decay of the™ is obtained from charge conjugation of Eqg. 2.2. The produncti
of charged pions hence leads to the production of neuftinith a partition of the three
generations accordingto of,, : N, : N, =1:2:0.

In order to gain insights into the processes taking placéénaccelerators, flux measure-
ments of cosmic rays, gamma-rays and neutrinos must be oechbiBoth neutrinos and
photons have the advantage over cosmic rays of pointing toaitie source since they are
not deflected by magnetic fields. Neutrinos furthermore ateaffected by reactions with
cosmic background photons when propagating from thesesdawards Earth. High en-
ergy photons in contrast loose energy over cosmologictmies through the process of
pair production on cosmic background photons above thelibtd £, E,y,, > m?2c*, where
E., andEy,, are the energy of the high-energy and background photqoecésgely. Hence,
interactions with the CMB with a mean energy Bfy,, ~ 0.6 meV (see Sec. 2.3.2) start to

2Unless explicitly noted, it will not be distinguished besveelectrons and positrons.
3Unless explicitly noted, it will not be distinguished be®veneutrinos and anti-neutrinos.
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restricts the range of photons fék, > 100 TeV and gamma-rays withi, ~ 1 PeV (1 EeV)
cannot reach Earth from sources with distances exceedlodpc (100 kpc) [23].

In conclusion, at ultra-high energies, neutrinos are thg jparticles which carry information
about the processes taking place at the accelerators araotagical distances directly from
the source to Earth, their energy only affected by redshiéin expanding Universe.

2.1.1.2 Active Galactic Nuclei

Active Galactic Nuclei (AGNs) are among the most powerfubkn cosmological objects,
their luminosity appearing to exceed that of a typical gplay a factor of up tal0* [24].
This observation makes AGNs prime candidates for acceleraf the most energetic cosmic
rays.

The unified AGN model [25] is depicted in Fig.2.1(a). It is ased that a supermassive
black hole of10° — 10'° solar masses is located at the centre of a host galaxy, intplyi
that AGNs are cosmological sources. The host galaxy prewiae material for an accretion
disk, which is formed in the plane perpendicular to the rotetl axis of the black hole. The
accretion disk powers the energy emission of the AGN in lyigiallimated relativistic jets
along the rotational axis of the black hole. These jets ektariward for tens of kpc, and in
some cases, as much as a Mpc. They offer very favourabletemmifor the production of
high-energy particles, namely a frozen-in magnetic field arfully ionised plasma of low
density [26]. Outside the jets, winds of high and low velpgts are forming, referred to
as broad line and narrow line region in Fig. 2.1(a), accaydmtheir emission line type.
An obscuring torus (or other geometrical form) of gas and dusund the accretion disk is
hiding the broad line region from some directions.

bt .
Narrow Line
Region

Broad Line
Region

Accretion pY—~- m°
Disk

Inverse Compton

Obscuring i : Synchrotron | @~

Torus : r. Radiation Ysynchr.

(b)

Figure 2.1: (a) Sketch of an AGN according to the unified AGNdelqsee text), adapted
from [27]; (b) Schematic depiction of particle productiondxcelerated particles within the
magnetic field of the jets of an AGN [28].

Depending on the orientation of the jets w.r.t. Earth andnihgear matter within the host
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galaxy, AGNs appear as rather different objects to an obsefvor a subgroup of AGNs
calledblazars the jet points towards Earth showing flares of luminositygiag in duration
from a fraction of a day to years [22]. Given this directiyigyneutrino flux associated with
the production of cosmic rays should be observable on EBifferent blazar models exist,
which have the basic dynamics in common [22]: Relativistits jare generated with sub-
structures that take the form of “blobs” of matter travejlalong the jet with Lorentz factors
of 10—-100. The photon energy spectrum of blazars observé&hadh is dominated by non-
thermal emission and shows two distinct, broad componénitsw-energy component from
radio through UV or X-rays, and a high-energy component filénays to gamma-rays with
energies extending to the TeV region, see e.g. [29]. The lmvgy component is explained
by synchrotron radiation of accelerated electrons and dheponent in the gamma-ray re-
gion as the result of either inverse Compton scattering ofekerated electrons (leptonic
model) or electromagnetic cascades triggered by the defcay/sofrom proton interactions
according to Eq. 2.4 (hadronic model). In the hadronic moliglh-energy neutrinos are
produced via the decay of charged pions. These processssrarearised in Fig. 2.1(b).

If AGNs are accelerating hadrons and constitute sourcessmhic rays then the observation
of a corresponding neutrino flux would be a clear indicatibthese processes. A recent
calculation [30] of the expected neutrino flux from a cosng@dal distribution of AGNS is
shown in Fig. 2.2. Such calculations involve several modsleptions, starting with the
acceleration processes at the source. In Fig. 2.2, bothcttedemation of protons and iron
nuclei at the source and neutrino production from pion déEayg. 2.2 and 2.3) and from the
(-decay of neutrons (produced as final state particles aicgptd Eq. 2.1) are considered.
The process of disintegration of heavy nuclei into lightee®and nucleons (see Sec. 2.3.7)
reduces the flux of neutrinos from pion decay whereas it ezdgmthat of neutrinos from
neutron decay.

The neutrino production rate associated with a given acaigb® process depends among
other parameters on the density of the target material foaticelerated charged particles.
Calculations of the resulting neutrino flux on Earth mustHarmore take into account the
cosmological evolution of sources and propagation effee¢s cosmological distances (see
Sec. 2.3).

Both the gamma-ray and cosmic ray spectrum measured on &arthe used as normal-
isation to calculate the expected neutrino flux since anyehadl in general predict the
neutrino flux relative to the cosmic ray and/or gamma-ray.flosmic rays are usually
the better choice because the acceleration of chargedlparin a plasma or photon field
inevitably leads to the production of neutrinos whereas mamays are also produced in
purely leptonic models. Furthermore, the highest meascoscic ray energies are much
closer to the energies of UHE neutrinos than those of ganays--iTypically, as was done for
Fig. 2.2, calculations are performed for a diffuse flux based cosmological distribution
of sources. Given the low fluxes of cosmic rays (and gamms}ralyultra-high energies,
normalisation to individual sources would involve largeearainties.

Not only the neutrino production rate itself but also its matisation are affected by the
composition of cosmic rays. The composition can neitherds#yemeasured on Earth, nor
is the deduced composition at the source unanimous for a gm@position determined on
Earth.

This discussion has demonstrated some of the challengedculating the expected fluxes
of neutrinos at ultra-high energies on Earth. The detaitssmveral explicit calculations will
be treated in the remaining sections of this chapter.
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Figure 2.2: Neutrino spectrum produced by protons and incien accelerated in AGNSs.
Normalisation has been done assuming a cosmological lifh of sources and an
isotropic flux of UHE cosmic rays on Earth that consist exislely of protons; iron nuclei
are disintegrated at the source or on the way to Earth. Figome[30].

2.1.1.3 Gamma-Ray Bursts

Gamma-ray bursts (GRBSs) are flashes of high-energy radiaiiith timescales ranging from
30 ms to several minutes [30]. During that short timespan, GRBsaanong the most violent
events in the Universe. Typically, long-duratiop £ s) and short-duration GRBsY 2 s) are
distinguished [31], where the former are thought to oritgrfeom the collapse of a massive
star into a black hole [32], while the latter are believedasult from the merger of two
compact objects, such as neutron stars, into a black hole |88 the engine is thought
to be a black hole in both cases, typically the same modelsagpéed to describe them.
The energy released in gamma-rays is typically* to 10°* erg for long-duration GRBs,
assuming isotropic emission, and about 1% of that for stior&tion GRBs [31]. For beamed
emission within a solid angl€, the energy release must be scaled by a feeigir). The
emission of the gamma-rays is succeeded by an afterglowssfdeergetic radiation in the
X-ray, optical, and radio bands.

Charged particles are accelerated and neutrinos produzedtiie decay of charged pions
according to the same principles described above for AGNger®nces arise e.g. from the
sizes of the magnetic fields that are employed, from the meatiet photon densities and from
the size of the Lorentz boost.

Given the short time scales observed in the variability efrthight curves, sources of GRBs
must be very compact objects with a linear scale of the orflerl6” cm [34]. From dimen-
sional analysis, it follows that in order to obtain energis-10'° eV within these dimen-
sions, the involved magnetic fields must be of the ordefdf G [22]. GRBs are assumed to
be of cosmological origin, as can be deduced from their appasotropic distribution and
from redshift determinations of the afterglow or their hgalaxies.

Independent of the event that triggers the GRB, a phenorogiwal description is given by
the fireball model (see e.g. [36] for a review) that is showmesaatically in Fig. 2.3. In this
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Figure 2.3: Schematic depiction of the fireball model. Thebfll is optically thick during
the preburst phase, while the characteristic gamma-raysraitted during the burst phase.
Neutrinos with energies exceedifif 10'* eV) are believed to be produced during the burst
(prompt neutrinos) and afterglow phase. From [35].

model, a “fireball” ofe* and photons with an optical degtbf the order of~10'?, is ejected,
trapping photons within the fireball. A small “load” of barny® (protons or nuclei) is also
present. The radiation power results in the highly relatigiexpansion of the fireball [22].
The expansion will continue with decreasing velocity utiié fireball becomes transparent
and the radiation is released. By this time, the expansidocitg has reached highly rel-
ativistic values ofy ~ 300. Charged particles are subject to further acceleratiooutin
shocks. Internal shocks can be caused by a succession oifgpigsctions at a variable rate
where later outflows overtake earlier ones (see [37] andewbes therein for details) while
external shocks will be inevitably created when the firelatends into the surrounding
medium. Electrons accelerated in the internal shockspdissitheir energy via synchrotron
or inverse Compton radiation, resulting in the gamma-racspm observed on Earth.

The gamma-rays in the keV—-MeV energy region provide theetafgr protons or nuclei
accelerated in GRBs to produce prompt neutrinos in the rafigebout10° — 107 GeV,
see [31] and references therein. While astronomical obsens provide information on
the gamma-rays, the proton flux is a matter of speculatioh A2 individual GRBs, proton
spectra can be deduced by deriving the electron spectrumtfre observed photon spectrum
and assuming that protons have been subject to the sameraticgl process [31]. A definite
diffuse neutrino flux can be predicted, in the same fashiodessribed for AGNs, when
assuming that GRBs produce the highest energy cosmic rases\adal on Earth. A recent
result is shown in Fig. 2.4.

It has been proposed [38] that protons can be accelerateRBs® energies abov®)?° eV
resulting in the production of neutrinos in reactions wittofons of the afterglow [39]. The

4The optical depthr is the argument of an exponential decay law for the radidtitensity over a given
length scale.
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energy of these neutrinos would be much higher than thateoptbmpt neutrinos, roughly
one order of magnitude less then the energy of the protons.
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Figure 2.4: Spectrum of prompt neutrinos produced by péom iron nuclei accelerated in
GRBs. Normalisation has been done in the same fashion asluesstor Fig. 2.2. From [30].

2.1.2 Cosmogenic Neutrinos

Protons ejected from cosmic accelerators have to traves®aalogical distances to reach
Earth. As will be discussed in more detail in Secs. 2.3.5 aGddbove an energy threshold
of about10%° eV photo-pion production (i.e. the production of pions ie tieaction of nu-
cleons with photons) with the CMB leads to the production@$mogenic neutrinos [40].
The corresponding suppression of the cosmic ray flux has teseredGZK cutoff(after
K. Greisen, G.T. Zatsepin and V.A. Kuz’'min), and the expemtal verification of its exis-
tence is an important task of UHECR physics. Experimentalesnce for the cutoff will be
discussed in Sec. 2.2.3. The flux of cosmogenic neutrinobéas termed “guaranteed flux”
since for a cosmological distribution of proton sourceshwah energy spectrum exceeding
the threshold energy for photo-pion production, neutrimasstbe produced according to
basic and well understood physics principles. Howeverctieulation of the flux depends
strongly on several parameters, most notably the chemaraposition of the cosmic rays,
their ejection spectrum and energy cutoff and the redshdtution (see Sec. 2.3.1) of the
sources. For some combinations of parameters, which agstent with cosmic ray ob-
servations on Earth, no measurable flux above a neutrin@emdri0!® eV is predicted.
Nonetheless, even the non-observation of cosmogenicinesitin combination with cos-
mic ray measurements at highest energies would allow fostcaining the aforementioned
parameters.

If cosmic rays are heavy nuclei, the dominant process ofggnlesss on the CMB will be
photo-disintegration (see Sec. 2.3.7), as opposed to ghotoproduction (see Sec. 2.3.4),
with strong implications for the neutrino spectrum. Herggectra of cosmogenic neutrinos
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may reveal information about the cosmic ray compositiorhatdource while the cosmic
rays themselves will have lost most of this information wherving on Earth.
Cosmogenic neutrinos can be considered the prime motivadidUHE neutrino detection.
After discussing the parameters that affect their expeittedn more detail, the subject of
cosmogenic neutrinos will be revisited in Sec. 2.6 with aemquantitative treatment.

2.1.3 UHE Neutrinos from Non-Accelerator Sources

Alternatively to cosmic accelerators, some theories exdlBHHECRs as decay products of
heavy remnants from the early Universe, see [22] and referetherein. These theories
usually also predict a flux of UHE neutrinos, which can be usedonfirm or disprove
a theory, or to constrain its parameter space. Before disuyshese so-called top-down
models, theZ-burst scenario will be introduced, in which cosmic rays explained as the
result of the decay af -bosons, created in the annihilation of neutrino/antitnea pairs.

2.1.3.1 Z-Burst Neutrinos

About 1 s after the Big Bang, neutrinos are believed to haceuged from the rest of mat-
ter, see e.qg. [41]. These relic neutrinos today constitieeGosmic Neutrino Background
which should show a redshifted blackbody spectrum with goemature of about-1.9 K.
Unlike the CMB, the Cosmic Neutrino Background has not begreementally confirmed
yet. In theZ-burst scenario, see [42, 43] and references therein, afiluki& primary neu-
trinos interacts with this relic neutrino background. Th¥osons produced this way decay
into quark or lepton pairs, where the branching ratio of tadial to total decay width is
about0.7, 0.1, and0.2 for hadronic, charged leptonic and invisible (i.e. newdjifinal states,
respectively. Standard particle physics predicts thatted-high energies, the quarks frag-
ment predominantly into pions and kaons and a relativelyllsmanber of protons, see [44]
and references therein. The mesons decay further, pragleeentually photons, neutrinos
and electrons. In addition, the leptonic decay of #¥oson either yields neutrino/anti-
neutrino pairs directly or through the decay of the unstahbrged leptons. In total, models
that explain the production of cosmic rays by QCD jets, he.A-burst model and the top-
down scenarios discussed below, produce a relatively fargeer of photons and neutrinos
when normalised to the observed cosmic ray spectrum [44hwddlows for experimental
examination. A cosmic ray composition of heavy nuclei sedifigult to explain in these
models.

The energy requirement for the UHE neutrinos at the reseane M"Y ~ M2 /(2m'™),
wherem:® is the mass of the relic neutrinos. From cosmological dadana@utrino oscillation
data, the mass of each of the three neutrino flavours is @nstttom, < 0.33 eV, see [45]
and references therein. Hence the corresponding energne diE neutrinos iz /i >
10%2 eV.

It is problematic to conceive sources of these UHE neutrisimge they must be produced
basically without production of gamma-rays in order to @avoverproduction of the diffuse
GeV gamma-ray background. In fact no astrophysical souscesknown that meet the
requirements ofZ-burst models, see [45] and references therein. Even if dleces of
the UHE neutrinos are left open, the resulting productioneaitrinos associated with the
observed cosmic ray flux is difficult to reconcile with exigtilimits: The upper limit on the
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neutrino flux from the GLUE experiment [46] is about a factor of two below the expected
peak neutrino flux [47]. The latest results from the ANFTé@xperiment [48] exacerbates
the disagreement to more than an order of magnitude. Foresmmadutrino masses, the
inconsistency increases. The experiments GLUE and ANITIRbeidiscussed in Sec. 4.6.

2.1.3.2 Top-Down Scenarios

So-called top-down scenarios avoid the theoretical problef accelerating particles to UHE
energies by postulating super-heavy particles. Theselegtusually denoted -particles,
could at the same time provide a solution for the dark matteblpm. TheX-particles
could be meta-stable relics of the early Universe withilifets of the order the current age
of the Universe or could be released from topological defélcat were produced in the
early Universe during symmetry-breaking phase transtioredicted by in Grand Unified
Theories (GUTS) [45]. See [22, 44, 49] and references théoefurther discussion. Protons,
photons and neutrinos are produced in QCD jets or leptomindbres of theX-decay or in
the annihilation of anX and anti-X' in a similar fashion as described above for #wdurst
scenario.

To explain the observed cosmic ray spectrutaparticles with massesd/y > 10%' eV are
required [44]. In order for theX-particle to qualify as a super heavy dark matter (SHDM)
particle, the observed cosmological density of dark matetermines its mass ady =~
1022723 eV [50].

Top-down models received stimulation by results of the AGA8etector [51] air shower
experiment, which measured an excess of UHECRs beyotieeV [52] in contrast to the
expected GZK cutoff due to reactions of cosmic rays with tihdBCThe AGASA experi-
ment will be introduced in Sec. 2.2.2. More recent resultd Wwigher statistics however are
consistent with the existence of the cutoff, see Sec. 2\/Bile the search for signatures
of top-down models still has strong theoretical motivati@tent experimental results limit
their contribution to the UHECR flux to a subdominant leve][5

2.2 Cosmic Rays, the Link to Neutrinos

The definition of cosmic rays is not unambiguous in the liie@ Charged nuclei (which
includes protons) are always counted as cosmic rays, whéneainclusion of electrons,
gamma-rays and sometimes neutrinos is not treated combyste this report, cosmic rays
will be defined as consisting of charged nuclei following][54Requiring that these charged
nuclei originateoutsidethe solar system [55] is implicit for UHECRS, since the eyenf
particles of the solar wind is only of the order of MeV.

Cosmic rays as they are produced at the source are galledrdial cosmic ray$56]. Cos-
mic rays arriving on Earth before interacting with the atptoesre argorimary cosmic rays

In this section, an introduction of cosmic rays, as obseoreé&arth, will be given and the
mechanism of shock acceleration, which is commonly beti¢aee the mechanism for the
acceleration of cosmic rays, will be briefly described.

SGoldstone Lunar Ultra-High Energy Neutrino
8Antarctic Impulsive Transient Antenna
“Akeno Giant Air Shower Array
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2.2.1 Cosmic Rays Observed on Earth

The spectral flux of cosmic rays on Earth in the range fidheV to the highest measured
energies exceeding0? eV is shown in Figure 2.5. FoE > 10'°eV, the distribution is
characterised by a broken power laki;“, where the alteration of the spectral indexvith
energy shows two characteristic features: The steepeifitigespectrum alog(E/eV) ~
15.5 is referred to as the “knee” while the following flatteninglag(E/eV) ~ 18.6 is
referred to as the “ankle” or (depending on the model to erylze feature) as the “dip”.
The corresponding values of the spectral index are

2.7 log(E/eV) < 15.5 e.g. [23
ar~<g 3.3 155 <log(E/eV) < 18.6 [57
2.6 log(E/eV) > 18.6 [57]

Possibly a second knee la;( £ /eV) ~ 17.6 is present in the spectrum, see e.g. [58] and
references therein.
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Figure 2.5: Spectral Flux of Cosmic Rays observed on EadhtHe Large Hadron Collider
(LHC) the centre of mass energy is shown; in the rest frameefal the colliding protons,
the energy of the other protoni$ ~ 10'” eV. Figure adapted from [59].

While it is generally agreed upon that the transition betwgalactic and extra-galactic ori-
gin of cosmic rays occurs between the knee and the ankle,rip@ of these features is
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subject to discussion, see e.g. [23, 54] for recent reviéwse popular explanation for the
change in the spectral index at the knee is the energy cutp#rticle acceleration in galac-
tic supernovae remnants (SNRs); the cutoff energy is ptap@l to the atomic numbexr

of a particle and hence the composition from the knee to tkkeamould change from light
nuclei (i.e. protons) to increasingly heavy nuclei. Anotpessible explanation for the knee
is a “leaky box model”: As particles become more and moregeiar, they are more likely
to escape the magnetic field of our Galaxy to evade detectidganth, resulting in a steep-
ening of the energy spectrum. This model would also lead tmereased composition of
heavier elements when moving to higher energies from the,ksiace the Larmor radius
scales withl /7, see Eq. 2.5. Data seem to favour a combination of both eaptars [54].
The KASCADE collaboration has measured the flux of cosmic rays with pryneaergies
from 100 TeV to 100 PeV by detecting air showers with an arfaground based detector
stations. Using the hadronic interaction models QGSJéH6d SIBYLL [61], energy spec-
tra for elemental groups representing the chemical cortipnif primary cosmic rays were
derived [62]. For both models the positions of the knee is¢h&pectra are shifted towards
higher energy with increasing element number, showingttteeknee in the all particle spec-
trum is due to a steepening of the spectra of light elementswveder, neither of the two
interaction models describes the measured data congysteetr the whole energy range,
leaving open questions for the KASCADE-Grande experimdmtiwvwill measure cosmic
rays with primary energies up to 1 EeV [63].

“Ankle” and “dip” refer to the same feature in the cosmic rgestrum, but the different
expressions are usually associated with different moadelgs cause. In the “ankle model”,
the feature is the result of the transition between galactetcextra-galactic cosmic rays, see
e.g. [54]. In the “dip model”, see [64] and references theritiis due to pair production of
protons with the CMB, see Sec. 2.3.3.

The composition of cosmic rays is given in [56] as 85% protd286 «-particles and only
about 3% of particles with nuclear charge of 3 or higher. Measents of composition
summarised in [65] do not extend to energies beytifdseV per nucleus. At higher en-
ergies, direct measurements of cosmic rays become imp@skib to the steep decrease of
the flux and the showering of the cosmic rays in the atmosplasravill be discussed be-
low. In particular for cosmic rays beyond the ankle, wherenaiz rays are assumed to be of
extra-galactic origin as will be shown below, the compaosiiis of great interest and subject
of contemporary research. The interpretation of the anktimin the cosmic ray spectrum
for different chemical compositions of extra-galacticrmasrays is discussed in [66, 67].

2.2.2 Detection of UHECRS

Primary cosmic rays can be detected with satellite or baHoorne experiments, before the
particles interact in the upper part of the atmosphere. @aidtively high particle fluxes can
be measured with these devices as the interaction rateitedifoy the fact that only a small
detection area can be realised with the available paylolad simall flux of about one particle
per year and square kilometre for cosmic rays with enerdgiesathe “ankle” makes the
direct detection of primary cosmic rays impossible. To obseosmic rays at these energies,
Earth’s atmosphere is used as detection medium and hugeswétectors are installed on
Earth to detect the air showers produced by the interactbpsmary particles in the upper

8K Arlsruhe Shower Core and Array DEtector
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parts of the atmosphere. Typically, the air shower o6& eV primary cosmic ray consists
of roughly 101 particles [68]. In these showers, the primary particle htisdppeared” and
a substantial part of the experimental effort of ground dasewer detection experiments is
the reconstruction of the primary particle type.

For the detection of air showers, surface detector arragisaarfluorescence detectors are
traditionally used. The former consist of arrays of pagtidetectors on the Earth’s surface
that sample the particles of the air shower reaching thergtokluorescence light is emitted
by nitrogen molecules in the air that were excited by chapgeticles of the air shower. Flu-
orescence detectors observe the longitudinal profile oheosay showers on clear moonless
nights. Some detectors, whose results will be referred thigwreport, will now be briefly
described.

The AGASA in Japan is a pure surface detector array and hasdpszated since 1990. In
its final configuration, the array consists of 111 sciniitlatdetectors o2.2m? area each,
which are arranged withkm spacing over an area ®60km?.

The HiRe$ experiment [69, 70] is a pure air fluorescence detector amdadpd between
1997 and 2003 on the Dugway Proving Grounds in Utah (USA)erAtie completion of a
second site in 1999, the experiment consisted of two sitég$ll and Il) with a distance of
12.6 km.

The Pierre Auger Observatory [15, 16] located outside thvatof Malargie, in the Province
of Mendoza, Argentina, has started a new era in the invegigaf Ultra High Energy Cos-
mic Rays. It is a hybrid detector combining a surface detesti@y with an air fluorescence
detector, providing measurements of the cosmic ray flux hergies beyond the ankle with
unprecedented statistics. The surface detector arraystemd about 1600 stations cover-
ing an area of 3000 kfndetecting the secondary particles of an air shower by mefihe o
Cherenkov radiation they produce in the water of the deiediations. The ground array
is overlooked by 24 air fluorescence telescopes, groupealinenclosures each consisting
of six optical telescopes. Taking data stably since JanR@@¢ while the construction was
proceeding, the construction was completed in mid 2008.

2.2.3 Cosmic Rays Beyond the Ankle

Figure 2.6 shows the cosmic ray flux for the region of the amakid beyond as measured
with the Pierre Auger Observatory [57]. Above abbig( E'/eV) = 19.5, a flux suppression
is detected with high statistical significance. This resulh agreement with measurements
of the HiRes experiment [71] shown in the same figure. The I®gH0ON iS consistent with
the GZK cutoff (see Sec. 2.3.5) which limits the distancenfrwhich protons with energies
above the threshold for photo-pion production with photohthe CMB can reach Earth.
This “GZK horizon” is equivalent to a distance of abdot ~ 200 Mpc. The GZK cutoff is

a feature of the cosmic ray spectrum for a cosmologicalibigion of cosmic ray sources;
however, it is also possible that cosmic rays originate @madantly from near-by sources,
within the GZK horizon, and the suppression could stem frarargergy cutoff of the cosmic
accelerators.

Cosmic rays reaching Earth are deflected by the galactic etizgield with the characteristic
Larmor radius;, ’

= 2.
Z-e-B 7 (2.5)

rL

®High Resolution Fly’s Eye
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Figure 2.6: The combined energy spectrum measured withuHace and fluorescence
detectors of the Pierre Auger Observatory is fitted with twoctions as described in [57]
and compared to data from the HiRes detector [71]. The sygiemncertainty of the flux
scaled byE? due to the uncertainty of the energy scale of 22% is indichtedrrows. The
Pierre Auger Observatory and HiRes detector will be disetigs Sec. 2.2.2. From [57].

wherep = E'/c andZ are the momentum and the atomic number of the partdtethe pos-
itive elementary charge and the galactic magnetic field. Once the Larmor radius exceeds
the radius of our galaxy, cosmic rays of galactic origin aartse magnetically contained.
For cosmic rays of galactic origin with sufficiently high egg this would lead to the obser-
vation of arrival directions predominantly from within thalactic disc. Equating the Larmor
radius from Eq. 2.5 with the radius of the Galactic ditse 15 kpc, the resulting maximum
energy of a particle that can be contained is
B
~ 16 . [ —
o~ 1.4 % 10% .72 wa
which for B ~ 3 uG [54] andZ = 26 for iron yields E ~ 1.1 x 10! eV, which is below
the position of the ankl€. AGASA provided clear evidence for the existence of a gatact
component of the cosmic ray up to the energylof eV by observing an anisotropy of
the cosmic rays in the energy range'” — 10'® eV with an excess of showers near the
directions of the Galactic Centre and the Cygnus region [F@ithermore for events above
10'? eV no significant large-scale anisotropy was found on thestigl sphere, indicating
a extra-galactic origin of cosmic rays beyond the ankle.[R]rther measurements of the
anisotropy of the arrival directions of cosmic rays are aésed e.g. in [54]. The Pierre
Auger Collaboration has investigated the correlation eflifghest energy cosmic rays with
nearby extra-galactic matter, see [74] and referencesithéor earlier measurements. For
cosmic ray energies abogex 10 eV, i.e. above the GZK cutoff, the arrival directions are
consistent with an anisotropic distribution, with cosnags originating predominantly from

ONo attempt is made here to derive a transition energy betwgekattic and extra-galactic components of
the cosmic rays. The statement is that beyond the ankle,icoays should be of extra-galactic origin; for this
reason/ = 26 was chosen as it maximises the cutoff energy.
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directions where AGNs withif5 Mpc are located. This is consistent with the assumption
that UHECRs originate indeed from a cosmological distrdoubdf sources.

To conclude, both theoretical and experimental evidengayirthat cosmic rays with en-
ergies above the ankle are of extra-galactic origin. In otdgerform calculations of the
emission rate of cosmic rays at the sources, which are edjtir deduce the associated
neutrino production rate, further assumptions are necgs3gpically, it is assumed that
the sources have a uniform, i.e. isotropic, cosmologicgttidution. This is consistent with
experimental measurements but at the same time altermatidels are not excluded. The
production rate of cosmic rays will be discussed in moreitiet&ec. 2.4.

2.2.4 Principles of Cosmic Acceleration

The cosmic ray spectrum as shown in Fig. 2.5, imposes thetignesf the acceleration
processes that afford the observed ultra-high energiethentharacteristic power law spec-
trum. A first serious attempt to explain the cosmic ray speotwas done by Fermi [75]
where interactions of charged particles with magnetic déowere assumed. While result-
ing in the observed power law spectrum, the theory leadsverakeproblems [76], some of
which were already addressed in the original paper. Oneesetiproblems is the fact that
the interactions considered are of second order/in whereu is the velocity of interstellar
clouds. Given velocities of interstellar clouds in the G@glaf u/c < 10~* and a mean free
path of the order of pc [77], this makes the process very slow. To overcome thislprop
the mechanism of shock acceleration was devised. A brietidson is following now while
more details are given in Appendix A.

Non-relativistic shock acceleration is thought to takecplan SNRs and to be responsible
for cosmic rays observed below the knee [23]. In Sec. 2.1ativestic shocks were already
introduced as acceleration mechanism in AGNs and GRBs.it@ualy, in all these cases
the standard explanation assumes that a shock front is gnéiwiaugh a plasma, with rela-
tivistic particles moving back and forth across the shooktfwith hardly noticing it at all.
The downstream plasma behind the shock front is moving withwer velocity than that
of the shock front itself towards the upstream plasma. Tlagivestic particles assume an
isotropic distribution in the reference frame of the respeglasmathey are in, obtaining an
energy boost each time they cross the shock front, irreisppest the direction. The energy
gain per boost is of first order im/c and is referred to as first order Fermi acceleration [77].
The appeal of shock acceleration is that it generates a gawespectrum and that in many
astrophysical objects, shock fronts are presumed to bengdfarough regions filled with
plasma. However, no theory of shock acceleration, basedsit Iprinciples, exists [78].
Furthermore, itis pointed out in [79] that the acceleratadiples must generate the magnetic
field structure on which they may scatter in order to evenhréamderate” energies around
the knee. Hence the “standard explanation” as given in ApigeAt must be assumed to
simplify the actual processes taking place.

For the source spectra of particles accelerated in shatksrticular for neutrind$, where
no flux has been measured yet, frequently a spectral indeisassumed. As will be shown
in Appendix A, this value can be derived from kinetic theogydssuming that a portion of
the accelerated particles will be “swept away to infinity” the plasma behind the shock
front, never crossing the shock front back into the upstrpE®ma. This is of course a very

1Obviously neutrinos are not accelerated themselves bpradeiced in the reactions of accelerated charged
particles.
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simplified model, since charged particles can be removed fie acceleration process in
other manners, e.g. by isospin flip of protons in reactiortk photons, where the resulting
neutron escapes the acceleration region. The neutron camta a proton again on the way
to Earth through beta decay.

2.3 Propagation Losses and the “Cosmic Laboratory”

Once produced, neutrinos, gamma-rays and cosmic rays gatgpaver cosmological dis-
tance to be detected on Earth. During this propagation, shéfer energy loss due to the
expansion of the Universe (all particles) and reactionh tie photons of the CMB (cosmic
rays and gamma-rays). Adiabatic energy loss due to the siganf the Universe will be
discussed in Sec. 2.3.1. In Sec. 2.3.2 the properties of Mg & target medium for cosmic
rays will be briefly reviewed before turning to the reactiafiosmic rays with the CMB.
Understanding these processes is essential for derivungime fluxes both from the sources
of cosmic rays and for cosmogenic neutrinos. For protorsgdtminant processes for reac-
tions with the CMB are photo-pion production and pair pragutg Compton scattering can
be neglected. These processes will be discussed in Sec3aR®2.3.4, respectively. The
GZK cutoff, a feature of photo-pion production on the CMBthe subject of Sec. 2.3.5.
In Sec. 2.3.6 the combined propagation losses from the quiehyj introduced effects will
be discussed for protons. For heavy nuclei, the process atbglisintegration becomes
relevant, which will be elaborated in Sec. 2.3.7.

The CMB presents the most significant obstacle to cosmic igysg to find their way
through the Universe toward Earth. The peak value of theaeyatactic energy flux spec-
trum for infrared, optical and UV background photons is aldew orders of magnitude or
more below that of the CMB, see e.g. [80, 81]. Hence this bamkud is only relevant for
interactions of cosmic ray protons below the threshold fgivan process (pair production,
photo-pion production, photo-disintegration) with the BMReactions with matter can be
ignored completely: The density of baryonic matter in theMerse is< 10~ "GeV/cn? and
that of the local halo/disk is-1 GeV/cn¥ [65]. Assuming all matter is made of nucleons
with masses of-1 GeV/¢& leads to negligible densities compared to that of the CMB.

2.3.1 Expansion of the Universe and Source Evolution

In General Relativity, for a homogeneous isotropic Unieeesline elemends is described
by the relation

2

r
1 — kr?

ds® = *dt* — R(t)* ( + r?d6* + r* sin® 9d¢2) :

wherer is the (dimensionless) radial coordinaf(t) is the scale of curvature (in units of
length), ands and@ are the common azimuthal and polar angular coordinatesciivature
of three-dimensional space is defined by the sign of the aabtsthile its size depends on
the normalisation ofz.

In the present epoch, as well as in all past epochs that aearglfor ordinary astrophysics,
our Universe is matter dominated, and is commonly referoeast“Robertson Walker Uni-

24



verse”, where the Einstein field equations reduce to

. 2
0, Q
(g) — 2 (F ot QA) . (2.6)

Here the scald?(t) was normalised such that its present day vé&lisegiven by the Hubble
distance Ry, = ¢/ H,; The scale parameteris then defined by dividind?(¢) by its present
day valueR,, that isa(t) = R(t)/ Ry anday = 1. The Hubble parameter is defined as

SIS
Il
i=v] eol

H(z) = (2.7)
and its present day valué, = 72 kms~! Mpc~! is the Hubble constanf,, and(2, are the
values of the matter density and dark energy density of theddse, respectively, whil@,,

describes the spatial curvature. These parameters arediéfn

87TGpQ
Qn =
3H?
AR?
Oy = 0
A 3H?
Q — " (k= —1,0,+1)
kK — 3H§ — s YUy )

where( is the Newtonian gravitational constapg,is the present day value of the gravita-
tional matter density and is the cosmological constant.

For the normalisation chosen f@t, the curvature constant takes on the three values
—1,0,+1 for an open, flat, and closed Universe, respectively. Fumbee, sincer, =
1, Eqg. 2.6 yield the relatiof?,, + 2, + ©, = 1 which allows to eliminate?,. Current
experimental values afe,, = 0.26(2) and2, = 0.74(3) [65] which is consistent with a flat
Universe and for the remainder of this repdif, = 0 will be assumed. An approximation
that is frequently used is th€instein-de Sitter Universeith 2, = 1 andQ, = 0. As
will be shown below, this approximation simplifies calcigat by allowing for analytical
calculations of integrals while yielding decent approxiioas.

The parametet is related to the redshitt by the relation

a=(142)"

such that‘%] = (1 + 2z)~2 = @*. Equation 2.6 can then be rewritten, using Eq. 2.7, to relate
the Hubble parameter to redshift according to

H(z) = Hon/Qn(1+ 2)3 + Qp(1 + 2)2 + Q. (2.8)

For a flat Universe witlf2,, = 0, Eq. 2.8 can be written

H(z) = Hor/Qu(1 +2)3+Qy (k=0) . (2.9)

In the context of this report, producticates of particles (cosmic rays or neutrinos) are
investigated. Assuming a uniform distribution of sourdaetighout the Universe, a density

12The subscripb is always used to denote present day values.
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of particles can be calculated by integrating the produatate over the relevant production
time. This is most conveniently done by using equation 2rélate the time to the redshift

z. Noting thata = %% = %% an expression foit/d= can be derived:

dz 2 HO 2 Qm Qk
(&) = (%) (o ien)

= % = H(z)-(1+2)
dat] H(z)™!
dz| 14z

Given that going backwards in time is equivalent to incne@si the sign ofg IS negative.

Defining distances on cosmological scales in an expandingelse is not a trivial matter,

since the outcome will depend on the measurement methoéichese e.g. [82]. To establish

the redshift-distance relation, tipeoper distances used proper timetimes speed of light),
dt

ie.
W = of |5

A e

dz'

where the second line is for an Einstein-de Sitter Univeltsd.§.). The age of the Universe
is easily calculated a&/3 H, ' by using integration bounds af = 0 andcc in Eq. 2.10.
As the cosmological parameters have only been approxinzateédt has been ignored that
the early Universe was radiation dominated, the resultaigesis not correct. The age of
the Universe is close tb/ H, ~ 14 Gyr. The Einstein-de Sitter Universe has the advantage
that the integral can be solved analytical, unlike the mesegal case with botf?,, and(2,
different from zero, while yielding reasonably exact résul

A convenient coordinate system is thatofmoving coordinatesn which all distances scale
with the scale parameter Expressed differently, a co-moving distandesi.e. the distance
between two objects measured in co-moving coordinatesxfiset as proper distance di-
vided bya. For movements along the line of sight (which in practiselwgags the case for
light or particles of distant objects observed on Earthcidr of1 + = is applied such that

/ z /
, dz

dz' =¢
o H(2)

? dt
dc:c/ (1+2)
0

dz’

For 2 < 1, the co-moving distance (as well as any other reasonablyeatefilistance) be-
comes equivalent to the proper distance or to the “normaltadice in Euclidean space and
it can be written

d = Hiz ~z-42Gpec (forz<1) . (2.10)
0

Co-moving coordinates are particularly useful for the deéin of co-moving volumes. In
the remaining parts of this chapter, densities based onmong volumes are used, which for
non-evolving sources leaves the density unchanged thoutdghe history of the Universe.
Source evolution, i.e. the increase of luminosities andfmace densities of sources with
redshift, has to be taken into account explicitly. Cosmulalgsource evolution is usually
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parametrised by a factot + z)™. As no UHE neutrinos have been observed yet, the redshift
evolution of their sources is a matter of speculation. Anrapph that is frequently adopted

is to calculate neutrino fluxes under the assumption of necgoevolution and the strongest
evolution observed for astrophysical objects. The latiés often parametrised (see [83] and
references therein) witlh = 3 and

(14 2)™ z <19
(1+1.9)" 19<2<27 (2.11)
(14+1.9)™exp ([2.7 —2]/2.7) z>2T7

Finally, the energy of a particle scales witlas
E(z)=E(1+z) |,
whereE is the energy observed on Earth. The expansion of the Umivessce leads to an

adiabatic energy loss.

2.3.2 Cosmic Microwave Background

The spectral distribution of the photon density of the CMB,,, follows the distribution
for blackbody radiation and has the form (see e.g. [84])

dncms _ 1 E%MB
dEcup  m2h3cP exp(EuR) — 1

, (2.12)

wherekg = 8.6 x 10~°eV K is the Boltzmann constant. To calculate the photon density
ncums, EQ. 2.12 has to be integrated over all energies, which ieaetl by using the identity

where((+) is the Riemann zeta function with the explicit valti@) ~ 1.202 andI'() is the
Gamma function. Hence the photon density can be expressed as

2 Ty 12 T\*
neMB = C(g)(kB ) _ OUSBC<3)T3 ~ 2.03 x 107 (K) m—3 ’ (213)

m2h3c3 ckpmi

whereogy = &—fi ~ 1.18 x 103¢c eVK*m™3 is the Stefan-Boltzmann constant. The
CMB temperature of ¢z = 2.725 K yields a photon density af11 cm 3.

The internal energy/ per volumeV of a blackbody radiator is given by (see e.g. [85])
U_4O'SBT4 3eVT4

~4.72 x 10°—— 2.14
1% c ” m3 K4 ( )

which for Teyg YyieldsU/V =~ 0.260eVem 3. Hence, the average energy per photon is
0.260 eVem 3 /411 cm ™3, which more generally can be expressed as the ratio of Efg. 2.
and 2.13 as

7T4

<ECMB> = 30((3) kBTCMB ~ 2.7 kBTCMB ~ 0.633meV . (215)
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2.3.3 Pair Production

Cosmic ray proton interact with photons of the CMB to formo#den positron pairs accord-
ing to
p+yoms — p+eter

also referred to as Bethe-Heitler process. For a given phertergyL, the energy threshold
for pair production in head-on collisions pfand-~ is
(mpc® +2mec®)® —moct  myc? mec? Me leV

E > 14+ %)~ 4.8 x 10°
e 4B, 1 ( +mp) g (E'y

GeV

(2.16)
For the average CMB enerd¥cnvg) ~ 0.633meV from Eq. 2.15, the threshold energy is
E, =2 8 x 10'"eV. A thorough treatment [86] yields a minimum of the radiatiength at
1.4 Gpc, reached at a proton energy Bf ~ 10'?® eV. Below proton energies of10'® eV,
the radiation length for pair production exceeds the Hulgrigth, while above about?’ eV,
photo-pion production sets in (see Sec. 2.3.4) which dus taiich higher cross section ren-
ders the process of pair production insignificant. Theseldauands restrict the cosmic ray
energy range for which pair production is relevant to lesmttwo orders of magnitude.
Furthermore, no neutrino production is associated with phocess.
The pair production process has been used to explain theréeat the dip (or ankle) of
the cosmic ray flux (see Fig. 2.6) as substantiated in [64aB8d]references therein. In this
scenario, cosmic rays in the energy reglof® ~ 10'° eV are mainly extra-galactic protons,
with possibly an admixture af0 ~ 15 % of nuclei.

2.3.4 Photo-Pion Production and the Delta Resonance

Photo-pion production is the process of producing pionsuicleon-photon reactions. The
threshold for this process is at a centre of mass energy,of + m,oc? = 1079.2 MeV. For

a given photon energy, the production threshold for piom$hé&ad-on collisions of protons
and photons is given as

(myc® + maoc?)? —m2ct  myc® mooc? Mo leV
E,> b= T (14 ) ~6.7x 107 GeV
P~ 1E, 8, o) . ¢

o

(2.17)
Entering the average energy of a CMB phot@fi;,, 5) ~ 0.633 meV for E. yields a thresh-
old of £, > 10? eV. The (inelastic) cross section for proton-photon intécas peaks at the
AT (1232)-resonance,

p+y — AT — 7t 4n (2.18)
p+y — AT — 74p | (2.19)

where for a CMB photon with average energy, the correspgngdioton energy at thé-
resonanc¥ for a head-on collision i, ~ 6 x 10° eV. Neutrons produced in reaction 2.18
can either decay to protons or react with photons viate 232)-resonance

n+y - A= 77 4p
n+y — A" — 7 +n

13The expressionA andA(1232) are used synonymously.

28



Neutrons with energys, < 4 x 10’ eV are however more likely to decay than to interact
with the CMB, see Sec. 2.6.1, such that thké-resonance is mainly responsible for interac-
tions of cosmic rays with the CMB. The charged pions produndtiese reactions in turn
decay according to the reactions 2.2 and 2.3, yielding tbeeafentioned number ratios of
the three generations of,, : NV, : N,, =1:2:0.

The A*(1232)-resonance has an isospiniof % with I3 = % Writing the isospin states as

|1 I) the AT final state particles can be expressetids = |1 1), |n) = |5 —3) and|r°) =

110), [p) = |3 +3) . Using the appropriate Clebsch-Gordan coefficients Ateresonance

can be expressed in the basis of the final statéAas = \/g\ﬂ)m} + \/§|7r0>\p>, which

means that the branching ratios of the final states involwitig a and="'s will be 2 and

%, respectively. This is called th&-resonance approximation. In this approximation, about
3/4 of the energy of a charged pion is transferred to neutrifesrest to the electron (see
Egs. 2.2 and 2.3). The ratio of yield in electromagnetic gndelectrons fromr* and
photons fromr”) to yield in neutrino energy hence is abdgtx 1)/(2 + 1 x 3) = 1. For
UHE protons above the pion production threshold traverdiegCMB, this approximation
however underestimates the energy ratio by a facta@r-of3, see [88].

The cross section at th&*-resonance can be parametrised by a Breit-Wigner shapdhs [8

+
4m§c4 s o'ngA s

o(s) = (s — m12,04)2 (s — Mi+c4)2 +1I2%s 7’

(2.20)

where s is the square of the invariant mass. The physical paramefettse A*(1232)-
resonance are

Max = 1.232GeV/c?
FA = 0.12GeV
o’ = 31.125 ubarn

Fors = M3c*, the cross section calculates as

4 2
o(s = Mp?c*) = (a2 ijpm 2>2MA2 0?72 & 410 pbarn
P

The cross section for tha®-resonance is roughly 10% higher [84]. This peak crossecti
and the photon density of the CMB backgroundnof= 411 cm 3 obtained from Eq. 2.13
can be used to calculate the mean free patfia proton according to

A= — . (2.21)
no

The result is\ ~ 2 Mpc. Of course, not taking thedependence of thep — A™ cross sec-
tion and the spectrum of the CMB photons into account yieldg a rough approximation.
Nonetheless, it becomes obvious that the mean free pathall sompared to the Hubble
distance, which is the cause of the GZK cutoff that was inicedl above. This point will be
addressed in Sec. 2.3.5, where also a more precise catcutdtthe mean free path will be
performed.
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For energies beyond th&-resonance, multi-pion production becomes dominant [84],
the processes

pty — 7w +p
p+y — wtrn’+p
p+y — 27w +n

etc.

At higher energies, kaons can also be produced. The phatiarmpcross section as a func-
tion of the photon energy in the rest frame of the proton isashin Fig. 2.7. The first
and second peak correspond to th@ 232) and N (1520) resonance, respectively. The sum
of the cross sections of multi-pion production and the dich@annel (i.e. the t-channel ex-
change of virtual charged mesons near the photo-pion ptiiuthreshold) is reasonably
well approximated by ~ 100 ubarn above the pion production threshold. Hence, the
CMB presents a large cross section to cosmic ray protonsnoefee A-resonance. This
explains the limited validity of thé\-resonance approximation that was discussed above.

1000 ¢ total .
E B ;?n'seociégﬁginel E
e multipion prod.
,,,,,, diffraction

< 100 [ T T
O i |
e i i
5 | - s
5 10 © E
1 “ ,"‘ | /"" A ‘ L ‘\‘\‘ . | L

0.1 1 10 100 1000

Ll [GeV]

Figure 2.7: The tota}p cross section (solid line) with the contributions of baryesonances
(dotted lines), direct pion production processes (dashedl hon-diffractive multi-pion pro-
duction (dash-dotted line), and diffractive scatterirgyvér dash-triple-dotted line). Crosses
represent experimental dat&, denotes the photon energy in the rest frame of the nucleon.
From [84].

2.3.5 The GZK Cutoff

As has been mentioned, photo-pion production with photdtiseoCMB implies an energy
threshold, above which cosmic rays cannot reach Earth ekoep our “cosmic neighbour-
hood”. The assumption of an extra-galactic origin of cosmaigs at highest energies as
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motivated in Sec. 2.2.3 implies that the observed CR flux athEshould have a cutoff at
this energy as was first pointed out in [89, 90]. Accordinghe &uthors of these papers,
K. Greisen, G.T. Zatsepin and V.A. Kuz’'min, this thresholaktbeen later termed “GZK
cutoff”. The production of charged pions implies the praitut of cosmogenic neutrinos
that were introduced in Sec. 2.1.2.

The GZK cutoff was estimated above from Eq. 2.1%af)!! GeV for (Ecy) ~ 0.633 meV.
The average mean free path for a proton traversing the CM8l¢silated according to

A_l(s):/j—gya(s)dﬂy :

where the photon energy has been exprességd ao calculate\ ! (E) rather tham\~!(s),
wherelL is the proton energy, the average\of' overs for a givenE needs to be calculated,
with £ ands related according to

s =moc' +2E,E(1 — Bcosb) . (2.22)

Here( denotes the velocity of the proton in the rest frame of theoles and) the scattering
angle. Following [91, 77], the probabilify#) for an interaction under the anglés propor-
tional to (1 — (5 cos @) from kinematic arguments and proportionalta # from geometric
arguments. Hencg() o (1 — [ cos ) sin #, such that

// ﬁxdde//Hl—ﬁ:c ,

where the expression was simplified by using= cosf. The normalisation can be easily
calculated to yield 2; furthermore, Eq. 2.22 can be usedpoess(1 — 5 cos 6) as a function
of s and withds/dxz = —2E, E3 one can write

1 Smax dn S _ m204> 1
AHE) = 5 > dE,d
( ) 2 /Ev'—rymn /Smm 2E’YE 2E’7Eﬁ K §

1 1 dn Smax -

Smin

where the minus sign afs/dz was dropped because the integration bounds were swapped

(r = —1 corresponds t6,,.,). EQ. 2.23 can also be found in [92]. The integration bounds
are
min My (mgc® + 2m,,c?)
i 2E(1+ 0)
Smin = (mpc® + mgc?)?

Smax(Ey, B) = myc* +2E E(1 + )

Eq. 2.23 can be used for a simple numerical calculation ofrtean free path of protons in
the CMB as a function of their energy, which demonstratesbtimc features of the GZK
cutoff. For all numerical calculationg, = 1 was used. This was done for the cross section
of the A*-resonance only, Eqg. 2.20, and for the cross section ofAthaesonance plus

a constant addition of 1Qtbarn (see Sec. 2.3.4) for multi-pion production and theatire
channel. The results are shown in Fig. 2.8. When taking dméy/A"-resonance cross
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Figure 2.8: Average mean free path according to Eq. 2.23 asaibn of the proton energy
for reactions with the CMB. For the cross section, in one cadg the AT-resonance was
used (broken line), whereas in the other case, a constamiimgion of 100ubarn was added
to account for multi-pion production and for the direct chalh(solid line). The thin straight
line shows the Hubble length.

section into account (broken line in Fig. 2.8), the resgltimean free path is 6.0 Mpc at an
energy of3.2 x 10! GeV. After adding the constant contribution of 108arn (solid line

in Fig. 2.8) the mean free path is 3.9 Mpc at an energy.@fx 10!! GeV. The result given
in [88] is @ minimum mean free path of 3.8 Mpc at an energydf x 10! GeV.

It can be seen in the figure that the mean free path drops freidubble length to a few Mpc
within one order of magnitude in proton energy. Due to thesgrgection from multi-pion
production beyond thé " -resonance, the mean free path does not increase strorajlty ag
for energies beyond thA*-resonance. The proton energy of about 10! GeV at the
minimum of the mean free path agrees well with the end of tleenied CR flux in Fig. 2.6.
After travelling a distance equivalent to the mean free paroton looses only a fraction of
its energy. In order to have the energy reduced to a valuatibmpion production threshold,
several interactions are necessary. In [93] it is shown &ffigr propagating~200 Mpc,
protons with initial energies betwedin? and10% eV have the same mean energy, below
the threshold for photo-pion production, independent efrtmitial energy. In other words,
protons that start off with an energy exceeding the pion pectadn threshold will have their
energy reduced to below the threshold after propagatirigitence. The distance d0 ~
200 Mpc is typically quoted as the GZK horizon.

2.3.6 Combined Propagation Losses for Protons

The expansion of the Universe introduces a dependence shifted) of the cross section

and the invariant mass squaredhich was neglected in the calculations above. The depen-
dence of the proton mean free path for photo-pion productionis shown in Fig. 2.9(a) [94]

for interaction with the CMB and with the infrared, opticaldaultraviolet backgrounds. The
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latter three background contributions will be collectiwegferred to IR/Opt/UV for short.
Above the threshold for photo-pion production with the CMiBe effect of the IR/Opt/UV
on the propagation of cosmic ray protons becomes insignifi¢aven below that threshold,
the proton mean free path 15 1 Gpc and the effect of IR/Opt/UV photons on the proton
cosmic ray spectrum observed on Earth is negligible. Thecefin cosmogenic neutrinos
associated with the propagation of UHE cosmic rays, howevstrong [94], which will be
discussed in more detail in Sec. 2.6.2.

The z-dependence of the mean free path for interactions of psototh the CMB is very
strong, much stronger than for the IR/Opt/UV. At earlier em® (largerz), the threshold
for photo-pion production sets in at lower energies and tleammfree path is decreased.
This increases the flux of cosmogenic neutrinos correspgnidi a given production rate
of primordial cosmic rays when the production occurs atdanggplues ofz. This in turn
suggests a strong dependence of the cosmogenic neutriranfline cosmological evolution
of cosmic ray sources.

7 109
10”6..,....‘ T :

7, IRBz=0  GMBz=5 : CMBz=1 ] o L
2 |

108

: 107 L
10° § E

——

107

é— 2
= IRB high z (z>2 2
~ 10° an z (z22) g
=107
102 F
10° L
10' 5 ] .
' 10° £ Proton
b E z=0
S, 1 N
10" I RS S R L TP, VI 10 L L L L
16 17 18 19 20 7 8 9 10 11 12
log(E .., (V) log(y)

(@) (b)

Figure 2.9: (a) Evolution of the proton mean free path fortph@on production with the
IR/Opt/UV (labelled IRB) and the CMB at redshifts betweend & as a function of the
proton energy observed at= 0; The IR/Opt/UV was calculated for 26 values wiltx =
0.2. (b) The attenuation length of protons as a function of trexgyn (logarithm of Lorentz
boost factor) at = 0. From [94].

In Fig. 2.9(b), the attenuation length for protons is shown a 0 when the contribution
of pair production is added to that of photo-pion productidior boost factors in excess
of log(vy) ~ 8.7, pair production of protons with CMB-photons dominatesrgueoto-pion
production with the the IR/Opt/UV. However, fasg(y) ~ 8.7, the attenuation length ex-
ceeds the Hubble length by roughly two orders of magnitudiebgrhigher values for lower
energies. Hence, for the attenuation of protons, the effieitte IR/Opt/UV is negligible.

2.3.7 Photo-Disintegration

For heavy nuclei, the process of photo-disintegrationthe disintegration of a nucleus into
lighter nuclei and nucleons in reactions with cosmic backgd photons, becomes relevant.
The threshold for photo-disintegration depends on theauscbut is much lower than for
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pair production and photo-pion production, of the ordet@MeV [80] in the nucleus rest
frame. Hence, photo-disintegration becomes the dominaxcegs of attenuation for heavy
nuclei.

The nuclear photo-disintegration process is dominateti&giant dipole resonance (GDR),
a collective vibration of the nucleons, which results in émeission of one or two nucleons
and a-particles [80, 94]. Around0 MeV in the nucleus rest frame and up to the photo-
pion production threshold, the quasi-deuteron (QD) prede=comes comparable to the
GDR [94]. The photo-pion production, or baryonic resonan{R), of nuclei becomes
relevant above the energy 150 MeV in the nuclei rest frame, corresponding to the pion
mass. For UHE iron nuclei wittll = 56 interacting with the CMB, the threshold in the
observer's rest frame is obtainedass x 10'? GeV from Eq. 2.17 withn, — 56 m, and

E, = (Ecup) =~ 0.633meV. The effect of photo-disintegration on the mean free path of
iron is shown Fig. 2.10(a). For photo-disintegration ofleuon the way to Earth, the contri-
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Figure 2.10: (a) The iron nucleus mean free path for the miffephoto-disintegration pro-
cesses and interactions with the CMB and IR/Opt/UV phottaise(led IRB) at: = 0. (b)
Comparison of the attenuation length of different nuclei at 0. From [94].

bution of the cosmic infrared background (IRB)adiation become significant, see also [80]
and references therein. The energy at which reactions viWtB @hotons start to set in can
be estimated from the threshold for photo-disintegration d 0 MeV and the mean energy
of the CMB, (Ecus) &~ 0.633 meV. The resulting boost factor is ~ 10 corresponding to

a cosmic ray energy dficg ~ A x 10'° GeV. Taking the much higher photon density of the
CMB into account, the transition between CIB and CMB occuis lmwer energy of about
v ~ 10°5, see Fig. 2.10(a). Fig. 2.10(b) shows the attenuation tefugtdifferent nuclei,
compared to that for protons. The attenuation length of I@agsmuclei is smaller than those
for protons and heavy nuclei over most of the energy rangeicéleat high energies, the
spectrum observed on Earth is expected to be dominated byngrand heavy nuclei [94].

14The notation here follows [94]; later in this report, theagym CIB will be used.
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2.4 Production Rate of Cosmic Rays

As discussed above, the production of neutrinos is expéotbd associated with the gener-
ation and propagation of cosmic rays. In order to estimagpeebed neutrino fluxes on Earth,
a normalisation of the flux to the production rate of primatdiosmic rays is necessary.
The formalism to calculate the production rate of primadrd@smic rays from the observed
cosmic ray flux on Earth is discussed in Sec. 2.4.1. To dematesthe procedure, a “toy
calculation” of the production rate from measurements efRierre Auger Observatory is
performed in Sec. 2.4.2 before published results are redaggd in Sec. 2.4.3.

Assuming that UHECRs are composed of protons simplifies gadstlations, but the ques-
tion of their composition is indeed still open. The implicatof the cosmic ray composition
for UHE neutrinos is twofold. First, the underlying prodioctrate of primordial cosmic rays
will be affected, which is discussed in Sec. 2.4.4. And sdg¢tive neutrino production mech-
anisms associated with cosmic rays will be altered. Thikheildiscussed below in Secs. 2.5
and 2.6.

All calculations presented are based on the assumptionmf@on source distribution over
cosmological distances. As discussed in Sec. 2.2.3 thisrgdfon is consistent with data.
Alternatively, single source modelassume that all cosmic rays originate from a nearby
source and that isotropy of cosmic rays arriving on Earttstaldished by (larger than ex-
pected) intergalactic magnetic fields. A possible sourcelickte in this scenario is the
superheavy galaxy M87 in the Virgo cluster at~ 0.004, which is believed to host an
AGN [95]. In [96], the majority of the observed ultra-highargy events is assumed to
originate from the radio galaxy Centaurus Azatz 0.002. In this model the UHECRs are
predicted to be heavy nuclei.

Single source models are disfavoured by the data from threePheiger Observatory [74]
which claim a correlation between the arrival direction osmmic rays beyond the GZK
cutoff and the directions of several nearby AGNs, see S&3.2.However, cosmic rays
could still originate from a limited number of nearby sowce

2.4.1 Formalism

If an energy density is denoted hy then¢ is the rate at which energy per (co-moving)
volume is produced, in the case at hands in form of cosmic ralgese cosmic rays have a
spectral distribution of their (number) densityper co-moving volume which is denoted by
dn/dE. Itis assumed here that the source distribution has a vaheediven epoch that is
uniform on cosmological scales. Then the spectral didinbwof theenergydensity is given
by E dn/dE and the energy density is calculated as

Fmax
g dn
= E,—dE 2.24
c /E“;]nin g dEg g ’ ( )

where the subscriptwas introduced to indicate that this refers to the enerdigssocosmic
rays when generated. The energy production rate per volamée written as an integral
over the (spectral) particle production rate per volupié’) = dn/dE

Bpe
é:/ B, dE, . (2.25)

g
E;]nin dEg
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By omitting a time-dependence it is assumed that cosmic saysosmological scales are
produced in steady state. The unitssodire W /m?, or erg Mpc—3 yr~! as it is more com-
monly used in astrophysics, which are the units of a powesitier-ollowing the literature,
this quantity will be simply referred to as energy productiate® within the energy range
E;”“i“ to E;“ax.

So far, no assumptions about the spectral shape 61£, have been made. Obviously, this
guantity cannot be measured directly but must be inferrech fobservations of the cosmic
ray flux on Earth. This must take into account the expansioth@fUniverse and source
evolution (see Sec. 2.3.1), and reactions of the cosmic esaytheir way to Earth, most
notably photo-pion production with the CMB as discussedan.2.3.4.

In the following an analytic expression which relates tH&ude cosmic ray flux observed on
Earth to the energy production rate of cosmic acceleratdibe/derived. In practise, the
effect of energy loss due to photo-pion production is frexlyederived from Monte Carlo
simulations since due to the highly stochastic nature ofritexaction the continuous loss
approximation is not very accurate [97].

Following the discussion in Sec. 2.2.4, a spectral index 2 will be assumed such that
dn/dE, = AE~? with some constantl. This can be inserted into Eq. 2.25 to yield after a
simple integration

dr
D _AE? = ¢ (oo = A In(E/ B (2.26)
dE
From this, an expression for the spectral shape of the undgnparticle production rate can
be derived,
. é |E£I]Ilax
dn Emin
E? [ — = T E— . 2.27
(i5,). .~ e ez

Similar expressions follow for a given distributioh./dF, = AE;“ with a # 2. The
general form for the particle production rate is then

d/’;l/ El’IlaX
— K, E™¢ 2.2

wherel, is the normalisation constant, witki, ' = In(E">/E™™) for o = 2. The particle
production rate has to be integrated over the relevant tien@g to yield a particle density.
Then, assuming isotropy, the corresponding diffuse flux loarexpressed generically as
¢ = density x ¢/(4m). Expressing the time in terms of the redshiftsee Sec. 2.3.2), the
diffuse (spectral) cosmic ray flukcg (in unitsm—2s~!sr~'eV~!) measured on Earth can be
expressed by the relation [87]

Ak,

= (2.29)

Emax Zmax
(I)CR(E) ‘Emm K / dZ

)mElg «

whereF is the energy observed on Earth aﬁé describes energy losses due to redshift and
interactions of the cosmic rays on the way to Earth. The tdrm z)™ describes potential

. . . Emax
evolution of the sources{ = 0 means no evolution). Henc£|E§’nin can be calculated by
g

15The quantityz is also referred to as emissivity in the literature, e.g.8#][ which will not be used here
because it is not consistent with the standard definitioh@&imissivity as a dimensionless quantity.
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finding combinations ofv andm for which the integral produces the observed flux, and with
this value ofe \gin the quantitydn/dE, is determined according to equation 2.28.

It is tempting togput the ignorance about source evolutiaa one parameter. For this, the
production rate Eq. 2.28 is multiplied by an appropriateetirtypically the Hubble time
ty = Hy' which then approximates the density for a production overcttmplete history
of the Universe. Eg. 2.29 can then be rewritten as

c dn
Dop(B) = = x
or(E) = X 3E,
c - 1 [ | dt E° dE
dop(E) = = [E*a'fmnf(at} - dz |2 (1 4 =2
or(E) = o # Ly m XLH/O 2| (12 Es dE
C —a - Etr;nax
= =~ [E ¢ i KatH} X €. (2.30)

where the dependence on the redshift is now contained inithengionless correction fac-
torté ¢, .

Note that in the density term, the factdr“ contains the energy observed on Earth while
3 |§~;’mn and K, are calculated for specific values of the energy of the cosays at the
g

source. This notation is convenient as typically resukscproted a®cr (E)E .

2.4.2 A Toy Calculation of the Cosmic Ray Energy Production Rte

It is instructive to estimate the energy production raterohprdial cosmic rays based on the
arguments and physics principles discussed so far; detzaleulations are beyond the scope
of this report and published results will be presented in 8et3. For simplicity, it will be
assumed that proton propagation has a hard cut-offlat! GeV due to interactions with
CMB photons. For proton energies below the pion productioeghold, pair production
with the CMBp + v — p + ete™ limits the range of protons. The radiation length of the
process has its minimum ef1.4 Gpc for a proton energy of about!®3 eV, see Sec. 2.3.3.
This is approximately one third of the Hubble distance off, ~ 4.2 Gpc and corresponds
to a redshift ofz ~ 0.6 in an Einstein-de Sitter Universe according to Eq. 2.10.

A narrow energy band from0'8° to 10! eV is chosen from the cosmic ray fluxes given
in [57] and shown in Fig. 2.6. The lower bound ensures that ertra-galactic cosmic ray
flux is considered while the upper bound was chosen far béleyion production threshold.
Approximating the observed energy spectrum with a speciddx of 2, for the energy
range mentioned above the diffuse cosmic ray flux on Eartistimated asbcr (F) E? ~

6 x 10 eVkm2yr~tsr~!. The pure redshift loss of energy I5(z) = (1 + 2)E(z =

0) and the centre of mass energy squared of the photon-prostensyaccordingly scales
with (1 + 2)2. The energy band chosen above for the cosmic ray flux obsenveghrth

is roughly a factor ofl0°®> below the proton energy afo'®3 eV which corresponds to the
minimum of a radiation length df.4 Gpc. In the proton energy range fron'? to 10%° eV,
the radiation length is close to this minimum value [86]. MiD*® = (1 + z2)?, the peak
of the pair production cross section is reached at a redshift., ~ 0.8. This corresponds
to a distance that is of about the same size as the radiangthl@at that energy. Hence the
energy of protons at ~ 0.8 must actually bdigherthan10'%2 eV to reach Earth within the

18The definition and notation &, follows [83].
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energy band from0'®® to 10'° eV. However, for higher energies the photo-pion production
threshold of~ 10?°eV is quickly reached. Therefore, cosmic rays reachinghEaith
energies above0'® eV must be relatively close, originating from sources witk: 1 [83].

For the estimate done herg,., = 1 will be used which should underestimate the resulting
energy production rate corresponding to a given cosmic taydbserved on Earth.
Multiplying Eq. 2.29 byE? and inserting the estimated flux one obtains the relation

E ax Zmax H*l(z) Ly dE
K, dz———=(1 mE-2—4
E\mm /0 z 1~|»Z ( +Z) g dE

where a generation spectrum with index= 2 was assumed. Sinde* does not depend on
z, it can be pulled into the integral,

47T 6 X 1018 eV E;nax Zmax H71(2>
— 5 R €| Ka d 1 m
C ka yr 6 Emm / Z(]_ + 2)2 ( + Z)
EII]&X
= Emm K gz tH
WheredE" = %" = (1 4 z) was used, i.e. redshift losses are assumed to be the onlyyener

loss mechanlsm. The second line follows the notation of 2P @ithty, = Hgl. Hence, it
remains to calculatg. to obtain

. Emex 247 x 108 eV HO

“lgpin R ™ km? yr E
For an Einstein-de Sitter Univers@,( = 1, {2, = 0), and using:,,.x = 1, the integration
yields¢, =~ 0.33(0.8) for no source evolution (evolution withh = 3). For the purposes of
this toy calculationg, =~ 0.5 will be used. Inserting the numerical values and transfogmi
units the result is

5 |§:T: K,=E? ddf ~ 0.4 x 10" erg Mpc 3 yr ' . (2.31)
As will be shown in Sec. 2.4.3, this calculation agrees wéthwublished results.
As can be seenin Eq. 2. 31 When assuming a particular speckea o for the production of
cosmic rays, the quantlty E K (or E2 d” for o = 2) contains no explicit dependence
on energy. The expression is frequently quoted to chaiaettre energy production rate of
cosmic ray accelerators.

2.4.3 Published Results of the Cosmic Ray Energy ProductioRate

The challenge of deducing the production rate and spectfyriroordial cosmic rays from
the cosmic ray flux observed on Earth has been addresseddmakauthors, see e.g. [98] and
references therein. In [99], an energy production rate-ef4.4 4 1.5 x 10*erg Mpc =3 yr—!
was derived for the energy rangé'® to 10%! eV, based on results of the Fly's Eye (a pre-
cursor experiment of HiRes) and AGASA experiments. The tspetdex is given as

= 2.3 £ 0.5, i.e. consistent with a value of 2 that is typically assumaddosmic ac-
celerators. Fon = 2, the normalisation constantig In(10%'/10'?) ~ 1/4.6 so that

dn

E*—

~ 1044 -3 -1
dENlO erg Mpc™” yr [99 (2.32)
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This calculation has most notably been used to derive anruppend on the neutrino flux
from cosmic accelerators that will be discussed in Sec12.An updated calculation [98]
including newly available data from the Pierre Auger Obagoky found

&

EQd—g = (0.45 4 0.15)(a — 1) x 10** erg Mpc 2 yr~*  [9§] (2.33)
for £ > 101%%eV with 2 < o < 2.7 . In [30], a cosmic ray production rate &f =
2.2x10* erg Mpc =3 yr~!, based on Pierre Auger Observatory results, is given foemieegy
range10'®7 to 10 eV. Assumingy = 2, this energy production rate yields* &2 = 0.3 x
10* erg Mpc~2 yr~!, which is consistent with the value of Eq. 2.33.

2.4.4 The Composition of Cosmic Rays

In the calculations so far it has been assumed that exteti@l HECRs are composed of
protons. Recent results from the Pierre Auger Observaid@@][indicate that with increas-
ing energy above0'® eV, the cosmic ray composition shifts from protons or lightiei
toward heavy nuclei. The final results of the HiRes Collaborg[101] for the same energy
region on the other hand are consistent with a light, maimbtgnic composition. These
measurements rely heavily on hadronic interaction modsdsl dor the simulation of the
air showers at highest energies, which are subject to lamgertainties, presumably much
larger than suggested by the spread of available Monte Gastiel predictions [102]. Fur-
ther investigations are needed to conclude on the subjettteo€osmic ray composition
where measurements of the cosmogenic photon flux may in thesflaelp to resolve the
guestion [103].

If UHECRs would be (at least to a part) composed of heavielemubis would significantly
affect the conclusions that can be drawn from cosmic raysrebd on Earth about the com-
position of primordial cosmic rays and their productioncdpem. Different compositions
of cosmic rays imply different interaction processes, laitthe accelerator itself and with
cosmic background photons on the way to Earth. This in tunpliga different neutrino
fluxes.

The energy a particle can obtain in a cosmic acceleratoogetional to the atomic number
7, which makes it easier for heavy nuclei to reach the highgeesiof cosmic rays observed
on Earth. The threshold for pair production (see Sec. 2r&83 for heavy nuclei w.r.t. pro-
tons proportionally to the atomic mad4104] while the energy loss rate increases by a factor
of Z? /A w.r.t. a proton with the same Lorentz factor, see [30] andrezfces therein. Photo-
pion production (see Sec. 2.3.4) also takes place for nualeeit again with a threshold
increased by a factor of, see Fig. 2.10(a). Most importantly, for heavy nuclei, tihe-p
cess of photo-disintegration becomes dominant over ppao{roduction. Furthermore,
as discussed in Sec. 2.3.7, the Cosmic Infrared BackgraDlii) Contributes significantly
to the propagation losses of nuclei with energies near thi€ G#off. Given the relatively
large experimental uncertainties of the spectral dengi@IB photons, the rate of photo-
disintegration over cosmological distances are accolgiifficult to predict [104]. Further
discussions of cosmic ray composition can be found in [36, 106] and references therein.
Important for the cosmic ray composition observed on Eatthé question of how long
nuclei are processed in galactic accelerators. In caselhaged particles cannot escape the
magnetic fields of the accelerators, nuclei are completisiypteggrated. Only neutrons are
ejected, which decay to protons on their way to Earth. Clthngelei observed on Earth then
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originate only from the fringes of the accelerators [30Alternatively, different sources of
cosmic rays with different compositions could be assumed.

The GZK cutoff as described in Sec. 2.3.5 is a feature of aoprdbminated cosmic ray
flux. Itis also possible to explain the observed cutoff incbemic ray spectrum for a flux of
iron nuclei [107, 108] in which case it is the result of phalisintegration. As the maximum
energy a nucleus can obtain in an accelerator scalesAyith this scenario protons would
not be accelerated to energies beyond the photo-produtttieshold with CMB-photons.
The energy per nucleon from photo-disintegration would élew the threshold for photo-
production with the photons of the CMB. Fluxes of cosmogeriatrinos would be strongly
suppressed, originating fromtdecay of neutrons and from interactions of protons with the
extragalactic infrared and optical background [107], widutrino energies below the UHE
regime.

In conclusion it can be said that if heavy nuclei constitusggnificant portion of cosmic
rays observed on Earth, then even for the case of a conclog#agurement of the composi-
tion, uncertainties on the expected composition of the cosays at the source will remain.
Measurements of UHE neutrino fluxes could help to resolvedhmcertainties.

2.5 Bounds on Neutrino Production at the Sources of Cos-
mic Rays

In this section, different approaches to predict boundsherexpected diffuse flux of neu-
trinos will be introduced, assuming they are produced imgosccelerators together with
the cosmic rays observed on Earth. Similar to the discusei@ec. 2.4.1 for cosmic rays,
a uniform density of the neutrino sourcesis assumed and an isotropic distribution of the
neutrino flux. In Secs. 2.5.1 and 2.5.2, the so-called WaxBwrcall upper bound will be
discussed and in Sec. 2.5.3, the approach by Mannheim,dPoethand Rachen will be in-
troduced. In both cases, a cosmic ray flux composed of pris@ssumed. In Sec. 2.5.4, the
effect of the cosmic ray composition on the neutrino flux Wwéldiscussed and in Sec. 2.5.5,
experimental limits from Cherenkov neutrino telescopdshw compared to the bounds.

2.5.1 Waxman-Bahcall Upper Bound

Starting from the primordial cosmic ray energy productiateras discussed in Sec. 2.4, a
neutrino flux on Earth can be calculated. In [83] this is dondar the following assump-
tions:

1. The generation spectrum of cosmic rays follows a powerdaw/ E,, Eg—z.

2. The sources of the high-energy protons are opticallytthphoto-pion production and
proton-nucleon interactions.

3. The flux of cosmic rays observed on Earth is not affected dgmatic fields throughout
the Universe.

"In that reference, the argument is applied to protons, lsetdéns reasonable to generalise it to nuclei.
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Assumption 2 assures that the protons in the accelerater,@bducing charged pions via
one of the processes mentioned, can leave the accelerdtemtoserved on Earth as cosmic
rays®. GRBs and AGN jets are discussed as potential sources in [83]

First, the energy production rate of primordial cosmic ragtpns (see Sec. 2.4.1) is related
to that of muon neutrinos (and anti-neutrinos) as

Ep (BT ) 2 0.25 € &, (2.34)

p,g9 Emm )

where it has been assumed that high-energy protons prodhycedra-galactic sources lose
a fractione < 1 of their energy through production of (charged and neupalhs before
escaping the source. The factor 0.25 arises because alibtithanergy is carried away
by neutral pions and because furthermore for the decay aragucording to Eq. 2.2, muon
neutrinos carry about half of the charged pion energy.
Equation 2.34 was derived for thetal energy of the produced neutrinos, independent of
whether one neutrino is expected at a given energy or tworinestat half that energy.
Assuming that the neutrino energy spectrum follows thahefgrotons, the relation can be
rewritten for a spectral index = 2 as
dngz dn .
EEWMFE P In( B JERD ) & 0.25 eEgngp n(ERX /By (2.35)

Vulu,g

where Eq. 2.28 was used. The normalisation of the neutrieaygns then done by deriving
afactorf < 1for £, = fE,. Asis obvious from Eq. 2.35, as long gds independent of

the energy, the ratios of the maximum and minimum energy {aecefore the logarithms)
are the same for the cosmic ray and neutrino energy and tie t&ncel out. As long as no
cutoff in the cosmic ray spectrum is assumed, there is alsutodf in the neutrino spectrum
and the factorf enters only as part of the factar

The flux of muon neutrinos, scaled by the square of the neuémergy, is then derived from
Eq. 2.30, using Eq. 2.35 witln(E2%% /EX ) = In(E2/EX- as

VuVu,g Vulu,g

cC max

2 l/Hl/ g
El/y‘l/u(bl/ul/p. - 47T gl/u,l/p, Ermr;: ; Ka tH gz
dn
~ C0.25¢E? Py, 2.36
4 vogg,, (2.36)
< 1.5x 10" 8£2Ge\/ em 2s st (2.37)

where in the last step it was set= 1 and the numerical value fdt; jg” from Eq. 2.32 was
used. Note that the condition for an optically thin source<s 1, such ‘that the upper bound
indeed overestimates the expected flux. Strictly speakim@ givene, the energy available
for cosmic rays to reach Earth would be- ¢ at most, so that a factor ef (1 — ¢) instead

of e should have been used. However, as long &s0.5, it follows ¢/(1 — ¢) < 1 and the
difference in the scaling does not matter for the estimateetipper bound.

To calculate the factof., an Einstein-de Sitter Universe is assumed and the cases of n

source evolution and of strong evolution are calculatede fEsulting factors arg“ ~ 3

8protons may be confined by strong magnetic fields preventie tfrom escaping from the accelerator,
see e.g. [97, 109]. In this case, neutrons are ejected whéah produce the protons observed on Earth via
(-decay. In [83] this option is also discussed.
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and¢“ =~ 0.6 for strong evolution (s.e.) and no evolution (n.e.), refipely [83]. The
strong evolution case was calculated for an evolution desdrby Eq. 2.11. The resulting
Waxman-Bahcall bound is

x0.6 (no evolution)
x3  (strong evolution)

B, <15x10°GeVem ?s s { (2.38)
This bound was calculated without taking into account atgctron neutrinos which are gen-
erated in thej-decay of neutrons, produced together with charged piotieadt-resonance
(see Eq. 2.18). However, these neutrinos have an energygitlptwo orders of magnitude
below the energy of the neutrinos from pion decay, see e.d. [8&. Hence, if they are
produced in similar numbers as neutrinos from pion decagtdiheZ 2 source spectrum,
their flux is exceeded by a factor f 10* by the neutrinos from pion decay at a given energy.
See [30] for a qualitative discussion.

2.5.2 A Discussion of the Waxman-Bahcall Bound

Cherenkov neutrino telescopes are sensitive to the tratksuons created in reactions
of muon neutrinos, which motivates quoting the Waxman-BdHhmwund for that neutrino
flavour. Due to the effects of neutrino oscillation (see Set), in fact only half of that flux
limit applies to observations on Earth. Acoustic neutrimdedtion on the other hand, as
will be discussed below, is insensitive to the neutrino flavd@aking the energy going into
all flavours (i.e. also the electron neutrino) from the decayhafrged pions into account,
EqQ. 2.34 must be multiplied with a factor 3/2.

Furthermore, the bound is directly proportional to the gpgroduction rate of primordial
cosmic rays. Using the newer result from Eg. 2.33 insteadjoE32 reduces the bound by
about a factor of 2. However, since the Waxman-Bahcall basifrdquently used as a bench-
mark to compare the sensitivities of neutrino detectorsallg the values from Eq. 2.38 are
kept for consistency.

Note that the value ofy = 10'° yrs which was used to derive the Waxman-Bahcall bound
in Eq. 2.37 is smaller than the actual Hubble time (which is/vdose to the age of the
Universe) of ;' ~ 1.4 x 10" yrs. However, for the calculation of the parameterin
Ref. [83], an Einstein-de Sitter Universe is assumed. Tleddhe Universe in this case
calculates a8/3H,, !, which is very close ta0'%yrs. Therefore, it seems more consistent to
use this value foty.

It must be kept in mind that the Waxman-Bahcall bound overeges the expected neutrino
flux by a factor of abou§/r, i.e. at least by a factor of 5 [110], where< 1 is the optical
depth for nucleons escaping the source. In [30], the WaxBeheall bound is turned into
a prediction for neutrino fluxes by making some further agstions. The results for AGNs
and GRBs derived in that reference were already presentebir?.1.1 and will be discussed
in some more detail in the context of neutrino productiondoederators of heavy nuclei in
Sec. 2.5.4. It is also pointed out in that reference that ricgractions of the cosmic ray
protons with the ambient gas (i.ep rather tharp~ collisions), the average fraction of the
total pion energy carried by charged pions is 2/3, compardd2 in the photo-pion channel,
increasing the upper bound given in Eq. 2.38 by 33%.
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2.5.3 Mannheim-Protheroe-Rachen Upper Bound

An alternative calculation of an upper bound on extra-galasutrino production is given
in [97], referred to as Mannheim-Protheroe-Rachen (MPRindo The derivation of this
bound is done as follows. It is assumed that protons are ahfivithin the acceleration
region, such that only photo-produced neutrons are lediiisgegion, which in turn produce
protons viag-decay. Assumptions 2 and 3 used to derive the Waxman-Babwahd in
Sec. 2.5.1 are adopted, but no assumption about a partgeraration spectrum of cosmic
ray sources is made. Instead, consistent with the availddie, an upper bound on the
extra-galactic cosmic ray proton flux of

o, —08x () n e i Gevt 2.39
p—'x<1GeV) cm s st Ge (2.39)
in the energy range from x 10° GeV to10'2 GeV is used for the calculation. Furthermore,
no GZK cutoff is assumed.

Then a number of test spectra for proton sources with cuteéfgesFE,, ., in the range
10°GeV < En.. < 102GeV is generated, whose energy production rate is tuned to
be consistent with the cosmic ray flux given above. In addjtibe diffuse extra-galactic
gamma-ray background (EGRB) measured by the satelliteriexpet EGRET [111] is used

to limit the extra-galactic gamma-ray flux from the decay lediged pions. For sources thin
to neutrons, this limit however has only a small effect.

Neutrino production rates are calculated by assuming et spectra follow those of the
cosmic ray test spectra at reduced energy. The expected #ugehen proportional to the
production rate and the energy-loss horizon of a partiatergy-loss horizons are calculated
for photons (below 30 GeV), neutrinos and protons. For thené two, the horizon is due
to the adiabatic cooling due to the expansion of the UniveFse protons, in addition the
interactions with the CMB in form of photo-pion productiondcapair production have to be
included (see Sec. 2.3).

The resulting flux of muon (and anti-) neutrinos times en&(g;}ared@;u,,ung, is plotted

in Fig. 2.11. The underlying’—2" dependence of the cosmic ray flux on Earth in Eq. 2.39
leads to a decrease of the MPR bound with energy until,atz 10" GeV, a value within

a factor of~ 2 above the Waxman-Bahcall bound for strong evolution ishedc The
MPR bound remains within this factor of 2 until it reaches Waxman-Bahcall bound for
E, ~ 10° GeV. The subsequent rise of the boundfyr> 10° GeV is a consequence of the
strongly increasing ratio of the neutrino and proton endogg horizons above that energy,
in combination with the assumption that cosmic ray sourcesiamogeneously distributed
in space. In order to account for the cosmic ray flux observe&arth in the absence of
a GZK cutoff, the sources must become more intense, whiah ithereases the neutrino
production according to the ratio of the respective enéogg-horizons. If the GZK cutoff
enters the calculation, the normalisation of the cosmicsiayrces to the cosmic ray flux on
Earth reduces the cosmic ray production rate and therefi@r@dutrino flux is suppressed.
This way the MPR bound will be closer to the Waxman-Bahcalirzbbeyond 0° GeV [97].
Considering the GZK cutoff established with the resultshaf Pierre Auger Observatory,
the MPR bound and the Waxman-Bahcall bound are of the sane ofdnagnitude for

E > 10 GeV, which is the region of interest for this report.

In addition to the calculation for sources transparent tatnoes discussed so far, sources
opaque to neutrons are also considered in [97]. In the lafiee, neutrons cannot escape
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the source whereas neutrinos can, which leads to a muchrhigigrino flux relative to
the cosmic ray flux observed on Earth. The bound on the neutiix then is essentially
derived from the measurement of the EGRB. While by definiinrupper bound cannot be
disproved by an experimental limit that is lower than thatifd, experimental data make
it unlikely that the extra-galactic cosmic ray flux on Earthdominated by sources that
are opaque to cosmic rays, see Fig 2.11. For this reason, wntbdhe agreement with
the Waxman-Bahcall bound in the UHE range when the GZK cusafhiken into account,
the Waxman-Bahcall bound will be used for the remainder f thport as a landmark for
neutrino fluxes.
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Figure 2.11: Upper bounds on the muon neutrino flux deriveshfmeasurements of cosmic
ray fluxes and recent experimental limits from Cherenkouneutelescopes. The Waxman-
Bahcall bound (WB) and the Mannheim-Protheroe-Rachen déomoptically thick (MPR
7., > 1) and thin (MPR7,, < 1) sources have been scaled by a fadt@ to account
for oscillations. For the Waxman-Bahcall bound, the bandtéd by the two cases of no
evolution and strong evolution according to Eq. 2.38 is gno&xperimental limits from
ANTARES [112] and IceCube [113] are 90% C.L. upper limitsddtux with spectral index
2. The grey band represents the expected variation of thesainericy, flux from [112]:
the minimum is the Bartol flux from the vertical directiongtmaximum the Bartol+RQPM
flux from the horizontal direction, see text. The centra¢lig averaged over all directions.

2.5.4 Neutrinos from Cosmic Accelerators of Nuclei

In Sec. 2.4.4 the implications for sources of cosmic rayswlscussed if UHECRs observed
on Earth are composed of heavy nuclei. If cosmic ray sourceserate heavy nuclei which
interact with radiation fields at the source, then the nueliiundergo photo-disintegration.
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If this photo-disintegration continues until the nuclee amompletely broken up into their
constituent nucleons, then the resulting neutrino flux wait differ strongly from the case
that protons are accelerated [30]. If this is not the caseef@ucleons will be available for
photo-pion production, reducing the flux of neutrinos. Ittba other hand inelastic scattering
with ambient gas (rather than photons) dominates, thengrotons and nuclei will produce
charged pions which in turn decay to neutrinos [30]. In thss; the Waxman-Bahcall bound
will remain essentially unchanged for a cosmic ray compmsiof heavy nuclei. Hence, if
heavy nuclei are accelerated at the source, the expectédnoeflux depends strongly on
the scattering processes at the source.

In [114] a calculation following that of the Waxman-Bahdadlund described above is per-
formed for the case that cosmic rays are produced as nusinang photon-nucleus inter-
actions via the giant dipole resonance, see Sec. 2.3.7. Sswrgtion that the sources are
optically thin to nucleons (assumption 2 from Sec. 2.5.1)lies for the calculation of the
Waxman-Bahcall bound that protons do not lose energy atdbecs. This assumption is
now changed such that UHECR nuclei must survive photo-gigmation (either completely,
optical depths 0, or “almost” with one disintegration process at most) arahps the source
without loss of energy. For the best case, i.e. the highest #dimit about a factor of 10
below the Waxman-Bahcall bound is found, with only weak delgmce on the mass number
A of the nucleus.

In [30], AGNs, GRBs and Starburst galaxies are investigasgabtential cosmic accelerators
of heavy nuclei and the expected neutrino rates are estiimdtds found that in GRBs,
most nuclei will undergo complete disintegration, while A&sNs, the rate of disintegration
depends on the energy: Below abaat’ eV, nuclei escape largely intact, while above that
energy an increasing degree of disintegration occurs. Burino spectra for AGNs and
GRBs according to this model were already shown in Figs. B2 24. The differences
in the changes of the spectra for AGNs and GRBs, when shiftorg a proton to an iron
composition, are reflected in the figures.

Starburst galaxies emit heavy nuclei largely intact, reindethem a potential source for
a heavy nuclei flux on Earth, while not producing a significamiount of neutrinos at the
source.

A simple estimate can be made by assuming a composition ofpfe%ns and 25% iron
(which is consistent with Pierre Auger Observatory data)e €ombined flux from AGNs
and GRBs of neutrinos of all flavours for this case was esgedhat [30] as

®,E2~1.0x107GeVem ?s tsrt.

In general, neutrino fluxes due to pion decay in case of heaglencomposition of cosmic
rays are lower than those for protons such that the Waxmécdblaboound remains valid as
upper limit.

2.5.5 Experimental Results from Cherenkov Neutrino Telesapes

Here and in the following, it will be assumed that the readdiamiliar with the detection
technique of Cherenkov neutrino telescopes; an introdnatan be found e.g. in [115].
In Fig. 2.11, experimental limits from the ANTARES [112] ailceCube [113] neutrino
telescopes are compared to the upper bounds discussed abbeelceCube results are
already below the Waxman-Bahcall bound for the case of gtemolution.
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The flux of atmospheric neutrinos is also shown in the figurés nainly due to neutrinos

from the decay of charged mesons (pions and kaons) and ingheshergy region roughly

follows E—37 (see [116] and references therein). A calculation of thig Has been done

in [117], referred to as “Bartol flux”. An additional compartés due to the decays of short-
lived hadrons containing charm and bottom quarks. In [1&&]¢omponent was calculated
using the models considered in [118], in particular the Remoation Quark Parton Model

(RQPM).

Atmospheric neutrinos constitute a significant backgrotmcheasurements of the diffuse
neutrino flux with Cherenkov neutrino telescopes. At utirgh energies, background from
atmospheric neutrinos becomes negligible.

2.6 Production of Cosmogenic Neutrinos

As already discussed in Sec. 2.1.2, the reaction of cosmgipnmatons with cosmic back-
ground photons leads to the production of cosmogenic magrposing a major motivation
for the search for UHE neutrinos. Several authors have adddgthe question of calculating
the cosmogenic neutrino flux, see e.g. [119, 88, 120, 121,,9494105, 122]. If cosmic ray
sources are uniformly distributed, then the GZK cutoff (biofo-disintegration for heavy
nuclei) limits the energy of cosmic rays reaching Earth dwedspectrum of cosmogenic neu-
trinos could be a probe of the maximum energy of the cosmis ahyhe source [119]. The
flux of cosmogenic neutrinos provides information aboutrsetevolution since neutrinos
reach Earth from much further distances than cosmic raygsh®aother hand, a lack of cos-
mogenic neutrinos could be an indication for a cosmic ray masition of heavy nuclei or
for a single source cosmic ray origin.

In Sec. 2.6.1, the calculation of the cosmogenic neutrinoWlil be demonstrated for pro-
tons reacting with the CMB, and in Sec. 2.6.2 it will be dis®d how the flux is affected
by the cosmic ray composition, the presence of the CIB, aaetbolution of the sources of
cosmic rays. While by themselves yielding less stringesiilte than calculations for cosmic
rays, gamma-rays can also be used to constrain the cosmsogarrino flux, which will be
discussed in Sec. 2.6.3.

2.6.1 A Calculation for Protons

In Sec. 2.4, the production rate of primordial cosmic rays derived. With this information,

in [88] a flux of muon- and electron-neutrinos is derived fritma propagation of ultra-high-
energy protons, based on simulations of photo-pion praolugtith CMB photons using the
Monte Carlo Program SOPHFA[84]. For a given proton energy, the neutrino production
raten,, is proportional to the production rate of cosmic protans,A neutrino with energy
E, is produced by protons with a range of enefgy> E,, and the flux®, of cosmogenic
neutrinos can be written as [88]

dt
= (14 2)"dE, ,dz (2.40)

c dn
Secy (B VE, = — | | Y (B, B, 2) e
CG ( z) 4 47T// z( p,g i Z)dEp,g

19Simulations Of Photo Hadronic Interactions in Astrophgsic
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where(1+-z)™ again describes source evolution. The neutrino yield fandt,, for neutrino
flavoury; is defined as

Yoi(Epg: By 2) = By —

and is the number of secondary neutrinos generated perimzettergy and per proton of
energy L, ,. The subscripy again denotes the energy at the time of the generation of a
particle.

In the following, a coarse estimate of the cosmogenic neaitiiux will be done in order
to demonstrate the principal features. For this, it will lssuamed that the proton interacts
(via the A*-resonance) with the CMB above a sharp thresﬁi’ﬁdand that the proton in-
teracts only once. Furthermore, the proton eneffjyz) must exceed some threshold to
produce a neutrino of given enerdy, (z); this threshold on the proton energy will be de-
noted by " (E,,(z)). It will be assumed for simplicity that a fixed fraction of teo-
ton energy is transferred to a neutrino. Hence, the yield wdm(and anti-muon) neutri-
nos is given by, 5 = 0 for E,(z) < max(E>(z), B2 (E,(2))) andY,, 5, = 2 for
Ey(2) > max(E2(2), B (B, (2))).

This of course underestimates the neutrino yield for higdrgies, since the cosmic rays will
interact multiple times. Given the short mean free path ofgrs near thé\*-resonance, the
adiabatic energy change of the proton between its produatid the reaction with the CMB
that creates the neutrino will be ignored. To simplify thmhn,E;hd(z) will be use instead
of max(E2(z), Ei*(z)), where it is understood that the proton energy is above tbshlmld
for the A*-resonance. Assuming furthermore a spectral index of 2%@ = AE,, *,
the flux from Equation 2.40 for neutrino energies resultirogf interactions of proton with
energies exceeding>(z) can be written as

Zmax t
qDCGV(EuHUH)EVHDH ~ /;ﬂ 1 2 AE _,Z (]_ + Z)dephqu

_ _2A/Zmax Ethd(Ey.(Z))_l ﬁ (1 +Z)md2’

4w =0 P ' z

IS 2A Zmax t
= — 1 =1 md

4r EPY(E, (= =0)) / U g (s

2A

- tue. . (2.41)

47 BEM(E,, (= = 0))

In the last step, the integral overhas been expressedias¢. following Eq. 2.30. In this
simple estimate, the integral over proton energy was eteduilagom a sharp starting energy
up to infinity. A smooth transition obq, is introduced at lower energies, near the produc-
tion threshold of cosmogenic neutrinos, due to the Planektspm of the CMB; at higher
energies, usually a cutoff of the source spectrum accortubiljg x E7* X exp(—F/Enax)

is introduced L.« = 10*°eV in [88]) which leads to a roll-off of the proton flux, and
hence the neutrino flux, toward high energies. Equation Cafiltherefore be seen as a peak
value of the cosmogenic neutrino flux, where the neutrinaggng'* at which this peak
value is reached is not specified.

Assuming that about 5% of the proton energy goes into eactiinedrom pion decay [83],
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i.e.E,(z) = EM(E,(2))/20 and substitutingl = £, ;> _ yields the approximation

i g dEp,g
c 92 dn

Doa, (EmxVprax2 ~ — — g 2 R 24z

cau( Vuuu) Vulu 47 20 [ e dEp,J i ( )

Assuming the same primordial cosmic rays are generatingines at the source and cos-
mogenic neutrinos, this result can be compared to the WasBaducall bound. It is lower by
only a factor of abou2 ~ 3 than the expression in Eq. 2.36 with= 1. As mentioned above,
the flux in Eq. 2.42 is underestimated due to the approximatiohe neutrino yield function
Y, ,. For proton energieg;, > 10%° eV, a more realistic value 8,5, ~ 6~ 8[88], where
obviously the proton energy and hence the neutrino energgdisced in each interaction.
The flux of cosmogenic neutrinos at its maximum value is tloeeesimilar to the value of
the Waxman-Bahcall bound at that energy. This is in fact ootsturprising: For thisipper
bound,e = 1 was chosen, which would mean that all energy goes into mastiand none
is left for the cosmic rays. However, this is what is happgrfor UHECRSs with energies
much bigger than the threshold for photo-pion production.

The results for the cosmogenic neutrino flux from [88] arevatndn Fig. 2.12 and com-
pared to the Waxman-Bahcall bofAdThe normalisation of the source flux was done with
the value from Eq. 2.32 which was also used to derive the Wax@Bahcall bound. The
flux is obviously directly proportional to the cosmic ray emeproduction rate and would
consequently be reduced by a factor of about 2 when usingukérim Eq. 2.33.

For ~6 x 10%° eV protons, at which energy the mean free path for photo-pioadytion
with the CMB has its lowest value, the peak of the cosmogesidrmo flux is expected to
occur at~6 x 102°/20eV ~ 3 x 10! eV. The energy will be further reduced due to redshift
effect&?.

The neutrons produced according to Eq. 2.18 can producesk@atron neutrinos vigs-
decay. The neutron decay lengthr, for the neutron life time of;, = 885.7 4+ 0.8 s equals
the neutron mean free path (which is about the same as thenpraan free path) of 4 Mpc
for v ~ 4 x 10, i.e. at abouf?, ~ 4 x 10%° eV. Neutrons of lower energy are more likely to
decay than to interact [88]. This leads to a peak of electrdinrgutrinos between('® eV
and10'" eV [88, 119].

The cosmogenic neutrino flux can exceed the Waxman-Bahoatd for harder ejection
spectra or stronger source evolution [120]. In this caskeethe protons creating neutrinos
at the source and cosmogenic neutrinos would have to comedifferent sources (or pos-
sibly from different processes within the same source) @rinciple the Waxman-Bahcall
bound would have to be adjusted as well. Furthermore, tleetsfbf the CIB and of cosmic
ray composition have not been taken into account yet. THi9®idiscussed now.

2.6.2 CIB, Cosmic Ray Composition, and Source Evolution

The CIB will lead to an additional neutrino peak of the coseruig neutrino flux at lower
energies [123, 94]. This peak is in fact expected to excem@elak from the interaction with
the CMB due to the increase of the cosmic ray flux accordingté towards lower cosmic

20The lower bound of the Waxman-Bahcall flux@f x 108 GeV em~2 s~! sr~1, see Eq. 2.38, is under-
estimated in the figure by a factor of about 2.8, #p#g/ftp.bartol.udel.edu/../seckel/ess-gzk/gzk atpgdf

2INote that the peak shifts in the graphic depiction dependimg/hether the fluxb is displayed a®, ¢ F,
ordE2.
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Figure 2.12: Fluxes of electron/muon neutrinos (dashesk)iand their anti-neutrinos (dot-
ted lines) and the sum (solid line), generated in the prapagaf protons. Fluxes for elec-
tron (anti-) neutrinos are shown in the upper panel, thosenfoon (anti-) neutrinos in the
lower one. The shaded band shows the Waxman-Bahcall bounaufon neutrinos and anti-
neutrinos given in Eq. 2.38. A spectral indexcof= 2 is assumed for the source spectrum,
and a source evolution that corresponds to the upper limih@i\Waxman-Bahcall bound
(strong evolution). The flux of cosmogenic neutrinos is nalised to the same cosmic ray
flux, given in Eg. 2.32, as the Waxman-Bahcall bound. In batfes, an Einstein-de Sitter
Universe is assumed. From [88].

ray energies and the size of this peak depends strongly casthened spectral index of the
source. For cosmic ray energies above the GZK cutoff, whyctddinition is the energy at
which photo-pion production of protons with the CMB setsiimieractions with the CIB can
be neglected.

For the cosmic ray composition, the principal statementauiis effect on reactions of
cosmic rays with photons from Sec. 2.5.4 remain valid ancttmposition strongly affects
the expected rates of cosmogenic neutrinos [104, 124, %}, Given the uncertainties of
the cosmic ray composition, results obtained for the fluxrotgns can again be regarded
as an upper bound. The flux of cosmogenic neutrinos from ppioto production for heavy
nuclei with atomic mass depends strongly on the energy cutoff at the sources: Ifultafc
is high enough for the energy of the nucleons (which will iet@ge be reduced by a factor
of A w.r.t. the energy of the nucleus) created in photo-disnatign to exceed the threshold
for photo-pion production with the CMB, then the flux is sificantly enhanced w.r.t. an
energy per nucleon below that threshold [104]. In Fig. 2th8,neutrino flux on Earth for
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several source compositions, consistent with Pierre A@gservatory measurements, is
shown [105]. A flat universe witk2, = 0.7 and source evolution equivalent to Eqg. 2.11
were assumed.

Since neutrinos (unlike cosmic rays) lose energy only thhaedshift losses when traversing
cosmological distances, the horizon (or redshiftip to which they can be observed is much
increased w.r.t. cosmic rays. Hence, the evolution of theimces has a large effect on the
observed fluxes of cosmogenic neutriffosTo derive the upper bound for strong evolution
described in Sec. 2.5.1, the evolution for quasars was wsdg enhanced rates of cosmo-
logical evolution for GRBs, the cosmogenic neutrino fluxassequently increased [125].

In conclusion, a measured spectrum of cosmogenic neutniookl help to resolve questions
about the CIB spectrum, source evolution and the composfiprimordial cosmic rays and
their maximum energy.

2.6.3 Constraints from Diffuse Gamma-Ray Background

The neutral pions created in interactions of cosmic raygm®tvith photons of the CMB, see
Eq. 2.19, decay into photons. These interact with CMB phetoproduce* e~ pairs which
in turn engage in inverse Compton scattering with the CMBe Tbmbined effect of these
processes is a pile-up of gamma-rays at GeV-TeV energ&d¢low the threshold for fur-
ther pair production. These photons should show up in tHesd#ifextra-galactic gamma-ray
background (EGRB). The Large Area Telescope (LAT) insthila the Fermi Gamma-Ray
Space Telescope spacecraft (Fermi-LAT for short) has medshe EGRB spectrum [126].
The measurement indicates a less intense and softer EGRBptea@ously measured with
EGRET (see Sec. 2.5.3). Just as for the proton flux, the EGRiBtneg from a given evolu-
tion model and energy spectrum at the cosmic ray sourcesecanrbpared to observation.
This way, a bound on the neutrino flux based on EGRB measutsrakme can be derived
or the flux predictions obtained from the cosmic ray flux aloae be tightened [127, 128].
An upper bound on the all-flavour neutrino flux can be estichieassuming that the com-
plete photon energy density corresponding to the Fermi-bm&Rsurement is due to proton
interactions with the CMB, namely through photo-pion pratiion and pair production. The
former process yields electromagnetic energy from theydetaeutral pions and from the
electrons released in the decay of charged pions. Assurha@rergy released in elec-
tromagnetic and neutrino radiation is about edtiahe following cascade bounan the
neutrino flux is found [128]:

gmax 1

¢
B2, (E,) < < — o ,
VO (By) < 47 In(Fmax/ Bin) 1 + 617 /e

cas cas

where a neutrino source spectrum proportionaFEfy was assumed with maximum and
minimum values?,,., andE,,;,, of the proton injection spectruth The total cascade energy
density derived from the Fermi-LAT measurement of the EGRBcsrum iss2* = 5.8 x

10~7eV em® [128] while £¢,¢~ andeT,, are the cascade energies from pair production and

photo-pion production, respectively.

22This is of course also true for the fluxes of neutrinos prodatehe sources of the cosmic ray acceleration.

23|n Sec. 2.3.4, a ratio of /3 was derived for the\-resonance approximation. For energies far beyond the
resonance, a ration closer to 1 is expected [88].

24As discussed in Sec. 2.5.1, the ratio of maximum and minimatmes should be the same for the corre-
sponding neutrino spectrum.
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Figure 2.13: The range of cosmogenic neutrino spectra fiaows chemical species which
are consistent with both the spectrum and composition nmeamsnts with Pierre Auger
Observatory; data were obtained from publications predd&7, 100], see [105] for details.
In each case, model parameters in the range1.4 — 3.0 and ., x 26/7Z = 10%° — 10*2
eV were considered (although models with,, x 26/Z below approximately0*! eV were
found to be inconsistent with the data). In the N+p, Si+p aaéig~frames, the results for
combinations of injected nuclei and protons are shown. & déa@me, for comparison as a
dashed curve the prediction for an all-proton spectrum with 2.2 and E,,,., = 10%2/26
eV is shown. The solid lines denote the models with the malkxand minimal spectra in
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The cascade energy density, for a given model depends on the energy cutoff and spectral
index of the proton source, and on the source evolution elfésulting value of.., exceeds
the value ofe722* from above, the model can be excluded. In this fashion, gtsmurce
evolution, with evolution index: = 3 for integration up ta:,., = 4, can be excluded [128].
Refer to the expression for the cosmic ray flux in Eq. 2.29 fdefnition of these parameters.
It is furthermore concluded that a cosmogenic neutrino flax lsecome detectable only in
the case of source evolutiom(> 0) in combination with a large value @,,...

In [127], the extra-galactic proton flux is calculated in degence of the crossover energy
between galactic and extra-galactic flux{"* eV to 10'° eV), the evolution index» and
the spectral index.. The resulting proton flux is then fitted to the HiRes data [12%d
consistency with the Fermi-LAT measurement of the EGRB guied. The cosmogenic
neutrino flux is rather sensitive to the assumed cutoff gnefghe proton spectrum at the
source, the proton spectrum observed on Earth however,iamiatconsequence of the GZK-
cutoff. But with increasing cutoff energy, the number of firproduced high-energy’’s

is also increased, which in turn enhances the density of GRREE Hence, the Fermi-LAT
measurements constrain the energy cutoff of the cosmicaancss [130]. In [127] a cutoff
at B« = 10?' eV is used®.

The best fits yield spectral indices~ 2.5 and evolution indices: = 3.2 — 4.6, depending
on the crossover energy. The allowed range of the cosmogenicino flux increases with
the crossover energy. For all crossover energies considierange of models is at the 99%
C.L. consistent with existing neutrino flux limits. Expeemtal data published after [127], in
particular from ANITA [48] and IceCube [113] (see Fig. 2.1db not change this statement;
only for a crossover energy af!’s eV, the IceCube flux limit is slightly below the 99%
C.L. flux limit bancf® for a small range of neutrino energies around GeV.

Results from [127] and [128] for combined fits to the cosmicaad EGRB flux show some
differences, those from [127] being larger by up to a factor80 for the same sets of
parameters [127].

25This cutoff is again implemented using an exponential fiomcas described on p. 47.
26f the IceCube limit is extended tt)® GeV.
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Chapter 3

Aspects of Neutrino and Particle Physics

In this chapter, several aspects of neutrino and partigsipk that are relevant for the detec-
tion of UHE neutrinos will be discussed. As neutrinos arevikméo posses mass, oscillations
affect observations on Earth: the ratios of the neutrinaflas differ between production and
observation. This will be discussed in Sec. 3.1. In Sec.i8t@ractions of neutrinos will be
discussed and the interaction processes as well as thelé@rior calculating the relevant
cross sections will be presented. At ultra-high energhesctoss section of neutrino-nucleon
reactions becomes large enough to make Earth opaque tonosuti his affects the obser-
vation strategy for UHE neutrinos and will be the subject e€.S3.3. Finally, in Sec. 3.4,
the deposition of the neutrino energy in the medium of theradtion through hadronic and
electromagnetic showers, which is the prerequisite foratt@ustic detection of neutrinos,
will be discussed.

3.1 Neutrino Oscillations

Given the experimental finding that neutrinos have masBegrnsuing questions about their
masses, oscillations and flavour mixing have been the dubjentense research. In the
following, this subject will be discussed only very briefly as far as necessary to explain
the remarkable circumstance that the aforementioned gemerof neutrinos in the ratios

Ny, :N,,: N, =1:2:0(see Sec. 2.1.1.1) will lead to a ratio observed on Earthrobat

exactlyN,, : Ny, : N, =1:1:1[131].

3.1.1 Oscillations in Vacuum

Assuming three-flavour oscillations, i.e. in particulae thibsence of sterile neutrinos, the
unitary3 x 3 mixing matrixU is defined to fulfil

3
|I/a >= ZUai|Vi >, (31)
=1

where|v, > corresponds to one of the flavour eigenstates of the nedtrine, |v, >, |v, >
and|y; > denotes the mass eigenstates with {1,2,3}. The matrixU is conventionally
decomposed into three separate mixing terms:
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1 0 0 C13 0 Slgeiw c12 S12 O
U= 0 c¢y3 593 |- 0 1 0 | —s12 c2 O (3.2)

0 —s93 Co3 —s13¢70 0 g3 0 0 1
wheres;; andc;; are short forsin ,; andcos 6;;, respectively, and is the CP-phase The
three mixing angle#,,, 6;3 andf,; have to be determined experimentally. Assigning the
CP-violating term to the matrix element éf; is purely conventional. It can be shown that
o will be zero (i.e. no CP violation present) if afly, = 0 or any two neutrino masses are
identical. Since),3 has been measured to be the smallest of the three mixingsaregie in
fact to be consistent with zero, it is sensible to assign tReviDlating term to the matrix
element of that angle.
After a flavour eigenstate,, > has been produced in a weak interaction, the mass eigenistate
|v; > with energiesF; propagate and evolve in time from their time of productige= 0 to
a given timef according to

|vi(t) >= e " E/MY,(0) > . (3.3)

Using Egs. 3.1 and 3.3, one can calculate the probabilita ftavour statér, > to change
into a flavour stat¢y; > after a timet according to

Poyvy = | < va(0)]ws(t) > |

it will be assumed that CP violation is negligible, and there all elements of the matrix
are real. Approximating the energy of ultrarelativistictpaes by
m2ct

2|plc

and denoting” = |plc, the flavour changing probability can be written as

E; = |plc+

2 4

AEh Z)

Pyaﬁyﬁ = 50{5 — 42 UaiUﬁz’UajUﬁj sinz(

1>7

(3.4)

whereAm?; = |m7 — mj| and the timg has been replaced by the distance from the source
according tof = z/c. In the equation aboveé,; denotes the Kronecker symbol and must
not be confused with the CP phase used in Eq. 3.2. From the symnof Eq. 3.4 it is clear
that

Prvs=Poyv, - (3.5)

The oscillation length for the transition between massrestgiegy; > and|v; > is defined

& AnEh
7. = dnkhe

ij 2 4
Amg;c

(3.6)

IFor simplicity it is assumed here that neutrinos are Diratiglas. For Majorana particles, two additional
complex phases have to be introduced.
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In a recent review [132], the following values for the nendrimixing parameters are quoted:

sin® 01, = 0.30 £ 0.02 (012 = 33.2° +1.3°)
sin® fp3 = 0.50 £ 0.07 (g3 = 45° £ 4°)
sin? 26,5 < 0.13 (615 < 10°)

Am?2, = 2407512 x 107%eV?

Am?2, =7.640.2 x 10 %eV?

3.1.2 Oscillations over Cosmological Distances

Since neutrino sources are assumed to be distributed oseraogical distances that are
huge compared t6,;, and since neutrinos are produced over wide ranges of grtheggine
term involving the distance of the source in Eg. 3.4 averages out:

1 [fa, 2mw 1
i doe = —.
I /0 sin (QLZ-]») T =3

It follows that only the three mixing angles of the matfixfrom Eq. 3.2 are relevant to
calculate the flavour oscillations.
Now substituting);s = 0° andfys = 45° (i.e.sin fog = cos ba3 = 1/4/2), Eq. 3.2 simplifies
to

cos 019 sin 619 0

U= —sin@lg/\/i COSng/\/Q 1/\/§
sinf5/vV2 —cosfiy/vV2 1/4/2
The last two rows of the matrix—representing the compaosititthe stateg, > and|v, >,

respectively, with the mass eigenstates—are up to sigarkaof the matrix elements identi-
cal. It follows immediately that

PI/‘LHV‘U, = Pl/.,—az/f .

Furthermore,

Pl/e—rl/y‘ = Pz/eﬂu.,— 5

which follows from the conditioi/,; = 0 for the statgv, >. S
Combining it all, the relative numbers of neutrinos arryyion Earth,N,,, N, ,, N,,_, can be
calculated without explicit knowledge 6fs:

Nue - QPVH—WQ + Pye—we
= 2PVH_’Ve + (1 - PVe_’Vp, - PVe_’VT)
— 2P, ., +(1—-2P,_,)
=1

NVH = 1 and NVT = 1 can be calculated in a similar fashion. This result is indejeat
of the neutrino energy as long as the distances over whichah&inos propagate are large
compared td;;. For al0?! eV neutrino, the larger of the two oscillation length/is, ~

1 kpc. Hence the derived results are valid also in the UHE region.
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3.2 Neutrino Interactions and Cross Sections

By virtue of the fact that neutrinos interact only via the Wwdarce, neutrino interactions
have very low cross sections which makes them difficult tectetrequiring huge detection
volumes. In the following, all neutrino interactions witithe Standard Model are discussed,

_ (=) (=) (=) (=)
Ve f2 Vy Ve Vy Uy
_____ ZO ZO
w
e~ e~ e” (=) (=)
fi : :
CC s-channel NC t-channel NC t-channel
neutrino-electron neutrino-electron neutrino-nucleon
annihilation scattering scattering
Vg 0~ (— Uy A
| | |
| | |
W } W } W }
- Ve q*1/3 q+2/3 q+2/3 q—1/3
q —2/3 6“/3 §+1/3 ] -2/3
CC t-channel CC t-channel CC t-channel
neutrino-electron neutrino-nucleon anti-neutrino-eoac
scattering scattering scattering

Figure 3.1: The Born level Feynman diagrams for reactionseaftrinos {,) and anti-
neutrinos {,) with matter. Time axis is pointing to the right.denotes any charged lepton,
q(q) any quark (anti-quark), where in some cases the chargees gis superscript. For the
CC neutrino annihilation diagram the outgoing fermifyrcan be any of;, ¢+/3, g+'/3 and
the other fermiony, accordingly/—, ¢ /3, ¢=2/3 .

and for those which are relevant for UHE neutrino detectros€ section formulae are given.
Figure 3.1 shows Feynman diagrams for all neutrino intesastwith matter on Born level
and for single fermions, meaning quarks are not treatedinvitieir composite structure
inside a proton or neutron. Weak eigenstates of the quankpliog to the weak vector
boson are obtained by applying the Cabibbo-Kobayashi-klaaK CKM) matrix.

A neutrino or anti-neutrinoof any flavour can interact with the electron or with a nucleon
of a water atom via the exchange (t-channel) of a weak veasom, either theZ® (neutral
current, NC) or théV* (charged current, CC). The s-channel (annihilation) @iagis only

2In this section (Sec. 3.2) it will distinguished betweentniewes and anti-neutrinos.
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relevant for the interaction of an incoming electron ariHnino with a shell electron of the
target molecule.

For the calculation of cross sections, the square of the@aetematrix elements has to be
calculated. For the matrix element, the propagator of th&siaa vector bosons introduces a
term of the form

(3.7)

vector boson propagator o . M‘Z/ ,
wheregq is the 4-momentum transfer between the incoming partiahesthe mass of the
vector bosonV/y, is either the mass of thB-boson, M, or of thelW-boson,My,-. For the
annihilation of two particles (s-channel) the relatign= s, holds, wheres is the square of
the invariant mass. The resulting cross section peaks wheamuals the mass of the massive
vector boson); or My, and is described by a Breit-Wigner shape (see e.g. Eq. 2.20).
For boson exchange (t-channel), the peak is “smeared oyt’ ascomes negative and can
take on any value between 0 and. More specifically the relatio? = —¢? = xys holds,
where the new kinematic variablesandy have been introduced, both of which range from
0 to 1. For elastic scattering,= 1 holds, such thay andQ? are just two different ways to
express the same kinematic situation. This is the case fdrines scattering off pointlike
particles, in particular electrons.

For inelastic scattering, in particular for neutrino-reah scattering in the deep inelastic
scattering (DIS) regime; is commonly referred to as “inelasticity” and in the resnfi@aof
the proton is given by the energy difference of the neutrinefore and after the emission
of the vector boson, relative to its initial energy. Expesbslifferently, a fraction(1 — y)

of the initial energyFE, of the neutrino will be carried by the lepton after the reactithe
rest is transferred to the nucleon. The quantiig the Bjorken scaling variable and within
the framework of the quark parton model (see e.g. [133]}) tluantity can be identified
with the momentum fraction of the proton which is carried bg guark that is participating
in the interaction. Loosely formulated, for given valuess@ndy of a reaction, the vector
boson with four-momentum“picks out” quarks which carry a fractiong® /ys of the proton
momentum. In the centre of mass frame of the electron-quastes, the inelasticity can
also be expressed as= (1 — cos @) /2, wheref is the scattering angle For neutrino-electron
scattering withr = 1, the same expression fgris valid.

In the rest frame of the target proton with= 2m y E,, the propagator now takes the form

1
M‘Q/ +2mpyE,xy

t — channel DIS propagator o , (3.8)

and clearly, for high neutrino energiés and some average valuegfthe value ofr must
be small in order for the expression 3.8 to be sizable{y)}f = 0.2 is used, which will
be motivated below, an@? ~ M3, is assumed as a typical momentum transfer, then for
E, = 10° GeV, the average valug) = % ~ 1.7 x 107 is found. This value is at the
edge of the region so far investigated experimentally. Newtrino electron reactions will
be briefly discussed before turning to the more relevant ciseutrino-nucleon reactions.

Neutrino-electron scattering In the absence of inner structure, calculating neutrira-el
tron scattering cross sections within the Standard Modelily straight forward. The total

3In case of a CC reaction, the neutrino is transferred intoaaggrd lepton, but in the highly relativistic
regime, their mass difference is negligible.
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cross section is calculated by integrating the squaredx®ément over the scattering angle
6, or the related quantity, respectively. Explicit calculations are performed in41and
(based on that publication) in [135].

Of all neutrinos or anti-neutrinos interacting with mattenly the reactiore~7, has an s-
channel contribution, see Fig. 3.1. The resonance curvéhdrprocess peaks at a cross
section 0f5.02 x 1073! ecm? for all final states combined [135]. This is indeed two orders
of magnitude higher than the cross section for (anti-) meaitscattering off nucleons at the
same energy. However, in the rest frame of the electron,¢h& m the cross section occurs
at a neutrino energy o, = 6.3 PeV. For acoustic neutrino detection, this energy is below
the detection threshold. Beyond the resonance, howewetytiss section then falls off with
1/s (see e.g. the Breit-Wigner parametrisation in Eq. 2.20)ndéefor ultra high energies,
namelyE, > 10'® eV, the effect of the resonance is not significant.

Turning to the t-channel, it should first be noted that therixalement for the process
e U, — € T, contains the contribution from both the t-chanasb the s-channel. Hence,
the cross section contains also an interference term betthed¢wo channels such that their
contributions to the cross section strictly speaking catmeoseparated. However, near the
resonance, the s-channel contribution will be dominantenior /s > My, the t-channel
contribution will dominate. Fok/s < My, the contributions are expected to be of similar
size, in accordance with Eq. 3.7, where fot| < M2 the contribution from;? becomes
negligible.

Calculations of cross sections at small energies< My for neutrinos or anti-neutrinos of
any flavour off electrons can e.g. be found in [136, 137]. is thgime, the propagator can
be approximated by/M?2 and, independent of the flavour of the neutrino or anti-rieoir
the integration of the differential cross section introelsi@ factors from the particle four-
vectors in the matrix element. In the rest frame of the ebegtthis factor is proportional to
m.F, wherem, is the electron mass. Hence in the case of heavier partielgs & proton
treated as a pointlike particle), the cross section scaildstixe mass.

For the case of leptons, for which = 1, the calculation for t-channel scattering for the
case./s > My leads to a flattening of the cross section with increasindrimeuenergy,
approaching a constant value [134]. For the proeess — e~ 7, this cross section is given
as2 x 1073* cm~2 and is essentially constant féi, > 10'® eV. For pointlike particles with
higher mass, the flattening would set in at a lower energys fibivever is not the case for
neutrino-nucleon scattering, where the presence of se&gifa high values of)? leads to
targets within the proton with small valuesafwhich in turn increases the cross section due
to bigger values of the t-channel propagator, see Eq. 3.8itride-nucleon scattering will
be discussed now. To conclude, neutrino-electron scagtesinot relevant for UHE neutrino
physics due to the pointlike structure of the electrons.

Neutrino-nucleon scattering The double differential CC and NC cross sections in the DIS
regime can be expressed in terms of the structure funcfignsF; and F;, as

d*o;(vN) G4 M} UNi N N
dzdQ? = 2%1‘(Q§+‘;\42 E (Y+F2 o (z,Q%) — ?/2FLN’ (z,Q%) £ Y_xFj i (z, Q2)>
%
(3.9)

“Frequently, the double differential cross section is esged asi’c/dxzdy, which introduces a factor
dQ?/dy = sz on the right hand side.
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where the+(—) sign applies to neutrino (anti-neutrino) scattering ahd= 1 + (1 — y)2.
The Fermi constant is defined &s- = %ﬁ—;(hc)?’, whereg is the coupling constant of the
weak interaction. The indexdenotes either the CC or NC process aiid is again the mass
of the corresponding vector boson. The longitudinal stmecfunctionF}, is zero in leading
order and negligible in NLO, except fgr ~ 1. The structure functiot’, is related to the

parton distribution functions (PDFsg)(z, Q?) of the quarks ang,(z, Q?) of the anti-quarks,

B=Y (Gale. @)+ 0Y) (3.10)

i

where the sum runs over all (anti-) quarks that couple to &wéor boson and; (¢;) describes
the coupling of the vector boson to the quark (anti-quarkjlike the situation for couplings
to photons, for the weak vector bosons the coupling stranfgthquarks and anti-quarks do
not simply differ by a sign. In particular, they can be finibe the one and zero for the other.
Of the valence quarks within a nucleon, neutrinos (antitmeos) couple only to the down
(up) quark for CC coupling. Hence, neutrino-proton and neatneutron scattering involve
different structure functiong;,. For neutrino-nucleon scattering, for which cross sestion
will be presented below, these functions are averaged. &aesark contributions, which
dominate at ultra-high energies, do not depend on isospithat in this energy regime,
does not differ significantly for neutrino-proton and neutrneutron scattering.

Note that for NC interactions, in Eq. 3.9 the substitutiofy = M, is made, whereas in
the definition of the Fermi constant, the mass of thieboson remains, which may seem

inconsistent. However, one obtaii§. M = g—;]]\\ﬁ = g—;m}ew, wherefy, is the Weinberg
angle, which is equivalent to replacing the COlVJVpIing sttengfor CC interactions by that
for NC interactionsg/ cos 0y, with no My, -terms remaining. Further factors present for the
vertex factor of theZ-boson are absorbed in the factgrandc; in Eq. 3.10.

For the parity violating structure functianFs, which is specific to weak interactions, the
PDFs of quarks enter the sum with a positive sign, those ofgaarks with a negative sign,
so that the result is small comparedig see e.g. [138].

The relevant PDFs have been measured at the electron-prolicder HERA at DESY. In
the low= region, the contribution of the valence quarks becomesdeddess important, as
the contribution of the sea quarks, resulting from gluorttspy ¢ — ¢g becomes dominant.
This leads to the effect thatVv andv N cross sections for high energies show no significant
difference. For lowr and highQ?, the gluon momentum distribution can be parametrised
by zg(z, Q?) oc 27> whereX ~ 0.3 — 0.4 [138]. As hinted above, the values relevant for
UHE neutrino scattering are much lower than the regioh 10~°, which has been probed
by collider experiments. Taking the relatively modest ggeaf £, = 5.3 x 10° GeV, the rel-
evantz-region is10~® < z < 104 [138]. Hence, the parametrisationaf(x, Q?) requires
extrapolations over several orders of magnitude, introdp@rge systematic uncertainties to
the resulting cross section calculations. Three diffepamametrisation of neutrino-nucleon
cross section will be discussed now.

Cross section formulae for neutrino-nucleon scattering In this paragraph, three differ-
ent calculations for neutrino-nucleon cross sections egggmted, shown in Fig. 3.2.

In [139], cross sections for CC and NC interactions are gseparately fo N andvN
interactions, the difference however being less than 1%.aMeraged values are:
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E 0.363
occ = 5.53 x 107 *%cm? (1 va) (3.11)

E 0.363
onc = 2.30 x 10~ %0¢cm? (1 G;V) (3.12)

(Label “Gandhi et. al." in Fig. 3.2)
for the energy range&0” GeV < E, < 102 GeV .

In [140], values for the cross sections and oy are tabulated fol0 GeV < FE, <
10 GeV in steps ofA log(E/GeV) = 1. A parametrisation of the values with the form

o E ¢

(Label “fit to Berger et. al.” in Fig. 3.2)

with the parameters

CC: a=919 b=—1455 c= —0.464 (3.14)

NC: a=893 b=-149 c= —0.464 (3.15)
deviates from the tabulated values by less than 5% in theertitgGeV < £, < 104 GeV
and by less than 10% in the rang@ GeV < E, < 10 GeV.

Using the most recent results from the HERA-experiment ZELEB], the following CC
cross section parametrisation is found to fit the calculateds sections to better than 10%
in the rangel0” GeV < E, < 102 GeV:

o . B, ~0.0964
In b =In(107") — 98.8 |In [ Go . (3.16)

(Label “Cooper S. & Sarkar” in Fig. 3.2)

At high energies, where only the sea quark contributionselevant, quark and anti-quark
PDFs are the same and the structure functiB(s, Q) for CC and NC neutrino-nucleon
interactions will differ by a constant factor. If both bosomad the same mass, one would
therefore expect a constant ratio between the respectajectoss sections.

For the values tabulated in [140], the ratig./occ increases from 0.40 to 0.43 between
E, = 10" GeV and10'? GeV. For the cross sections from [139], the ratio is readilgalated
from Eqgs. 3.11 and 3.12 to be 0.416. Hence, by scaling the &dtsefrom [138] for the
rangel0” GeV < B, < 10'2GeV by 0.415, it is expected that the results for the NC cross
section are (relative to the CC cross section) correct wiahiew percent.

3.3 Neutrino Propagation through Earth

The relation\ = 1/(no) (Eq. 2.21) can be used to calculate the mean free path ofimesitr
traversing Earth. For this, the density of scattering anirwill be approximated by, =
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Figure 3.2: CC cross sections (top) and NC cross sectiorttotbpfor neutrino-nucleon
scattering. The curves are labelled as follows: “Gandhil &t @orresponds to Eqg. 3.11
(CC) and Eq. 3.12 (NC), respectively; “Berger et al.” to thbulated values from [140],
and “fit to Berger et al.” to Eq. 3.13 with the respective pagtars for CC and NC interac-
tions; “Cooper-S. & Sarkar” to Eq. 3.16 for CC interactiomsldCooper-S. & S. scaled” to
Eq. 3.16 multiplied by 0.415 as described in the text.
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p/my, wherep = 5.52 gcm 2 is the mean density of the Earth. The cross sections acegprdin
to Egs. 3.13 and 3.16 are used and CC and NC contributionsldeslaResults are shown in
Fig. 3.3. For neutrinos with energies of interest for acioudtection,r, > 10'® eV, Earth

is opaque, i.e. only neutrinos from the upper hemispherdeatetected. This is in contrast
to optical detection of neutrinos at lower energies, buteimnacks of atmospheric muons do
not present a background for acoustic detection, this fasép no problem for the method
of acoustic neutrino detection.

In Fig. 3.3 the depth profile of the Earth has not been takenantount. The density of the
Earth varies fronp = 3.5 — 13gcm ™3, see [136] and references therein, with the highest
density in the core and the lowest in the crust. A parameimisaf the density profile of the
Earth can be found in [141]. Hence, neutrinos skimming therqarts of the Earth would in
fact have a longer mean free path (and hence neutrinos framg@rlangle below the horizon
could reach the detector) which is not taken into accourttériawer plot of Fig 3.3. On the
other hand it is assumed that the detector is located at fhatta perfectly spherical Earth.
Assuming a detector in2 km depth would affect the angle in the opposite direction.

3.4 Energy Deposition in Neutrino Interactions

For both NC and CC reactions, the breakup of a nucleus witlwatar molecule inevitably
leads to the formation of a hadronic shower, which is doneidddy inelastic hadronic in-
teractions. Acoustic detection, as will be described ingi#i4, is sensitive to the energy
deposited in the water in terms of heat, i.e. through parsbbwers. Hence, in stark contrast
to optical detection, acoustic detection is about equadhysgive to CC and NC reactions.
Hadronic showers are discussed in Sec. 3.4.1.

In the CC reaction of a neutrino, a charged lepton is furtleeenctreated. For muons, the
critical energy is at several hundred GeV [65] such that nsuasulting from the interac-
tions of UHE neutrinos lose their energy predominantly tigto radiative effects. These
processes are characterised by small cross sections, feties large energy fluctuations,
and the generation of electromagnetic and (in the case abpbolear interactions) hadronic
showers [65]. These showers in principle are detectablestically. To estimate the size of
the effect, the energy loss of muons will be parametrisedraieg to—dE /dx = a(E) +
b(E) E [65], wherea(E) andb(E) are energy-dependent constants. In [142], for the region
E > 35.3TeV, values ofa(E) = —6.50 x 1073 Ge\/g andb(E) = 3.66 x 10~° for
muons in water are given. From an extrapolation in the relfefigures in [65] for muons
traversing copper and iron with energies beyandGeV, the approximation-dE/dx =~

9 x 107 % p E can be estimated, whefeis the density of water. Hence ferdE/dx =~
E/10% m, which should overestimate the effect, the energy lossrsaspout over a distance
of the order of a kilometre while the hadronic showers from ltineakup of the nucleus are
rather compact in size, of the order of several metres. Akbagilshown in Chapter 4, the
acoustic signal is sensitive to tliensityof the energy deposition. Hence, radiation from
UHE muons is not expected to contribute to an acoustic sigth@alvever, treating the radia-
tive energy losses of muons as a continuous process for mapgses is not adequate.

Tau leptons, with a mass of., ~ 1.78 GeV/c?, have a boost factor of > 5.6 x 107,
for energies of interest for acoustic detectiéh> 10'® GeV. Hence, for a lifetime of, =~

3.3 x 107135, in the rest frame of the observer a tau in average travelstardie of at
leastyct, ~ 560km. The particle can therefore be regarded as “stable” for gaep of
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Figure 3.3: Mean free path for neutrinos traversing Earthnits of Earth diameters (top)
and the angle below the horizon at which the Earth presergsnmean free path’s worth
of material to an Earth-skimming neutrino. The detectorssuaned at the surface and a
constant density of the Earth has been assumed.

acoustic detection. Due to the higher mass, the criticaiggnis expected to be higher
and radiative effects smaller than for muons. Hence, fothalcharged leptons produced
in CC interactions, only the energy deposited in electram#ig showers resulting from
the interaction of an electron neutrino is available forustic detection. Electromagnetic
showers will be discussed in Sec. 3.4.2.

3.4.1 Hadronic Showers

As discussedin Sec. 3.2, the energy transferred to theamuaead therefore into the hadronic
shower, in the reaction of a neutrino with eneigyis given byy E,. They-dependence of
the cross section can be obtained by expressing the doufgesdtial cross section, Eq. 3.9,
as j;gy and performing the integral over. Hence, they-distribution depends on the-
parametrisation with its uncertainties at low values, @ifey calculations of cross sections

for UHE neutrinos. The differential cross secti@n/dy and the resulting average valugs
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Figure 3.4: Top: Differential cross section for CC neutrimacleon scattering, scaled by the
neutrino energy, for neutrino energies betwaéh and 102 GeV. Bottom: Energy depen-
dence of the average of the inelasticityor CC (solid lines) and NC (dashed lines) inter-
actions of neutrinos and anti-neutrinos with nucleons asation of the incident neutrino
energy. From [135].

from [135] are shown in Fig. 3.4. Typically, a mean valuggf ~ 0.2 is assumed for UHE
neutrinos.

Secondary particles produced in hadronic showers are yrmastis and nucleons, produced
in the decay of excited nuclei. The decay ofaleads to the production of two photons
and the subsequent formation of an electromagnetic showheth therefore are also always
present in hadronic showers.

Event-by-event fluctuations of energy deposition (for segivalue ofy) and of spatial dis-
tributions of hadronic showers are large. This has seveesans. Depending on how early
in the showers the first’’s are produced, a more or less sizable fraction of the engogg
into electromagnetic showers. Furthermore, energy goigg mto muons and neutrinos
produced by charged pions is lost to the energy of the sha\wmetrthe energy going into the
excitation and breakup of nuclei is sizable and subjectrgel@vent-by-event fluctuations.
No universally used parametrisation for hadronic showestex Frequently, the parametri-
sation for electromagnetic showers (see below) or simifeascare used. The scale of the
longitudinal shower profile of hadronic showers is given bg tuclear interaction length
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which for water is\; = 83.3 cm. As will become clear in Chapter 4, the energy distribution
within the shower, most notably the lateral distributianaicrucial quantity that determines
the size of the acoustic pulse generated in a neutrino tttera But shower simulations can
be validated in fixed target experiments only up to the Teyfean®. Hence, simulations of
showers and their event-by-event fluctuations pose a dreatdtical challenge to the subject
of acoustic detection of neutrinos.

3.4.2 Electromagnetic Showers and the LPM Effect

Electromagnetic showers, i.e. the cascading effects ohdsrahlung and pair productions,
at energies? < 10'° eV have a longitudinal profile that is relatively easily pastrised by
the radiation lengttXy, and two energy and material dependent parametansib according

to
dE (bz/Xo)* L exp(—bz/ X))
dz EobXo ['(a)

where the Gamma functidni(a) normalises the total shower energyAp. For water,X, =
36.08 ¢/cm?, which is smaller than the nuclear interaction length byghdy a factor of 2.

In the conventional description of the electron scattepnacess, the interaction is treated
as occurring at a single point. In dense media and at ulgh-@inergies, this approximation
is not valid anymore and it must be taken into account thaethession of bremsstrahlung
takes place over a distance where multiple scattering ecdims perturbation acting on the
particle within the coherence length leads to destructiterierence, suppressing radiation
and extending the size of the shower. Similar arguments eapplied to the related process
of pair creation. This effect has been termed Landau-Pambtk-Migdal (LPM) effect
according to the first semi-classical description [143,, 14V5].

The formation length (or coherence length) over which theraction spreads out can be
approximated by [146]

(3.17)

I 2E.E!hc
T e,
whereL, is the electron energy before the interactiéi,the energy of the emitted photon

andE! = E. — E, the electron energy after the interaction. The mean angleeafultiple
scattering’yis at some lengtlhis [146]

Es | 1
9 = = 3.18
MS £\ 20X, ( )

with
4
Es = mecﬂ/ o (3.19)
(@
Fordys = 1/ multiple scattering is expected to affect the interacti®he condition can

be rewritten a%% > 1 usingy = E./(m.c?) and Egs. 3.19 and 3.18. Substituting the

formation length for yields £, (E, — E.) 2 E. Eypv Where [147]
(mec?)?apX TeV

= (77— X
4 he (77cm X pXo)

Svalidation and testing results for hadronic physics areegivon the GEANT4 web page
http://geant4.cern.ch/index.shtml

Erpy =
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Figure 3.5: The interaction length for high-energy photeasus the photon energy mea-
sured with the simulation code CORSIKA (data points withistizal errors). The dash dot-
ted curve shows the pair production length computed fronh B effect using the formulae
of Migdal [145]. The solid curve shows the computed totadrattion length, including both
pair production and photonuclear interactions with thessreection from CORSIKA. The
dashed line labellefl/7.X, shows the expected pair production length without the LPM ef
fect. HereXj is the radiation length of the material. From [148].

Using E., = E./2 yields the relatiorf, > Eppy such thatE; py can be seen as the energy
at which the LPM effect sets in. In watet; py ~ 3 x 104 eV.

Fig 3.5 [148] shows the interaction length of high-energytphs as a function of en-
ergy [148] obtained with a modified version of the the simolatool CORSIKA [149].

At 10 eV, the interaction length is already more than a factor obit@er than the low
energy value.

In Fig. 3.6, the longitudinal energy distribution of elestragnetic showers as obtained from
a GEANT4 simulation is shown for energies in the LPM regime [150]. Op-t10'7 eV, the
parametrisation of Eq. 3.17 is valid, albeit abeve 0'° eV with parametera andb that de-
viate from a simple extrapolation from lower energy valugs(]. Then above- 10'® eV the
energy distribution becomes stochastic. While the LPMaotffes been verified in collider
experiments [151], simulations at UHE energies again havettaken with caution as they
lack experimental verification. See [150] and referenceseih for a detailed discussion.
Due to the electromagnetic component present in hadromwests, the latter in principle
should also show an elongation due to the LPM effect. Howea®miscussed in [152],

6COsmic Ray Simulations for KAscadettp://www-ik.fzk.de/corsika/
"GEometry ANd Tracking, a toolkit for the simulation of the ssage of particles through matter
http://www.geant4.org
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Figure 3.6: Examples of longitudinal energy distributifpfz) = dE£/dz of LPM extended
electromagnetic showers for shower energiesof, 10*%, 101, and102?° eV. From [150].

the fraction of the hadronic shower energy that goes intditeegeneration of photons in
average is much smaller than for electromagnetic showdrstefore the LPM effect is not
relevant for hadronic showers.

For the CC interaction of &, or 7., the complete energy of the neutrino is deposited in
the water through hadronic and electromagnetic showersraMioth components generate
acoustic signals. This will be discussed now in Chapter 4.
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Chapter 4

Acoustic Detection of UHE Neutrinos

In the previous chapters, the search for ultra-high-enagtrinos was motivated and the
underlying physics aspects were investigated. In thistenaihe acoustic detection of neu-
trinos will be discussed as one option to investigate thradligh-energy region. In Sec. 3.4,
the deposition of energy in water through hadronic and elatagnetic showers, produced
in the interaction of neutrinos with nuclei, was discussHute resulting temperature change
induces an expansion or contraction of the medium deperatirits volume expansion co-
efficient. According to the thermo-acoustic model, the le¢ed expansion of the heated
volume—a micro-explosion—creates a pressure pulse ofldrighape which propagates
in the surrounding medium. The thermo-acoustic model i€m@sd in Sec. 4.1 and in
Sec. 4.2, the formation of the signal in the environment ef ANTARES detector in the
Mediterranean Sea will be discussed. In this context, tlaeadteristic bipolar shape of the
sound waves is derived and it is shown, how the shape is affdnt frequency-dependent
attenuation over large distances. The three-dimensiograhlspropagation within a charac-
teristic flat, disk-like volume, typically referred to asdipcake”, will be introduced and the
essential signal properties will be discussed. As the spésdund is pressure-dependent,
signal propagation over large distances in deep bodiesteirwall be affected by refraction.
This will be discussed in Sec. 4.3. In Sec. 4.4, the propedi@ potential acoustic neutrino
detector will be deduced. The properties of the sound sitjradlmainly affect the detec-
tion efficiency are the particular three-dimensional shafpe pressure field and the large
attenuation length of acoustic signals in sea water. Asldlldiscussed, this leads to the
definition of an effective volume in which neutrino reacsaran be recorded by an acoustic
neutrino detector beyond its geometric volume. Using amese of the effective volume for
a generic acoustic neutrino detector, detection rateswikbstimated before general design
criteria for an acoustic neutrino detector will be discaksdénally, in Sec. 4.5 an overview
of current and recent projects for the investigation of atioparticle detection is given and
in Sec. 4.6 alternative detection methods for UHE neutraresriefly discussed.

4.1 Derivation of the Thermo-Acoustic Model

In the following, the thermo-acoustic model [153, 154] isiged from basic assumptions,
using a hydrodynamic approach. Starting point are the Htdgrations for a compressible
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fluid with the three coordinates= 1, 2, 3,

d(pv;) > o1l
ot _; or; 4.
with mass density, velocity vectort = (vy, vy, v3) of the fluid and momentum-density
tensor

IL;; = pdi; — puviv; (4.2)
including the pressurg Equation 4.1 can be derived from momentum conservatickingja
the partial derivativé/0z; of component of Eq. 4.1 and using the continuity equation

dp =
—_— U) = 4
5 + V(pv) =0, (4.3)

a non-linear wave equation can be derived:

2 27T
(9p:Z Oy (4.4)

To find a solution to this equation, the problem is approachead/o separated spacial re-
gions: First, a regiod (“interaction”), where the energy is deposited in the @tinter-
actions with the medium and thus the wave excited. Secongdatynamic (“acoustic”)
region A, where the acoustic wave propagates through the mediuns spiitting can be
applied to the momentum density tensor, rewriting iflas= H{‘j + H{j.
In thermodynamics, the entrogy in a reversible system is related to the h@aand the
temperaturd’ via the equation 50

s = T
Furthermore, assuming the mole numbeis constant, the heat capacity at constant pressure

C,, and the specific heat capacity at constant pressuaee defined for a given mass as

CpEme:T@

ar|,’
and the bulk volume expansion coefficienis given by

L Lov

S Vor’
The density of the medium, whose change with time “drivee’lave equation, is composed
of a part due to heat injected (or withdrawn) from the systewh due to a dynamic part,

resulting from the change of the pressure. Choosing andN to characterise the state, the
total derivative ofp can be expressed as

S,N

For areversible transformation, the integfal)/T'is independent of the path (see e.g. [85]).
Hence, for a reversible isothermal expansion, the heatdig@o can be expressed using
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the exact differentiatl). Clearly, the process under investigation is not isothérasathe
temperature change is responsible for the expansion of dter\and hence for the pressure
wave. However, the temperature change resulting from tleeaation of a 1 EeV neutrino
is only aboutl ;K at an absolute temperature around 300K, so that the relztege of
temperature is only &0~ effect.

Using finally the definition of the adiabatic sound velocity,

. 9
S ap?
it follows
1 Op OV 9T dQ
dp = —dp + -~ %
P =2t ovoras T
T dQ
—gdp— W(av> me, T
1 a d@)
= —dp— —==% 4.5
2= (4.5)
o v dQ

= dp = 2dp+ 2 (4.6)

‘e, VI
which splits a pressure change into an acousticgart= c?dp and an energy (or interaction)
partdp; = c2a/c,de with energy deposition density= @/V and bulk volume expansion
coefficienta. The quantities:, o andc, will be assumed to be constant when performing
integrations.
In Eq. 4.4, the acoustic part of the moment density tensobeaexpressed eﬁ{} = padi; =
c2pdi;, using Eq. 4.2 with the term pv;v; being neglected. The latter seems justified,as
can be assumed to be small compared,tand to be constant or only slowly varying with
Z;.
As pressure changes will only be measured in the acousticreg the followingp = p4
will be used to formulate the wave equation. Uslhg = pd;; +H1 anddp = c;?dp, Eq. 4.4
translates for pressure differengés= p — py (py being the statlc pressure) to

S >’y aQHin

The general solution for the wave in the acoustic region ewiitten as [155]

1 1 OPTIIEL(7) 1)
‘(7t) = av’ s
Pt 47 / v 77| 00z

6ij - TL(7" ¢
1 / dvl .7 ( ) ’
\%

4c? |r—r’|

Q

where for the last conversion, partial integration and thaltderlvatlve 9 cl gt

have been used repeatedly and terms which are suppressemmlnear inr — %’| were

1This number follows from a simple calculation assuming 2(he neutrino energy is deposited in the
hadronic shower within a cylindrical volume of 10 m lengttdathcm diameter. The shower dimensions will
be discussed later in this chapter.
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neglected. In the affected terms, the expressions have egddeated at the retarded tinfe
which is given byt =t — |7 — 7|/ cs.

For the momentum density tensor in the interaction regionsatropic energy deposition
without momentum transfer to the medium through the terpv,v; in Eq. 4.2 is again
assumed, yielding

Il = pidiy; = A medy; .
1 br J s Cp J

Under these assumptions, a thermo-acoustic wave, geddratieeating up the medium is
described by

p(rit) = Lo v o

’ AT e, Jy |7 — 7| Ot

The pressure field resulting from a particle interaction imedium is thus determined by
the spatial and temporal distribution of the energy deposdensitye. The amplitude of the
resulting acoustic wave is governed by the thermodynanupgatiesc,, C,, and«, which
depend primarily on the temperature of the medium. A colgdolariation of these param-
eters in laboratory experiments and a study of the resuttiagsure signals therefore allows
for a precise test of the validity of the thermo-acoustic slo&xperiments conducted with
this aim will be discussed in Sec. 5.1.

e (7', 1). (4.7)

4.2 Acoustic Neutrino Signals in Sea Water

The energy of the hadronic shower resulting from the inteva®f a UHE neutrino is de-

posited within a volume of roughly the shape of a long, thilinger with radius of several

centimetres and length of several metres. In this secti@nspecific features of neutrino-
induced acoustic signals, resulting from the energy déposaccording to the thermo-
acoustic model, will be discussed. As attenuation is fraqualependent, it affects the
signal shape and will be part of the discussion.

4.2.1 Generation of Bipolar Signals

The energy deposition of the hadronic shower leads to a leaing of the medium which

is instantaneous with respect to the hydrodynamic timeescal'he dissipation of the heat
then is slow compared to the hydrodynamic time scales. Heheeenergy deposition (of

the hadronic shower) can be decomposed into a temporal atilgpart and the former

approximated by a Heaviside step functien

(7 t) = () Ot —to) = gem t) = ex(7) 8(t — to) (4.8)
wheret, is the time of the energy deposition afid — ¢) is the Dirac delta function. The

expression for the partial derivative ofrom Eq. 4.8 can be inserted into Eq. 4.7 to yield

1 «a dav’ o
—— — €
dne, o =7 ot

a0 ds’

o, O Jgmo Ry

p(rit) = #() 0(t" — to)

7). (4.9)
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In the second step, the volume integral has been decompuat®edn integration oveR =
|7— 7| and a surface integral over the surfatewith distancer from pointr. The retarded
time ¢’ is related toR as R = ¢,(t — t') and the delta function “picks out” the valug, =
¢cs(t — to) for the integration oveR. Here a constant speed of soundvas assumed, such

that the surfacé?fto is a sphere. As will be elaborated in Sec. 4.3 the speed ofisslumws

a depth profile, such that over large distances this assamistigeneral does not hold.

EqQ. 4.9 can be used to derive the bipolar shape of the pregsls®and to better understand
the dependence of the signal shape (and hence the frequesxtyusn) on the radial exten-
sion of the shower profile [154, 156]. The direction of thewsbpaxis shall be denoted as
z-axis and the origin of the coordinate system shall be latatehe maximum of the en-
ergy distribution along the-axis. The energy deposition clearly has a cylindrical syatmn
around thez-axis and for the energy density in thg-plane, a Gaussian distribution is as-
sumed. Assuming further that the distribution is uncotesldetween the three coordinates,

an energy density
_ Eq (2 +¢°)
€T(ZC,y,Z) - NZ(UP\/%)Q exp ( 2 0_2 f(Z)

P
can be postulated, wheféz) denotes the energy density along thaxis andV, its normal-
isation. The standard deviation of the Gaussian distiiouti thexy-plane has been denoted
by o,. An observer (listener) is located at a distang@long thex-axis which is far enough
from the shower to approximate the surfél;%“ cutting through the shower by a flat surface
in theyz-plane. Equation 4.9 can then be rewritten

2 a 0 dy’ d’
/ — S / !
p xoexat = - an €T, Y, 2
(nfed) = e ar ), Ry ) e

and assuming that for the longitudinal extension of the shaw the relationz, > o,
holdg, the approximatior;(zo,y, z)/R =~ ex(xo,y, z)/xo is valid in the region where;
differs significantly from zero. The surface integral caartlbe calculated yielding a linear
energy density

Il
T
o
Q@\
o,
I\
™
Sy
8
<
N

€ ()

- exp(—lx—Q) (4.10)

in the directionz. The relative pressure amplitude can be approximated by

a1l d
"(zo€s,t) ~ —*— ———¢€,
P(wo€h t) i, XdX ' (z)

cgozl d

22 )

4m ¢,z ﬁem

(4.11)

X=cg (t—to)

(4.12)

Q

X=cs (tfto)

where X = z, — x has been defined as the one-dimensional analogue to théleaklia
Performing the differentiatiori/dX = —d/dx one obtains

20, > o, is furthermore implied.
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2 1 E 1 22
P (1€, t) = Rl 7O£exp (__x_) (4.13)

Ar ¢, xg o, 21 O'g 202

X=cg (t—t())

It is convenient to defineé, = —x,/c, such that the expression is evaluated:at —c,t
yielding

P (206, 1) =~ C_ggiiEo _Cstexp <—1(Cst)2)
w 47Tcpxoap\/ﬂ o2 2
va¢ Eo ct
Tdrzoanod Y (‘

. ) . (4.14)

The dimensionless quantity
Yo = ca/c,

is the Gruneisen parameter, to which the amplitude of thasteopulse will be proportional.
Eq. 4.14 describes the typical bipolar shape of an acouglsepso far of course under some
simplified assumptions. As can be easily verified, Eq. 4. Bitsamaximum and minimum

for o> = ¢3t*, such that
/ e EO 1 1
=% 90 - —= . 4.15

The maximum pulse height is proportional to the depositedgn the inverse of the square
of the radial energy distribution, the inverse of the diseaand the Griineisen parameter.
While the Grineisen parameter can be easily derived fronprbgerties of a medium, the
equally important radial energy distribution must be siated and contains potentially large
systematic errors, as extrapolations over large rangesefjg are involved, see Sec. 3.4.
Furthermore, so far attenuation has not been taken intouatcavhich depends on the
medium. In Sec. 4.5, an overview of activities and targetiméat acoustic detection will
be given and the Griineisen parameters for different bodiester will be compared.

4.2.2 Attenuation

Attenuation in distilled water is caused by viscous absorptin sea water, in addition ionic
relaxation of chemical compounds solved in the water couateis. The latter effect is due
to the dependence of the associatierdissociation process of the chemical compounds on
temperature and pressure [158]. At a given pressure anceramope, the rates of dissociation
and reassociation will be at an equilibrium. Since energgdgiired for dissociation, this
process contributes part of the specific heat capacity ofvager [159], implying absorption
of energy. Changes in the temperature and pressure indyaddund wave will distort the
equilibrium, inciting a dissociation or reassociationiwét relaxation time that is specific to
the substance. The inverse of the relaxation time is theattn frequencyf; = w;/(27) ,
for the j-th chemical compound.

The compression or rarefaction of the chemical compounsiib@tind the applied pressure,
which is expressed in terms of a complex compressibility8][15-ollowing the same ar-
guments, the specific heat is also expressed as a compleitgu&nom these quantities,
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Figure 4.1: Absorption length according to the paramdinsagiven in [157] for conditions
at the ANTARES site with temperatuile = 13.2° C, salinity of 3.8 % and a pH-value of 8.
The solid thick curve is for a depth of 2000 m, the broken tluokve for a depth of 100 m.
The straight thin line is the absorption length for pure wéeest term in Eq. 4.16) at a depth
of 2000 m.

the complex attenuation coefficieaitcan be derived and the propagation of a plane wave

expressed as
zy_ ﬂ(iw)x) '
Cy 2
The factorl/2 has been applied t@ since the attenuation coefficient is defined for power,

which is proportional to the square of the pressure. Spdjtthe complex attenuation coeffi-
cient into a real and imaginary paft(iw) = u(w) + ipm(w), yields

e [ 250

Hence, the imaginary part introduces a dispersion and @ce#f delay of the propagation of
a neutrino induced bipolar pulse [156]. For chemical congmbi the complex absorption
coefficient can be parametrised as [158, 150]

Patt = Po €XP (iw (t -

2w

fi(iw) = Y i
Although NaCl is the principal constituent of salt in sea evaind magnesium sulphate
MgSQO; only amounts for a fraction of 4.7 % by weight of the total dised salts in sea
water, it is the latter that dominates the absorption preotasfrequencies above a few kHz,
up to about 100 kHz [160], i.e. in the region relevant for ataudetection.
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Figure 4.2: Phase shift due to complex attenuation at artistaf 1 km for the same con-
ditions described in Fig. 4.1 for the ANTARES site at a wateptth of 2000 m. A speed of
sound of 1500 m/s has been assumed to transfer the phaskeshifadians to distance.

Boric acid B(OH) further reduces the attenuation length at frequenciesabaltew kHz.
For frequencies in excess of 100 kHz, the attenuation leagpinoaches the? dependence
of fresh water.

Combining all three contributions, the complex attenuatian be written as [156, 150]

127w w 127 W W w?

i(iw) = 4.16
M(ZW) “ w1 + 1w = wa + w Cs Wo ' ( )

where the last term describes viscous absorption of purerwadhe real part of Eq. 4.16,
which causes attenuation, is readily calculated as

2 2 2

2T wiw 2T wow w

plw) = ot (4.17)
The factors2m have been introduced for compatibility of the parametgraith the more
common definition of equation 4.17 as a function of frequeincthe literature, e.g. [161,
162]. The quantities;,w; depend in a non-trivial matter on the temperature, pregsere
depth) and salinity, and in case of boric acid in addition lo@ &cidity. Parametrisations,
based on a collection of measurements in various bodies tdrwaave been derived in
[161, 162]. A simplified version of these parametrisatiangiven in [157], specifying the
parameters of Eq. 4.17. The resulting absorption lengtthasva in Fig. 4.1. The para-
meters can then be directly transferred to the complex @dteon in Eq. 4.16 [156]. The
imaginary part of the complex attenuation coefficient idtrces a delay of the bipolar pulse
from a neutrino interactionyy10 us at 1 km, combined with small distortions as the delay is
frequency-dependent. The phase shift, transferred inpa&as delay, is shown in Fig. 4.2.
Note that most references, including [157], quote the at&an coefficient in units of dB
per distance, whereas in the context of this report the adigon length\ according to
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I = I,e ®/* is given. Here the intensity is equivalent to power per solid angle or area
(depending on the type of wave), such that effects of thetedhfitower spreading out over

larger areas with distance are compensated. The relattarebr the two quantities s =

i = 552, whereA~ then has the same units of distancgias

4.2.3 Attenuated Bipolar Pulse

Equation 4.11 can now be transformed into the frequency domarder to apply the effect
of attenuation. Performing the Fourier transform

Fp(o) =iw) = [ e (4.18)
for a pressure pulse as described by Eq. 4.12 yields the &sipre
sy = oL [T L d
plw) = pr X /Ooe - dtex(:p(t))dt : (4.19)

By partial integration, using that (x(¢)) will be zero at the integration bounds= +co, the
expression can be rewrittén

pw) = -2 by / e () Le gy

dme, 1o

- el / e (1)) (—iw)e et dt

e, xg oo

_ 06 e Fle () (4.20)

4mes 1o

Equation 4.11 can in fact be generalised for an arbitrarytiposof the observer, using
causality and the rotational symmetry of the problem [1&3}which caser,(z(t)) is re-
placed by an effective linear energy densityr(t)). In the frequency domain, the atten-
uation at a distance, between the observer and the shower centre, replacing drgityu
o can now be simply multiplied to the right hand side of Eq. 4@0btain the attenuated
pressure pulse,

pua) = o2 e 0N} e (<20 0) (4.21)
As mentioned above, all calculations have been made in tHeefd region, where thé /-
dependence of the signal amplitude on the distarftem the source has been established.
The extension of the near field is frequency-dependent améheastimated by the relation
o, < r < o2/ for a wavelength\ [153]. In the near field, for the sound emission from
a “line source” , al/,/r-dependence of the signal amplitude is expected. This has be
observed in simulations [150], where for the simulation d0&’ eV hadronic cascade the
transition from near to far field is observed between radisfiacices of 100m and 2 km.
This is consistent with previous calculations [154]. As bagn furthermore pointed out
in [154], the broadband frequency content of the bipolas@uéads to a /r?-dependence

3The expression fgb(w) can also be derived from basic theorems of Fourier transftoms.
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of the amplitude in the attenuation zone, which is a much stalecrease with distance than
the naively expected exponential behaviour. This can beodstrated most easily for fresh
water by writing the viscous term of Eq. 4.178%) = jiw? with /i = 1/c, wy, i.e. ignoring
the effect of the chemical compounds for simplicity. Eqoat.21 then can be expressed as

resn water . 1 [l
Pare(w) T iw ;f; L Fle(r()} exp (—ngm) . (4.22)

The Fourier transformation aof.(r(¢)) from Eq. 4.10 withx — 7,0, — o, can now be
performed, using = —c,t as in Sec. 4.2.1, yielding

Flar(t)} = 2 exp (_afﬁ)

s 2c2

and

A ( ) . e Lo O'EWQ il 2
att (W) = w —exp (| — — —wr
Patt 4dme? 1y P 22 27 "

Hence, when transforming back into the time domain, thdtreslibe equivalentto Eq. 4.14
with o2 substituted according @, — o7 + jic2ro andxy — ro. The maximum amplitude
from Eq. 4.15 can then be written

, e FEo 1 1
_ _= 4.23
pmax,att(ro) 47TTO \/% (0‘? —+ [ch 7"0> €Xp ( 2) ’ ( )

2
T

which in the attenuation zone witly > becomes

g,
e

E 1
Prwess 0]t = i P (‘5) | @24
Hence, in the attenuation zone, the amplitude of the bipplése falls off only asl /r?
and not exponentially as the individual frequencies. Thaligative statement remains valid
when taking complex attenuation into account, even thohglamplitude itself will be mod-
ified.

For the high frequency components of the acoustic signah fitee hadronic cascade, with
the absorption length in the Mediterranean Sea droppingnb2lkm for frequencies above
~20kHz (see Fig. 4.1), attenuation sets in before the far fieladitions have been fully
established [150]. For UHE electromagnetic cascades, atleetlarge extension of LPM-
extended cascades, near field conditions for UHE electraptagshowers directly cross
over into the attenuation zone.

4.2.4 The Three-Dimensional Pressure Field

Coherent superposition of the elementary sound wavesupeaddover the volume of the
energy deposition leads to a propagation within a flat diskysolume, the so-called “pan-
cake” in the direction perpendicular to the axis of the getcascade. This is an application
of Huygens’s principle and in order for coherence to ocdug, wavelength of the pressure
pulse must exceed the radial dimension of the shower.
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The strongly directed propagation of the pressure signalbeaunderstood by evaluating
Eq. 4.9 along the-axis. The maximum shower amplitude then follows from E454by
replacingo, by o, i.e. the standard deviation of the energy distributiog-gtirection for an
observer located along the shower axis. &pon the order of a few centimetres andon
the order of a few metres, it follows, /o, ~ 10? and the maximum of the pressure pulse in
z-direction is reduced by a factap* for the same distance.

After the signal has traversed a volume, to each point of tlerwe the maximum pulse
height that was present over the propagation time of theemals be assigned. A given isobar
of this pressure field then shows the disk-like shape refeilweas “pancake”. To quantify
the opening angle of the “pancake” it is most convenient tk lat the energy contained in
the pressure wave as a function of the polar angle distdbutince far field conditions have
been established [156, 164]. The opening angle is then défasethe FWHM of the square
root of the pulse energy vs. polar angle and is ahbubt° [156], essentially independent
of the energy of the hadronic shower abage GeV. For reactions of electron neutrinos, for
which in addition an electromagnetic shower develops, fenog angle is larger, due to
the LPM effect [164].

The three-dimensional pressure field will be affected bsation which will be the subject
of Sec. 4.3. Signal shapes as measured with an individusbsetiscussed now in Sec. 4.2.5,
are not affected by refraction, except that the distancevdst the source and the sensor
would need to be defined as the length of an acoustic ray ctingebe two points.

4.2.5 Neutrino Signal Properties

Simulations of acoustic pulses originating from hadrohimgers performed by the ACORNE
collaboration [148, 156] will now be used to discuss the dasutrino signal properties. To
simulate the showers, the air shower program CORSIKA waptaddor neutrino interac-
tions in sea water. Results obtained with this code havadjréeen shown for the discus-
sion of the LPM effect in Sec. 3.4.2. From simulations of lvedt showers with this code,
a dedicated parametrisation was derived and then appl@esiribe the average differential
energy deposition in longitudinal and lateral directiorheTacoustic pulse at an arbitrary
positiorf is then calculated according to a formula equivalent to E2[L 4To describe com-
plex attenuation, the parameters from [157] were used hegetith Eq. 4.16. The linear
energy density, (r(¢)) was calculated in the following fashion: First a three-dnsienal
distribution of points was generated according to the gndemsity distribution. For each
volume element, the point density is then proportional &uthderlying energy density. Sub-
sequently for each point, the signal propagation time tootbserver was calculated and the
points were binned accordingly, yielding the sought aftezdr energy density. Simulations
were performed with the expected equal proportions of altnigo flavours for the diffuse
flux on Earth (see Sec. 3.1) and with the ratio of CC to NC reastiof roughly 2:1, see
Sec. 3.2.

As pointed out in Sec. 3.4.1, hadronic showers are subjéatde event-by-event fluctuation
of both the absolute value and the spatial distribution efdéposited shower energy. Hence,
for realistic Monte Carlo simulations of a detector resgoiasacoustic neutrino pulses, these
fluctuations have to be taken into account. A method of paiasireg the fluctuations, rather

4Different definitions are possible, of course.
SAcoustic Acoustic Cosmic Ray Neutrino Experiment
5Due to rotational symmetry, this position can be defined i@ane containing the shower axis.
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Figure 4.3: Simulated bipolar pressure pulse from0& eV hadronic shower at a radial
distance of 1km. Roughly half of the pressure pulse is predweithin a radius of 1 cm

(dash-pointed line) of the cascade, whereas the energybdisdbn within a radius of 2cm

(dashed line) is nearly completely responsible for the fangihal shape (solid line). Figure
adapted from [148].

then working with a large sample of generated showers, isritbesl in [156]. Results pre-
sented here are average values. Monte Carlo simulatiomeiodantext of the AMADEUS
project will be further discussed in Sec. 5.5.2.

A typical bipolar pulse obtained in the fashion just desediis shown in Fig. 4.3. For a sum-
mary of earlier calculations see [165] and references imefEhe most notable difference
of this pulse w.r.t. the simple derivation in Eq. 4.14 is tilsgrametric shape of the signal.
In the far field, where the shower can be approximated by a gource, this is due to the
non-linear frequency dependence of the phase shift, oy dataoduced by the complex at-
tenuation according to Eq. 4.16 [156]. In the near field, duaterference of the emission
from different parts of the shower, the signal is close to apmiar [150].

In Fig. 4.4 some properties of the acoustic pulse generagetthd hadronic shower of a
neutrino interaction are shown [156]. Figures 4.4(a) andsflmw the maximum and min-
imum pulse amplitudeP,,..| and |P,,|, respectively. As expected, the amplitude de-
creases with distance and most of the energy is radiatedvatharrow region with open-
ing angle of about-0.5°, i.e. within the “pancake”. The asymmetry, defined(g3,.x| —

| Prin]) /(| Pmax| + | Pmin|) is sShown in Fig. 4.4(c). As was discussed above, the asymrisetr
predominantly positive, due to the effect of the complegratation.

In the far field at distanceg 1km, the asymmetry (unlike the pulse amplitud€s..| and

| Pmin| from which it is derived) does not show a symmetric behavieut. the direction of
zero degrees. Clearly, whereas from 1 km to 30 km the amplititdps by 60dB, i.e. three
orders of magnitude in pressure, the asymmetry varies isahee range from about0.1 to
0.2, i.e. from a~5 % excess 0fP,,;,| to a~10 % excess ofP,,..|. Differences on this level
are not visible in Figs. 4.4(a) and (b).

In Fig. 4.4(d), the mean frequency is shown to decrease vigtlartce. This is due to ab-
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Figure 4.4: Maximum and minimum pressures (a,b), asymngelrgnd mean frequency (d)

versus angle and distance foil@'! GeV shower using the ACoRNE complex attenuation

(temperature 1%, salinity 37 ppt, pH=7.9). Refraction has been ignoredntf156].

sorption which affects higher frequencies stronger tharefoones at a given distance, see
Fig. 4.1. As a result, the spectrum and hence the shape ofgie slepends strongly on the
distance of the observer from the source. The power specifa0'! GeV energy cascade
is shown in Fig. 4.5 for several distances of the observercommsistency with Fig. 4.4(d),
the distribution can be seen to become stronger and stroegé&ed at low frequencies with
increasing distance, leading to a decrease of the meareineguAfter propagating-1 km

in sea water, the peak of the frequency spectrumislétkHz.

Figure 4.6 shows the dependence of the power spectrum omghe af the observer with
respect to a plane perpendicular to the shower axis intiengethe shower maximum. To-
wards increasing angles, the spectral distribution gedsiger peaked at lower frequencies,
i.e. longer wavelengths. This result is qualitatively ested if the shower is thought of as
an emitter of superposing spherical waves. For increasigtpa w.r.t. zero degrees from the
z-axis, coherence is first lost for short wavelengths.

Assuming equal partition of all neutrino flavours and a rafic@C to NC cross sections of
onc/occ = 0.415 (see Sec. 3.2), roughly 1/4-th of the neutrino interactigeserate an
electron in the final state, producing an electromagnewevein For these interactions, the
full energy of the neutrino is deposited in the water throbglronic and electromagnetic
showers. However, the LPM-extended electromagnetic stso(gee Sec. 3.4.2) produce a
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Figure 4.5: Power spectrum of a pulse from(a! GeV shower for different distances from
the shower axis. The area under the curve has been normalisegulse shape was evalu-
ated atz = 0, i.e. in the plane through the shower maximum at right antgiéise axis of the
shower. From [148].
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Figure 4.6: Power spectrum of a pulse from(a! GeV shower at a distance of 1 km. The
area under the curve has been normalised. The an@leaafrresponds to the plane through
the shower maximum at right angles to the axis of the showemadning angles are with
respect to this plane. In the far field for small angles, défeee between the spectra at the
same angles above and below the plan® are negligible. From [148].
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pressure field that has a much larger opening angle than émegbe” for a hadronic shower.
For a shower energy df)?” eV at a distance of 1km, a typical opening angle~ofi5° is
obtained [164] from simulations based on [166, 167]. Therasgtry of the pulse is much
larger than that from a hadronic shower at the same distaAte. distance of 1 km, the
peak-to-peak pressure forl@? eV electromagnetic shower at the angle of its largest value
is given as~ 0.1 Pa while for the largest peak-to-peak value of the hadrdmever (which
will be at a different angle) for the same shower energyi$).8 Pa. Assuming that on
average 20% of the neutrino energy is deposited in the hadebrower (see Sec. 3.4.1)
the ratio of the maximum signals from hadronic and electgmesic showers is about 21
Hence, the hadronic shower component generates the dansratnibution to the acoustic
signal.

4.3 The Speed of Sound and Refraction

The speed of sound in water depends on the temperaturdf\salimd pressure (i.e. depth).
The phase shift resulting from complex attenuation, see &£&) introduces small disper-
sion effects over distances of several hundreds of metegsate usually ignored. For the
following investigations, the speed of sound was calcdlatanerically using the parametri-
sations of water properties from [169]. The geographic tpmsiof the ANTARES detec-
tor is 4248'N 6°10’'E. The required measurements of salinity and tempezadara func-
tion of depth were obtained from sea campaigns conductddniaine nautical mile of the
ANTARES site in August of 2007 [170] and in March of 2010 [1.7The temperature profile
measured in the two campaigns is shown in Fig. 4.7(a). Omytper~100 m of the wa-
ter are strongly affected by seasonal variations whilehnrtdlown to about 700 m, seasonal
differences of maximally 0% can be observed. Below that depth, the temperature is quite
stable and independent of the season, ranging from°C3t@ 13.6°C. Sound channelling,
which will be discussed below, is not a significant effect &@oustic measurements near
the ANTARES site. This is quite different from the situationoceans, where typically the
uppermost kilometre of water shows a temperature decredisedepth. This is shown in
Fig. 4.7(b) where temperature profiles for the geographsitipm 2430'N and 7230°'W in
the Atlantic Ocean are shown. Data were obtained from [1#&re/ the choice of the geo-
graphic position was limited due to available data. A positabout 500 km East of the town
of Nassau on the Bahamas was chosen ongridl. For this position, sufficient data were
available for both the average of the summer months and wimd@ths. Note that the depth
up to which data were available is not necessarily the trygthdat the given geographic
position.

The speed of sound as a function of depth is shown in Fig. 4.&h#osame locations and
seasonal conditions as in Fig. 4.7. For the ANTARES site.@ig(a)), once the temperature
is stable, the speed of sound increases almost linearlydgjpkth. For the ocean (Fig. 4.8(b))
a minimum of the speed of sound is reached at about 1200 midpngvhe conditions for
sound channelling.

The paths of acoustic signals resulting from the speed afidquofiles shown in Fig. 4.8
(values from summer) are shown in Fig. 4.9, assuming opearwatbdels, i.e. assuming that

’As pointed out in [168], the value of the volume expansiorfficient is too high by a factor of 8 in [164].
This overestimates the pulse amplitude by the same factite tie value for their ratio as well as the opening
angles should be unaffected.
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Figure 4.8: Speed of sound as a function of the depth belowedhesurface, for the seasons
and sites as in Fig. 4.7 derived using the parametrisatiowater properties from [169]: (a)
Profile of the speed of sound at the ANTARES site in August 2[A0D] (solid blue line)
and in March 2010 [171] (dashed red line); (b) Profile of theexpof sound in the tropical
ocean [172], 2430'N and 7230’'W, for the average of the three summer months (solid blue
line) and the three winter months (dashed red line).
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Figure 4.9: Ray tracing of acoustic signals for the speedoahd profiles from Fig. 4.8
(summer values). Open water models with a constant deptb assumed (see text). (a)
Model for the ANTARES site assuming a constant depth of 2478 he shaded area indi-
cates the region from which signals cannot reach the receNe position of the receiver
is 410 m about the sea floor, which is the nominal position efftlghest acoustic storey of
the AMADEUS device. (b) Model for a site with a constant deptb500 m and the water
properties of the tropical ocean at°3®’N and 7230’ W. An acoustic receiver 500 m above
the sea floor is assumed.
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the temperature gradient and the depth of the sea surrayutizénlocation of an acoustic
receiver do not vary. In this model, for the ANTARES site astant depth of 2478 m and
a position of the receiver of 410 m above the sea floor is assue will be discussed in
Sec. 5.2.1, this corresponds to the nominal position of toestic storey of the AMADEUS
device with the highest elevation above the sea floor. As easden in Fig. 4.9(a), the
furthest distance from which an acoustic signal origirgafiom the surface can reach the
AMADEUS device is about 30 km. The refracted signal will reahe uppermost sensor
from an angle of about-5.5°, i.e. from below the horizontal. A signal originating at the
surface and reaching the detector within the horizontaighaill have a distance of about
20km. Signals from the shaded area in the figure cannot réactigtector unless through
reflection at the sea floor or surface. The volume from whigmals can directly reach
(the uppermost storey of) the AMADEUS device in this simpledal is~4200 km®. The
validity of the open water model at the ANTARES site will bedissed in Sec. 5.4.2.1.
Figure 4.9(b) shows the typical situation in the ocean: TecHic profile of the speed of
sound, see Fig. 4.8(b) leads to sound channelling, i.e ftbet ¢hat rays of sound propagate
over large distances within a depth range around the degtieahinimum of the speed of
sound. In this case areas exist also from where signals taeach the receiver, but the
distance from which a signal can be received in principleoslimited. Note that rays of
sound propagation intersect, meaning that the sound froous at such an intersection
will reach the receiver from more than one direction.

4.4 Neutrino Detection with an Acoustic Detector

4.4.1 Event Rates and Effective Volumes

Knowing the flux and the interaction cross section of UHE rieas the interaction rate in
a given volume can be calculated. In practise, however, dteeaf detectedevents is of
interest which, as will be discussed below, depends on tteetien process and the detector
setup. For a most general approach, the cross section faifmouh [173],

& (5N)
dEdtdS)

[GeV s lsr™ = ®[GeV 'm 25 tsr ] x A[m?] x njm ™3] x o[m?] x 6x[m]
(4.25)

is taken as a starting point, where units are given for betierprehensibility. The density

of scattering centres is denotedbynddz is the (small) thickness of the material along the

direction of the particle fluxp. § NV is the number of interactions taking place withinover

the aread of the target, perpendicular to the particle flux, that iseraed by that flux. The

ranges of energy, time and solid angle, in which particlescaunted, are denoted lay,

dt, anddS?, respectively.

In general the detector geometry will introduce a depenel@fiche interaction rate on the

solid angle through variations of and of the distance = [ dx that the neutrino will

traverse within the sensitive volume. As will be discusseldWw, bothA andx will have to

be replaced by effective values, specific to the detectiongss and the detector, which in

general differ from the geometric values.

As was already shown in Eg. 2.21, the quantityis equivalent to the inverse of the mean

free path) for a constant density of scattering centresnd cross sectiom. The dimension-

less quantityyz /A can be interpreted as the reaction probabiljtyover the thickneséz of
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the material. The probability for a particle of the incidéioik to have not interacted after a
distancer = mdx is® lim,, ...(1 — z/(Am))™ = exp(—x/)), such that the probability for
a reaction after the distanaes P(z) = 1 — exp(—xz/)\) and the expression for the number
of neutrino interactions inside the detector volume can bttem as

N, :/dt/dQ/dE(I)(E) AQ) P(E,Q) . (4.26)

It has been neglected here that over the aré@e distance and thereford’,, the probability

for an interaction over a distance in general will vary. Hence the formula implies an
averaging ofP, over the the areal. Furthermore, it has been assumed that the flux is
isotropic and independent of time, so that it only dependtherenergy. Since < ), the
approximation?, (E, Q) ~ x/X holds such that

N, = T/dQ/dE O(E) A(Q) ig)) . (4.27)

In Eq. 4.27,®(F) is the flux at the detector surface and not that at the surfatteedearth,
where the latter has been the subject of discussion in Sécand 2.6. These fluxes will be
different for high-energetic neutrinos which traverse Bagth where the interaction proba-
bility inside the Earth has to be taken into account [174]wieer, for UHE neutrinos, which
are of interest for acoustic detection, Earth is opaque$see 3.3). Therefore, it will be as-
sumed that all neutrino entering the detector volume ardrmgpfmom the upper hemisphere
only. Attenuation losses of the neutrino flux near the harizan be taken into account when
calculating effective volumes using Monte Carlo simulasipas will be discussed below.

To move from the interaction rate inside the detector voluméhe event rate registered
by the detector, two further aspects need to be taken intouatc First, the efficiency for
the detection of neutrino reactions inside the detectanmel has to be accounted for. And
second, neutrinos reacting outside the instrumented wltan be detected. For an optical
neutrino telescope, the latter point is typically accodrier by replacing the geometric
dimensionz of the detector volume by — & = z+[ wherel is the track length of the muon.
This quantity is clearly energy dependent. The quamtityfrom Eq. 4.27 is hence replaced
by an effective volumé/.4(E) = Vieo X feri(E) X faet(E), WhereV, is the geometric
(instrumented) volumef.z(£) > 1 accounts for the increase of the geometric volume to
the volume in which neutrinos can be detected gnd(E£) < 1 describes the detection
efficiency. For acoustic detection, the effective dimensiowill not differ much from the
geometric quantity:. However, due to the strongly directed emission pattermefsound
waves from a neutrino interaction and due to the large alisorigngth of sound in water, the
aread has to be replaced by an effective valihat is significantly larger thad. Formally,
the effective volume can then be introducedas(E) = Q! [, A, E)&(Q, B)dY' . In
practise, A and 7 are not explicitly determined antls is calculated from Monte Carlo
simulations by generating a number &f., events over a sufficiently large volumg,,
containing the detector (referred to as can volume). Thexgidie volume is then calculated
asVeg = Nriec/Ngen - Veen Where N, is the number of events recorded by the detector. .
Equation 4.27 can then be written, now describingdétectedevents over the timé, as

8]t is assumed that the particle can react only once whichiicjpie is not true for NC reactions, in which
case the neutrino with reduced energy can react again. @&ieesmall reaction probability this case does not
have to be taken into account.

86



Ny =2xT / dE ®(E) : (4.28)
where the factoRr implies a neutrino flux recorded over the upper hemisphehe. évent
rate in a given detector can now be calculated if the effeatalume is known.

4.4.2 Rate Estimate in a Generic Acoustic Neutrino Detector
4.42.1 Detector Model

Effective volumes have been calculated for generic acoustitrino detectors of 1k
size [175, 176]. For the instrumentation, a random distrdouof sensors over the volume
was assumed; this eliminates symmetries which will alwagsl Ito a reduced efficiency of
the detector. To find the maximally required density of sesighe density was increased in
the simulations until the efficiency for neutrino detect{@md hence the effective volume)
did not increase any further. In this fashion, an instruragom with 200 acoustic sensors per
km? has been derived as the optimal choice [175]. This corredptindistances 6£200 m
between sensors. In [176] it is concluded that the requimstsity of acoustic sensors is
closer to 400 per ki the factor of two in volume however only corresponds to adiaof
~1.25 in distance.

For a real detector, the detection threshold of individualrbphones for bipolar signals
depends on the ambient noise at the detector site, on thal segognition techniques and
on the sensitivity of the hydrophones, which in general tdla function of frequency and
solid angle. These topics therefore need to be carefullgstigated. For the AMADEUS
device, this will be discussed in Chapter 5.

In the following, the effective volumes calculated in [1@§ used. In that reference, a de-
tection threshold of acoustic signals in terms of a presewed is assumed for each acoustic
sensor to decide if the sensor recorded a “hit”. A reconsitba@lgorithm is subsequently
applied to the hits and a neutrino is counted as “detectetiieifalgorithm converges. Fig-
ure 4.10 shows the effective volume calculated in this fastior an optimistic detection
threshold of 5mPa and a more pessimistic threshold of 35 MRadetector is assumed to
be of cylindrical shape, located at the bottom of the sea5k2 depth with 1 km height
and a radius ofi/1/7 km. Clearly reconstruction algorithms also depend strpiogl the
properties of the detector and on the background conditiémsinteractions in a distance of
several kilometres, only the edges of the disk-like stmectf the pressure field will reach
the detector. Whether or not these can be identified as atiggnfrom neutrino interactions
depends among other things on the background of bipolaalsigm the deep sea—another
topic to be investigated with AMADEUS. The effective volumsed here hence describes
an idealised situation.

The effective volume in Fig 4.10 shows a strong dependenemergy and is in facgmaller
than the geometric volume for neutrino energies< 109 eV for a 5 mPa threshold. This
is due to the fact that the fraction of energy transferrethftbe neutrino to the hadronic
shower shows a large spread and is in average only 20 % (se8.849. Hence for neutrino
energies around the detection threshold, the energy &aedfinto the shower will with
great probability be below the detection threshold.

Figure 4.10 furthermore shows the differential event rata éunction of energy for a flux
corresponding to the Waxman-Bahcall bound, both for therg#oc volume of 1 km and
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Figure 4.10: Spectral event rad&//dtdE for a unit effective volume of 1 ki(black dash-
dotted line, left scale), effective volume for the 1ksize detector (200 sensor clusters)
described in [175] (red dotted line, right scale) and thedpod of the two (blue solid line,
left scale), corresponding to the expected spectral eantaof the detector. The upper
(lower) graphs for the effective volume and the correspogdiifferential event rate are for
a 5mPa (35 mPa) threshold, respectively. A flux of neutrimaaling to the Waxman-
Bahcall bound as described in the text is assumed.

for the effective volumes shown in the same figure. For this, flbe value from Eq. 2.38
without correction for evolution was used and multiplied$ to account for all neutrino
flavours. The resulting valugE? = 2.251073GeV~'s~tem2sr~! is too small by a factor
of 3 in case of strong evolution but roughly a factor of 2 toghin case measurements by
the Pierre Auger Observatory are used for normalisation &&e. 2.5.2).

For the cross section, contributions from CC and NC reastaxtording to Eq. 3.13 (“fit
to Berger et al.”) were added. The mean free path require&dor.28 is then calculated
as described in Sec. 3.3. Note that these cross sectionsowigrealculated up to energies
of 10'* GeV whereas Fig. 4.10 extends up 10'° GeV. The effect of the region beyond
10'* GeV on the resulting event rate is very small though and camelgéected.

The low energy threshold for the detection of neutrinos v&giby the detection threshold
of the acoustic sensors. For the detector model assumedtherenergy with/g = Vieo

is at neutrino energies df ~ 10° GeV (& ~ 10'! GeV) for detection thresholds of 5 mPa
(35 mPa).

The differential event rate for the fixed volume of 1kis falling with energy approxi-
mately according to a power law with exponent—1.85; The flux corresponding to the
Waxman-Bahcall bound contributes a spectral index of 2evtiie neutrino cross section
scales roughly with2%15. The effective volume on the other hand is increasing styong
above the detection threshold, mitigating the effect ofddereasing event rate. The volume,
from which acoustic signals can reach the detector, is dichib a maximum value due to
the effect of refraction (see Sec. 4.3). In [175], this voduiw calculated from simplified
geometric arguments a§26 km?® for a detector ofl km height in2.5 km depth. In Sec. 4.3,
a volume 0f~4200 km® was estimated for the AMADEUS device.

Once the effective volume is close to its maximum value aresdwt increase significantly
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Figure 4.11: Model independent flux limit for a “generic” 1 kmacoustic neutrino detector
as described in the text and an observation time of 1 yeane (bblid line). The effective
volume for the 5 mPa detection threshold was used. For then&axBahcall bound, scaled
by 3/2 to take all neutrino flavours into account, the basaesédlashed line) and the range
(cross hatched area) resulting for no evolution (factoy &l strong evolution (factor 3) are
shown. The models for the expected cosmogenic neutrinodiux pure proton composition
of cosmic rays, labelled ss_135 h(08) [178], AGHST(07p6]1@nd AAGHS(10) [127] are
described in the text. The grey band represents the baakgfoom atmospheric neutrinos,
and is identical to that shown in Fig. 2.11. It is irrelevamtiie energy range exploited by
acoustic detection.

anymore, the decrease of the differential event rate is aotpensated anymore and the
differential event rates for the geometric and the effectiwlume differ by a constant factor.

4.4.2.2 Rate Estimates and Limits

To calculate a model dependent limit on a given flux for a canfae level (CL) oft:%, the
corresponding flux is given as

N,
Nmod(Ela E27 T)

q)m(E) = q)mod<E) ) (429)
where Ny,.q(E1, F2, T) is the number of events expected for the model fiyx,q during
the timeT within the energy rangé;, < E < F, according to Eq. 4.28. If no events are
detected, thernV, is the maximum of the true mean number of events that for angiMe

is consistent with a non-observation of events. In otherdspthe confidence interval is
[0, N,]. OnceNyoq > N,, the model fluxd,,,q can be excluded for the chosen CL. For a
Poissonian distribution of events with low statistics andhe absence of background, the
values areV, = 2.44 (3.09) for 90% (95%) CL [177].

A model independent flux limit is typically calculated acdimg to [179] as

N,

= T EVa(B)/NE)] (#.30)

@, (E)
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Flux Detection thd] Detectionthd | vlyear | T(years) | vlyear
(pressure) (energy) (Ver) | (90% CL) | (Veeo)
WB-equiv 5 mPa 5.5 x 10°GeV | 0.98 2.5 0.05
WB-equiv 35mPa |55 x10°GeV| 0.19 12.8 0.01
cosmogenid 5 mPa 5.5 x 10°GeV | 0.075 325 0.03
cosmogenig 35mPa | 5.5 x 10'°GeV | 0.0034 720 0.0009

Table 4.1: Estimated all-flavour neutrino rates for a fluxresponding to the Waxman-
Bahcall bound and for the cosmogenic flux labelled AAGHS{h®ig. 4.11. The threshold

on the neutrino energies is given by the model of the acodstiector. Rates are given for
the effective volume discussed in the text and for the icteyas taking place only within

the geometric volume. The time required to measure an evestaude the model at the
90% CL are given for the event rate of the effective volume.

where the facto2r enters for an isotropic flux over the upper hemisphere. Thespond-
ing limit for the 1 kn? detector described and for an observation time of 1 yearassh
in Fig. 4.11. The limit is compared to the Waxman-Bahcall fmband to three different
flux estimates for cosmogenic neutrinos. All models assurpera proton composition at
the source and take all neutrino flavours into account. Thedttimate ss 135 h(08) was
taken from the file ss_135_h.txt of [1?8AGHST(07) is the pure proton flux given in [105]
(see Fig. 2.13), and AAGHS(10) is the flux from [127] for a s#ion of galactic and extra-
galactic cosmic ray fluxes fixed 40'® eV, which is the most optimistic case. The models
differ most notably in the assumed cutoff energy at the svarw in the normalisation. The
effect of different cutoff energies assumed at the soureessible in Fig. 4.11: The model
AGHST(07)° assumes a cutoff energy @f,.., = 10*?/26 ~ 4 x 10** eV whereas for
model AAGHS(10) a cutoff of7,,,,, = 10%! eV was implemented. For model ss_135_h(08),
Enax = 10212 eV was used. The measurement of a flux of UHE neutrinos coufuthe
determine the energy cutoff of the source.

In Table 4.1 the expected neutrino rates are shown for a fluxwalgnt to the Waxman-
Bahcall bound and for a cosmogenic neutrino flux from a puoggorcomposition of cosmic
rays according to the model labelled AAGHS(10) in Fig. 4.31dascribed above. This
model was chosen for the neutrino flux as it is the most receatad the three discussed
models.

Rates were calculated for the generic Pkanoustic neutrino detector discussed above, both
for the effective volume and for the geometric volume only.the latter case wheWig; <
Veeo fOr low energies, the effective volume was used as well. Rerrteutrino detection
rates within the effective volume, the number of years negiito measure a neutrino flux
(or exclude it at 90% CL) was calculated by dividing, from above by the number of
neutrinos expected to be detected within one year.

The low counting rate shown in Table 4.1 has a number of impbas. First, to maximise
the detection efficiency, it is important to push the detecthreshold as low as possible.
Second, itis important to extend the measurement to angesdarpossible effective volume.
As already indicated, the effective volume used for thewdattons above was derived for
idealised conditions. It will be important to derive theesffive volume for a “real” detector

9The flux calculations described on the cited web page aretepdé[88].
10This model is outdated and was superseded by AAGHS(10)slshigwn here to demonstrate the effect of
the cutoff energy. See Secs. 2.6.2 and 2.6.3 for more detailsese models.
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geometry and instrumentation from Monte Carlo simulations

The next-generation optical neutrino telescope in the kedinean Sea, a multi-cubic-
kilometre device that will be part of the future deep-sea&aesh infrastructure KM3NeT,
will also provide the possibility to pursue acoustic nautrdetection. Whether an acoustic
neutrino detector of that size will be big enough to measusggaal from acoustic neu-
trino interactions will depend strongly on the effectivdurae and on the energy detection
threshold.

4.4.3 Fundamental Design Considerations

Compared to an optical neutrino telescope, the major adganif acoustic detection is the
large attenuation length of sound in sea water of about 6 kkm{Zor 10 kHz (20 kHz) sig-
nals (see Fig. 4.1). This is one to two orders of magnitudgelathan for visible light with

a maximum attenuation length of about 60 m and hence allons liess dense instrumenta-
tion of an acoustic neutrino detecfdrOn the other hand, the pressure pulse propagates only
within a thin (several tens of metres) disk-like volume amelgeometry and instrumentation
of a detector has to be adapted to this emission pattern.

Obviously, a random distribution of sensors as it was asdumé&ec. 4.4.2 is difficult to
realise for a large volume acoustic detector. In the deepteelnical reasons will require
acoustic sensors to be mounted on some vertical structumebpred to the sea bed. A part
of the “pancake” pressure pattern must be contained witl@geometric detector volume in
order to identify the neutrino interaction by the resultalgracteristic pressure field and to
perform a reconstruction of the interaction position. Adayof sensors on the seabed is not
optimal solution for this purpose [168]. Signals from a rmim of four sensors are required
to reconstruct the position of a source if the emission patteknown to be a spherical wave.
To reconstruct the “pancake” shape with some certaintpagggn~10 sensors are required.
From a physics point of view there is no reason to install auatic neutrino detector in the
deep sea. In fact, acoustic sensors near the surface foea depth would extend the dis-
tance from which signals could reach the sensors in the pceseaf refraction, see Sec. 4.3.
It is however advantageous to monitor a volume below soméhdeprhere anthropogenic
and environmental sources of sound are strongly reducedS$Sse. 5.4.2; for the Mediter-
ranean Sea, this depth is below arodnd m. Furthermore, as any sizable acoustic neutrino
detector potentially constructed in the foreseeable éutsiflikely to be integrated into an
optical neutrino telescope, it can be presumed to be lo@dtgreat depth.

It is obvious that as the size of a potential acoustic neofigtector increases, the detection
of contained events, i.e. those for which the interactiotaksng place within the instru-
mented volume, will eventually dominate. A detector aimiogthe detection of contained
events would not be strongly affected by distortions of thespure field due to refraction,
see Sec. 4.3. How strongly refraction will affect the detetefficiency for detectors relying
on a large effective volume needs to be investigated.

In the following, some further considerations for the cafsa oubic-kilometre size acoustic
neutrino detector are made. For such a device, most deteetgdno interactions will occur
outside of the geometric volume but within a much largeratife volume. Since sea water
as target medium will extend further into the horizontaktiato the vertical direction, it is
most probable that the “pancake” is oriented approximdielyzontally if the sound waves

Another advantage, the more compact sensor design andssirepdout electronics for acoustic measure-
ments will be part of the discussion of the AMADEUS device et b.2.
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are reaching the detector from outside of the geometriawellReflection at the sea surface
and the sea floor affect this argument. Preliminary invasiogs indicate that for surface
reflections, the reflected amplitude is reduced by about tarfad 0.75, while for the sea
floor, the factor is about.1 — 0.2. Hence the loss of signal amplitude for reflections at the
sea surface is not very high. This increases the range aof @ogdes of incident neutrinos for
which the acoustic signals resulting from an interactiothewater can reach the detector.
It is important to study how reflections affect the design gioéential large-scale acoustic
neutrino detector; however, if the effective volume is assd to be extending much further
in horizontal than in vertical direction, the argument frabvove about the orientation of the
“pancake” remains intact. Therefore, reflections will bedged in this qualitative treatment.
The opening angle of abodt0.5° of the “pancake” corresponds to an extension of about
20m at 1 km distance. Assuming this angle remains constdhtdistance, an extension of
about 1 km, i.e. the size similar to the vertical dimensiothef presumed acoustic neutrino
detector is reached for a distance~ab7 km. It is unlikely that neutrino signals will reach
the detector from even greater distances as effects duethoati@nuation and refraction
(see Sec. 4.3) will become significant. This results in adetegeometry in which acoustic
sensors are spaced at distances of several tens of metngyaltical structures. For a length
of about 1 km (which is of the order of the attenuation lenghgpacing of the structures of
several per kilometre should, for most directions of thédant neutrino, provide a signal on
several structures for contained events. For non-cordagnents, the design should allow
for the reconstruction of the “pancake” structure of thesptee field. Symmetries should be
avoided as far as possible in the arrangement of the ac@estsors.

In practise, the cost of an acoustic neutrino detector valelsentially determined by the
number of vertical structures. To determine the layout efgtructures on the sea floor, in
particular their spacing, taking requirements for bothtaored and non-contained events
into account, Monte Carlo simulations are necessary.

4.5 Overview of Activities and Target Media

The acoustic detection of UHE neutrino reactions in prilecyporks in any dense homoge-
neous medium. In addition to water and ice, which are the aneflacoustic detection test
experiments presently or recently conducted, acoustexrtien in salt domes [180, 181] and
in permafrost [182] has been discussed.

In the context of the DUMANE? experiment, ideas about adding a large scale acoustic de-
tector to a deep-sea optical neutrino telescope were gle@tsidered in the 1970s [183].
As the DUMAND experiment was not realised beyond a prototypase, acoustic parti-
cle detection was subsequently pursued by the parasitiofusditary arrays. In an early
effort starting in 1997 by the SADC® collaboration, a Russian Navy stationary antenna
near Kamtchatka consisting of 2400 hydrophones was useactmistic particle detection
studies [184] (see also [185] and references therein).

Besides sea water, which is the medium under investigatidhe case of the AMADEUS
project, ice and fresh water are currently investigated adianfor acoustic detection of
neutrinos. An overview of experiments that are currentkyrig data or have done so until
recently is shown in Table 4.3. Below, the individual pragewill be discussed in some more

12Deep Underwater Muon and Neutrino Detection
13Sea Acoustic Detector of Cosmic Objects
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Experiment Location Medium Sensor Host
Channels | Experiment
SPATS South Pole Ice 80 IceCube [6]
Lake Baikal Lake Baikal Fresh Water | 4 Baikal Neutrino
Telescope [4]
OvDE Mediterranean Sea | Sea Water 4 NEMO [186]
(Sicily)
AMADEUS Mediterranean Sea | Sea Water 36 ANTARES [5]
(Toulon)
ACoRNE North Sea (Scotland) Sea Water 8 Rona
military array
SAUND Tongue of the Ocean| Sea Water | 7/49%) AUTEC
(Bahamas) military array

Table 4.3: Overview of existing and recent acoustic detedest sites.
*) The number of hydrophones was increased from 7 in SAUND-Bt;m4SAUND-II, see text.

detail.

TheAMADEUS (ANTARES Modules for the Acoustic Detection Under the Sea)project
is the main subject of this report and will be described irad&t Sec. 5.2.

The SPATS (South Pole Acoustic Test Setugroject [187, 188], deployed up to a depth of
500 m in the upper part of four boreholes of the IceCube NeotDbservatory, has continu-
ously monitored the noise in Antarctic ice at the geografuuath Pole since January 2007.
As acoustic properties, in particular the absorption lbragid the speed of sound, have been
subject to much less experimental studies for ice than faenvthese properties have been
instigated with SPATS [189, 190]. Based on 8 month of obg&maa limit on the neutrino
flux abovel0!!' GeV has been derived [191], see Fig. 4.12.

In Lake Baikal, an antenna consisting of four hydrophones in a tetrahedrahgement
with equal interspacings of the hydrophoned &fm has been placed in 150 m depth [192].
Fresh water has the advantage over sea water that the d@ibereagth is roughly one order
of magnitude larger in the frequency range of 10 to 100 kHe {&g. 4.1). However, condi-
tions in Lake Baikal are not particularly favourable for astic neutrino detection, since in
the deep zone of the lake the water temperature is bialy- 2°C higher than the maximum
density at the respective depth [193, 194]. The thermalmsipa coefficient hence is close
to zero and the Griineisen parameter small. The observed lavisl depends mostly on
surface conditions and in the frequency range of 5 to 20 kidzahaalue of a few mPa.

TheOvDE (Ocean noise Detection Experimentproject at the site of the NEM®Cherenkov
neutrino detector [186] has performed long term noise stidt 2050 m depth, 25 km east
of Catania (Sicily) in the Mediterranean Sea at the locaB@r30.008'N, 1523.004E.
Phase | operated from January 2005 until November 2006. Hl@m 4 hydrophones

¥Neutrino Mediterranean Observatory
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Figure 4.12: The neutrino flux limit of the 2009 SPATS confafion (0 mPa threshold,
> 5 hits per event) from [191]. The dark grey bari (o 100 mPa threshold) around
the limit considers uncertainties in absolute noise. Thendwoader light grey band in-
cludes additional uncertainties due to the choice of dfiéacoustic models. Experimental
limits on the flux of ultra-high-energy neutrinos are from AN Il [48], FORTE [179],
GLUE [46], SAUND Il [196], ACoRNE [197]. Different models fahe cosmogenic flux are
shown [178]. Figure from [191].

forming a tetrahedral antenna with side lengths of about lliman analysis carried out
with data recorded during 13 months between May 2005 and MNbee 2006 [195], the
average acoustic sea noise in the band 20 to 43kHz was mdassfiel + 2.2 (stat) +
0.3 (sys) mPa (RMS). In 2011, the deployment of a new hydrophone antenna is pthim
the context of the NEMO-II project.

TheSAUND (Study of Acoustic Ultra-high energy Neutrino Detecton) experiment [164]
employed a large hydrophone array in the U.S. Navy Atlantidéisea Test And Evaluation
Center (AUTEC) [164]. The array is located in the Tongue ef@cean, a deep tract of sea
in the Bahama islands at approximately2&N and 7740’'W. In the first phase SAUND-
|, 7 hydrophones arranged over an area-@50 kn? where used for the studies of UHE
neutrino detection. The hydrophones were mounted on 4.5 embctanding vertically
on the ocean floor at about 1600 m depth. The horizontal spd&tween central and pe-
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Figure 4.13: Gruneisen Parameter for Lake Baikal, Meditezan Sea at the ANTARES site,
and tropical ocean waters.

ripheral hydrophones was between 1.50 km and 1.57 km. Afeeupgrade of the array, 49
hydrophones that are mounted 5.2 m above the ocean floopthasdeetween 1340 and 1880
m where available. The upgraded array spans an area2® km x 50 km with spacing of
3 to 5 km. This array was used in the second phase SAUND-IItriveuflux limits were
derived with SAUND-I for a lifetime of 195 days [168] and foABND-II for an integrated
lifetime of 130 days [196], see Fig. 4.12.

TheACoRNE (Acoustic Acoustic Cosmic Ray Neutrino Experiment)roject [198] utilises
the Rona hydrophone array, situated near the island of Retmaekn the Isle of Skye and the
Scottish mainland. At the location of the array, the sea ®aB30 m deep. The ACoORNE
Experiment uses 8 hydrophones, anchored to the sea bed i@ad gt over a distance of
about 1.5km. Six of these hydrophones are approximatelyidhwater, one is on the sea
bed while the last one is about 30 m above the sea bed. The AEafNaboration has
derived a flux limit on UHE neutrinos [197] which is shown irgF#.12.

To compare the acoustic properties at different sites, gn #il3, the Grlineisen parameter
is plotted vs. depth for three different bodies of water. dolecase, the value was calculated
from temperature, pressure (i.e. depth) and salinity aicgrto the parametrisations given
in [169]. The temperature in Lake Baikal was parametrisidviong [194] as rising linearly
from O° to 3.5C for a depth between O m and 125m. At greater depth, the textyperis
taken as constant at 3G, which models the data to better than°@2For the Mediterranean
Sea at the ANTARES site and for the tropical ocean aB@2N and 7230’ W, the same data
were used as discussed in Sec. 4.3: For the ANTARES site thsurament from March
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2010 [171] and for the tropical ocean the summer values.

As mentioned above, a Grineisen parameter near zero forBakal strongly suppresses
signals resulting from the thermo-acoustic effect. Coragdo sea water, the effect is par-
tially compensated by the increased attenuation lengéhi-gg 4.1. In shallow water, prop-
erties are most favourable in the tropic ocean whereas loegalepth of about 1000 m, the
Griuineisen parameter for the Mediterranean Sea exceedsittia¢ ocean by about 50%.
Compared to Mediterranean water, the Griineisen paramieteg & bigger by a factor of
roughly 10 [156]. The lateral distribution of the shower gyefrom a neutrino interac-
tion, which is another crucial parameter for the maximunspuieight of a neutrino-induced
pressure pulse (see Eq. 4.15), is expected to be similardtenand ice. Hence for a given
shower energy, pressure pulses are expected to be higles than in water at small dis-
tances. For ice at the South Pole, measurements of the atit@miength [190] on the other
hand indicate that the amplitude falls off much more rapiith distance than in water
for the relevant frequency range. Hence the advantage tisdofarge distances between
acoustic sensors.

4.6 Alternative Detection Methods

While the the acoustic detection method is the main focu$isfreport, it is not the only
technique under investigation for the detection of UHE neas. In this section, some
alternative techniques will be briefly described.

In most general terms, alternative methods use differgniasures of particle showers (both
hadronic and electromagnetic) in various media and tylyicafjuire that the shower devel-
ops deep in that medium, where the only particles that cadiai@ia reaction are neutrinos.
Frequently, detection of UHE neutrinos is the extensionrokaisting program to detect
particle showers from cosmic rays and consequently the sagtieods for the detection are
used.

The radio Cherenkov method is based on the detection ofreteagnetic radiation with
frequencies of about 100 MHz - 1 GHz, which is coherently &aditfrom the excess of
electrons present in (hadronic or electromagnetic) shewégracting in dense media [199].
The radio Cherenkov method has been applied at the SouthaPelee the emission from
neutrino-induced showers is searched for by antennasyfploside the ice by the RICE
Experiment [200, 201], and by the balloon-borne experinA\ilTA [48]. Several follow-
up experiments and extensions to the existing programneegswarently planned or de-
signed [202, 203]. The FORTEsatellite [179] recorded bursts of electromagnetic waves
arising from near the Earth’s surface in the radio frequeaage of 30 to 300 MHz with a
dual polarisation antenna. For data recorded in the peramd September 1997 to Decem-
ber 1999, an effective time of observation of about threesdags spent on searching for
electromagnetic emission generated in the Greenland met.sfihe resulting limit on the
UHE neutrino flux is shown in Fig. 4.12.

A further target medium that is searched for radio Chererdigmals is the lunar regolith.
Recent experiments employing radio telescopes for thelkeme GLUE [46] (using the
JPL/NASA Deep Space Network antennas at Goldstone, Qaillfd SA) the experiment at

15Radio Ice Cherenkov Experiment
18Fast On-orbit Recording of Transient Events
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the radio telescope in Kalyazin, Russia [204], NuMoon (gsire Westerbork Synthesis Ra-
dio Telescope, Netherlands) [205], LUNASK206] (using the Parkes radio telescope in
New South Wales, Australia) and RESENP07] (using the Very Large Array in New Mex-
ico, USA). As the next step of the NuMoon experiment, raditedi&éon of emission from
the lunar regolith is investigated in the context of the L&#Aexperiment [208] that is cur-
rently under construction in the Netherlands. Furthermitre detection of radio Cherenkov
radiation from neutrino-induced showers in salt domesysstigated by the SalSA[209]
and HASRA! [210] collaborations.

An alternative to the detection of radio signals is the d&tacwf Cherenkov and/or fluores-
cent light from neutrino-induced extended air showers. I&kpg this option, the surface
detectors of the Pierre Auger Observatory have been usezhtolsfor neutrinos produced
by two mechanisms. First, upgoing, “Earth skimming” tautneos, which interact inside
the Earth, produce an upgoing tau lepton. If the tau decagsohaally, an upgoing shower
is registered in the Pierre Auger Observatory, which wodd!lzlear signature of an under-
lying neutrino reaction. Second, neutrinos of any flavour lsa identified by down-going,
nearly horizontal showers that start deep inside the atheospi.e. after a distance of sev-
eral interaction lengths up to which a cosmic ray could noppgate without initiating a
shower beforehand. Limits on the neutrino flux obtained Wwiith methods have been pub-
lished [211, 212]. It is furthermore under investigatiomif extension to the Pierre Auger
Observatory for the detection of radio signals from air sbi@can be used for the detec-
tion of neutrinos, see [213] for a summary. In air, the gechyotron model predicts that
coherent radio emission originates from electron-posipairs in the shower as they move
through the geomagnetic field [214].

JEM-EUS@?[215], a proposed observatory on board of the Japanese fatiploModule of
the International Space Station, is taking the observati@xtended air showers into space.
It will monitor the atmosphere, a target volume-~of(0'? tons, for fluorescent UV photons
from extended air showers. JEM-EUSO can detect neutrirosigih their LPM dominated
extended air showers evolving deep in the atmosphere.

7Lunar UHE Neutrino Astrophysics with the Square Kilometneay
18Radio EVLA Search for UHE Neutrinos

19 ow Frequency Array

20salt Sensor Array

2!Hawaii Askaryan in Salt Radio Array

22Japanese Experiment Module - Extreme Universe Space CGitsgrv
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Chapter 5

Activities In the Context of the
AMADEUS Project

As was discussed at the end of the previous chapter, varaivitias are ongoing to push
forward the development of acoustic detection techniquek m water and ice. One of
the major advantages over an optical neutrino telescopertbvates the pursuit of inves-
tigations towards acoustic detection of neutrinos, thehmagger attenuation length, was
discussed in the previous chapter. A second advantage,dfeegompact sensor design and
simpler readout electronics for acoustic measurementsbagsome evident in this chapter
in the detailed description of the AMADEUS design.

In this chapter, the activities in the context of the AMADEW&up within the ANTARES
detector in the Mediterranean Sea will be discussed. In Sédcpreparatory studies are
discussed, verifying the thermo-acoustic model, whichevwparformed by depositing energy
by means of a laser and a proton beam in water. The AMADEUStietédself will be
described in Sec. 5.2. In the next two sections, first expartal results obtained with the
AMADEUS data will be presented: In Sec. 5.3 the positionaraliion of the acoustic sensors
within the ANTARES detector will be discussed and in SeciBvéstigations of the acoustic
background in the deep sea will be presented. Finally, in®s8data analysis techniques are
discussed which will eventually permit an assessment dethsbility of a future large-scale
acoustic neutrino detector.

5.1 \Verification of the Thermo-Acoustic Model

In 1957 G.A. Askaryan pointed out that ionisation and camtaalong a track of an ionising
particle through a liquid leads to hydrodynamic radiatidfg]. Starting in the late 1970s,
theoretical and experimental studies have been performédechydrodynamic radiation of
beams and particles transversing dense media [153, 1542287219, 220]. In this section,
recent measurements performed in preparation for the AMB®Rroject will be discussed.

5.1.1 Experimental Setup and Beam Characteristics

The experiments presented in this section were performddavpulsed infrared Nd:YAG
laser facility A = 1064 nm) located at the Erlangen Centre for Astroparticle Phy$t€3AP)
of the University of Erlangen, and thi&7 MeV proton beam of the “Gustaf Werner Cy-
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clotron” at the “Theodor Svedberg Laboratory” in Uppsalave8ien. The beam properties
allow for a compact experimental setup. In both cases, tambevere dumped into a ded-
icated150 x 60 x 60 cm?® water tank, where the acoustic field was measured with devera
position-adjustable acoustic sensors (see Fig. 5.1). &hgoss could be positioned within
the tank with absolute uncertainties below 1 cm. The tentpezaf the water could be var-
ied betweenl°C and20°C with a precision of).1°C. The temperature was brought to a
particular value by first cooling the water with ice; subsenfly the whole water volume
was heated to the desired temperature in a controlled, gkgulacedure. Once the water
temperature had been established, at least 10 min remanetasurements until the water
volume heated up by.1°C through heat transfer from the environment. This time spas w
sufficient for all measurements conducted at water tempersibelow the ambient temper-
ature.

150cm

(a) i’fSTo view

(b) Isometric view

Figure 5.1: Schematic view of the experimental setup. Beesansenter the water volume
through a thin foil (proton beam) or glass window (laser bgamhich are set away from the
tank walls via two air-filled tubes to minimise effects of e reflections on the recorded
signals.

The explored range of spill energies for the proton beam wams 10 PeV to 400 PeV, the
beam diameter was approximat8lyim and the spill time, ~ 30 us. For177 MeV protons,
the energy deposition in the water along the beam axax(s, beam entry into the water at
z = 0cm) is relatively uniform up toz: = 20 cm ending in the prominent Bragg-peak at
z &~ 22 cm (see Fig. 5.2).

For the laser experiment, the pulse energy was adjustecebativl EeV and 10 EeV at a
beam diameter of approximatelynm, the pulse length wasns. For the infrared light used,
the laser energy density deposited along the beam axis haganential decrease with an
absorption length of5.9 + 0.1) cm.

For both beam types the lateral energy deposition profile@asssian (the given beam di-
ameters are the-values of the profiles). The two experiments allow for the akdifferent
spatial and temporal distributions of the energy depasiéis well as two different mecha-
nisms of energy transfer into the medium. For both beamsggnse deposited via atomic
excitation, in addition the medium is ionised in the casehefgroton beam.

For the signal recording, sensors based on the piezo-eleffiect [221] were used. A full
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Figure 5.2: Simulated energy deposition density along #genbaxis (z-axis) for the two
beam types (integral normalised to 1). For the proton beanBtgg peak is prominent at
0.22m, for the laser beam the decrease is exponential wigit@nuation length of 0.059 m.

characterisation of these sensors had been performed@tioe experiments. They are lin-
ear in amplitude response, the frequency response is ftéingtérom a few kHz up to the
main resonance d0 kHz with a sensitivity of~155 dBre 1V /uPa (~ 0.02 V/Pa). The main
resonance is more sensitive ky5 dB re 1V /uPa and sensitivity drops rapidly at higher fre-
guencies. The absolute uncertainty in the determinatiothefsensitivity is at a level of
2 dB, at frequencies above 90 kHz—were the sensitivity happmkd by 20 dB—the uncer-
tainty exceeds 5dB. To calculate the response of the settsarsexternal pressure pulse a
parametrised fit of an equivalent circuit model as describg¢@d21] was used. The sensitiv-
ity dependence on water temperature was measured and atigaelecrease was found to
be less than.5% per1°C.

For every set of fixed experimental parameters (temperatunergy, sensor position, etc.)
the signals of 1000 beam pulses were recorded with a digs@lloescope, at a sampling
rate in excess of MHz, sufficient for the signals with spectral components up t0Kitdz,
where the sensitivity of the sensors becomes negligiblyflsifiaese individual pulses were
averaged to reduce background and environmental noise ianthlysis, thereby obtaining a
very high statistical precision.

5.1.2 Basic Features of the Measured Signals

Figure 5.3 shows typical signals measured in the proton laadbser experiment using the
same sensors and experimental setup. The general shapeswbtsignals differ: a typical
signal for the proton beam shows a bipolar signature, thémribe laser deviates from such
a generic form. The laser signal has high frequency compgsngnto several MHz due to
the high energy deposition density at the point of beam eaarid/the almost instantaneous
energy deposition compared to the-pulse of the proton beam; therefore the resonance of
the sensor is excited causing a ringing in the measuredIsighea spatial distribution of the
energy density deposited by the laser leads to the two separate signalfrgheriginates
in the beam area at the sameegion as the sensor placemefdirect signal”), the second
from the beam entry, a point of discontinuity where most ef émergy is deposethbeam
entry signal’).
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The signal of the proton beam is deteriorated with respeatideal bipolar signal primarily
by three factors: the recorded signal starts before theotagenset of the acoustic signal
(55.2us for the given position, see Fig. 5.3, given by the sonic fatbth); reflections of the
acoustic wave on the beam entry window overlay the origirealenstarting in the first rare-
faction peak; and finally there are frequency componentd®fsignal exciting a resonant
response of the sensor, causing a slight change in the sgapk and ringing. The first
factor was studied and found to be consistent with an etectrarge effect in the sensors
caused by the proton beam. Its starting time is always cdémtiwith the beam pulse entry
into the water, even at sensor distances of up to 1 m, hintirgn &lectromagnetic origin.
Its shape is consistent with the integrated time-profileheflileam pulse with a subsequent
exponential decay. This deformation of the signal is cagrgd a systematic uncertainty on
the signal properties and treated as such in the analysish&onost part, it was subtracted
from the signal.

In order to minimise the impact of the signal deformationegivby the described effects
on the analysis of the recorded signals, robust charattsriwere used: the peak-to-peak
amplitude and the signal duration from maximum to minimunthaf signal. For the laser
experiment these features were extracted for the direcaEgnly.
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Figure 5.3: Typical signals measured in the proton (uppeplgyr and laser (lower graph)
experiment. Both signals (solid lines) were taken at a gepgsition nearr=10cm and
z=20cm and are shown within the same time interval. The dagied line in the upper
graph indicates the charge effect described in the text.

5.1.3 Simulation of Thermo-Acoustic Signals

For an in-depth validation of the thermo-acoustic modehparisons of the signal properties
with simulation results based on the model are essentialthiScaim, a simulation of the
expected signals was developed. It is based on the thermustc model using a numeric

101



solution of Eq. 4.7. Note that the assumption of instantasemergy deposition that was
made for neutrino interactions in Eq. 4.8 is not valid for pineton beam.

The input parameters to the simulation were either measaitred experiments, i.e. medium
temperature and beam profiles, or simulated, i.e. the emsggsition of the protons (using
GEANT4). The thermodynamic parameters bulk expansionficesit, heat capacity and
sound velocity were derived from the measured water temyoerasing standard parametri-
sations. Tap water quality was assumed.

A series of simulations was conducted, where the input patenswere varied individually
in the range given by the experiment including uncertasti&€specially the spatial and
temporal beam profile has a substantial impact on signaliardpl| duration and shape.
Simulated signals and the respective sensor responsajgonding to the measured signals
of Fig. 5.3 are shown in Fig. 5.4. To minimise systematicaffdrom the setup caused e.g.
by reflections on the surfaces, the sensor response waslgtat/onto the simulated signals,
rather than deconvoluted from the measured ones. Thus ianidlgsis voltage signals are
compared.
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Figure 5.4: Simulated signals for the proton (upper grapiy &ser experiment (lower
graph). Both signals (solid lines) were calculated for tkpegimental conditions of Fig.
5.3. The corresponding dashed-lined signals mark the ateulilsignals after convolution
with the sensor response. For better comparability, theasimaxima were normalised to 1.

The shapes of the simulated pulses are distorted by thersespmnse, especially the high-
frequency components above the resonant frequency of tis®iseln the case of the laser
pulse, mostly the resonance of the sensor is excited, lgadia strong ringing. For the
proton beam, the primarily bipolar shape is again prominghereas the laser pulse is seg-
mented into the two parts described above. The direct p@ideedaser experiment exhibits
a bipolar shape as well, albeit less symmetric than for tbeoprbeam.

Figure 5.5 exemplifies the dependency of the signal am@itudthe input parameters of
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the simulation: water temperature, pulse energy, beamigiafic andy, pulse length and
the position of the sensor. All parameters were varied-b§% around the value of the best
agreement with measurement, i.e. the values used for theations of the signals shown in
Fig. 5.4.
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Figure 5.5: Dependency of the simulated signal amplitudearation of the simulation
input parameters (labelled a — h) for the proton (upper grapt the laser experiment (lower

graph).

The main characteristics of thermo-acoustic sound gapearate observable. As was dis-
cussed in Sec. 4.2.1, the dependence on temperature igfwopbto «/c, and the depen-

dence on energy strictly linear. The dependency on the bedse parameters is diverse.
It is governed by the integral in Eq. 4.7 and therefore on Ibloghspatial and the temporal
beam profiles and the interaction of the particles with theewa-or a given point in space
and time, the elementary waves produced in the volume ofygrdposition may interfere

constructively or destructively depending on the beam@riigs. E.g. the spill time (or pulse
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length) of the laser pulse has no influence on the amplitigi@jth 9 ns it is shorter than the
transit time of the acoustic signal through the energy déipasarea. For the several ters
long proton spill, the spill time is comparable to the tramisne. Thus the acoustic signal
shows a strong dependence on the spill time. The dependétieamplitude on the radial
coordinate w.r.t. the beam axigcorresponding to the-position in the experiments) follows
roughly the expectetl/ /- or 1/r fall-off of a cylindrical source in the near and the far field,
respectively. The-position was varied between2 and2 cm, as the signals were recorded
within the zz-plane. The resulting change in amplitude is below 1% andticarefore be
neglected. The-dependency for the laser experiment follows the expoakfdil-off ex-
pected from the light absorption. The one for the proton erpent shows a non-monotonic
behaviour due to the form of the energy deposition with tlwerpnent Bragg peak.

Using these dependencies the uncertainties of the sironledin be obtained using the exper-
imental uncertainties of the various parameters. The magetainty for the proton beam is
given by the temporal profile of the proton pulse, which wasgified to a Gaussian profile
for this study. For the laser beam experiment this paranmefleences the signal amplitude
only on a one percent level. The second main influence on tipétate is the position along
the beam axisz-direction).

Table 5.1 gives the parameters and their uncertaintids)(used for the simulation of the
signals. The resulting systematic uncertainties in theldnde (AA) are given as well.
The combined uncertainties aré;: for the proton signal and2$;: for the laser signal,
respectively.

5.1.4 Comparison of Simulated and Measured Signals
5.1.4.1 Proton Beam Experiment

Figure 5.6 shows a comparison between simulated and melesigrals for the proton beam
experiment at different sensor positions. For better iligflonly the main part of the signals
(first bipolar part) is plotted. The input parameters of timewation were varied within the
experimental uncertainties until the best agreement inliaudp and duration was obtained
for the reference point at=0.40 m and:=0.11 m. The other signals are simulated with the
same parameter set, only the sensor position is changedaidried shapes differ for different
z-positions due to the geometry of the energy depositionlprdéscribed in Sec. 5.1.1 with
cylindrical form in thery-plane and flat energy density irdirection up to the Bragg peak at
z = 0.22 m. Due to this geometry an almost cylindrical wave is excitethe medium, with
coherent emission perpendicular to the beam axis. In therreg< 0.2 m the signals are of
bipolar shape. Along the beam axis4 0.0 m, z > 0.25m) the main part of the observed
signal originates from the Bragg peak as a nearly sphemeate and no clear bipolar shape
evolves.

The agreement between simulation and measurement is goadl foositions. Not only
amplitude and duration match but also the signal shape isdeped to a very high degree.
The small discrepancies, primarily in the rare-factiort pathe bipolar pulse, are influenced
by a non-ideal sensor calibration and reflections on the $anfaces. However, a significant
part of the discrepancies may lie in the beam pulse modetimgyen the thermo-acoustic
model itself.
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Figure 5.6: Comparison of measured (solid line) and sinedlé&tiashed line) signals at dif-

ferent sensor positions for the proton beam experiment.réfeeence signal for tuning the

simulations is at = 0.11 m andz = 0.40m. The coordinate system is given in Fig. 5.1.
See text for a detailed description.
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Parameter Proton Laser
value AV) AA value AV) AA

12.0°C 110% 12.0°C

temperature (£8%) ~11% (£8%) +11%
4.1-107eV 5.2-107 eV

energy (£10%) +10% (+10%) +10%

beam width 3.0mm —14% 5.0mm _14%

(x-direction) ¢14%) +19% (£15%) +16%

beam width 3.0mm —12% 5.0mm £0%

(y-direction) t14%) +16% (£15%)

1.0-107°s  _130 6.9-107"s  _yq
pulse length (+11%) +16% (£50%) +2%

. 0.10m 4% 0.11m —3%
z-position (£7%) 5% (46%) +4%
- 0.0m 2% 0.0m 1%
y-position (£lcm)  +0% (Elem) 1%
" 0.22m 0.17m 1%
z-position (£4%) +9% (45%) +13%
combined i o

Table 5.1: Beam parameters used for the simulated signd#gin5.4 with their associ-
ated experimental uncertaintieAY) and resulting uncertainty in signal amplitud& 4).
The pulse length of the laser is set to a value much higherith#ime experiment, to save
calculation time. The resulting uncertainty in the sigmapditude is below2%

5.1.4.2 Laser Beam Experiment

The prominent feature of the energy deposition of the lasanbis at the beam entry into
the medium. Otherwise, the geometry of this deposition isilypa cylindrical one in the
xy-plane, as for the proton beam, with coherent emission pelipelar to the beam axis
(direct signal). The signal from the discontinuity at thatmeentry is emitted almost as from
a point source (beam entry signal). In contrast to the prbam, the shapes of signals at
different position along the-axis do not vary much, only the relative timing between the
two signal components. Therefore, Fig. 5.7 shows only $&fioa a z-position in the middle
of the water tank. Here, both signal parts are well descrilyethe simulation. The beam
entry part of each signal is less well reproduced in the satirt due to its high frequency
components where the sensor calibration has high unceesin

For the laser signal, only the amplitude from the direct algrart is considered in the fol-
lowing.

5.1.5 Analysis of the Temperature Variation

The main feature of the thermo-acoustic model is its depsrelen the temperature of the
medium. Figures 5.8 and 5.9 show the temperature dependétive signal peak-to-peak
amplitude, where a positive (negative) sign denotes amggabsitive (negative) peak of the
signal. The two data sets shown in each figure were recordasidogensors simultaneously,
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Figure 5.7: Comparison of measured (solid line) and siredliélashed line) signals for the
laser beam experiment at= 0.17m for different sensor positions along(reference at
x = 0.10 m). For more details see text.

which were positioned at = 0.10 m perpendicular to the beam axis anctat 0.11 m and

z = 0.21 m along the beam axis, respectively. In the case of the pradambsetup the hy-
drophone positions correspond roughly to thgosition of the Bragg-peak andzgposition
half way between the Bragg-peak and the beam entry into therwaspectively. For com-
parability, the same positions and the same sensors wesewHior the laser experiment.
The laser beam signal shown in Fig. 5.8 changes its polarapeut4°C, as expected from
the thermo-acoustic model. The theoretical expectatioriie signal amplitude, which is
proportional toa/c, and vanishes at°C, is fitted to the experimental data. In the fit, an
overall scaling factor and a shift in temperature (for theezkmental uncertainty in the
temperature measurement) were left free as fit parametkesfitlyielded a zero-crossing of
the amplitude at3.9 + 0.1)°C, where the error is dominated by the systematic uncertainty
in the temperature setting. Analysing the proton data insdmae way resulted in a fit that
slightly deviated from the model expectation, and a zeossing significantly different from
4.0°C at(4.5£0.1)°C. In view of the results from the laser beam measurementsegigual
signal of tripolar shape at0°C was subtracted from all signals, which has an amplitude of
5% of the 15.0°C signal. Thus a non-temperature dependent effect on topeothiermo-
acoustic signal was assumed. The resulting amplitudesrshoftig. 5.9 are well described
by the model prediction.

The production mechanism of the underlying signat.atC, which was only observed at
the proton experiment, could not be unambiguously detexdwith the performed measure-
ments. From the model point of view, the main simplification the derivation of Eq. 4.7
was to neglect all non-isotropic terms and moment transéettee medium in the momentum
density tensoﬂfj. E.g. near-field effects or dipole radiation could contrébsignificantly
near the disappearance of the volume expansion coeffiédsu.other non-thermo-acoustic
signal production mechanism have been discussed in thatlite which could give rise to
an almost temperature independent signal, see e.g. [1B8]olvious difference to the laser
experiment are the charges involved both from the protoasmielves and the ionisation of
the water which could lead to an interaction with the polatevanolecules. Another differ-
ence are the massive protons compared to massless phoasidu#d signals at.0°C were
found in previous works as well [217, 218, 219], where thegerature of zero amplitude is
ranging from2.5 t0 6.0°C.
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Figure 5.8: Measured signal amplitude of the bipolar acosggnal induced by laser pulses
at different temperatures fitted with the theoretical exgigan as described in the text. All
amplitudes were normalised taat 15.0°C.

— hydrophone 1, z=0.11m ~—
1~ —e— hydrophone 2, z=0.21m o ]
— 0.0: <&
3 n
3 r
o 08
=} F A
= 04
=3 o
IS r
& 0.2F
T
> 0F
2] -
—0.':/(.

2 4 6 8 10 12 14
temperature ( °C)

Figure 5.9: Measured signal amplitude of the bipolar acowsgnal induced by proton

pulses at different temperatures fitted with the model ebgien as described in the text. The
non-thermo-acoustic signal at 4@ was subtracted at every temperature. The amplitudes
were afterwards normalised taat 15.0°C.

For clarification further experiments are needed eithdr iising neutral particles (e.g. syn-
chrotron radiation) or with charged particles (e.g. pretan-particles) with more sensors
positioned around the Bragg-peak. With such experimentaght be possible to distin-
guish between the effect of ionisation in the water and ofcharge introduced by charged
particles.

5.1.6 Outcome of the Experiments

It was demonstrated that the sound generation mechanisntesfse pulsed beams is well
described by the thermo-acoustic model. In almost all aspeeestigated, the signal prop-
erties are consistent with the model. The biggest unceidgiof the experiments are on the
10% level. One discrepancy is the non-vanishing signal°& #br the proton beam exper-
iment, which can be described by an additional non-temperatependent signal witks

of the amplitude at 1%C. The model allows for calculations of the characteristicsound
pulses generated in the interaction of high-energy padich water with the input of the
energy deposition of the resulting particle shower. Thdgoered measurements confirm
the principal possibility of the acoustic detection of UHEutrinos. The investigation of
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the experimental feasibility in the Mediterranean Sea \thih AMADEUS project will be
discussed in the next section.

5.2 The AMADEUS Detector

The AMADEUS project was conceived to perform a feasibilitydy for a potential future
large-scale acoustic neutrino detector. For this purpdegdicated array of acoustic sensors
was integrated into the ANTARES neutrino telescope [5, 2B2fhe context of AMADEUS,
the following aims are being pursued:

» Long-term background investigations (levels of ambienise, spatial and temporal
distributions of sources, rate of neutrino-like signals);

* Investigation of spatial correlations for transient sitgrand for persistent background
on different length scales;

Development and tests of data filter and reconstructioordhgns;
* Investigation of different types of acoustic sensors arkssig methods;
« Studies of hybrid (acoustic and optical) detection method

In particular the knowledge of the rate and correlation tergj neutrino-like acoustic back-
ground events is a prerequisite for estimating the sertgitbf a future acoustic neutrino
detector.

In this section, the AMADEUS system within the ANTARES detecwill be described.
First (Secs. 5.2.1 and 5.2.2) an overview of the system mgiwith particular emphasis on
its integration into the ANTARES detector. Subsequenté/dboustic sensors and their cal-
ibration in the laboratory are described (Secs. 5.2.3 a4 b.The remaining system com-
ponents are described in Secs. 5.2.5t0 5.2.8 and in Secfdr03he system performance is
discussed. The characteristic features of the AMADEUSesygsire mainly determined by
the acoustic sensors (Sec 5.2.3) and the custom-desigerttbelics board, which performs
the off-shore processing of the analogue signals from tbesic sensors. The electronics
board is described in Sec. 5.2.6.

5.2.1 The ANTARES Detector and its Sub-system AMADEUS

AMADEUS is integrated into the ANTARES neutrino telescope 222], which was de-
signed to detect neutrinos by measuring the Cherenkov é&gtitted along the tracks of
relativistic secondary muons generated in neutrino icteras. A sketch of the detector,
with the AMADEUS modules highlighted, is shown in Figure ®.The detector is located
in the Mediterranean Sea at a water depth of about 2500 m{ @6dum south of the town
of Toulon on the French coast and was completed in May 2008orttprises 12 vertical
structures, theetection linesEach detection line holds up to 8foreyshat are arranged at
equal distances of 14.5m along the line, starting at abditri@bove the sea bed and inter-
linked by electro-optical cables. A standard storey cdagi§a titanium support structure,
holding threeOptical Moduleq223] (each one consisting of a photomultiplier tube (PMT)
inside a water-tight pressure-resistant glass spherepa@tocal Control Module (LCM).
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The LCM consists of a cylindrical titanium container and tfeshore electronics within
that container, see Sec. 5.2.5.

A 13th line, calledinstrumentation Line (IL)is equipped with instruments for monitoring
the environment. It holds six storeys. For two pairs of consee storeys in the IL, the
vertical distance is increased from 14.5 to 80 m. Each linfexexd on the sea floor by an
anchor equipped with electronics and held taut by an imnddsaey at about 2000 m below
the sea surface. An interlink cable connects each line tduhetion Boxfrom where the
main electro-optical cable provides the connection to Hueesstation.

The ANTARES lines are free to swing and twist in the undersgaeat. In order to de-
termine the positions of the storey with a precision of al#futm—which is necessary to
achieve the required pointing precision for neutrino astroy—the detector is equipped
with an acoustic positioning system [224]. The system eggpbn acoustic transceiver at
the anchor of each line and four autonomous transponderggnes! around the 13 lines.
Along each detection line, five positioning hydrophone®nex the signals emitted by the
transceivers. By performing multiple time delay measumsi:iand using these to triangulate
the positions of the individual hydrophones, the line slsagan be reconstructed relative to
the positions of the emitters. Currently, the sequence sitipoing emissions is repeated
every 2 minutes and lasts for about 10 seconds.

In AMADEUS, acoustic sensing is integrated in the formagbustic storey¢hat are mod-
ified versions of standard ANTARES storeys, in which the €gtModules are replaced
by custom-designed acoustic sensors. Dedicated elecsraused for the digitisation and
pre-processing of the analogue signals.
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Figure 5.10: A sketch of the ANTARES detector. The six adoustbreys are highlighted
and their three different setups are shown (see text foilgleta12 and IL denote the 12th
detection line and the Instrumentation Line, respectively

The AMADEUS system comprises a total of six acoustic stareélgeee on the IL, which
started data taking in December 2007, and three on the 1&thtdm line (Line 12), which
was connected to shore in May 2008. AMADEUS is now fully fuocal and routinely

110



taking data with 34 sensors. Two out of 36 hydrophones bedaoperational during their
deployment. In both cases, the defect was due to pressanisat

The acoustic storeys on the IL are located at 180 m, 195 m, @&dn3above the sea floor.
On Line 12, which is anchored at a horizontal distance of a@d0 m from the IL, the
acoustic storeys are positioned at heights of 380 m, 395 th4aA m above the sea floor.
With this setup, the maximum distance between two acoustieys is 340 m. AMADEUS
hence covers three length scales: spacings of the order obdiween sensors within a
storey; intermediate distances of 14.5m between adjaceniséic storeys within a line;
and large scales from about 100 m vertical distance on thgItoi840 m between storeys
on different lines. The sensors within a storey allow forogdfnt triggering of transient
signals and for direction reconstruction. The combinatibthe direction information from
different acoustic storeys yields (after verifying the sistency of the signal arrival times
at the respective storeys) the position of an acoustic ed25]. This concept of spatially
separated clusters of acoustic sensors allows for the tiedwf the required processing time
without sacrificing the advantages given by the large atgon length,

5.2.2 Acoustic Storeys

Two types of sensing devices are used in AMADEUS: hydrope@melAcoustic Modules
(AMs). The sensing principle is in both cases based on theopadectric effect and is dis-
cussed in Sec. 5.2.3. For the hydrophones, the piezo elsrasntoated in polyurethane,
whereas for the AMs they are glued to the inside of standa@skgpheres which are normally
used for Optical Modules. In each case, six acoustic semsorstorey were implemented.
This number was the maximum compatible with the design oL@ and the bandwidth of
data transmission to shore. Furthermore, the acoustieystavere designed such that their
size did not exceed the size of the standard ANTARES storeyadial dimension, hence
assuring compatibility with the deployment procedure @& ANTARES lines. Figure 5.11
shows the design of a standard acoustic storey with hydroggho

Hydrophone
Support

Hydrophone

Electronics
Container

2120 mm

Y ‘

Figure 5.11: Drawing of a standard acoustic storey with bgtones.
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Figure 5.12 shows pictures of the three different designacofustic storeys installed in
AMADEUS. The acoustic storeys on the IL house hydrophondg, evhereas the lower-
most acoustic storey of Line 12 holds AMs. The hydrophonesrayunted to point upwards,
except for the central acoustic storey of Line 12, where th@pnt downwards. The sensi-
tivity of the hydrophones is largely reduced at their cablections and therefore shows a
strong dependence on the polar angle. The different comtigms allow for investigating
the anisotropy of ambient noise, which is expected to oaginmainly from the sea surface
(see Sec.5.4.1).

Three of the five storeys holding hydrophones are equipptgdoemmercial models, dubbed
“HTI hydrophones?, and the other two with hydrophones, described in detaiki. 5.2.3,
developed and produced at the Erlangen Centre for Astiofgahysics (ECAP).

Figure 5.12: Photographs of three different storeys of tMADEUS system during their
deployment: (a) A standard storey, equipped with hydrops@uointing up; (b) the central
acoustic storey on Line 12 with the hydrophones pointingrddiw) the lowermost acoustic
storey on Line 12 equipped with Acoustic Modules.

5.2.3 The Acoustic Sensors

The fundamental components of both the hydrophones and M& Aollectively referred
to as acoustic sensors, are piezo-electrical ceramic elspeonverting pressure waves into
voltage signals [221], and preamplifiers. Compared to PMSesidfor optical detection of
neutrinos, the more compact sensor design and simplerueatietronics is an advantage
of acoustic sensors.

A schematic drawing of an ECAP hydrophone is shown in Figude.5 For these hy-
drophone$ two-stage preamplifiers were used: adapted to the capaniiture of the piezo
elements and the low induced voltages, the first preampdifagre is charge integrating while

1Custom produced by High Tech Inc (HTI) in Gulfport, MS (USA).
2For the commercial hydrophones, details were not disclogettie manufacturer, but the main design is
similar to the one described here.
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the second one is amplifying the output voltage of the fi@gst The shape of the ceramics
is that of a hollow cylinder.

The piezo elements and preamplifiers of the hydrophonesated in polyurethane. Plastic
endcaps prevent the material from pouring into the hollow pathe piezo cylinder during
the moulding procedure. The ECAP as well as the HTI hydrophdrave a diameter of
38 mm and a length (from the cable junction to the opposit¢ ehti02 mm.

The equivalent inherent noise level in the frequency rangia fl to 50 kHz is about 13 mPa
for the ECAP hydrophones and about 5.4 mPa for the HTI hydwopb. This compares
to 6.2mPa of the lowest expected ambient noise level in theedaequency band for a
completely calm sea [226], referred toses state (227]. The ambient noise and the choice
of a frequency range for its evaluation that is better adhfiieacoustic neutrino detection
will be discussed in Sec. 5.4.1.

piezo element
with endcap

PU coating —»

preamplifier

102mm

copper shield

cable

Figure 5.13: Schematic drawing of an ECAP hydrophone. Padament and preamplifier
(consisting of three circular circuit boards, intercorteddby pin connectors) are moulded
into polyurethane (PU).

For the AMs, the same preamplifiers are used as for the ECAPoplidnes. The piezo
elements have the same outer diameter but are solid cyéinderase of the AMs. Two
sensors are glued to the inside of each sphere. This desigmwavated by the idea to
operate the piezo elements at low pressure and also to ig@estan option for acoustic
sensing that can be integrated together with a PMT in the gdass sphere. In order to
assure a good acoustic coupling, the space between thedcsphere and the flat end of
the piezo sensor of the AMs was filled with epoxy. A photograplan Acoustic Module
and a schematic drawing of the sensors glued to the insidesajlass sphere are shown in
Figures 5.14(a) and 5.14(b), respectively.

In order to obtain a2 azimuthal coverage, the six sensors are distributed oeghtkee AMs
of the storey within the horizontal plane defined by the tloe®tres of the spheres as shown
in Figure 5.14(c). The spheres have outer diameters of 432 mm
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Figure 5.14: (a) Photograph of an Acoustic Module (AM) befdeployment; (b) schematic
drawing of an AM sensor; (c) horizontal cross-section of esustic storey holding Acoustic
Modules in the plane of the sensors. The dotted lines armeall with the longitudinal axes
of the sensors and indicate the arrangement of the senson it storey. The lines intersect

at angles of 6Dat the centres of the glass spheres.
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Figure 5.15: Typical sensitivity of an HTI hydrophone asadtion of frequency for different
polar angles, averaged over the azimuthal angle. Systeomnatertainties below 50 kHz are
210 3dB.

5.2.4 Calibration of Acoustic Sensors

All sensors are tuned to have a low noise level and to be semsiter the frequency range
from 1 to 50 kHz with a typical sensitivity around145 dB re 1V{iPa (including preampli-
fier). The sensitivities of all sensors as a function of fiaey, polar angle and azimuthal
angle were measured before deploymentin a water tank, asialijprated emitter. The anal-
ysis was restricted to frequencies above 10 kHz. Towardsrldm@quencies, measurements
become increasingly less significant. This is due to the qiedirequency dependence of
the emitter’s transmit voltage response and to the inangasadverse effect of reflections for
increasing wavelengths. In accordance with the expecthevieur of the piezo elements,
the sensitivity is assumed to be constant below 10 kHz.

The sensitivity of one of the commercial hydrophones is showFigure 5.15 as a function
of frequency for different polar angles [228]. For frequiescbelow 50 kHz, where the
sensitivity of all acoustic sensors shows a relatively fittdviour, the sensitivity decreases
once the polar angle approaches 18@hich defines the direction at which the cable is
attached to the hydrophone. The beginning of this trend easelen for the polar angle of
150°.

The sensitivity as a function of the azimuthal angle for a&gifrequency is essentially flat at
the 3 dB level for all hydrophones. The sensitivity as a fiorcof polar angle and frequency
shows deviations of less than 2 dB between different HTl bgHones in the frequency range
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Figure 5.16: Typical sensitivity of an ECAP hydrophone asuacfion of frequency for
different polar angles, averaged over the azimuthal angiestematic uncertainties below
50kHz are 2 to 3dB.

from 10 to 50 kHz. The deviations for the hydrophones prodwatdECAP are at a level of 3
to 4dB. The sensitivity of an ECAP hydrophone is shown in Fégbt16. Compared to the
HTI hydrophones, the sensitivity in the frequency rangenfdd to 50 kHz is higher but less
uniform, both as a function of frequency and as a functionad&ipangle.

As a consequence of their design, the solid angle over wiielsénsors of the AMs are
sensitive is smaller compared to the hydrophones. Furibrermeflections and resonances
within the glass sphere affect the signal shape and frequaemendence, making laboratory
measurements more difficult to interpret. The calibrati@s \werformed by varying the po-
sition of the emitter along a half circle, such that each snposition has the same distance
to the piezo element. Angles were then given by the positidheemitter along the half
circle with respect to the longitudinal axis of the piezosEnwhich defined the angle of.0
Results are shown in Figure 5.17. The higher sensitivityganad to the ECAP hydrophones
is due to the different piezo element that is used and thesticotoupling between water,
the glass sphere and the piezo sensor.

All sensitivity measurements were done at normal press@reerification with an in situ
calibration has not yet been carried out at the time of th&wgof this report.

For the calibration, Gaussian signals were emitted whicthenfrequency domain cover
the range of the calibration. In addition, the response efsénsors to bipolar pulses was
recorded. This is shown in Figure 5.18. The agreement betweedifferent sensor types
is quite good. The asymmetry of the input pulse, i.e. theratithe pulse heights at the
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Figure 5.17: Sensitivity of an AM sensor as a function of treqcy for different angles with
respect to the longitudinal axis of the sensor. Systematenainties below 50 kHz are 2 to
3dB.

positive and negative peaks, can be seen to be diminishdwinesponse of the sensors.
This is due to the excitation of oscillations of the piezawdats.

5.2.5 Off-Shore Electronics

In the ANTARES data acquisition (DAQ) scheme [229], the tisgition is done within the
off-shore electronics container (see Sec. 5.2.1). Each ld0Nains a backplane that is
equipped with sockets for the electronics cards and previdem with power and data
lines. A standard LCM for processing the data from PMTs dostthe following electronics
boards:

* ThreeARS motherboardeach comprising two Analogue Ring Sampler (ARS) ASICs,
for conditioning and digitisation of the analogue signatsri the PMTs [230];

* A DAQ board which reads out the ARS motherboards and handles the coroatiom
to shore via TCP/IP;

» A Clock boardthat provides the timing signals to correlate measurenmmtermed
in different storeys (see Sec. 5.2.7);

* A Compass boartb measure the tilt and the heading of the storey.
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Figure 5.18: Comparison of the response of different acosehsor types to a bipolar pulse.
The emitted signal is shown on the left. The response of tdedphones was measured for
a polar angle of 99 the response of the AM sensor for an angle @f 0The first peak
of each pulse (including the emitted one) was normalised &md the time axis of each
received signal was adjusted such that the times of the zessiogs coincide. The time
offset between emitted and received pulses in the depiiarbitrary.

The transmission of data to shore is done througeater LCM (MLCM)which—in addi-

tion to the components of an LCM described above—contairetfarnet switch and addi-
tional boards for handling incoming and outgoing fibre-lobsptical data transmission. Up

to five storeys form aector in which the individual LCMs transmit the data to the MLCM.
For the digitisation of the acoustic signals and for feedimgm into the ANTARES data
stream, theAcouADC boardvas designed. These boards are pin-compatible with the ARS
motherboards and replace them in the acoustic storeystePigi9 shows the fully equipped
LCM of an acoustic storey.

5.2.6 The AcouADC Board

Each AcouADC board serves two acoustic sensors and hasliiheif major tasks:

» Pre-processing of the analogue signals (impedance magtcapplication of an anti-
alias filter, selectable gain adjustment);

* Digitisation of the analogue signals and preparation efdigitised data stream for
transmission to the DAQ board;

» Provision of stable low-noise voltage (6.0 V) for power plypof the acoustic sensors;

* Provision of an interface to the on-shore slow controlwsafe.
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Figure 5.19: An LCM during assembly, equipped with AcouAD@alds before insertion
into the titanium container. The sockets for external catina (not visible in this picture)
are attached to the lid of the container on the left-hand sfdee photograph. From left to
right, the following boards are installed: a Compass botdmete AcouADC boards; a DAQ
board; a Clock board.

A photograph of an AcouADC board is shown in Figure 5.20. Tbart consists of an

analogue and a digital signal processing part. Each boarckpses the differential volt-
age signals from two acoustic sensors. The two signals acepsed independently and in
parallel for the complete (analogue and digital) data pssicey chain.

A main design criterion for the board was a low inherent ndésel, so that even for sea
state 0 no significant contribution to the recorded signajimates from the electronics of
the board.

135 mm

Figure 5.20: Photograph of an AcouADC board. The four cotorsedor the two differential
input signals are located at the top, the analogue signakpsing electronics is covered by
metal shields.
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5.2.6.1 Analogue Signal Processing

The analogue signal is amplified in two stages. The first stggdies a coarse gain with
nominal amplification factors of 1, 10 or 100. The gain factas used for recording ded-
icated runs with large signal amplitudes, e.g. from the trstof the ANTARES acoustic
positioning system (see Sec. 5.2.1), whereas the factd@d®ihs only foreseen for the case
that the sensitivity of the hydrophones would degrade aféegtoyment.

The second amplification stage, the fine gain, is intendedljiesathe gains of different
types of hydrophones. Gain factors of 1.00, 1.78, 3.16, a®# &orresponding to 0, 5, 10,
and 15 dB, respectively) are selectable by switching bati@er appropriate resistors in the
feedback loop of the operational amplifier. Combining the stages, the gain factor can be
set to one of 12 values between 1 and 562. The standard sisttaimgoverall gain factor of
10, yielding the approximate sensitivity efl25 dB re 1V{iPa.

Several RCL elements within the analogue signal chain fannadditional band-pass fil-
ter. Its low-frequency 3dB point is at about 3kHz and cut® itite trailing edge of the
low-frequency noise of the deep-sea acoustic backgrousi@l,[protecting the system from
saturation. The high-frequency 3 dB point is above 1 MHz amag wtroduced to comply
with the input requirements of active components of theudirg. After amplification, the
signal is coupled into a linear-phase 10th-order antisdfiier® with a root-raised cosine
amplitude response and a 3dB point at a frequency of 128 kHe.oltput is referenced to
2.0V and fed into a 16-bit analogue-to-digital converteD@) that will be described below.

5.2.6.2 Digital Signal Processing

The digital part of the AcouADC board digitises the acoustgnals and processes the digi-
tised data. It is flexible due to the use of a micro controljeZ)* and a field programmable
gate array (FPGAR)as data processor. All communication with the shore is doaghe
DAQ board; theuC handles the slow contfolnd the FPGA the data transfer. ThE is
accessed from the on-shore control software and is useduetasttings of the analogue
part and the data processing. It can also be used to upddientiimare of the FPGA.

For each of the two input channels, the digitisation is don&0® kSps (kilosamples per
second) by one 16-bit successive approximation AR@h output range from-32768 to
+32767 counts. The two ADCs are read out in parallel by the FRGdfurther formatted
for transmission to the DAQ board.

In standard mode, the sampling rate is reduced to 250 kS iRRGA, corresponding to
a downsampling by a factor of 2 (DS2). Currently implemendptions are DS1 (i.e. no
downsampling), DS2, and DS4, which can be selected fromhbees For each downsam-
pling factor an adapted digital anti-alias filter, comptiaith the Nyquist-Shannon sampling
theorem, is implemented in the FPGA as a finite impulse resp@rIR) filter with a length
of 128 data points. For DS2, the frequency spectrum betwee3 tiB points at 2.8 and
108.8 kHz passes the filter.

SFilter LTC1569-7 from Linear Technology, http://www.liaecom/

4STR710 from STMicroelectronics, http://www.st.com/

SSpartan-3 XC3S200 from XilinX, http://www.xilinx.com/

5The slow control provides the off-shore components withiatisation and configuration parameters and
it regularly monitors whether the operational parametsgsathin their specified ranges.

ADS8323 from Analog Devices, http://www.analog.com/
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5.2.6.3 AcouADC Board System Characteristics

The complex response function of the AcouADC board (i.e. lgoge and phase) was mea-
sured in the laboratory prior to deployment for each boaiaaparametrisation of the func-
tion was derived [226]. Figure 5.21 shows the frequencyarse of the AcouADC board.
The measurement was done by feeding Gaussian white nossthansystem and analysing
the digital output recorded by the board. Without downsangp|DS1), the roll-off at high
frequencies is governed by the analogue anti-alias filter..’FS2 and DS4, the digital FIR
filters are responsible for the behaviour at high frequendi low frequencies, the effect of
the band-pass filter described above can be seen. Figuréustérmore demonstrates that
within each passband, the filter response is essentiallyTited comparison of the recorded
data with the parametrisation shows excellent agreement.
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Figure 5.21: The AcouADC board filter response, charaadris/ a power spectral density
(PSD) as a function of frequency, measured for the threeréifit downsampling factors.
For each of the three measurements, the parametrisatibowsisas a black line.

The parametrisation of the response function allows taxaile the response of the system to
any input pulse and vice versa the reconstruction of ther@ighape of any recorded pulse.
Figure 5.22 shows a comparison of the measured and calduképonse of the analogue
signal processing part of the AcouADC board to a genericlarpoput pulse as it would
be expected from a neutrino-induced particle shower. TheaadiFIR filter introduces an
additional time offset of 128s of the digitised data for DS2 and DS4.

The ADCs of the AcouADC board were investigated in detaildR2For each individual
ADC, the transfer curve from input voltage to ADC counts wasasured and distortions
from the ideal linear behaviour quantified in terms of thésdléntial non-linearity (DNL) and
integral non-linearity (INL). The distribution of the DNLales for all bins of all calibrated
signal channels shows negligible deviations from the id#ahtion (i.e. a peak at zero) with
a mean 0f~0.02 ADC counts and a standard deviation of 0.06 ADC couwmtsesponding
to 3.4uV. The values of the INL of the ADCs stay withitt50 ADC counts for all signal
channels over the full input range from abeti.0 V to 2.0 V, corresponding ta&3.1 mV.
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Figure 5.22: The response of the analogue part of an AcouABddbto a bipolar input
pulse. Shown are the measured output signal and the ougmalstalculated from the
parametrised response function. The measured outputl sigisaobtained with an oscil-
loscope at the input of the ADC. The measurement was done riormanal gain factor of
1.

5.2.7 Data Acquisition and Clock System

AMADEUS uses the same DAQ system and follows the same “akl datshore” strat-
egy [229] as the ANTARES neutrino telescope, i.e. all dégiti data are transmitted to shore
via optical fibres using the TCP/IP protocol. The data stréam the sender DAQ board is
tagged with the IP address of the receiving on-shore sdrvére control room, the acoustic
data are routed to a dedicated computer cluster by usingdhenitted IP address. The
ANTARES clock system operates separately from the DAQ systesing a different set of
optical fibres to synchronise data from different storeyse $ystem provides a highly stable
20 MHz synchronisation signal, corresponding to a resotutif 50 n§, which is generated
by a custom-designed system at the ANTARES control room. siinehronisation of this
internal clock with the UT€ of the GPS system is established with a precision of 100 ns.
The synchronisation signal is broadcast to the off-shavekcboards and from there trans-
mitted further to the FPGA of the AcouADC board. Based on sigsal, the data packages
sent from the AcouADC board to shore via the DAQ board recaitimestamp which allows
for correlating the data from different storeys. The 50 rsohation of the timestamp by far
exceeds the requirements given by the standard sampliegfidus corresponding to DS2.
Differences in the signal transit times between the shaost and the individual storeys
are also smaller thanids and do not need to be corrected for.

5.2.8 On-Shore Data Processing and System Operation

The AMADEUS system is operated with its own instance of taedard ANTARES control
software calledRunContro[229]. This is a program with a graphical user interface totoad

8The much higher precision that is required for the synclsation of the optical signals from the PMTs is
provided by a 256-fold subdivision of the 20 MHz signal in hieRS motherboards.
®Coordinated Universal Time
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and operate the experiment. It is J&aased and reads the configuration of the individual
hard- and software components from the ANTARES databdssyial for an easy adaption
of individual run parameters for the AMADEUS system. Via tthleck system the absolute
time of the run start is logged in the database with the afergioned precision of 100 ns.
The end of a run is reached if either the data volume or thetidaraxceed predefined limits
(in which case a new run is started automatically) or the sustopped by the operator.
The data of one AMADEUS run are stored in a single fileR®OT[231] format. The
typical duration of a run ranges from 2 to 5 hours. AMADEUS asitolled remotely via
the Internet. Data are centrally stored and are remoteijaéNe.

For the computing requirements of AMADEUS, a dedicated loore computer cluster was
installed. Among other tasks, the AMADEUS trigéfeis running on the cluster, which
searches the data by an adjustable software filter; the etlaug selected are stored to disk.
This way the raw data rate of about 1.5 TB/day is reduced tatab® GB/day for storage.
The AMADEUS trigger schemes will be discussed now.

5.2.9 AMADEUS Online Trigger Schemes

Currently, three trigger schemes are in operation [232]misimum bias triggemwhich
records data continuously for about 10 s every 60 mthyeshold triggemwhich is activated
when the signal exceeds a predefined amplitude, gndse shape recognition triggeFor
the latter, a cross-correlation of the signal with a pre@efibipolar signal, as expected for a
neutrino-induced particle shower, is performed. The &rggpndition is met if the output of
the cross-correlation operation exceeds a predefinedhblicesNith respect to a matched fil-
ter, this implementation reduces the run time complexity@wielding a comparable trigger
performance.

As discussed in Sec. 4.2.5, for pressure pulses induceduiyimeinteractions the ampli-
tude, asymmetry and frequency spectrum depend on theqrositthe observer with respect
to the particle shower. The predefined bipolar signal usetthéopulse shape recognition trig-
ger corresponds to the pulse shape expected at a distarmagbily 300 m from the shower
centre in the direction perpendicular to the shower axes, where the maximum signal
within the flat volume of sound propagation is expected. Tiess correlation with pulses
whose shape differs from the implemented one changes theipdhe cross correlation
output: it is broadened and diminished as compared to tlee fésponse on the predefined
signal. This effectively increases the trigger thresholderms of pressure amplitude for
such pulses. As will be described below, the final triggergien requires coincidences
within an acoustic storey, which allows the trigger thrddtor the cross correlation output
of each individual acoustic sensor to be set to a low valugeiGihat the main purpose of
the AMADEUS system is the investigation of background ngdilsis implementation is very
efficient in recording a wide range of bipolar and multipaaents. Dedicated searches for
neutrino signals—which are difficult due to the geometryhaf icoustic storeys within the
AMADEUS system—are done offline, taking into account theatarns of the pulse shapes
with distance and direction.

Both the threshold and the pulse shape recognition triggeajgplied to the individual sen-
sors and are self-adjusting to the ambient noise, implymad) &ll trigger thresholds are de-
fined in terms of a signal-to-noise ratio. The trigger tho#dh are software parameters and

Owhile this functionality might be more commonly referredas filtering, it is ANTARES convention to
refer to the “on-shore trigger”.
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therefore can be set at will. The noise level is calculatedfand applied to the data of
theframethat is currently being analysed. A frame denotes the stragh which data are
buffered off-shore by the DAQ board before being sent toeslamd contains data sampled
during an interval of about 105 ms [229]. If either the thi@dlor the pulse shape recognition
trigger condition is met, an additional trigger conditi@imposed, which requires coinci-
dences of a predefined number of acoustic sensors on eaely. sWithin the ANTARES
data processing scheme, the coincidence window is fixedetdetigth of a frame. Cur-
rently, the coincidence trigger requires that the thregloolpulse shape recognition trigger
conditions have been met for at least four out of six sensoasstorey.

In the ANTARES DAQ system, the frames start at fixed intervaith respect to the run
start. Trigger conditions are imposed on temporally cqoesling frames from all storeys
simultaneously, whereupon the frames are discarded aachdaselected by the trigger are
lost. Processing subsequent frames at the same time is sibfg Given the distances of
typically 1 m between sensors within one storey, time delstgveen signals from a given
source are always less than 1 ms. Therefore, the number ofesofor which the signals
extend over two frames, and hence the coincidence trigggnoitde activated, is small. The
disadvantage of a large trigger window, the increased fmibtyafor random coincidences,
leads only to a small increase of the recorded data volume.cémcidence trigger can be
optionally extended to require coincidences betweenriffestoreys on the same line. With
distances between storeys ranging from about 10 to 100 me§monding to delays of the
order of 10 to 100 ms) signals originating from above or bedwe/suppressed. This trigger
is currently not enabled.

The data of all sensors that have fired a coincidence triggestared within a common time
window that covers all triggered signals. Its minimum léngt 1.536 ms for 4ts sampling
time (corresponding to 384 data samples) and its maximugthesorresponds to the length
of a frame.

5.2.10 System Performance

AMADEUS is continuously operating and taking data with oalfew operator interventions
per week. The up-time of each sensor is typically better 8#a. Its ability to continuously
send unfiltered data, sampled at high frequency, to shoréftrer analysis renders the
AMADEUS system a multipurpose apparatus for neutrino fehiyi studies, acoustic posi-
tioning and marine research.

The concept of acoustic clusters (i.e. the acoustic stprsygery beneficial for fast online
processing. By requiring coincident signals from at leasir fsensors within a storey, the
trigger rate is significantly reduced, improving the purifythe sample selected with the
pulse shape recognition trigger.

The stability of the system response is excellent. This veadi@d prior to deployment as
well as in situ. It was quantified by observing the mean of thbeiant noise distribution as a
function of time. In situ, the 10 s of continuous data recdrdeery hour with the minimum
bias trigger were used to calculate the mean. The standaiatioa of this value for the first
year of operation is less thanx210~° of the full range.

All sensor types described in Sec. 5.2.2 are well suited Herihvestigation of acoustic
particle detection methods. The signals recorded with liheet different types of acoustic
sensors on Line 12 for a common source is shown in Figure F128signals were recorded
in May 2010 and were received under an angle of abotitvth respect to the direction
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pointing vertically upwards. The agreement between theadighapes can be seen to be
very good. For the second positive peak at about 0.20 to Q.@2®sAM sensor shows a
differing behaviour from the hydrophones, which can belaited to the coupling of the
sensor to the glass sphere.
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Figure 5.23: Comparison of the signals originating from mpwn source as recorded by
three different types of acoustic sensors, each one locateddifferent storey of Line 12.
For better comparability, the first peak of each signal hanbwrmalised to 1 and the time
axis of each signal adjusted such that the times of the zessitrgs between the first positive
and negative peak coincide.

The maximal pressure amplitude that can be recorded fomefgetior of 10 without saturat-
ing the input range of the ADC is about 5 Pa. Usually, only espibgenic signals originating
close to the detector reach this pressure level at the posiaf the hydrophones.

5.3 Position Calibration of Acoustic Storeys

5.3.1 Position Calibration Using Time Delays

The relative positions of the acoustic sensors within theAANEUS setup have to be con-
tinuously monitored. This is done by using the emitter sigméd the ANTARES acoustic

positioning system (see Sec. 5.2.1). Figure 5.24 shows awignal as recorded by four
typical sensors. The delays between the signal arrivalstiane clearly visible: short delays
of less than 1 ms within each storey and a long delay of aboutslbetween the signals
arriving in two different storeys.

The time shown in the figure is given in seconds since theadtdre run and can be converted
into UTC using the data recorded by the clock system (see5S&@). As the emission times
of the positioning signals are also recorded in UTC, the tilifilerence between emission
and reception of the signal can be calculated. Using theasgrom multiple emitters and

their known positions at the anchors of the lines, the pasitiof the AMADEUS sensors

can be reconstructed. And finally, from the reconstructesitipms of the individual sensors,

125



Amplitude [V]
© o o o
ad B o \\\‘\\\‘\‘\I\\

P R L L L L L
32.206 32.208 3221 32.212 32.214 32.216 32.218
Time [s]

Figure 5.24: Typical signals of the ANTARES acoustic pasiing system as recorded with
four sensors of the AMADEUS system for gain factor 1 of the @DC board. For better
clarity an offset, starting with 0V and incremented by 0.5 ithwespect to the previous
one, is added to the amplitude of each sensor. The first twalsiglong the time axis were
recorded by the acoustic storey holding AMs (see Figure)5.IBe following two signals
were recorded with two hydrophones on the acoustic storglyghove—one hydrophone
mounted at the bottom and the other one at the top of the stdheytime is counted since
the start of the run.

the six degrees of freedom (centre of mass coordinates anithtbe Euler angles) of each
storey can be obtained.

The position calibration has statistical uncertainties fgiw millimetres for each hydrophone.
Systematic uncertainties due to the size of the receivieggelements, the knowledge of
their relative positions within the acoustic storey, thekiedge of the speed of sound in
sea water and the position uncertainties of the emitterstdreinder study. For the AMs,
the position reconstruction is less precise and has atstatisncertainty of the order of a
centimetre.

Figure 5.25 shows the comparison of theadingas measured with the acoustic sensors
on a storey and with the compass board installed in thatystdree heading is defined as
the rotational angle of a well defined horizontal referends within the storey around the
vertical axis. A heading of zero degrees then correspontieteference axis pointing north,
with angles counting clockwise frofit to 360°. The periodic structure of the heading is due
to the sea currents which change in accordance to the Gofistie, which at a geographic
latitude¢ affects the direction of sea currents with a period'ct Tj, sin ¢, whereT, ~ 24 h

is the period of a sidereal day on Earth and therefore 16.3 h.

Both the acoustic measurement and the measurement of thgassrboard have an offset
of their zero degree position w.r.t. the cardinal directadmorth: When measuring zero
degrees, the compass board points to the North Magneticvifole the direction derived
from the acoustic measurements points alongribething axisof the UTM grid. At the
location of ANTARES, this difference is 2%vhere the UTM northing axis points further
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Figure 5.25: Comparison of the heading measured with theossmf the uppermost storey
of ILO7 and with the compass board in the same storey overiagef five days. In the
insert at the top left, the resolution between the two mesasants is shown.
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westwards than the direction of the North Magnetic Pole. difference shown in Fig 5.25
is not corrected for these offsets, the mean value of theilaligion after this correction is
therefore—1.2°. The offsets from the six storeys have a spread of abbatound zero.

The RMS deviation between the two measurements fgQ.@3 rad) or 3% when quantifying
the corresponding circle segment w.r.t. the distance otiecedrom the ANTARES line on
which the sensor is installed. Here the residual offset bebwcompass board and angle
reconstruction with the AMADEUS sensors were ignored. QOmdther hand, the RMS
deviation is the quadratic sum of the resolution of the cassiard and of the AMADEUS
measurement, resulting in an overestimation of the RMSlu&sa. Since the two effects
are of about the same size, they will roughly compensate eieh.

For a measurement of the density of bipolar events, the atespbsitioning of the acoustic
storeys is not important. The precision of the measuremfesturce positions (which then
determines the error of the density and limits the distapd® which a surveillance is possi-
ble) is determined by the resolution of the angular recoiestyn of a source position and by
that of the distance between the storeys. The horizontilriie between the ILO7 and Line
12 is about 240 m. Preliminary studies, comparing the pmsstihat are reconstructed with
AMADEUS and with the ANTARES positioning system, indicabat the distance between
the centre of mass positions of two storeys on the two linedeaeconstructed with a preci-
sion of much better than 1 m. The resulting precisiot\o¥7.12 — 7107 ) /| 7112 — Trro7 | <K
1% indicates that the dominant contribution to the errorfengosition reconstruction will
stem from the angular resolution of the source positionmstaction.

5.3.2 Alternative Methods and Effects of Refraction

In Sec. 5.3.1 position calibration was based on the timeydeédween the emission and
reception of a signal. This method has two disadvantagest, Fine emission time needs
to be know. This is not problematic for the reconstructiorina positions of the acoustic
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storeys. However, when trying to reconstruct the positmfrerbitrary sources, this method
is not applicable. Second, the method depends stronglyespgbed of sound. An error
of only 0.1 % for the speed of sound over a distance of 500 nodinices an error of 0.5m
in the position of the storey. Here the AMADEUS system haspibkential to cross check
and possibly improve the position calibration of the ogt&tareys within the ANTARES
detector, for which an error of 0.2 m already deterioratespgbinting precision for muon
tracks. Hence it is worthwhile to alternatively apply tivae difference of arriva(TDOA)
method for the position calibration of the acoustic stor@yAMADEUS. According to this
method, the direction of an acoustic emitter is reconsédiétom the differences between
the arrival times in the six hydrophones of a storey. Thendenstructed directions (polar
anglefd and azimuthp) of the emitters are matched to the geometric pattern of iéers
on the sea floor. The TDOA method was investigated in [233].efaited, high-statistics
comparison with the time delay method is still pending.

The resolution of the position reconstruction dependsigigoon the spatial arrangement of
the emitters. In order to compare the precision of the twdot, the size of the error will
be roughly estimated from basic considerations. For the tielay method, the statistical er-
ror of the reconstruction of a sensor position is of the otdet, /\/n — 1 ~ 6 mm/v/n — 1,
wheren is the number of emitters anfit is the resolution of the measurement of the time
delay. Numericallycs ~ 1.5 mm/us and At ~ 4us at the receiver side for 250 kHz sam-
pling. Typical values of, are7 ~ 8 and At can be reduced by interpolating between data
points. Therefore, the experimentally measured error isrder of magnitude larger than
this estimate (see Sec. 5.3.1), because several source®i were omitted, such as the
timing precision of the emission of the signal. Furthermane position of the receiver will
not be stable on a millimetre level over the duration of antesncycle of several seconds.
For the TDOA method, the resolution of the reconstructedtioosof a storey is (in the
horizontal plane) of the ordek®d/\/n — 1 ~ 2m/+/n — 1. Here a (horizontal) distance
of d = 100m between emitter and receiver was assumed and an error dreduéng of
A¢ = 1°. This assumed error of the heading is indeed too optimificile it is consistent
with the value shown in Fig. 5.25, which contains both thereaf the acoustic position
reconstruction and of the reconstruction with the compassdj the error from the acoustic
position reconstruction is already reduced by combiningsneements from several emit-
ters. The error on the reconstruction of the azimuthal aofgesource with a single acoustic
storey is abou8®, see Sec. 5.4.2.1. In conclusion it is clear that the pr@eisi the posi-
tion reconstruction with the TDOA method is much worse thath the time delay method.
Whether for high statistics a test of the precision of theedpef sound with the TDOA
method is possible needs to be investigated. Note that tp@la@mnresolution of the recon-
struction of the storey orientation is expected to be of abflmeisame size for both methods.
This is due to the fact that effectively the orientation af gtorey in terms of polar angle and
azimuth is calculated for the time delay method using tinfleinces of a signal between
the sensors on a storey.

So far, refraction effects were not taken into account fergbsition calibration. Table 5.2
shows systematic effects resulting from refraction for tthhe methods, calculated for the
speed of sound profile derived from the August 2007 measurenad water properties at
the ANTARES site [170], see Fig. 4.8(a). The systematicrermere determined in the
following fashion: A ray was traced from the position of amastic sensor at a height of
Az = 410 m above the sea floor at= 2478 m for a given starting anglé. The z-position
of the sensor corresponds to the nominal position of the uppst acoustic storey on Line
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angle| error (m) | distance error o angle| error (m) | distance error on
(deg) from sea floor from || (deg) from sea floor from
time delay TDOA (m) time delay TDOA (m)

25 0.024 -10.61 60 0.013 -0.67

30 0.021 -6.08 65 0.013 -0.49

35 0.019 -3.79 70 0.012 -0.36

40 0.017 -2.51 75 0.012 -0.25

45 0.016 -1.74 80 0.012 -0.16

50 0.015 -1.24 85 0.012 -0.08

55 0.014 -0.91 90 0.012 0.00

Table 5.2: Error in the reconstruction of emitter positiaie to refraction using the time
delay and time difference of arrival (TDOA) methods. Thelmoels and the calculation of the
errors are explained in the text. The error from the timeyslathod refers to the distance
between emitter and receiver, whereas for the TDOA methuaa etror in the horizontal
direction on the sea floor is given. Errors were calculateteasnstructed distance minus
true distance. Angles are those at which the ray reachestus@c sensor with® and90°
referring to rays arriving horizontally and vertically frobelow, respectively. The position of
the sensor is assumedat = 410 m above the sea floor at= 2478 m and water properties
are that of the Mediterranean Sea at the ANTARES site.

12 of ANTARES. The anglé is measured w.r.t. the horizon whete= 90° corresponds to
the downwards direction. The ray tracing was continued thgisea floor was reached at a
horizontal distancé\x from the acoustic sensor along the sea floor. The ray comuggitte
sensor and the point on the sea floor is then the path of a sagmal that is emitted from
the position on the sea floor, reaching the sensor at its gugsition at a polar anglé

The systematic error of the TDOA method was calculated byrfognthe intersection with the
sea floor of the tangent of the ray at the position of the sensoAz,.. = Az/ tan . There-
fore Az, is the horizontal distance of a potential emitter on the s&a from the receiver,
whose signal would reach the acoustic sensor at the @nglne absence of refraction. The
systematic error due to refraction of the TDOA method is theen byAx,... — Ax.

For the absolute time method, the timg,, was calculated along the refracted path from the
acoustic sensor to the sea floor for the given afiglehen the average speed of sodnavas
calculated according t/¢, = 1/c°or + 1 /¢ wherecloor andcss are the speed of sound
at the sea floor and at the position of the acoustic senspectgely. The path length of the
ray is estimated byl,.., = Cstpaen. This is the calculation performed for the reconstruction
of the positions of the AMADEUS storeys. The systematic reabthis method is then
given byd,.., — vVAz? + Az2. Note that the approximation of the average speed of sound
introduces a systematic error even if a ray is not refraatethie casé@ = 90°.

Within the AMADEUS setup, angles between emitter and resredre ranging from-35°
(for a receiver on the lowest acoustic storey on the IL andhbst distant acoustic emitter
on the anchor of Line 12) t10° for signals received from the transceiver at the anchoref th
same line.
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5.4 Acoustic Background in the Deep Sea

It is important to realise that there are two kinds of backgibwhich need to be understood
to assess the feasibility of an acoustic neutrino deteé&tiost, there is ambient noise which
can be described by its characteristic power spectral genBhis noise is determined by

environmental processes and defines the minimum pulsetkdiuyt can be measured, if a
given signal-to-noise ratio can be achieved with a seambrighm. To measure this back-
ground, in principle one hydrophone is sufficient and thechyonisation among multiple

hydrophones is not crucial. Second, there are neutrireodignals, i.e. signals which have
the characteristic bipolar pulse shape but have a diffenegin. These transient signals are
very diverse and originate from anthropogenic and biolalgsources as well as weather-
correlated sources. It is important to measure the spé&timporal and pulse-height distri-
bution of such bipolar events in order to asses the prolaliai random coincidences that
mimic the characteristic “pancake” structure of a neutsnand wave. For this kind of mea-
surement, a hydrophone array is required and the synclat@mmsamong the hydrophones is
crucial.

5.4.1 Ambient Noise and Inherent System Noise
5.4.1.1 Spectral Distributions and Correlations with Weaher Data

As summarised in [234], three main sources of underwateiearhhoise have been identi-
fied in various studies: Surface agitation (including tHeas of precipitation, bubbles and
spray), marine life and anthropogenic sources. In the aesehthe latter two sources, un-
derwater ambient noise levels have been shown [235] to depemwind force and sea state,
where the studies have been performed for frequencies bat@0 Hz and 25kHz. This
region shows a large overlap with the frequency range ofestefor acoustic neutrino de-
tection. The so-called Knudsen curves [235] describe gmuiency dependence of the noise
power spectral density (PSD) with a slope-eb to —6 dB/octave. These results are how-
ever not necessarily applicable to the depths of 2000 m arrd atavhich the AMADEUS
system is installed. Several authors, e.g. [160, 234]indjatsh between shallow water and
deep water, where the former is defined as a depth of up to 1234).[However, since the
absorption length decreases with frequency (see Fig.€.d.)from about 6 km at 10 kHz to
less than 2 km at 20 kHz, it will make a substantial differefieemeasurement is performed
at 200 m or 2000 m despite the fact that both measurementgdogmped in the deep water
region according to the definition from above. From the festgry dependence of the ab-
sorption length it is expected that the roll-off of the noisalepths of several hundreds of
metres is steeper than predicted by the Knudsen curvesb&hasiour was indeed observed
at the site of the SAUND experiment [236].

Studies of the power spectral density of the ambient noisleeaANTARES site have been
performed using the minimum bias trigger data (see Se®)5 Rigure 5.26 shows the noise
levels recorded with representative HTI and ECAP hydroels@nd with one AM sensor on
Line 12 over several time periods with a combined duratiosixinonths. For each sensor,
the power spectral density was calculated for the 10 s iatef continuous data and then
for each 1 kHz bin, the median and the 0.27% quantile (coomdipg to a 3 deviation from
the median) were derived for the complete set of measureamé&iat each sensor, one can
observe a characteristic frequency above which the 0.27%xtde of the noise level shows a
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Figure 5.26: Power spectral density (PSD) of the noise lex@brded in situ. Solid lines
represent the median, dotted lines the 0.27% quantilegsponding to a@ deviation from
the median). The voltage used is the calibrated input veltdghe AcouADC board.

constant difference to the median. The corresponding &ecjes are about 35 kHz, 30 kHz,
and 40 kHz for the HTI hydrophones, ECAP hydrophones and ANsces, respectively.
For higher frequencies, the noise is dominated by the sitrielectronics noise, limiting the
capability to study the acoustic noise.

The noise floor is the lowest for the HTI hydrophones, theedéhce in the power spectral
density to the ECAP hydrophones and AM sensors being 10 t&1®#hen recording tran-
sient signals, the effect on the signal-to-noise ratio wigly compensated by the higher
sensitivity of the ECAP hydrophones and the AM sensors. Tdigenspectrum of the AM
sensor displays some structure for frequencies up to aliki2. This is due to coupling
of the sensor to the glass spheres. In summary, for studige ah-situ ambient noise, the
HTI hydrophones are the most suited type of sensors.

In Fig. 5.27 a more detailed presentation of the noise dataded with an HTI hydrophone
during the year of 2008 is given. An algorithm to remove sgranransient signals (mostly
coming from the emitters of the acoustic positioning sygteas applied. The relics of such
signals and electronics noise show up as spikes betweend4FbdHz. The lowest level of
recorded noise in situ was confirmed to be consistent withntherent noise of the system
recorded in the laboratory prior to deployment. The obsemesitu noise can be seen to go
below the noise level measured in the laboratory for freqigsnexceeding 35kHz. This is
due to electronic noise coupling into the system in the latooy that is absent in the deep
sea.

The overall noise levels (i.e. the RMS of the signal ampbtoh each 10 s sample) recorded
at the same time with any two active sensors of the same typeoarelated at a level above
90%. Furthermore, the noise of the functional sensors withaf the non-functional ones,
which is only recording electronic noise, is uncorrelatétis shows that the recorded data
are indeed representative of the ambient conditions andetetmined by the inherent noise
of the system.

To investigate the dependence of the noise recorded with BEIAS on the weather condi-
tion, weather data from several weather stations on thechreoast were monitored. Power
spectral densities measured with AMADEUS for different sisdes are shown in Fig. 5.28.
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Figure 5.27: Power spectral density (PSD) of the ambiendenoecorded with one HTI
sensor on the topmost storey of the IL. The voltage used isdligrated input voltage of the
AcouADC board. Shown in shades of grey is the occurrenceimaebitrary units, where
dark colours indicate higher rates. Shown as a white dottedi$ the median value of
the in-situ PSD and as a black solid line the noise level aexbiin the laboratory prior to
deployment.

The sea states were determined from the wind conditionsatdsyairport near Toulon at the
geographic position 485'50”N, 06°08’46"E, roughly 30 km north of the ANTARES site.
The slope of the PSD is roughiy10 dB for the octave between 10 and 20 kHz which is much
steeper than predicted by the Knudsen curves, in agreem#nf286] and the discussion
above.

The correlation with the weather station at Cap Cépet atébgi@aphic position 43'58.8"N,
5°55’58.8"E about 35 km north-northwest of the ANTARES detects shown qualitatively
in Fig 5.29. The power spectral density for each minimum bi@s sample was integrated
from 1 to 50kHz, being a measure for the standard deviatidhah frequency range. A
clear correlation is observable, at calm wind the noisel lsview and at strong wind it is
high, especially at long periods of strong wind. Quantiatneasurements are affected by
the large distance between the weather station and the AIEBASte. Further cuts can be
applied which select only successive data samples for wheeRMS change is small, com-
pensating delays between changes of weather conditiohs abast and at the ANTARES
site. In this fashion a correlation coefficient of about Ogdween the wind speed and the
noise in the deep sea (1 to 50 kHz range) is obtained [237].

5.4.1.2 Dalily Variations and Neutrino Detection Threshold

The ambient background at the ANTARES site determines teeggrihreshold for neutrino
detection. To estimate this threshold, one sensor on thé W evaluated from December
5, 2007 to January 22, 2010, i.e. over a period of about 2 y&argng this time, a total of
18462 minimum bias samples was recorded.

Removing samples with large components at high frequeiteigs containing signals from
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Figure 5.28: Power spectral densities (PSDs) of the ambieise recorded with one HTI
sensor on the topmost storey of the IL for different sea staide voltage used is the cal-
ibrated input voltage of the AcouADC board. Sea states weterthined from the wind
conditions of the weather station at Hyéres airport. Shamaiso the noise level recorded in
the laboratory prior to deployment.
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Figure 5.29: Variation of the wind speed (measured at Cagp@@nd of the ambient noise
level measured with an HTI hydrophone on the topmost acogstrey of the IL over the

first half of the year 2008. Plotted is the relative variationbetter comparability, i.e. the
values which represent daily averages were divided by thdyaverage.
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the ANTARES acoustic positioning system and non-Gaussgtrittlitions) 13909 samples
(75.4%) are remaining. For each of these samples, the n&@Be(Bnits of V2/Hz) was
integrated in the frequency range- 50 kHz, yielding the square of the ambient noise for
that sample, as quantified by the output voltage of the hytog.

The resulting noise values, relative to the mean noise dv&a@ples, are shown in Fig. 5.30
as a function of the time of the day. Two clear peaks can berebdat about 1 a.m. and 8
to 9 p.m.; the most likely source of this structure is shigpimffic.
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Figure 5.30: Ambient noise in the frequency rarige 50kHz, measured as described in
the text, as a function of the time of the day. The noise is sh@lative to the mean noise
recorded over the complete period of about two years thaused for the analysis.

Figure 5.31 shows the frequency of occurrence distributidhe same values. Also shown
is the corresponding cumulative distribution. For 95% a #amples, the noise level is
below2 (s X7} demonstrating that the ambient noise conditions are vtahles

noise
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Figure 5.31: Frequency of occurrence distribution for timebent noise in the range
1 — 50 kHz, relative to the mean ambient noise recorded over the cdaenptiod of about
two years that was used for the analysis (left scale, filletiogram). Also shown is the
cumulative distribution, normalised to the total numbeenfries of the distribution (right
scale, solid line).

The absolute noise level can be estimated by assuming aaobrsstnsor sensitivity of

1The ambient noise is originating mainly from the sea surtaug hence displays a directivity which has
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—145 + 2dBre 1ViuPa for the HTI hydrophones, see Sec. 5.2.4. With this vaheentean
noise level is(olkl2) = 25T mPa with the median of the distribution @t7(s1kl#) ~
17mPa.

It must be understood that these noise levels correspoie tpiecific frequency range cho-
sen. The frequency range investigated so far m@®ptimised for the spectral shape of the
expected neutrino signal. Clearly, the noise level can beéenaabitrarily small by choos-
ing a correspondingly small frequency range. The most benprocedure is to choose the
frequency range that optimises the signal-to-noise r&iR) for the expected neutrino sig-
nal. Preliminary studies using the shower parametrisati@halgorithms presented in [156]
indicate that this range is about 10 to 50 kHz. In a furthedgtdata taken with the same
sensor from the beginning of 2008 until the end of 2010 wesduated in this frequency
range. After quality cuts, 27905 minimum bias samples @09 the total number recorded
in that period) were remaining for evaluation. The ambievita value was derived from
the noise PSD in the frequency rantfe— 50 kHz in the same fashion as describe above.
The frequency of occurrence distribution of the resultimgsa values and the cumulative
distribution, are shown in Fig. 5.32. As for the study of theguency rangé — 50 kHz,
see Fig. 5.31, for 95% of the samples the noise level is beledf ). Using the same
calibration procedure as described above, the mean noigkite(c'0k!”) = 10.173 mPa
with the median of the distribution &t1 mPa.
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Figure 5.32: Frequency of occurrence distribution for th#eent noise in the rangg) —
50kHz, relative to the mean ambient noise recorded over theptaimperiod of three years
that was used for the analysis (left scale, filled histograAlso shown is the cumulative
distribution, normalised to the total number of entrieshef distribution (right scale, dotted
line).

Currently, the detection threshold for bipolar signalsresponds to a SNR of about 2 for
an individual hydrophone. For this SNR, the median of theadiistribution corresponds to
a signal amplitude of~15 mPa, equivalent to a neutrino energy~af.5 EeV at a distance
of 200 m [148]. By applying pattern recognition methods & more closely tuned to the
expected neutrino signal, this threshold is expected taitibdr reduced.

In summary, the ambient noise conditions are very favoerfslacoustic neutrino detection
in the Mediterranean Sea: The noise level is stable at ancteghéevel. Hence it will be

to be folded with the variations of the sensitivity over thatgy angle to obtain an effective average sensitivity.
For the results presented here the noise has been assuneiddorbpic.
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crucial to determine the density of bipolar events to asHesdeasibility of an acoustic
neutrino detector. Background from transient sourcesheildliscussed now.

5.4.2 Transient Sources

5.4.2.1 Source Direction Reconstruction

Figure 5.33: Map of directions of sources as reconstruci#itl an acoustic storey on Line
12. Zero degrees in azimuth correspond to the north dingdiine polar angle of zero corre-
sponds to the horizon of an observer on the acoustic storey.

Figure 5.33 shows the reconstructed directions of all ssuthat were selected during a
period of one month by either the amplitude threshold tniggehe pulse shape recognition
trigger described in Sec. 5.2.9. In the lower hemisphergydtar angles between60° and
—90°, the signals from the emitters of the ANTARES acoustic pasihg system, located
at the anchors of the ANTARES lines, are visible. In the ugpamisphere, dark bands of
increased acoustic activity can be observed. These bandsecassociated with shipping
routes and the points with high activities with the diress®f ports. In accordance with the
arguments given in Sec. 4.3, the ports themselves are t@wiy for their acoustic signals
to be recorded directly, unless reflection at the sea bottwinsarface occur, which would
then however strongly reduce the signal strength. It isamlvirom Fig. 5.33 that a fiducial
volume for the determination of the background rate of lapelvents must exclude the sea
surface.

The resolution of the reconstruction is abo@ti® azimuth ¢) and 0.5 in the polar angle
(/) [238]. While the source direction reconstruction useshoés similar to those used for
the position reconstruction of the AMADEUS storeys, for thter typical7 ~ 8 emitters
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are used which increases the statistics and hence theipreci®r both methods the error
includes the resolution of the compass board.

The signals of several sources in Fig. 5.33 associated withdirections reach the detector
from directions below the horizon. This is consistent with effects of refraction discussed
in Sec. 4.3. As discussed in that section, for an open watelehtbe most distant signals
from the sea surface will reach the uppermost sensor of thABEUS device from a dis-
tance of about 30 km and from an angle of abe@t5° below the horizon. This is consistent
with the direction of the port of Ajaccio on Corsica at a dmste of about 240 km and a di-
rection of about 20° from the ANTARES site. For the direction of Marseille at abew0°,
the open water model is not valid. Towards the coast in natbg/direction, the water depth
is reduced to about 200 m within roughly 10 km from the sitehef ANTARES detector.

5.4.2.2 Source Position Reconstruction

Using the direction reconstruction from several storelys,gositions of sources can be re-
constructed. First investigations over a three month pestmw that a detailed classification
of events triggered by the pulse shape recognition triggee Sec. 5.2.9) is necessary to
reduce the background of neutrino-like signals [238]. &#vmethods for a signal classifi-
cation are currently under investigation [20] and will bealissed in Sec. 5.5.1. Within the
geometric volume of the ANTARES detector the backgrounthfk@rious transient signals
is particularly high, presumably due to reflections of sigrieom emitters and other sources
on the structures of the detector.

5.4.2.3 Background from Environmental Sources and Interdsciplinary Cooperation

Signals from marine mammals and other environmental sewreastitute background for
the acoustic detection of neutrinos. In particular dolglamit whistles with frequency spec-
tra that resemble those expected from neutrino interagti@olphin can dive to depths of
~500m and their whistles constitute the main background of temtssignals recorded by
the pulse shape recognition trigger. On the other handetbigsals are of great interest to
environmental and marine science and the acoustic momgtaf the deep sea has a large
potential for interdisciplinary research. As a conseqeeefforts for acoustic detection of
neutrinos are pursued in cooperation with marine scienio are using the acoustic data
for the study of marine mammals [239, 240] . For the acoustedtion of neutrinos, this
cooperation helps to understand and reduce the backgrooimdiiarine mammals. As the
AMADEUS device provides a constant stream of acoustic dashore, currently a unique
feature in the Mediterranean Sea, marine scientists aeadrusing the AMADEUS data
for dedicated research. A live stream of the data from an ANMAIS hydrophone combined
with a real-time analysis focused on marine science isabiglon the Internet [241].

5.5 Data Analysis Techniques

The search for UHE neutrinos in the presence of a strong bagkd of transient signals
as discussed above requires an efficient classificationecht¢bustic signals. As discussed
in Sec. 5.5.1, this is first done on the level of individual tomhones and storeys. As it
has the potential to help classifying the observed trahsiaokground, in Sec. 5.4.2.3 in-
terdisciplinary cooperation in the analysis of the acaudtta is discussed. Monte Carlo
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simulations, from the neutrino interactions in water to ¢éixpected signals in the acoustics
sensors, are the subject of Sec. 5.5.2. Finally, the regeinés to perform a feasibility study
and to calculate a neutrino flux limit is discussed in Sec.3%.5

5.5.1 Source Classification and Identification

The pulse shape recognition trigger described in Sec. S&leékts a wide range of events
each of which can be allocated to one of four classes: Getijpdar events that are com-
patible with signals expected from neutrinos (“neutrifk@lsignals”), multipolar events,
reflections of signals from the acoustic emitters of the AIREES positioning system and
random events, where the latter class contains all eveatslthnot fit into any of the other
classes. For the classification, simulated signals reptiegethe four classes in equal pro-
portions were produced and a set of features extracted vahédhighly discriminant between
the classes. This feature vector is then fed into machimailggaalgorithms [20]. Classifi-
cation is performed for the signals from individual hydroplks. Subsequently, the results
from individual hydrophones are combined to derive a cfasdion for a given acoustic
storey. A search for a three-dimensional pressure fieldistam with the “pancake” shape
expected from neutrino interactions is not part of the d&ssion. The performance of
several algorithms was investigated, which will now be dssed.

5.5.1.1 Simulation

A special purpose simulation, generating the four clas$events described above, was
designed for testing the feature extraction and classibicatystem, which was also trained
with simulated data. Starting from random source positwitisin a given volume containing
the detector, the signals are propagated to the sensorshanacteristic ambient noise of
different sea levels is added. The output—a continuousstegam—is directed to the filter
and from there to the feature extraction.

5.5.1.2 Filtering and Feature Extraction

First, the incoming continuous data stream is subjectedfiitea system consisting of the
amplitude threshold trigger and the pulse shape recognitigger described in Sec. 5.2.9.
In the next step, the characteristics of the filtered sigaadsxtracted. The resulting feature
vector contains time and frequency domain characterisfittse signal as well as the results
of a matched filter bank, which was tuned for neutrino-lilgnsils. The bank consists of six
reference signals corresponding to angles°of 6° in steps of one degree with respect to
the plane perpendicular to the axis ot @' eV-shower at a distance of 300m. The plane
for 0° in this case was defined to intersect with the position of thgtnno interaction. In
the time domain, the number of peaks above a given thresialdre largest peak-to-peak
amplitude, its asymmetry and duration are extracted. Infrilguency domain, the main
frequency component and the excess over the noise backbevarused as features. From
the results of the matched filter bank, the angle for whichliést match is obtained is
further processed. For the corresponding matched filtggubthe number of peaks and the
amplitude, the width and the integral of the largest pealstoeed in the feature vector.
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5.5.1.3 Classification

The classification system stems from machine learning ilgos [242] trained and tested
with data from the simulation. As input, either the extracteature vector or the filtered
waveform is used; as output, either binary class labelso(&ipor not) or multiple class
labels (one for each signal type in the simulation data) aedipted. The following algo-
rithms [243] have been investigated for individual sensmd clusters of sensors:

* Naive Bayes: This simple classification model is based piyam the Bayes theorem
by calculating the most likely class to which a feature vebilongs. It is assumed
that the probability of the features to belong to particalass are independent of one
another. For a given feature vector, the class is selected pgobabilities gained from
the training data.

» Decision Tree: This classification model stems from a tileestructured set of rules.
Starting at the root, the tree splits up on each node basdtkanput variable with the
highest information gain. The path from the root of the teeerte of the leaves, which
are representing the class labels, defines one rule.

* Random Forest: A Random Forest is a collection of Decisi@e3. The classification
works as follows: The Random Forest takes the input featectov, makes a predic-
tion with every tree in the forest, and outputs the classl Itz received the majority
of votes. The trees in the forest are trained with differeisets of the original training
data.

» Boosting Trees: They combine the performance of many #eecaveak classifiers
to produce a powerful classification scheme. A weak class#i®@nly required to
be better than a random choice. Many of them combined in afligegnt fashion,
however, result in a strong classifier. Decision Trees aegl @s weak classifiers in
this boosting scheme. In contrast to a Random Forest, thesiDeclrees are not
necessarily full-grown trees.

» Support Vector Machine (SVM): A SVM maps feature vectots imgher-dimensional
space. A hyper-plane is searched so that the margin betWwesemyper-plane and the
nearest feature vectors from both of the two labels of a pinkss is maximal.

The algorithms used for Boosting Trees and SVM are resttitdebinary class labels as
output. The same training and testing data sets were useldatifferent algorithms. The
predictions for the individual sensors are combined to afeature vector and used as input
in order to train and test the models of the clusters of sesnsor

55.1.4 Results

Two indicators are used to measure the performance of tiesifiation: thaesting errog
which is the failure rate of the prediction for a test sampkbwespect to the simulation truth,
and thesuccess of trainingvhich is the ratio between testing error d@ralning error (i.e. the
failure rate for the training sample) and indicates whethemodel is under-trained() or
over-trained £1). As an overall result, multiple class labels as output ess kffective than
the binary ones, by more than factor of two. The binary clabsls are the standard output
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of results further presented. Weak classifiers like NaiasBind Decision Trees show a high
testing error in excess of 14 %, see Fig. 5.34(a), and areereitore robust against changing
ambient noise conditions nor significantly faster than odhessifiers. Although the SVM is
a strong classifier, its high numerical complexity and nmgsiobustness disqualifies it (see
Fig. 5.34(b)). Thus the most favourable classifiers are BanBorest and Boosting Trees.
In addition, the usage of clusters shows a substantial ingonent over individual sensors.
Random Forest and Boosting Trees are robust and producdraiektd models. For the
individual sensors, a testing error of about 5% for the Bogstrees and for the Random
Forest of about 10 % is achieved, which is further improvednwnye than a factor of 4 by
combining the sensors to clusters with errors well below $é¢,Fig. 5.35.
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Figure 5.34: (a) The testing error and (b) the success of#@ng are shown as a function
of the training samples for Decision Tree, Naive Bias and Salddsifiers. As input, the
extracted feature vector is used and the binary class lalsadsitput for individual sensors.
A value of1 in (b) indicates that the model is well-trained.

5.5.2 Monte Carlo Simulations

Simulations of acoustic signals from UHE neutrino intei@ts consist of the following three
separate steps:

» Simulation of the energy distribution of the (hadronicpsfer resulting from the in-
teraction of a neutrino in water;

» Propagation of the sound wave from the shower volume todkéipns of the acoustic
Sensors;

» Implementation of measured background noise, both arharehtransient, and of the
system response of the acoustic sensors of AMADEUS.

Simulations done for the first step by the ACORNE collaboratbased on simulations with
a modified version of the CORSIKA air shower simulation cotk¥g, 156], were described
in Sec. 4.2. The relevant processes for the second steptanei@tion (see Sec. 4.2.2) and
refraction (see Sec, 4.3), where the former shows a streggiéncy dependence and affects
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Figure 5.35: (a) The testing error and (b) the success of#i@ing are shown as a function
of the training samples for Random Forest and Boosting Tekesifiers. As input, the ex-
tracted feature vector of the signal is used and the binagsdhbels as output for individual
sensors and clusters of sensors (indicated by “clusteréd¥plue of1 in (b) indicates that
the model is well-trained.

the signal shape as measured with a single hydrophone. &dhnitd step finally parametri-
sations of the acoustic background in the Mediterranean(ssseSec. 5.4) and of the prop-
erties of the AMADEUS hardware (see Sec. 5.2) need to be imgreéed. In summary, for
all required steps the theoretical framework and the foismaéxist, and Monte Carlo sim-
ulations are currently being implemented for the AMADEU Sed¢or setup, extending the
special purpose simulations described in Sec. 5.5.1.

The implementation of Monte Carlo simulations in the cohtéxhe AMADEUS project [244]
is done using the software framewdskaTraywhich is derived from the framewoikeTray
used by the IceCube collaboration. SeaTray has been chsssoftvare framework by
the KM3NeT consortium, rendering IceTray and SeaTray thiad® standards in neutrino
astroparticle physics. It uses a modular approach whichraeakes it possible to first im-
plement a simple straight line propagation of the sound wkhen at a later stage can be
replaced by a more sophisticated model, taking refractibm account. Furthermore, the
AMADEUS detector geometry is implemented in a fashion whadlows for an easy re-
placement with a different geometry, e.g. with that of a ptge future large scale detector.
Figure 5.36(a) shows the simulated density of the energgsitipn of a10'° GeV hadronic
shower, projected into thex-plane. The energy deposition was calculated using thenra
sations in [148, 156]. The- andz-coordinates denote the directions along the shower axis
and a direction orthogonal to the shower axis, respectigbure 5.36(b) shows the distri-
bution of 10° points, generated according to the energy distributiowshio Fig. 5.36(a).

As discussed in Sec. 4.2.4, it is mostly the radial energgridigion within the shower
which is responsible for the shape and amplitude of the dicopslise that is observed in
the far field. Figure 5.37(a) shows the modified effectivedinenergy density,,.q(t) =
e-(r(t)) v/ (4w cs o) (See Sec. 4.2.3) for different positions of the acoustissereceiving
the signal. In this notation, Eq. 4.21 can be rewritten

Pun(@) = i Flemoa(t)} exp (—ﬁ(;”) ) | (5.1)
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Figure 5.36: (a) Density of the energy deposition afid” GeV hadronic shower resulting
from a neutrino interaction in water. (b) Distribution ©6® points, generated according
to the energy distribution shown in (a) and projected frorhra¢-dimensional distribution
upon thezz-plane. Bin sizes are 0.01m imand 0.1 m inz. For both plots, the neutrino
interaction takes place at a coordinatg@f0) in lateral and longitudinal direction and the
shower develops in the direction of increasing longitubimas for (a) and decreasing
coordinate for (b).

The neutrino interaction was generated such that the cehtine hadronic shower for a ver-
tically downgoing neutrino lies within the same horizomgklne as a storey denoted “Storey
2", at a distance of 200 m. This way, the storey lies within‘fhencake” of the pressure field.
“Storey 1” is located 14.5 m below Storey 2. This configunattorresponds to two adjacent
acoustic storeys on ANTARES Line 12 or the two lowermostestsion the Instrumentation
Line, see Fig. 5.10. Figure 5.37(b) shows the resultinggumespulses at the respective po-
sitions of the acoustic sensors, derived by calculating-theier transform of Eq. 5.1. The
simulations illustrate that the characteristic threeisional “pancake” pattern expected
from neutrino-generated pressure waves can be identifistdarsetup of acoustic sensors,
arranged in clusters along horizontal structures. No $igr@bserved on Storey 1 when the
maximum of the signal is observed in Storey 2. For signalb suifficiently high amplitude,
this is a strong experimental signature of a neutrino icteva.

As was pointed out in Secs. 3.4 and 4.2.1, the simulation dfdmac showers for neutrino
interactions at ultra-high energies involves extrapotaiin energy over several orders of
magnitude. It is therefore important to try out alternaiypproaches to the simulation based
on CORSIKA code described above. One alternative is thelation tool FLUKA!?,

5.5.3 Feasibility Study and Neutrino Flux Limit

The Monte Carlo simulations described in Sec. 5.5.2 inditiaat the reconstruction of the
“pancake” structure of the three-dimensional pressurd fielprinciple is possible with a
large scale detector with a design similar to that of the AMALS setup. Once the inves-
tigations with the AMADEUS device described in this chapigit have been concluded,
a realistic simulation, including effects of ambient arahsient background, of a potential
future large-scale acoustic neutrino detector will be fidss The feasibility of such a po-

12F|Uktuierende KAskade (“fluctuating cascade”), http:/Anfiuka.org/
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Figure 5.37: (a) Simulated modified effective linear enedgpsities,,,q (see text) and (b)
the derived acoustic signals at the positions of acoustis@s in two acoustic storeys with
a vertical spacing of 14.5m. See text for details. For St@egignals from two different
sensors are shown.

tential detector is essentially a question of whether &s siill be within bounds that make
its realisation technically and financially possible. Faien flux of UHE neutrinos and a
highly efficient and pure reconstruction of neutrino intgi@ns, the required size is mainly
determined by the energy threshold for the detection ofriteagt and by how far the effec-
tive volume will exceed the geometric volume of the detetee Sec. 4.4.2. Furthermore it
is crucial to develop algorithms to reconstruct neutrinds Wwigh efficiency while rejecting
fake neutrino events from random coincidences of transientces. Given the low expected
rate of neutrino interactions, the reconstruction mustedt any fake neutrino events over
a period of several years.

The pointing precision of the reconstructed neutrino dioes will be important, since cos-
mogenic neutrinos are expected to point back to their sguiais is so because these neu-
trinos are produced relatively clos#)() ~ 200 Mpc) to the source of the UHE cosmic rays
that generate them. Even if the cosmic rays should be dedléstestrong magnetic fields
within this range, the angular deviation of a generatedrimeuafter traversing cosmological
distances to reach Earth should be small. The precisioredaditiection reconstruction from
the three-dimensional pressure field will be investigatét the Monte Carlo simulations
that are currently being developed. In [175] it was found &eesy that for a set of selection
cuts optimising the pointing precision the resolution i lpetter than 2°.

The methods discussed so far can be applied to the AMADEU setderive a limit on the
neutrino flux. While this is an important study that will berfpemed when the preparatory
work has been concluded, the setup is too small to derive gettwe limit on the neu-
trino flux and from its geometry (two lines spanning up a pjanes not well suited for the
reconstruction of a three-dimensional pressure field.
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Chapter 6

Summary and Outlook

As they are the only particles traversing the Universe d@sdnunobstructed by interac-
tions and electromagnetic fields, neutrinos convey infoionahat neither cosmic rays nor
gamma-rays can provide. The production of neutrinos falénem well understood particle
physics processes when charged protons or heavier nuelacaelerated and interact with
other particles or with photons. Hence the detection ofnireag from astrophysical sources,
combined with measurements of cosmic rays and gamma-rayddwrant important in-
sights into astrophysical processes. The observationabf sautrinos could help answering
the questions of the origin of cosmic rays, of their maximurergy and of their chemical
composition.

Charged cosmic rays have been observed on Earth with eséngi&cess of02° eV, which
implies the production of neutrinos with energies in exaefs§)!'’ eV. Measurements with
the Pierre Auger Observatory are consistent with the génaraf cosmic rays with even
higher energies, which however do not reach Earth as a coeseq of the Greisen-Zatsepin-
Kuz’'min-cutoff. While the only known astrophysical objeathich are considered capable
of accelerating charged particles to such energies are@alactic Nuclei and Gamma-
Ray Bursts, there is no conclusive evidence that they ameththe sources of the observed
UHE cosmic rays.

The most important process presumably leading to a flux of WErinos, i.e. neutrinos
with E > 1 EeV, is the production of cosmogenic neutrinos in the irtioa of cosmic rays
with cosmic microwave background photons. This flux has lleened “guaranteed flux”,
a notation that however has to be reconsidered since reduhis Pierre Auger Observatory
indicate that the cosmic ray flux may not be dominantly coredosf protons. A wide
range of fluxes of UHE neutrinos on Earth is consistent with¢hemical composition of
cosmic rays measured with the Pierre Auger Observatoryesafmvhich do not result in
a measurable neutrino signal. The observation (or nonreaisen) of a UHE neutrino flux
thus would constrain the parameter space of such modeldgglést scientific interest would
be the measurement of the neutrino energy spectrum as itdwodicate the maximum
energy of the cosmic rays at the source and give hints on th@aogical distribution of
these sources.

Given their low expected fluxes, the detection of UHE neosirequires to survey huge vol-
umes which is technically and financially difficult with thertse instrumentation necessary
for optical Cherenkov telescopes. Several alternativediieih methods are under inves-
tigation that use different detectable signatures of meatinduced particle showers (both
hadronic and electromagnetic) in various media. To focasfforts, the “Acoustic and Ra-
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dio EeV Neutrino Detection Activities” (ARENA) workshoprses was inaugurated in 2003.
The ARENA 2012 workshop will be held at the Erlangen CentreAstroparticle Physics
(ECAP).

A promising option for the detection of UHE neutrinos is tadio Cherenkov method, which
is based on the detection of electromagnetic radiationereottly emitted from the excess
of electrons present in (hadronic or electromagnetic) gliswteracting in the target media.
Searches for the resulting radiation have been performéd radio telescopes, observing
the lunar regolith, and with balloon- and satellite-bormperiments, surveying the ice of
Greenland and the South Pole. Given the success of thesersgpts, which so far provide
the most stringent limits on the neutrino flux in the UHE regithe construction of an in-ice
radio array at the South Pole, complementing the IceCubee@kev neutrino telescope, is
under consideration.

By searching for the Cherenkov and/or fluorescent light fresatrino-induced extended air
showers, the Pierre Auger Observatory is searching forimestproduced by two mecha-
nisms. First, upgoing, “Earth skimming” tau neutrinos, efhinteract inside the Earth, pro-
duce an upgoing tau lepton. If the tau decays hadronicallypgoing shower is registered
in the Pierre Auger Observatory, which would be a clear gigneaof a neutrino reaction.
Second, neutrinos of any flavour can be identified by dowmgaearly horizontal showers
that start deep inside the atmosphere, i.e. after a diste#frsmyeral interaction lengths up to
which a cosmic ray could not propagate without initiatindhawer beforehand.

The main subject of this report is the method of acousticaliete of neutrinos by measuring
pressure pulses in underwater acoustic arrays. The peesgnmals are produced by the
particle showers that evolve when neutrinos interact withl@ in water. The resulting
energy deposition in a cylindrical volume of a few centimastin radius and several metres
in length leads to a local heating of the medium which is imstacous with respect to the
hydrodynamic time scales. This temperature change indaicesxpansion or contraction
of the medium depending on its volume expansion coeffici&dcording to the thermo-
acoustic model, the expansion of the heated volume cregiessure pulse of bipolar shape
which propagates through the surrounding medium withinaaadteristic disk-like volume,
typically referred to as “pancake”.

To investigate the potential of acoustic neutrino detectsgveral experiments are currently
pursued or have been pursued until recently. Studies in ata&x Wave been done using mili-
tary arrays of hydrophones (SAUND, ACoRNE) or using theasfructure of other existing
deep sea infrastructuresYDE). In addition, ice (SPATS) and fresh water (Lake Baikad) a
investigated as media for the acoustic detection of neagrin

The feasibility of a large-scale acoustic neutrino deteictohe Mediterranean Sea has been
a subject of research at the Erlangen Centre for AstrofpaRicysics. Building on previous
work, the thermo-acoustic model has been confirmed in pratainaser beam experiments.
Simulations based on the thermo-acoustic model were shotitrthe data well and the dis-
appearance of the signal for the temperature with the higleesity of water, 4C at normal
pressure, could be confirmed. Following these studies, MABEUS system for the inves-
tigation of techniques for acoustic particle detectionhia tleep sea was integrated into the
ANTARES neutrino detector in the Mediterranean Sea. Theéegystarted to take data in
December 2007 and was completed in May 2008. It comprises@gséc sensors, arranged
in six acoustic storeys (or clusters) at water depths betv2€&0 and 2300 m. The signal
amplification can be adjusted to adapt to special circunsstgre.g. to record dedicated runs
with high-amplitude signals, as they are emitted by the ARES positioning system. The

145



sensitivity of the hydrophones and the digitisation areseimssuch that signals exceeding the
ambient noise background can be recorded with high resoluboth in amplitude and time,
over a frequency range of about 1 to 50 kHz. The inherent rafiee system was kept low,
at about the same level as the ambient noise expected atse®ste. a completely calm
sea. The in-situ performance of AMADEUS is in full accordamath expectations. Data
taking is going on continuously and the data are recordedefaf three adjustable trigger
conditions is met.

The analysis of the AMADEUS data is on-going as the data velisiconstantly increas-
ing. The position calibration of the acoustic storeys hasnbgerformed with the required
precision. The ambient noise has been studied over a pefiablonit three years by now.
Preliminary results indicate that the threshold for theedgbn of hadronic showers from
neutrino interactions is of the order of 1 EeV shower enefye observed background of
transient signals is very diverse. An online trigger, perfimg a cross correlation with the
expected bipolar neutrino signal, is not sufficient to dffety reject the background of tran-
sient signals. For this purpose, currently a classificamreme for transient signals is being
developed. Furthermore, Monte Carlo simulations are uddeelopment. This is done in
a software framework that allows for an easy adaption to #teador setup, so that simu-
lations can be easily transferred from the AMADEUS setup pmtential future detector
configuration. Among other things, the simulation will &iéor a realistic determination of
the effective volume of an acoustic neutrino detector, Whicturn will help to determine
the required instrumented volume and sensor configuration.

The determination of the energy and incident direction oéatnno from the three-dimen-
sional pressure field is a great challenge. With an array efistecs sensors, the energy of
a particle shower can be determined from the observed peights if the position of the
interaction has been reconstructed. The energy distoibuti the shower is however sub-
ject to large event-by-event fluctuations and in averagg 20% of the neutrino energy is
transferred to the hadronic shower. The case of chargedrdunteractions of electron neu-
trinos, where the complete energy is deposited in the hadeaml electromagnetic showers,
requires dedicated simulations. Only a lower limit on thergg of the incident neutrino can
thus be estimated. This situation is quite similar to thabtical detection of muon tracks
from neutrino interactions, where the energy of the hadrehower in most cases cannot be
measured and the energy reconstruction of the muon haseauaggrtainty.

A further subject of interest are hybrid studies, i.e. tharske for coincidences between
signals in the optical and acoustic sensors within the ANESR]etector. Even though
coincidences are only expected for the very small subseairtbimed events at high or ultra-
high energies, the AMADEUS setup is perfectly suited to parhese investigations. Since
the optical telescope can be used as a trigger and intemacatiose to an AMADEUS sensor
can be selected, the energy threshold may be reduced hatbft~1 EeV discussed above.
It is foreseen to operate the ANTARES detector until 2016ginen the excellent reliability
of the AMADEUS hardware so far, the device can be expectedntirtue data taking until
that date. The total lifetime of AMADEUS will then have bedroat nine years and within
this time a unique data set will be accumulated. The time spaaveral years will allow for
the investigation of seasonal and long term trends of backyt noise for acoustic neutrino
detection. At the same time the data are also of great intereswvironmental and marine
science. Given the large potential for interdisciplinagearch, efforts for acoustic detection
of neutrinos are pursued in cooperation with marine s@&swho are using the acoustic data
for the study of marine mammals. For the acoustic detectioreotrinos, this cooperation
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helps to understand and reduce the background from marinmemaés. As the AMADEUS
device provides a constant stream of acoustic data to stumently a unique feature in the
Mediterranean Sea, marine scientists are already usingMA&DEUS data for dedicated
research.

The future deep-sea research infrastructure KM3NeT in teditdrranean Sea will contain
an optical neutrino telescope exceeding the volume of th&ARES detector by more than
two orders of magnitude. Acoustic sensors will be instaftedhe calibration of the posi-
tions of the photomultiplier tubes (PMTs). As the expereemdgth ANTARES shows, the
“all data to shore” concept is useful also for acoustic posihg, since systematic effects
can be studied and algorithms can be adjusted to in-situitonsl Hence, acoustic sensors
can be designed to comply with the requirements for acodstiection and marine science
besides that for acoustic positioning. The relevant filtedt analysis routines can then be
implemented on on-shore computer clusters, a conceptslataady successfully pursued
with the AMADEUS project. European research groups invdlirethe field of acoustic
neutrino detection in sea water are jointly focusing théorés on the KM3NeT detector.
The software framework under development for the analyisFMMADEUS data will allow
for an easy adaption to any potential future setup.

As indicated by the current state of research, even an exéinstrumentation of KM3NeT
with acoustic sensors will not be sufficient to detect cosemdg neutrinos. An acoustic
neutrino detector capable of precisely measuring the fluWldE neutrinos or set limits
that would allow for severely constraining the parametercspof existing theories would
need an instrumented volume of at least several tens of &ilbimetres. A measurement
of UHE neutrinos by means of acoustic detection thereformatibe expected in the near
future. It would require a major effort by an internatioreabd presumably interdisciplinary,
collaboration that is not likely to be undertaken before itegearch programme with the
KM3NeT detector has produced results. Whether or not a lacgdée acoustic neutrino
detector will be built then depends on the outcome of the @nggfeasibility studies, on
technological developments and on the scientific resub®tf KM3NeT and the alternative
methods pursued for the detection of UHE neutrinos.
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Appendix A

Cosmic Acceleration

A.1 A Generic Model

A first serious attempt to explain the cosmic ray spectrum aease by Fermi [75]. Before
returning to this theory, a more general approach will bemaKollowing the argumenta-
tion of [76], in which the power law distribution of primomicosmic rays is derived for a
“generic” particle accelerator. Only a number of geneealisgssumptions are made. The first
assumption is that some acceleration regions exist whanget particles are injected which
gain energy at a rate that is proportional to their energy witharacteristic time constant
Tace @CCOrding to

dE FE

At Tace
If it is further assumed that particles are ejected from tteekeration region at an average
rate of1/7.,., then this process follows a Poisson distribution

P(t) = exp (— ! ) | (A.2)

Tesc

(A.1)

where P(t) is the probability that the particle will be ejectedter the timet, or stated
differently, the probability that it has not yet been ejelcee the timet and assuming that
ejection will take place eventually. Since the probabildythe particle to be ejected after
the timet = 0is P(t = 0) = 1 and decreases from thereal®/dt is negative,

dP:— L exp (— f ) . (A.3)

dt 7-88(2 Tesc

Defining N(t) as the number of particles ejected from the accelerator upm@¢ (and
therefore joining the ranks of primordial cosmic rays) faotal numberN, of accelerated
particles then one gets

N(t) = No(1—P(t)) (A.4)
= % = 7{\70 exp (—Tt ) : (A.5)

Solving Eg. A.1, an expression for the energy of the acceddrparticle at the time is
obtained,

E(t) = Ey - exp ( t ) , (A.6)

TG,CC
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which can be solved farand inserted into Eq. A.5 together with the expressiorfalerived
from Eq. A.1 to yield

dN Ny <— IH(E/E0> : Tacc) Tace
exp . g

dE Tose 1)

E *(1+Tacc/7—esc)
Eq

TGSC

— N L gt ( (A.7)

TESC

The result is the sought after power law for the spectratibigtion of particles emitted from
a cosmic accelerator. The mathematical shape of Egs. A.JAghdhall now be derived
by postulating a mechanism by which a particle gains eneygepetitively going through
some process, where it gains some amount of energy in ealsh &@noting the number of
cycles byn, where it gains in average a relative energy @i each cycle, then the energy
gain between cycles andn + 1 is

Eyii— E,=Epe . (A.8)

Denoting the time between two cycles As, one can find a time constant.. such that
€ = At/7... . With the transition®,, — E(t) and withE,, ., — E,, = AFE one gets

AE = B2t (A.9)

TG,CC

which in the transition to differentials is equivalent to.2ql.
The ejection probability, Eq. A.2, can be derived from theuasption of a successive number
of interactions, where for each interaction, the particik lve ejected from the acceleration
region with a probability op. Then the probability®, that the particle willnot have been
ejected in then-th cycle is

P,=(01-p" . (A.10)

P, is equivalent to the probability that the particle will be&jedafter then-th cycle. Again
a time constant.. can be found such that= At/7.,. with ¢ = nAt. For large values of
(i.e. smallp) this yields

t

P, = (1 - t/Te“)n "% Pt) = exp(——) (A.11)

n Tesc

which is equivalentto Eq. A.2. As can be easily verified, fe termr,.. /7., in the exponent
of Eq. A.7 the relation

Tacc/Tesc = p/€ (A12)
holds. For completeness it should be noted that from Eq. AltEdnatively the relation

AP =P, —P,=—pP, (A.13)

can be derived and evaluated in the same fashion as Eq. Ai8wilhyield the same result
as Eq. A.11.
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A.2 Fermi Acceleration of Second Order

In Sec. A.1, the processes that lead to the successive egairggf the accelerated particles
were left open. In his original paper [75], Fermi assumedranttions of charged particles
with magnetic clouds. If a cloud is treated as a “brick walat moves with velocityu,
then after the collision with a particle with velocity> 0, the particle will have a velocity
(—v +u)/(1 —vu/c*). The collision will increase the kinetic energy of the pelgiif v and

v are anti-parallely < 0) or decrease the kinetic energy if they are parallel; fordicity,
the situation is treated in one dimension only. For the vigescholds|u| < |v] = ¢. The
difference in energy is given by

E-E=(—ymé .

where the prime denotes the quantities after the colliSidsing 3 = v/c and¢ = u/c one
obtains

, 1
’y - 2
1 (38%)
g
- s (A.14)

where the second line is the result of a straight forwardutaton. Expanding the expression
for v/ from Eq. A.14 to second order it follows

E—F = 3(~pt+ 3€)md
= (E'—FE)/E=ex. = —03&+ %{2 , (A.15)

wheree was introduced in Eq. A.8. The subscript’*is added because one cycle results
either in an energy gains€ < 0) or in an energy loss# > 0). The crucial point is that
independent of the sign @f the quadratic term is positive, meaning thag it negative, a
bit more energy is gained than is lostiis positive. Assuming there will be in average an
equal number of scatterings with parallel and anti-paratéocities, then the average gain
is

e=ey e == (u/c)?
The result is altered numerically if an isotropic distrilout of the velocity vectors of the
particles w.r.t. that of the clouds is assumed [77]. Impdria that in either case, only
grows in second order af/c, which is the reason why this mechanism has been dubbed
“Fermi mechanism of second order”.
This theory leads to three problems [76], some of which areadly addressed in Fermi’s
paper. First, given velocities of interstellar clouds ie tBalaxy ofu/c < 10~* and a mean
free path of the order of 1 pc [77], the fact that the procesend order makes it very
slow. Second, between collisions with magnetic clouds,aiteelerated particle will col-
lide with other particles and suffer ionisation losses. sTigiquires an injection of particles
exceeding~ 100 MeV to allow for an energy gain by acceleration that excebdsenergy
loss by ionisation. And third, the assumption that the rafithe time constants,../7.s.
is a universal constant, independent of energy, which Ferade to derive the cosmic ray
spectrum observed on Earth, can not easily be justified.dfalfowing section, the process
of shock acceleration will be introduced, which overcontesfirst problem.

150



A.3 Shock Acceleration

Generally speaking, a shock wave is a flow of matter (gas irpthsent case) that moves
through a medium at speeds much higher than the speed of souhe Alfvén speed,
respectively, in that medium. For the process of shock acatbn, first the presence of an
interstellar gas is assumed, considered at rest in the\ady&eframe, into which relativistic
particles are injected that shall be further accelerateuighest energies. The gas is then
traversed by a shock wave of ionised plasma.

A gas can be characterised by its pressytemperaturd’ and velocityu. The subscript$
and2 will be used to label the gas upstream and downstream of tiekshespectively. Then
continuity requiresu; = pous and it can be shown that for a fully ionised plasma (treated
as an ideal gas) in the rest frame of the shock fggiip; = 4 and therefores, /u; = 1/4. In
the rest frame of the upstream gas, the passing of the shaakviith velocityU increases
the velocity of the gas t8/4 U. Hence, in the rest frame of the upstream gas, the downstream
gas is approaching with this speed, while in the rest frambéetlownstream gas, the same
is true for the upstream gas.

The relativistic particles to be shock accelerated wilvérae the shock front with hardly
noticing it at all. Instead, they are affected by the gasrnepsh and downstream of the
shockfront in such a manner that turbulences behind angulagties ahead of the shock
front randomise the direction of the particles w.r.t. thet feame of the respective gas with-
out loss of energy [77]. If the momenta of the relativistictizdes upstream of the shock
front have an isotropic distribution, at a given time halftioé particles will travel towards
the shock front with momentumcos 6, whered is defined w.r.t. the normal on the shock
front. When traversing the shock front, the particle vextme isotropised behind the shock
front. Allowing for sufficient time to elapse, most of themldgross the shock front back
into the upstream region, which in their reference framepigreaching with a velocity of
3/4 U. This way, by virtue of the condition that the particles asswan isotropic distribution
in the reference frame of the respective gas they are in rttaage to gain an energy boost
each time they cross the shock front, irrespective of thection in which they do this.

For a quantitative examination, the particle flux per arewl (@me) ® 4 through the shock
front will be defined, such that® 4 /dfd¢ is the “conventional” flux per area, time and solid
angle. The polar angleis defined w.r.t. the normal on the shock frairdnd after integration
over the azimuthal angle the expressiod®, = C 27 sinf 1 - 11,d0 is obtained. Here,

is the unit vector in the direction of the velocity of the peled andC' some normalisation
constant. The vector product can be substituted-byos §. If now a set of protons with
the same absolute value of the momentum (and hence of theityg¢ls considered, the
particle flux through the shock front from all directions dancalculated by integrating the
expression above over a half sphere,

w/2
by = —CQW/ sinf cosfdf = —C'm
0

The minus sign is owed to the fact that the direction of the iurto the shock front, and the
normal on the front is defined as pointing into the directibthe movement of the shock.
The average momentum in the direction of the shock front fpariicle with velocityv is

The dependence df 4, on area and time is presumed to be constant and is contaird&d in
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v cos 6, and the average over the particles constituting the aboxedl

(v cosf) = —C27 fow/chosﬁsinﬁ cos 0db _ gv

—Cm 3

Revisiting Eqg. A.15, particle and gas velocities now havpasite directions, independent
of the direction in which the shock front is crossed. Usingst forder approximation, the
energy gain for a “back-and-forth trip” across the shockfmith 5 = v/cand¢ = 3/4-U/c

can be written as 5 U
6:2(ﬁcosﬁ)§:2§§: -, (A.16)
C

where in the second step,was approximated by. To determine the ejection probability
per cycle, the arguments given in [245] will be followed. linétic theory, the rate per area
with which a perfect gas with particle densityhits a wall is given byin(v), where(v) de-
notes the average velocity of the gas particles. Startinly thie gas upstream of the shock,
the flux of particles across the shock front is givenilw. Once the particles have crossed
the shock front into the downstream gas, they will be soadtéry the magnetic fields which
will, if only enough time elapses, sooner or later scatterghrticle back across the shock
front. However, the particle velocity is isotropic withing downstream gas, which moves
with a flux of n|uy| = n$|U| away from the shock front. This is the flux of the particles
that are swept away, or advected, from the shock front. Atiaimfite” distance away from
the shock front, this gives the flux of particles never cnogdack into the upstream area.
Hence, within one cycle, the fraction of particles that imowed isp = 1nU/(inc) = U/ec.
Herep is identical to the probability introduced in Eq. A.10 andiwé from Eq. A.16 it
follows p/e = 1. This can now, using the identity of Eq. A.12 be inserted Btp A.7 to
give a power law of the fornk 2 for the production of cosmic rays in cosmic accelerators.

152



Bibliography

[1]

[2]

[3]

K. Hirata et al.,Observation of a Neutrino Burst from the Supernova SN19874s.
Rev. Lett. 58 (1987) 1490.

R.M. Bionta et al.,Observation of a neutrino burst in coincidence with sup&mo
1987A in the Large Magellanic Cloy@hys. Rev. Lett. 58 (1987) 1494.

J. G. Learned and K. Mannheirdjgh-Energy Neutrino Astrophysica&nn. Rev. Nucl.
Part. Sci. 50 (2000) 679.

[4] A. Avrorin et al., The Baikal neutrino experimernt: Proceedings of the 4th Interna-

[5]

tional Workshop on a Very Large Volume Neutrino Telescopetlie Mediterranean
Sea (VLVNT 2009), Athens, Greece, 13-15 Oct 2009, Nucl. bt Meth. A626—
627, 2011, p. S13.

M. Ageron et al. (ANTARES Coll.),ANTARES: the first undersea neutrino tele-
scope accepted for publication by Nucl. Inst. and Meth. A, ardii04.1607v1 [astro-
ph.IM].

[6] A. Achterberg et al. (IceCube Coll[rirst Year Performance of the IceCube Neutrino

TelescopgAstropart. Phys. 26 (2006) 155, arXiv:astro-ph/0604450.

[7] J.A. Hinton for the HESS Coll.The Status of the H.E.S.S. Projant Proceedings of

the 2nd VERITAS Symposium on TeV Astrophysics, ChicagoUBA, April 24-26,
2003, Vol. 48 of New Astron. Rev., 2004, p. 331, arXiv:aghtv0403052v1.

[8] J. Cortina, F. Goebel and T. Schweizer for the MAGIC Collechnical Perfor-

[9]

mance of the MAGIC Telescopés. Proceedings of the 31st Int. Cosmic Ray Conf.
(ICRC2009), Lodz, Poland, July 7-15, 2009, arXiv:0907 n21[astro-ph.IM].

H. Kubo et al., Status of the CANGAROO-III Projean: Proceedings of the 2nd
VERITAS Symposium on TeV Astrophysics, Chicago, IL, USA,rAR4—26, 2003,
Vol. 48 of New Astron. Rev., 2004, p. 323.

[10] T.C. Weekes et alVERITAS: the Very Energetic Radiation Imaging TelescopayAr

[11]

SystemAstropart. Phys. 17 (2002) 221, arXiv:astro-ph/0108478v

A.A. Abdo et al., Milagro Observations of Multi-TeV Emission from Galactic
Sources in the Fermi Bright Source Ligkstrophys. J. 700 (2009) L127, erratum-
ibid.703:L185,2009, arXiv:0904.1018v3 [astro-ph.HE].

153



[12] U.F. Katz for the KM3NeT ConsortiumlThe KM3NeT Projectin: Proceedings of
the 4th International Workshop on a Very Large Volume NewatrTelescope for the
Mediterranean Sea (VLVnT 2009), Athens, Greece, 13-15 Q@9 2Nucl. Inst. and
Meth. A626-627, 2011, p. S57, doi:10.1016/j.nima.201208.

[13] KM3NeT ConsortiumTechnical Design Report for a Deep-Sea Research Infrastruc
ture in the Mediterranean Sea Incorporating a Very Largeivioé Neutrino Telescope
ISBN 978-90-6488-033-9, http://www.km3net.org/TDR/KM&T print.pdf (2011).

[14] The ARENA workshop seridgtp://www-zeuthen.desy.de/arenduthen (Germany)
2005; Newcastle (UK) 2006http://www.romal.infn.it/arena2008/index.htRome
(Italy) 2008, http://arena2010.in2p3.frNantes (France) 2010.

[15] I. Allekotte et al. for the Pierre Auger CollThe Surface Detector System of the Pierre
Auger ObservatoryNucl. Inst. and Meth. A586 (2008) 409, arXiv:0712.2832v1
[astro-ph].

[16] J. AbrahamThe Fluorescence Detector of the Pierre Auger Observatdugl. Inst.
and Meth. A 620 (2010) 227, arXiv:0907.4282v1 [astro-pH.IM

[17] K. Graf et al.,Thermo-acoustic Sound Generation in the Interaction osEdProton
and Laser Beams in a Water Targt be submitted to Nucl. Inst. and Meth.

[18] J.A. Aguilar et al. (ANTARES Coll.) AMADEUS-The acoustic neutrino detection
test system of the ANTARES deep-sea neutrino telesbhlopé Inst. and Meth. A
626-627 (2011) 128, arXiv:1009.4179v2 [astro-ph.IM].

[19] R. Lahmann for the ANTARES Coll.Status and Recent Results of the Acoustic
Neutrino Detection Test System AMADEWS Proceedings of the 4th International
Workshop on Acoustic and Radio EeV Neutrino Detection Atig (ARENA 2010),
Nantes, France, June 29-July 2, Nucl. Inst. and Meth. A, 28dXiv:1104.3041v1
[astro-ph.IM].

[20] M. Neff et al.,Signal Classification for Acoustic Neutrino Detectiam Proceedings
of the 4th International Workshop on Acoustic and Radio Eedutkino Detection
Activities (ARENA 2010), Nantes, France, June 29-July 2¢INbnst. and Meth. A,
2010, arXiv:1104.3248v1 [astro-ph.IM].

[21] A.M. Hillas, The origin of ultra-high-energy cosmic rgy&nn. Rev. Astron. Astro-
phys. 22 (1984) 425.

[22] F. Halzen and D. HoopeHligh-energy Neutrino Astronomy: The Cosmic Ray Con-
nection Rep. Prog. Phys. 65 (2002) 1025, arXiv:astro-ph/0204827v

[23] D. Torres and L.A. Anchordoquistrophysical origins of ultrahigh energy cosmic
rays Rep. Prog. Phys. 67 (2004) 1663, arXiv:astro-ph/0402371v

[24] J.H. Krolik, Active Galactic Nuclei3rd Edition, Princeton Series in Astrophysics,
Princeton University Press, 1999, ISBN 0-691-01151-6.

154



[25] C.M. Urry, AGN Unification: An Updatein: G.T. Richards and P.B. Hall (Ed.),
Princeton meeting on “AGN Physics with the Sloan Digital Skyrvey” (July 2003),
Vol. 311 of ASP Conf. Series, 2004, p. 49, arXiv:astro-pd/2&45v1.

[26] K. Mannheim, High-energy neutrinos from extragalactic jetdstropart. Phys. 3
(1995) 295.

[27] P. PadovaniGamma-ray emitting AGN and unified schemas Proceedings of the
32nd Rencontres de Moriond: Very high energy phenomenaianiverse, Les Arcs,
France, 18-25 Jan 1997, p. 7, astro-ph/9704002.

[28] C. Spiering, private communication (Oct. 2009).

[29] M. Bottcher,Modeling the Emission Processes in Blaza#strophys. Space Sci. 309
(2007) 95, arXiv:astro-ph/0608713v1.

[30] L.A. Anchordoqui, D. Hopper, S. Sarkar, and A.M. Tayléfigh-energy neutrinos
from astrophysical accelerators of cosmic ray nuckestropart. Phys. 29 (2008) 1,
arXiv:astro-ph/0703001v4.

[31] R.U. Abbasi et al. (IceCube Coll.)Search for muon neutrinos from Gamma-
Ray Bursts with the IceCube neutrino telescopstrophys. J. 710 (2010) 346,
arXiv:0907.2227v2 [astro-ph.HE].

[32] S.E. Woosley,Gamma-ray bursts from stellar mass accretion disks arouladkb
holes Astrophys. J. 405 (1993) 273.

[33] D. Eichler, M. Livio, T. Piran, and D.N. Schrammlucleosynthesis, Neutrino Bursts
and Gamma-Rays from Coalescing Neutron Stilegure 340 (1989) 126.

[34] E. Waxman and J. Bahcaljigh Energy Neutrinos from Cosmological Gamma-Ray
Burst Fireballs Phys. Rev. Lett. 78 (1997) 2292, arXiv:astro-ph/9701231v

[35] J.K. Becker,High-energy neutrinos in the context of multimessengeopkysics
Phys. Rep. 458 (2008) 173, arXiv:0710.1557v2 [astro-ph].

[36] T. Piran, The Physics of Gamma-Ray BursRev. Mod. Phys. 76 (2004) 1143,
arXiv:astro-ph/0405503v1.

[37] P. MészarosTheories of gamma-ray burstdnn. Rev. Astro. Astrophys. 40 (2002)
137.

[38] E. WaxmanCosmological Gamma Ray Bursts and the Highest Energy CdRayis
Phys. Rev. Lett. 75 (1995) 386, arXiv:astro-ph/9505082v1.

[39] E. Waxman and J. BahcaMeutrino Afterglow from Gamma-Ray Bursts10'® eV,
Astrophys. J. 541 (2000) 707, arXiv:hep-ph/9909286v2.

[40] V.S. Berezinsky and G.T. Zatsepi@posmic rays at ultra high energies (neutrinp?)
Phys. Lett. B 28 (1969) 423.

[41] J.V. Narlikar,An Introduction to Cosmolog@rd Edition, Cambridge University Press,
2002, ISBN 0-521-79367-9.

155



[42] S. Yoshida, G. Sigl, and S. Le&xtremely High Energy Neutrinos, Neutrino Hot
Dark Matter, and the Highest Energy Cosmic Rayhys. Rev. Lett. 81 (1998) 5505,
arXiv:hep-ph/9808324v1.

[43] T.J. Weiler,Cosmic Ray Neutrino Annihilation on Relic Neutrinos Reé&tsi A Mech-
anism for Generating Air Showers above the Greisen-Zats€pzmin Cut-off As-
tropart. Phys. 11 (1999) 303, arXiv:hep-ph/9710431v2.

[44] C. Barbot, M. Drees, F. Halzen, and D. Hoopleutrinos Associated With Cosmic
Rays of Top-Down OrigirPhys. Lett. B 555 (2003) 22, arXiv:hep-ph/0205230v1.

[45] D. Semikoz and G. SigMItra-High Energy Neutrino Fluxes: New Constraints and
Implications J. Cosm. Astropart. Phys. 0404 (2004) 003, arXiv:hep-30@328v1.

[46] P.W. Gorham et al.Experimental Limit on the Cosmic Diffuse Ultra-high Energy
Neutrino Flux Phys. Rev. Lett. 93 (2004) 041101, arXiv:astro-ph/03¥33

[47] G. Sigl, Some Current Theoretical Issues around Ultra-High Energgi@ic Rays
Acta Phys. Pol. B 35 (2004) 1845, arXiv:astro-ph/0404074v1

[48] P.W. Gorham et al. (ANITA Coll.),Observational Constraints on the Ultra-high
Energy Cosmic Neutrino Flux from the Second Flight of the TXNIExperi-
ment Phys. Rev. D 82 (2010) 022004, arXiv:1003.2961v3 [astiddf]; Erratum:
arXiv:1011.5004v1 [astro-ph.HE].

[49] P. Bhattacharjee and G. Si@lrigin and Propagation of Extremely High Energy Cos-
mic RaysPhys. Rep. 327 (2000) 109, arXiv:astro-ph/9811011v2.

[50] R. Aloisio, V. Berezinsky, and M. Kachelrie®n the status of superheavy dark mat-
ter, Phys. Rev. D 74 (2006) 023516, arXiv:astro-ph/0604311v1.

[51] H. Ohoka et al.Further development of data acquisition system of the AK&iaat
Air Shower Array Nucl. Inst. and Meth. A 385 (1997) 268.

[52] M. Takeda et al. Extension of the Cosmic-Ray Energy Spectrum Beyond the Pre-
dicted Greisen-Zatsepin-Kuz’'min Cutd?hys. Rev. Lett. 81 (1998) 1163, arXiv:astro-
ph/9807193v1.

[53] M. Kachelriel3,The rise and fall of top-down models as main UHECR sourites
Proceedings of the 20th Rencontres de Blois ‘Challengesitid®e Astrophysics’,
Blois, France, 18-23 May 2008, arXiv:0810.3017v2 [astnf-p

[54] J. Blumer, R. Engel, and J. Horand€lpsmic Rays from the Knee to the Highest
Energies Prog. Part. Nucl. Phys. 63 (2009) 293, arxiv:0904.072&sttp-ph.HE].

[55] T. StanevUltra High Energy Cosmic RaysrXiv:astro-ph/0411113v1.
[56] C. GrupenAstroparticle PhysicsSpringer Verlag, 2005, ISBN 3-540-25312-2.

[57] J. Abraham et al. (Pierre Auger CollNleasurement of the energy spectrum of cosmic
rays abovel 0'® eV using the Pierre Auger ObservatpBhys. Lett. B 685 (2010) 239,
arXiv:1002.1975v1 [astro-ph.HE].

156



[58] J. Horandel,Cosmic rays from the knee to the second kngg? to 10'® eV, Mod.
Phys. Lett. A22 (2007) 1533, arXiv:astro-ph/0611387v1.

[59] J.W. Cronin, T.K. Gaisser and S.P. Swor@gsmic Rays at the Energy Frontj&ci.
Am. (1997) 32.

[60] S. Ostapchenkdtatus of QGSJETn: Proceedings of the International Conference
'Colliders to Cosmic Rays 2007’ (C2CRQ7), Granlibakken JCBSA, 25 Feb. — 1
Mar., Vol. 928 of AIP Conf. Proc., 2007, p. 118, arXiv:070683v1 [hep-ph].

[61] E.-J. Ahnetal.Cosmic ray event generator Sibyll 2Rhys. Rev. D 80 (2009) 094003,
arXiv:0906.4113v3 [hep-ph].

[62] T. Antoni et al. (KASCADE Coll.), KASCADE measurements of energy spectra for
elemental groups of cosmic rays: Results and open probléstsopart. Phys. 24
(2005) 1, arXiv:astro-ph/0505413v1.

[63] A. Haungs for the KASCADE-Grande CollThe Cosmic Ray Energy Spectrum Mea-
sured with KASCADE-Grandeén: Proceedings of the 31st Int. Cosmic Ray Conf.
(ICRC2009), Lodz, Poland, July 7-15, 2009, arXiv:09104\82[astro-ph.HE].

[64] R. Aloisio, V. Berezinsky, P. Blasi, and S. Ostapchenkignatures of the tran-
sition from galactic to extragalactic cosmic rgyBhys. Rev. D 77 (2008) 025007,
arXiv:0706.2834v2 [astro-ph].

[65] K. Nakamura et al. (Particle Data Grouffhe Review of Particle Physic3. Phys. G
37 (2010) 075021http://pdg.Ibl.gov/

[66] D. Allard et al.,, UHE nuclei propagation and the interpretation of the ankle
in the cosmic-ray spectrumAstron. & Astrophys. 443 (2005) L29, arXiv:astro-
ph/0505566v2.

[67] D. Allard, E. Parizot and A.V. OlintoQn the transition from Galactic to extragalac-
tic cosmic-rays: spectral and composition features frorn bgposite scenariQAs-
tropart. Phys. 27 (2007) 61, arXiv:astro-ph/0512345v2.

[68] P. Sommers and S. Westerho@osmic Ray AstronomyNew J. Phys. 11 (2009)
055004, arXiv:0802.1267v1 [astro-ph].

[69] T. Abu-Zayyad et al.;The prototype high-resolution Fly’'s Eye cosmic ray detecto
Nucl. Inst. and Meth. A 450 (2000) 253.

[70] J.H. Boyer, B.C. Knapp, E.J. Mannel and M. SemBADC-based DAQ for HiRes
Fly’s Eye Nucl. Inst. and Meth. 482 (2002) 457.

[71] R.U. Abbasi et al. (HiRes Coll.Measurement of the Flux of Ultra High Energy Cos-
mic Rays by the Stereo Technigistropart. Phys. 32 (2009) 53, arXiv:0904.4500v1
[astro-ph.HE].

[72] N.Hayashida et al. (AGASA Coll.)'he Anisotropy of Cosmic Ray Arrival Directions
around 10%eV, Astropart. Phys. 10 (1999) 303, arXiv:astro-ph/9807®5v

157



[73] M. Takeda et al.Small-Scale Anisotropy of Cosmic Rays abti/é eV Observed with
the Akeno Giant Air Shower Arrayastrophys. J. 522 (1999) 225.

[74] P. Abreu et al. (Pierre Auger Coll.)}Jpdate on the correlation of the highest en-
ergy cosmic rays with nearby extragalactic mattastropart. Phys. 34 (2010) 314,
arXiv:1009.1855v2 [astro-ph.HE].

[75] E. Fermi,On the Origin of the Cosmic RadiatipRhys. Rev. 75 (1949) 1169.

[76] R.Blandford and D. EichleRarticle Acceleration at Astrophysical Shocks: A Theory
of Cosmic Ray OriginPhys. Rep. 154 (1987) 1.

[77] M.S. Longair,High Energy Astrophysi¢€£nd Edition, Vol. 2, Cambridge University
Press, 1992, ISBN 0-521-38374-9.

[78] E. Waxman,High energy cosmic ray and neutrino astrongny be published in:
Astronomy at the Frontiers of Science, Springer Verlag,12GirXiv:1101.1155v1
[astro-ph.HE].

[79] P. Blasi,Cosmic Ray Acceleration in Supernova Remnaints Proceedings of the
International Conference on Advanced Technology and d¢kar®hysics (ICATPP
2010), Villa Olmo, Como, 7-8 October 2010, arXiv:1012.50D%astro-ph.HE].

[80] F.W. Stecker and M.H. Salamor®hotodisintegration of Ultrahigh Energy Cos-
mic Rays: A New DeterminatipnAstrophys. J. 512 (1999) 521, arXiv:astro-
ph/9808110v3.

[81] F.W. Stecker, M.A. Malkan and S.T. Scullintergalactic Photon Spectra from the
Far IR to the UV Lyman Limit fob < z < 6 and the Optical Depth of the Universe to
High Energy Gamma-RayAstrophys. J. 648 (2006) 774, arXiv:astro-ph/0510449v4.

[82] R. Kayser, P. Helbig, and T. Schramm, general and practical method for cal-
culating cosmological distancegstron. & Astrophys. 318 (1997) 680, arXiv:astro-
ph/9603028v3.

[83] E. Waxman and J. BahcalHigh energy neutrinos from astrophysical sources: An
upper boundPhys. Rev. D 59 (1998) 023002, arXiv:hep-ph/9807282v2.

[84] A. Miucke et al. Monte-Carlo simulations of photohadronic processes inogstysics
Comp. Phys. Comm. 124 (2000) 290, arXiv:astro-ph/9903478v

[85] K. Huang, Statistical Mechanigs2nd Edition, John Wiley & Sons, 1987, ISBN 0-
471-81518-7.

[86] G.R. BlumenthalEnergy Loss of High-Energy Cosmic Rays in Pair-ProducingiCo
ions with Ambient Photon®hys. Rev. D1 (1970) 1596.

[87] V. Berezinsky, A. Gazizov, and S. Grigoriev@n astrophysical solution to ultrahigh
energy cosmic ray$?hys. Rev. D 74 (2006) 043005, arXiv:hep-ph/0204357v3.

[88] R. Engel, D. Seckel, and T. StanéVeutrinos from propagation of ultrahigh energy
protons Phys. Rev. D 64 (2001) 093010, arXiv:astro-ph/0101216v2.

158



[89] K. GreisenEnd to the cosmic-ray spectrun?hys. Rev. Lett. 16 (1966) 748.

[90] G.T. Zatsepin and V.A. Kuz’'minUpper limit of the spectrum of cosmic ray3 TP
Lett. 4 (1966) 78, russian original: Pis'ma Zh. Eksp. Ted. & (1966) 114.

[91] M.S. Longair,High Energy Astrophysi¢c2nd Edition, Vol. 1, Cambridge University
Press, 1992, iSBN 0-521-38374-9.

[92] R.J. Protheroe and P.A. JohnsBmppagation of ultra high energy protons and gamma
rays over cosmological distances and implications for topgiral defect mode|sAs-
tropart. Phys. 4 (1996) 253, arXiv:astro-ph/9506119v1.

[93] F.A. Aharonian and J.W. Croninnfluence of the universal microwave background
radiation on the extragalactic cosmic-ray spectrupiys. Rev. D 50 (1994) 1892.

[94] D. Allard et al.,Cosmogenic Neutrinos from the propagation of Ultra High iEye
Nuclei J. Cosm. Astropart. Phys. 0609 (2006) 005, arXiv:astr@@bb327v2.

[95] R.J. Protheroe, A.-C. Donea and A. Reim&)y gamma rays and cosmic rays from
the nucleus of M87, a mis-aligned BL Lac obje&stropart. Phys. 19 (2003) 559,
arXiv:astro-ph/0210249v2.

[96] P.L. Biermann et al.Active Galactic Nuclei with Starbursts: Sources for Ultragh
Energy Cosmic Ray#nt. J. Mod. Phys. D18 (2009) 1577, arXiv:0904.1507v2rast
ph.HE].

[97] K. Mannheim, R.J. Protheroe and J.P. Racl@smic ray bound for models of extra-
galactic neutrino productiofPhys. Rev. D 63 (2000) 023003.

[98] B. Katz, R. Budnik, and E. Waxmaithe Energy Production Rate & the Generation
Spectrum of UHECRsJ. Cosm. Astropart. Phys. 03 (2009) 20, arXiv:0811.3759v2
[astro-ph].

[99] E. WaxmanCosmological Origin for Cosmic Rays Abou&'® eV, Astrophys. J. 452
(1995) L1, arXiv:astro-ph/9508037v1.

[100] J. Abraham et al. (Pierre Auger CollMeasurement of the Depth of Maximum
of Extensive Air Showers abové)!®eV, Phys. Rev. Lett. 104 (2010) 091101,
arXiv:1002.0699v1 [astro-ph.HE].

[101] P. Sokolsky for the HiRes CollRinal Results from the High Resolution Fly’s Eye
(HiRes) Experimenin: Proceedings of the XVIth International Symposium om»e
High Energy Cosmic Ray Interactions (ISVHECRI 2010), Béall, USA, 28 June—
2 July, 2010, arXiv:1010.2690v2 [astro-ph.HE].

[102] R. Ulrich et al., Proton-Air Cross Section and Extensive Air Showers Pro-
ceedings of the XVth International Symposium on Very Highekyy Cosmic
Ray Interactions 2008 (ISVHECRI 2008), Paris, France, Sg&p6, Vol. 196 of
Nucl. Phys. Proc. Suppl., 2009, p. 335, arXiv:0906.307%a&trp-ph.HE].

159



[103] D. Hooper, A.M. Taylor and S. Sarkat,osmogenic photons as a test of ultra-high
energy cosmic ray compositipAstropart. Phys. 34 (2011) 340, arXiv:1007.1306v1
[astro-ph.HE].

[104] D. Hooper, A. Taylor, and S. Sarkdrhe Impact of Heavy Nuclei on the Cosmogenic
Neutrino Flux Astropart. Phys. 23 (2005) 11, arXiv:astro-ph/0407618v2

[105] L.A. Anchordoqui et al.,Prediction of the cosmogenic neutrino flux in light of
new data from the Pierre Auger Observatoriyhys. Rev. D76 (2007) 123008,
arXiv:0709.0734v1 [astro-ph].

[106] D. Hooper, S. Sarkar and A.M. Taylorhe intergalactic propagation of ultra-high
energy cosmic ray nuclefstropart. Phys. 27 (2007) 199, arXiv:astro-ph/0608@85v

[107] R. Aloisio, V. Berezinsky and A. Gazizo\ltra High Energy Cosmic Rays: The dis-
appointing modelAstropart. Phys. 34 (2011) 620, arXiv:0907.5194v2 [agindHE].

[108] E.G. BerezhkoComposition of cosmic rays accelerated in active galaaticlei, As-
trophys. J. 698 (2009) L138, arXiv:0905.4785v1 [astro-t].

[109] M. Ahlers et al. Neutrinos as a diagnostic of cosmic ray Galactic/extraagsl tran-
sition, Phys. Rev. D 72 (2005) 023001, arXiv:astro-ph/0503229v2.

[110] J. Bahcall and E. WaxmahHijgh energy astrophysical neutrinos: The upper bound is
robust Phys. Rev. D 64 (2001) 023002, arXiv:hep-ph/9902383v2.

[111] D.J. ThompsonGamma ray astrophysics: the EGRET resuRgp. Prog. Phys. 71
(2008) 116901, arXiv:0811.0738v1 [astro-ph].

[112] J.A. Aguilar et al. (ANTARES Coll.)Search for a diffuse flux of high-energy with
the ANTARES neutrino telescog#hys. Lett. B696 (2011) 16, arXiv:1011.3772v1
[astro-ph.HE].

[113] R. Abbasi et al. (IceCube Coll} Search for a Diffuse Flux of Astrophysical Muon
Neutrinos with the IceCube 40-String DetectarXiv:1104.5187v1 [astro-ph.HE].

[114] K. Murase and J.F. BeacorNeutrino Background Flux from Sources of Ultrahigh-
Energy Cosmic-Ray NuclePhys. Rev. D81 (2010) 123001, arXiv:1003.4959v1
[astro-ph.HE].

[115] F. Halzen, Lectures on High-Energy Neutrino Astronamgresented at the In-
ternational WE Heraeus Summer School on Physics with Cogkoaelerators,
arXiv:astro-ph/0506248v1 (2005).

[116] R. Abbasi et al. (IceCube Coll.J,he energy spectrum of atmospheric neutrinos be-
tween 2 and 200 TeV with the AMANDA-II detectastropart. Phys. 34 (2010) 48,
arXiv:1004.2357v2 [astro-ph.HE].

[117] G.D. Barr et al.A three-dimensional calculation of atmospheric neutrirRisys. Rev.
D 70 (2004) 023006, arXiv:astro-ph/0403630v1.

160



[118] C.G.S. Costa,The prompt lepton cookbopkAstropart. Phys. 16 (2001) 193,
arXiv:hep-ph/0010306v3.

[119] S. Yoshidaand M. Teshiminergy Spectrum of Ultra-High Energy Cosmic Rays with
Extra-Galactic Origin Prog. Theor. Phys. 89 (1993) 833.

[120] O.E. Kalashev, V.A. Kuzmin, D.V. Semikoz, and G. Siglitra-High Energy Neu-
trino Fluxes and Their ConstraintsPhys. Rev. D66 (2002) 063004, arXiv:hep-
ph/0205050v3.

[121] Z. Fodor, S.D. Katz, A. Ringwald, and H. TBpunds on the cosmogenic neutrino
flux, J. Cosm. Astropart. Phys. 0311 (2003) 015, arXiv:hep-30@Q71v1.

[122] K. Kotera, D. Allard, and A.V. Olinto,Cosmogenic Neutrinos: parameter space
and detectabilty from PeV to ZeM. Cosm. Astropart. Phys. 1010 (2010) 013,
arXiv:1009.1382v2 [astro-ph.HE].

[123] T. Stanev, D. De Marco, M.A. Malkan, and F.W. Steck&msmogenic Neutrinos from
Cosmic Ray Interactions with Extragalactic Infrared PhagdPhys. Rev. D 73 (2006)
043003, arXiv:astro-ph/0512479v1.

[124] M. Ave et al.,Cosmogenic Neutrinos from Ultra-High Energy Nuckstropart. Phys.
23 (2005) 19, arXiv:astro-ph/0409316v2.

[125] H. Yiksel and M.D. KistlerEnhanced Cosmological GRB Rates and Implications for
Cosmogenic Neutring®hys. Rev. D 75 (2007) 083004, arXiv:astro-ph/0610481v3.

[126] A.A. Abdo et al. (Fermi-LAT Coll.),The Spectrum of the Isotropic Diffuse Gamma-
Ray Emission Derived From First-Year Fermi Large Area Tebge Data Phys. Rev.
Lett. 104 (2010) 101101, arXiv:1002.3603v1 [astro-ph.HE]

[127] M. Ahlers et al.,.GZK Neutrinos after the Fermi-LAT Diffuse Photon Flux Measu
ment Astropart. Phys. 34 (2010) 106, arXiv:1005.2620v2 [apincHE].

[128] V. Berezinsky, A. Gazizov, M. Kachelrie3, and S. Ostsgnko,Restricting UHE-
CRs and cosmogenic neutrinos with Fermi-l.AHhys. Lett. B695 (2011) 13,
arXiv:1003.1496v3 [astro-ph.HE].

[129] R.U. Abbasi et al. (HiRes Coll.First Observation of the Greisen-Zatsepin-Kuzmin
SuppressiofPhys. Rev. Lett. 100 (2008) 101101, arXiv:astro-ph/0B®3Q.

[130] S. Sarkar, private communication (June 2011).

[131] H. Athar, M. Jgabek, and O. YasudEffect of neutrino mixing on high-energy cosmic
neutrino flux Phys. Rev. D 62 (2000) 103007, arXiv:hep-ph/0005104v2.

[132] L. StancoNeutrinos Oscillations with Long-Base-Line Beams (Passént and very
near Future) in: Proceedings of the Int. Conf. Beyond the Standard ModEParticle
Physics, Cosmology and Astrophysics (BEYOND 2010), CapenJdouth Africa
1-6 February 2010, arXiv:1006.4826v1 [hep-ph].

161



[133] F. Halzen and A.D. MartirQuarks & LeptonsJohn Wiley & Sons, Inc., 1984, ISBN
0-471-88741-2.

[134] K.O. Mikaelian and I.M. Zheleznykw,.e annihilitions Phys. Rev. D 22 (1980) 2122.

[135] R. Gandhi, C. Quigg, M.H. Reno, and |. Sarcewdtrahigh-Energy Neutrino Inter-
actions Astropart. Phys. 5 (1996) 81, arXiv:hep-ph/9512364v1.

[136] M. Fukugita and T. Yanagid&hysics of NeutringsSpringer Verlag, 2003, ISBN
3-540-43800-9.

[137] R.N. Mohapatra and P.B. PMassive Neutrinos in Physics and Astrophyssed Edi-
tion, Vol. 72 of World Scientific Lecture Notes in Physics, idoScientific Publishing
Co., 2004, ISBN 981-238-070-1.

[138] A. Cooper-Sarkar and S. Sark&redictions for high energy neutrino cross-sections
from the ZEUS global PDF fitsHEP 01 (2008) 75, arXiv:0710.5303[hep-ph].

[139] R. Gandhi, C. Quigg, M.H. Reno, and |. SarceNeutrino Interactions at Ultrahigh
Energies Phys. Rev. D 58 (1998) 093009, arxiv:hep-ph/9807264v1.

[140] E.L. Berger M.M. Block, D.W. McKay, and C. Tahklltra-high energy neutrino scat-
tering, Phys. Rev. D 77 (2008) 053007, arXiv:0708.1960v2[hep-ph]

[141] A.M. Dziewonskiand D.L. AndersoRreliminary reference Earth moddPhys. Earth
Planetary Interiors 25 (1981) 297.

[142] S.1. Klimushin, E.V. Bugaev, and I.A. SokalsKrecise parametrizations of muon en-
ergy losses in watein: Proceedings of the 27th Int. Cosmic Ray Conf. (ICRC2001
Hamburg, Germany, August 7-15, 2001, arXiv:hep-ph/010601

[143] L.D. Landau and 1.J. Pomeranchukhe Limits of Applicability of the Theory of
Bremsstrahlung by Electrons and of the Creation of Pairs atgke Energy Dokl.
Akad. Nauk. SSSR 92 (1953) 535, English ReprintTine Collected Papers of
L.D. Landay Pergamon Press, 1965, p. 586.

[144] L.D. Landau and I.J. Pomeranchuigectron-Cascade Processes at Ultra-High En-
ergies Dokl. Akad. Nauk. SSSR 92 (1953) 735, English ReprinfThre Collected
Papers of L.D. LandauPergamon Press, 1965, p. 589.

[145] A.B. Migdal, Bremsstrahlung and Pair Production in Condensed Media gihHtn-
ergies Phys. Rev. 103 (1956) 1811.

[146] V.N. Baier and V.M. KatkovConcept of Formation Length in Radiation Theddhys.
Rep. 409 (2005) 261, arXiv:hep-ph/0309211v2.

[147] S.R. Klein,Suppression of Bremsstrahlung and Pair Production due torBnmental
Factors Rev. Mod. Phys. 71 (1999) 1501, arXiv:hep-ph/9802442v2.

[148] S. Bevan et al. (ACoRNE Coll.pimulation of Ultra High Energy Neutrino Interac-
tions in Ice and WaterAstropart. Phys. 28 (2007) 366, arXiv:0704.1025v1 [apin

162



[149] D. Heck et al., CORSIKA: A Monte Carlo Code to Simulate Extensive
Air Showers, Report FZKA 6019, Forschungszentrum Karlsrutmtp://www-
ik.fzk.de/corsika/physics_description/corsika_piysl(1998).

[150] V. Niess and V. BertinUnderwater Acoustic Detection of Ultra High Energy Neutri-
nos Astropart. Phys. 26 (2006) 243, arXiv:astro-ph/0511&L7v

[151] P.L. Anthony et al. An Accurate measurement of the Landau-Pomeranchuk-Migdal
effect Phys. Rev. Lett. 75 (1995) 1949.

[152] S. Boser,Acoustic detection of ultra-high energy cascades in iP&a.D. thesis,
Humboldt-Universitat zu Berlimttp://www-zeuthen.desy.de/~sboe$2006).

[153] G.A. Askariyan, B.A. Dolgoshein, A.N. Kalinovsky, dMN.V. Mokhov,Acoustic De-
tection of High Energy Particle Showers in Watslucl. Inst. and Meth. 164 (1979)
267.

[154] J.G. LearnedAcoustic Radiation by Charged Atomic Particles in Liquidst Analy-
sis, Phys. Rev. D 19 (1979) 3293.

[155] L.D. Landau and E.M. LifschitZZourse of Theoretical Physics, Vol.6: Fluid Mechan-
ics, 2nd Edition, Pergamon Press, 1987.

[156] S. Bevan et al. (ACoRNE Coll.)Study of the Acoustic Signature of UHE Neu-
trino Interactions in Water and IceNucl. Inst. and Meth. A 607 (2009) 398,
arXiv:0903.0949v2 [astro-ph.IM].

[157] M.A. Ainslie and J.G. McColmA simplified formula for viscous and chemical ab-
sorption in sea waterJ. Acoust. Soc. Am. 103 (1998) 1671.

[158] L. LiebermannSound Propagation in Chemically Active Medrhys. Rev. 76 (1949)
1520.

[159] L. LiebermannThe Origin of Sound Absorption in Water and in Sea WateAcoust.
Soc. Am. 20 (1948) 868.

[160] R.J. Urick,Principles of Underwater SoundPeninsula publishing, 1983, ISBN 0-
932146-62-7.

[161] R.E. Francois and G.R. Garrisddound absorption based on ocean measurements:
Part I: Pure water and magnesium sulfate contributipds Acoust. Soc. Am. 72
(1982) 896.

[162] R.E. Francois and G.R. Garrisddound absorption based on ocean measurements:
Part II: Boric acid contribution and equation for total abgation, J. Acoust. Soc. Am.
72 (1982) 1879.

[163] V. Niess,Détection acoustique sous-marine de neutrinos de ultrahénergie dans
le cadre de I'experience ANTARBE®.D. thesis, Université de la Méditerranée — Aix-
Marseille II, http://tel.archives-ouvertes.fr/tel-GB2273/ (annexe h) (2005).

163



[164] N.G. Lehtinen et al.Sensitivity of an underwater acoustic array to ultra-higteegy
neutrinos Astropart. Phys. 17 (2002) 279, arXiv:astro-ph/0104Q33v

[165] A.V. Butkevich et al.Prospects for radio-wave and acoustic detection of ultnad a
superhigh-energy cosmic neutrinos (cross sections, 8gtiaesholds)Phys. Part.
Nucl. 29 (1998) 266.

[166] J. Alvarez-Muiiiz and E. Za§herenkov radio pulses from EeV neutrino interactions:
the LPM effectPhys. Lett. B411 (1997) 218, arXiv:astro-ph/9706064v1.

[167] J. Alvarez-Mufiz and E. Zaghe LPM effect for EeV hadronic showers in ice: im-
plications for radio detection of neutrinpBhys. Lett. B 434 (1998) 396, arXiv:astro-
ph/9806098v1.

[168] J. Vandenbroucke, G. Gratta, and N. Lehtin&xperimental Study of Acoustic
Ultra-High-Energy Neutrino DetectigrAstrophys. J. 621 (2005) 301, arXiv:astro-
ph/0406105v2.

[169] The International Association for the Properties adté&v and Steam (IAPWSRe-
vised Release on the IAPWS Industrial Formulation 1997 ler Thermodynamic
Properties of Water and SteafAug. 2007) Release on the IAPWS Formulation 2008
for the Thermodynamic Properties of Seawdtept. 2008)http://www.iapws.org/

[170] Data from an INSU sea campaign at the ANTARES site Aug.,20@ertin, private
communication (Aug. 2009).

[171] Data from an INSU sea campaign at the ANTARES site March ,2D1@Qefevre,
private communication (Nov. 2010).

[172] National Oceanographic Data Center (USAWorld Ocean Atlas 2005
http://www.nodc.noaa.gov/OC5/WOAO5/pr_woa05.html

[173] W.R. Leo, Techniques for Nuclear and Particle Physics ExperimeBtsl Edition,
Springer-Verlag, 1994, ISBN 0-387-57280-5.

[174] F. HalzenAstroparticle Physics with High Energy Neutrinos: from ANIBA to Ice-
Cube Eur. Phys. J. C46 (2006) 669, arxiv:astro-ph/0602132.

[175] T. Karg,Detection of ultra high energy neutrinos with an unterwatery large vol-
ume array of acoustic sensors: A simulation stuB¥.D. thesis, Univ. Erlangen-
Nurnberg, FAU-P14-DISS-06-002, arXiv:astro-ph/06083122006).

[176] J. Perkin for the ACORNE CollThe sensitivity of kinhydrophone arrays to fluxes
of ultra high energy neutringsn: Proceedings of the 3rd International Workshop on
Acoustic and Radio EeV Neutrino Detection Activities (ARKIZ008), Rome, Italy,
June 25-27, Nucl. Inst. and Meth. A 604, 2009, p. 193.

[177] G.J. Feldman and R.D. Cousing, Unified Approach to the Classical Statistical
Analysis of Small Signal$hys. Rev. D57 (1998) 3873, arXiv:physics/9711021v2
[physics.data-an].

164



[178] D. Seckel, Internet, ftp://ftp.bartol.udel.edu/../seckel/less-gzk/*ESS model
(2005)”: file flux_n3_8 flat_ omOp3.txt; “Proton model, Auge file 2008/ex-
port_data/ss_135 a.txt; “Proton model, HiRes”: file 2@8Bbrt_data/ss 135 h.txt;
“Mixed comp model, HiRes”: file 2008/export_data/ss_151xth

[179] N.G. Lehtinen, P.W. Gorham, A.R. Jacobson, and R.AidRel-DupréFFORTE satel-
lite constraints on ultra-high energy cosmic particle flaxBhys. Rev. D 69 (2004)
013008, arXiv:astro-ph/0309656v2.

[180] G. Mantheli, J. Eisenblatter, and T. Spiégperience on acoustic wave propagation in
rock salt in the frequency range 1-100 kHz and conclusiotis iespect to the feasi-
bility of a rock salt dome as neutrino detector: Proceedings of the 1st International
Workshop on Acoustic and Radio EeV Neutrino detection Ates (ARENA 2005),
Zeuthen, Germany, May 17-19, Int. J. Mod. Phys. A21S1, W8dgkntific, 2006,
p. 30, ISBN 981-256-755-0.

[181] P.B. PriceAttenuation of acoustic waves in glacial ice and salt dordesf Geophys.
Res 111 (2006) B02201, arXiv:astro-ph/0506648v1.

[182] R. Nahnhauer, A.A. Rostovtsev, and D. Té&rmafrost — An Alternative Target Ma-
terial for Ultra High Energy Neutrino DetectionNucl. Inst. and Meth. A 587 (2008)
29, arXiv:0707.3757v1 [astro-ph].

[183] A. Roberts,The birth of high-energy neutrino astronomy: A personatdng of the
DUMAND project Rev. Mod. Phys. 64 (1992) 259.

[184] L.G. Dedenko et al$Sadco: Hydroacoustic Detection of Super-High Energy Cosmi
Neutrinos arXiv:astro-ph/9705189v1 (1997).

[185] R. NahnhauerAcoustic particle detection — from early ideas to future df#g in:
Proceedings of the 4th International Workshop on AcoustitRadio EeV Neutrino
Detection Activities (ARENA 2010), Nantes, France, JuneXfy 2, Nucl. Inst. and
Meth. A, 2010, arXiv:1010.3082v2 [astro-ph.IM].

[186] M. Taiuti et al.,The NEMO project: A status repotin: Proceedings of the 4th Inter-
national Workshop on a Very Large Volume Neutrino Telesdopé&e Mediterranean
Sea (VLVNT 2009), Athens, Greece, 13-15 Oct 2009, Nucl. brsdd Meth. A626—
627, 2011, p. S25.

[187] T. Karg, for the IceCube CollStatus and recent results of the South Pole Acoustic
Test Setupin: Proceedings of the 4th International Workshop on Aticuend Radio
EeV Neutrino Detection Activities (ARENA 2010), Nantesakce, June 29-July 2,
Nucl. Inst. and Meth. A, 2010, arXiv:1010.2025v1 [astraiph.

[188] Y. Abdou et al. (IceCube Coll.Pesign and performance of the South Pole Acoustic
Test Setupsubmitted to Nucl. Inst. and Meth. A, arXiv:1105.4339v&tfa-ph.IM]
(2011).

[189] R. Abbasi et al. (IceCube Coll.Measurement of sound speed vs. depth in South
Pole ice for neutrino astronomystropart. Phys. 33 (2010) 277, arXiv:0909.2629v1
[astro-ph.IM].

165



[190] R. Abbasi et al. (IceCube CollMeasurement of Acoustic Attenuation in South Pole
Ice, Astropart. Phys. 34 (2011) 382, arXiv:1004.1694v2 [agindM].

[191] R. Abbasi et al. (IceCube Coll.Background studies for acoustic neutrino detection
at the South Polesubmitted to Astropart. Phys., arXiv:1103.1216v1 [agtholM]
(2011).

[192] K. Antipin et al. (BAIKAL Coll.), A prototype device for acoustic neutrino detection
in Lake Baika) in: Proceedings of the 30th International Cosmic Ray Camiee
(ICRC2007), Merida, Mexico, July 3-11, 2007, arXiv:071113 [astro-ph].

[193] V. Aynutdinov et al. Acoustic Search for High-Energy neutrinos in the Lake Blaika
Results and Plangn: Proceedings of the 4th International Workshop on Aticus
and Radio EeV Neutrino Detection Activities (ARENA 2010)ames, France, June
29—-July 2, Nucl. Inst. and Meth. A, 2010, doi:10.1016/j.ai2010.11.153.

[194] V. Aynutdinov et al. Acoustic search for high-energy neutrinos in Lake Baiktdtiss
and perspectivesn: Proceedings of the 31st Int. Cosmic Ray Conf. (ICRC32009
Lodz, Poland, July 7-15, 2009, arXiv:0910.0678v1 [astnd-E].

[195] G. Riccobene for the NEMO CollLong-term measurements of acoustic noise in very
deep seain: Proceedings of the 3rd International Workshop on Atcwnd Radio
EeV Neutrino Detection Activities (ARENA 2008), Rome, fallune 25-27, Nucl.
Inst. and Meth. A 604, 2009, p. 149.

[196] N.Kurahashi, J. Vandenbroucke, and G. Gr&tsgrch for acoustic signals from ultra-
high energy neutrinos in 1500 Knof sea water Phys. Rev. D 82 (2010) 073006,
arXiv:1007.5517v1 [hep-ex].

[197] S. Bevan,Data analysis techniques for UHE acoustic astronpmy Proceedings
of the 3rd International Workshop on Acoustic and Radio Eedutino Detection
Activities (ARENA 2008), Rome, lItaly, June 25-27, Nucl. thand Meth. A 604,
2009, p. 143.

[198] S. Danaher for the ACORNE CollFjrst Data from ACoRNE and Signal Processing
Techniquesin: Proceedings of the 2nd International Workshop on Atousd Ra-
dio EeV Neutrino detection Activities (ARENA 2006), Newdas UK, 28—-30 June,
Vol. 81 of J. Phys. Conf. Ser., IOP Publishing, PhiladelpB&07, p. 012011.

[199] G.A. AskariyanExcess Negative Charge of an Electron-Photon Shower arCois
herent Radio EmissigrSov. Phys. JETP 14 (1962) 441, Russian original: Zh. Eksp.
Teor. Fiz.41(1961) 616.

[200] I. Kravchenko et al.RICE Limits on the Diffuse Ultra-High Energy Neutrino FJux
Phys. Rev. D 73 (2006) 082002, arXiv:astro-ph/0601148v1.

[201] I. Kravchenko et al.Updated Neutrino Flux Limits from the RICE Experiment at the
South PolearXiv:1106.1164v1 [astro-ph.HE] (2011).

[202] P. Allison et al.,Design and Initial Performance of the Askaryan Radio Arrag-P
totype EeV Neutrino Detector at the South PaeXiv:1105.2854v1 [astro-ph.IM]
(2011).

166



[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

A good overview of projects is given by the talks frone tARENA2010 workshop,
http://arena2010.in2p3.fr/

R.D. Dagkesamanskii, A.R. Beresnyak, A.V. Kovalennd .M. ZheleznykhThe

upper limit to the EHE neutrino flux from observations of theom with Kalyazin
radio telescopein: Proceedings of the 1st International Workshop on Atowsnd

Radio EeV Neutrino detection Activities (ARENA 2005), Zkah, Germany, May
17-19, Vol. A21S1 of Int. J. Mod. Phys., World Scientific Fghing Co., 2006, p.
142.

S. ter Veen et alA new limit on the Ultra-High-Energy Cosmic-Ray flux with Whiest-
erbork Synthesis Radio Telescopays. Rev. D82 (2010) 103014, arXiv:1010.6061v1
[astro-ph.HE].

J.D. Bray et al. Status and Strategies of Current LUNASKA Lunar Cherenkov Ob
servations with the Parkes Radio Telescope Proceedings of the 4th International
Workshop on Acoustic and Radio EeV Neutrino Detection Atidg (ARENA 2010),
Nantes, France, June 29-July 2, Nucl. Inst. and Meth. A, 288Xv:1010.1997v2
[astro-ph.HE].

T.R. Jaeger, R.L. Mutel, and K.G. Gayléroject RESUN, a Radio EVLA Search for
UHE Neutrinos Astropart. Phys. 34 (2010) 293.

M. Mevius et al. Detecting ultra high energy neutrinos with LOFAR: Proceedings
of the 4th International Workshop on Acoustic and Radio Eedutkino Detection
Activities (ARENA 2010), Nantes, France, June 29-July 2¢INbnst. and Meth. A,
2010, doi:10.1016/j.nima.2010.11.018.

A. Connolly for the SalSA CollaboratiorgalSA Statysn: Proceedings of the 4th
International Workshop on Acoustic and Radio EeV Neutrinetddtion Activities

(ARENA 2010), Nantes, France, June 29-July 2, 2010, arRi014347v1 [astro-
ph.IM].

R. Milincic for the HASRA Coll.,Results of the radio-detection experiment HASRA
(Hawaii Askaryan in Salt Radio Array) and prospect for UHEItreno detection in
salt, in: Proceedings of the 11th International Conference gpicBoin Astroparti-
cle and Underground Physics (TAUP 2009), Gran Sasso, Asdtaty, 1-5 July,

J. Phys. Conf. Ser. 203, 2010, p. 012138.

J. Abraham et al. (Pierre Auger CollLjmit on the diffuse flux of ultrahigh energy tau
neutrinos with the surface detector of the Pierre Auger @ksery, Phys. Rev. D 79
(2009) 102001, arXiv:0903.3385 [astro-ph.HE].

J. Tiffenberg for the Pierre Auger ColLimits on the diffuse flux of ultra high energy
neutrinos set using the Pierre Auger Observatary Proceedings of the 31st Int.
Cosmic Ray Conf. (ICRC2009), Lodz, Poland, July 7-15, 2009.

A. HaungsRadio Detection of Particles from the Cosms Proceedings of the 3rd
International Workshop on Acoustic and Radio EeV Neutringtdation Activities

(ARENA 2008), Rome, Italy, June 25-27, Nucl. Inst. and Métle04, 2009, p. 236,
arXiv:0811.2361v1 [astro-phl].

167



[214] H. Falcke and P. Gorhanetecting Radio Emission from Cosmic Ray Air Show-
ers and Neutrinos with a Digital Radio Telescopestropart. Phys. 19 (2003) 477,
arXiv:astro-ph/0207226v1.

[215] G. Medina-Tanco et al. for the JEM-EUSO CalIEM-EUSO Science Objectiyes:
Proceedings of the 31st Int. Cosmic Ray Conf. (ICRC2009)iZ, ®oland, July 7-15,
2009.

[216] G.A. Askariyan,Hydrodynamic Radiation From the Tracks of lonizing Pagglin
Stable Liquids Sov. J. At. En. 3 (1957) 921, Russian origin#t. Energ.3, 152
(1957).

[217] L. Sulak et al.Experimental studies of the acoustic signature of protantetravers-
ing fluid mediaNucl. Inst. and Meth. 161 (1979) 203.

[218] S.D. Hunter et al Acoustic signals of nonthermal origin from high energy prat in
water, J. Acoust. Soc. Am. 69 (1981) 1557.

[219] S.D. Hunter, W.V. Jones, and D.J. Malbroutlonthermal acoustic signals from ab-
sorption of a cylindrical laser beam in watel. Acoust. Soc. Am. 69 (6) (1981) 1563.

[220] V.I. Albul et al.,Measurements of the Parameters of the Acoustic RadiatioarApa-
nying the Moderation of an Intense Proton Beam in Wdtestr. Exp. Tech. 44 (2001)
327.

[221] G. Anton et al.Study of piezo based sensors for acoustic particle detedistropart.
Phys. 26 (2006) 301.

[222] M. Ageron et al. (ANTARES Coll.)Performance of the First ANTARES Detector
Line, Astropart. Phys. 31 (2009) 277, arXiv: 0812.2095 v1 [aginh

[223] P. Amram et al. (ANTARES Coll.)The ANTARES optical modulBlucl. Inst. and
Meth. A 484 (2002) 369.

[224] M. Ardid for the ANTARES Coll. Positioning system of the ANTARES neutrino tele-
scope in: Proceedings of the 3rd International Workshop on a \laagge Volume
Neutrino Telescope for the Mediterranean Sea (VLVnT 2008)lon, France, April
22—-24, Nucl. Inst. and Meth. A602, 2009, p. 174.

[225] C. Richardt et al.Reconstruction methods for acoustic particle detectiothendeep
sea using clusters of hydrophonéstropart. Phys. 31 (2009) 19, arXiv:0906.1718v1
[astro-ph.IM].

[226] K. Graf,Experimental Studies within ANTARES towards Acousticdiieteof Ultra-
High Energy Neutrinos in the Deep S&4.D. thesis, Univ. Erlangen-Nurnberg, FAU-
PI1-DISS-08-001 (2008).

[227] R.J. Urick,Ambient Noise in the Se&eninsula publishing, 1986, ISBN 0-932146-
13-9.

168



[228] C.L. NaumannDevelopment of sensors for the acoustic detection of ulgla énergy
neutrinos in the deep seRh.D. thesis, Univ. Erlangen-Nurnberg, FAU-PI4-DISS-07
002 (2007).

[229] J.A. Aguilar et al. (ANTARES Coll.), The data acquisition system for the
ANTARES neutrino telescqpducl. Inst. and Meth. A570 (2007) 107, arXiv:astro-
ph/0610029v1.

[230] J.A. Aguilar et al. (ANTARES Coll.),Performance of the front-end electron-
ics of the ANTARES neutrino telescopéucl. Inst. and Meth. A622 (2010) 59,
arXiv:1007.2549v2 [astro-ph.IM].

[231] I. Antcheva et al. ROOT — A C++ framework for petabyte data storage, statigtica
analysis and visualizatigfComp. Phys. Comm. 180 (2009) 2499.

[232] M. Neff, Studie zur akustischen Teilchendetektion im Rahmen desARES-
Experiments: Entwicklung und Integration von Datennaloftesre Diploma thesis,
Univ. Erlangen-Nurnberg, FAU-PI1-DIPL-07-003 (2007).

[233] S. Brehm,Studien zur Positionsbestimmung der akustischen ANTAR&Ewerke
Diploma thesis, Univ. Erlangen-Nurnberg, ECAP-2008-02200).

[234] G.M. Wenz,Acoustic Ambient Noise in the Ocean: Spectra and Soudescoust.
Soc. Am. 34 (1962) 1936.

[235] V.O. Knudsen, R.S. Alford and J.W. Emlingnderwater ambient noisd. Mar. Res.
3(1948) 410.

[236] N. Kurahashi and G. Gratt®ceanic Ambient Noise as a Background to Acoustic
Neutrino DetectionPhys. Rev. D 78 (2008) 092001, arXiv:0712.1833v2 [phyaizs

ph].

[237] B. Bergmann,Untersuchungen zum Tiefsee-Hintergrundrauschen am ANTAR
Standort Bachelor’s thesis, Univ. Erlangen-Nurnberg, ECAP-20242-(2010).

[238] C. RichardtAcoustic particle detection — Direction and source locatreconstruc-
tion techniquesPh.D. thesis, Univ. Erlangen-Nurnberg, ECAP-2010-048.(8.

[239] N. NosengoThe neutrino and the whal@&lature 462 (2009) 560, News Feature.

[240] H. Rietz,Walgesang als Beifangublished in the German newspaper “Die Zeit” on
March 14th http://www.zeit.de/2011/11/N-Neutrinodetektof2d11).

[241] Web page of the LIDO (Listening to the Deep-Ocean Enwinent) project,
http://listentothedeep.org/

[242] T. Mitchell, Machine LearningMcGraw Hill, 1997, ISBN 0-07-042807-7.

[243] Implementation of the Open Computer Vision Librantp://www.opencv.orgSept.
2010).

169



[244] A.Wadrstlein,Development of a Software Framework for the ANTARES AadData
and Simulations within the FramewqrRiploma thesis, Univ. Erlangen-Nurnberg,
ECAP-2010-047 (2009).

[245] A.R. Bell, The acceleration of cosmic rays in shock fronts Mon. Not. Roy. Astron.
Soc. 182 (1978) 147.

170



