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Simulation of a 10'? eV proton EAS using the MOCCA
program. A sample of tracks at > 300 m from the shower
axis are shown. Frame box: 6 x 6 x 12 km high. Color
code: 7 green, e red, u blue. Drawn by Clem Pryke — University
of Chicage
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Two Compimentary Detection Methods above ~ 10'7 eV

¢ Grounds Arrays of scintillation detectors measure lateral dis-

tributions of secondary charged shower particles. The primary energy is

proportional to the particle density at some given distance (600 m) from the
shower core. Information on composition from muon content. The AGASA

array near Tokyo, Japan is the largest operative array. ( = 100 hm’)

¢ The “Fly’s Eye” technique measures longitudinal shower profile
from air-nitrogen fluorescence light using mirrors and photomultiplier
tubes. The primary energy E, is proportional to the total fluorescence yield.

The shower maximum is given by
Xomaz [g cm_3] = Xo+ X;- log Ep,

where X depends on the nature of the primary. The HIGH RESOLUTION
FLY’S EYE and the Japanese TELESCOPE ARRAY are under construction.

The INTERNATIONAL GIANT AIR SHOWER ARRAY proposed by
the PIERRE AUGER PROJECT will be 'a, combination of these techniques.
Both the northern site (at Utah, USA) and the southern site (in Argentina)
will cover ~3000km?. Construction probably starts late 1998. Data taking

witl growing array can commence soon thereafter.
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1.) Introduction: Present Experimental Facts

4

f

Some numbers for the integral particle flux ¢(F) = [ dE'i(E'):

1
- $(10MeV) ~ ——— —
_— - (100 =22 sec

— rd - ‘I’
10¥%eV) ~
T(0TeV) =

Highest energy E ~ 3 x 102%eV~ 50 J observed by Fly’s Eye (Utéh).

Are cosmic rays up to the “knee” at ~ 3 x 10'® eV universal? The y-ray

flux from the SMC is about factor 3 lower than expected for universality.

Standard explanation of galactic (local) cosmic rays: 1st order Fermi ac-
celeration at shocks in supernova remnants. Energetics: ucg ~ leV cm3 ~

umws (coincidence?) satisfies

Lt,
‘/gal

UCR ~

where t, ~ 107yr = confinement time (at 101%*eV), Vi ~ 109 m®. The
resulting total galactic luminosity L ~ 10*® erg/yr is about 10% of kinetic

energy release rate of galactic supernovae.

The Fly’s Eye experiment observed a composition change to a light
component correlated with the “ankle” structure in the spectrum around

~ 3 x 10" eV (not confirmed by AGASAV). Hint for extragalactic origin?
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Schematic representation of the operation of a hybrid air shower detector.
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Attenuation of cosmic rays

Attenuation length vs energy
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attenuation length (Mpc)
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Why angular resolution needed?

Limits :

sampling rate of electronics

physical fluctuations
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AGASA data

(b)
24 10YeV

360

blue = Supergalactic Plane, red = Galactic Plane

consistent with isotropy, but 3 doublets and 1 triplet within 2.5° above 4 x 10!%eV

out of 47 total events

~ 0.3% chance from isotropic distribution

24

L



AGASA data

blue=Supergalactic Plane, red=Galactic Plane

581 events above 10'%eV, 47 above 4 x 10%eV, 7 above 10%¥eV



2.) Acceleration versus “Top-Down” Scenarios

Acceleration

The most widely accepted model of CR production is 1st order Fermi accel-
eration at magnetized astrophysical shocks.

downstream

medium streams away
from shock with veloc-
ity us

upstream medium en-
counters shock with ve-
locity

Wy

> B —_

Average fractional energy gain per shock crossing

_(Ef~E;) _ du; — uy
- E,’ - 3 C

3

Together with the loss processes this leads to a power-law spectrum with
index ¢ > 2. Maximum energy comes from the condition that the gyro-radius

of the charged particle is smaller than the spatial extent of the shock.

Rehock\ { B
E... <108 ( shock)( ) .
<1072 kpc uG

For optimistic mc“ydels of AGN, e.g., Emax < 1021 eV,




‘‘Hillas plot’’ for proton accelerators
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Proton maximum energy

e Acceleration timescale:

tacc = 01t armor < Ep/B

— 1st order Fermi: 6 ~ 42 3,% > 1
— 2nd order Fermi: 0 ~ y? 3,2 > 1

iy, = (B/3B)?, measures mean free path]

e Relativistic shocks (Gsp =~ 1) can
accelerate particles on their Larmor

timescale

e Maximum proton energy: | tacc = tioss

-1 41 -1
~ tioes = toq +togm + 1)

“10ss
— tag = R/Vexp, tsyn ox £, 1 B2, b, o Fo 0L
o= photon spectral index|
e Larmor limit: £y < eBR
.

29



ELLIPTICAL GALAXY NGC 4261 STSCI PR-92-27A
Wide Field/Planetary Camera vs
National Radio Astronomy Observatory

Left:- Ground BRased Composite Visual/Radio View: The giant elliptical
galaxy NGC 4261 is one of the twelve brightest galaxies in the Virgoe
cluster, located 45 million light-years away. Photographed in visible
light (white) the galaxy appears as a fuzzy disk of hundreds of
billions of stars. A radio image (orange) shows a pair of opposed jets
emanating from the nucleus and spanning a distance of 88,000
light-years.

Right:- HST Image of NGC 4261: A giant disk of cold gas and dust fuels
a possible black hole at the core of the galaxy. Estimated to be 200
light-years across, the disk is tipped enough (about 60 degrees) to
provide astronomers with a clear view of the bright hub, which
presumably harbors the black hole. The dark, dusty disk represents a
cold outer region which extends inwards to an ultra-hot accretion disk
with a few hundred million miles from the suspected black hecle. This
disk feeds matter into the black hole, where gravity compresses and
heats the material. Hot gas rushes from the vicinity of the black
nole’'s creating the radio jets. The jets are aligned perpendicular to
the disk, like an axel through a wheel. This provides strong
circumstantial evidence for the existence of black hole "central
engine” in NGC 4261.

So
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Sighature of UHE cosmic rays

Photohadronic interactions produce
e Neutrons — cosmic ray ejection

dv\e 4o I‘Iofrl'y-\

e Neutrinos } com pavable powev
Sj mMwm @ \-Vy

e Gamma-rays

with comparable luminosities

Co-accelerated electrons provide target
photons
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5 F.W. STECKER AND M.H. SALAMON
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Fig. 1. The pre_dicted v + By Bux from 3C273, with L, = 10*7 ergs s~ (Piccinotti, et al.
11982) and redshift 2 = 0.158. (A Hubble constant of 50 km-s~'-Mpc™' has been assumed
in our calculations.) Note that the v, + ¥, Aux is half that of the v, + 7, Aux.
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Fig. 2. Our revised integrated high energy v, + ¥, neutrine background from quasars (Q)
and blazars (B) (thick solid lines), as wel] as the fluxes calculated by Sikora and Begelman
{1992) (dotted line), Biermann (1992) {dashed line), and the geometric mean for the b = 1
model of Szabo and Protherce (1994) {dash-dot line). Also shown is the horizontal v, + 7,
flux from high energy cosmic rays interacting with the Earth's atmosphere (ATM, solid
line) (Stecker 1979).
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2 NEUTRINO FLUX PREDICTIONS
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Figure 1: Neutrino flux predictions: Atmospheric and AGN (1: Stecker & Salamon
1996, Space Sci Rev 75, 341), photomeson production via pyz7x (2: Stecker, Done,
Salamon, & Sommers 1991, Phys. Rev. Letters 66, 2697), topological defects (3: Sigl,
Lee, Bhattacharjee, & Yoshida 1998, Phys. Rev. D 59, 043504), mx = 10'¢ GeV, X
— g + q, supersymmetric fragmention}, Zgurs (4: Yoshida, Sigl, & Lee 1998, Phys.
Rev. Letters 81, 5055), m, = 1 eV, Primary &, ~ E-1), and gamma ray bursts (5:
Waxman & Bahcall 1997, Phys. Rev. Letters 78, 2292).

Figure 1 illustrates the high energy neutrino flux predictions from various astrophys-
ical sources as a function of neutrino energy. Note that curves show the differential
neutrino Aux multiplied by E? which is equivalent to an energy flux. In the energy
range of 101%£010'7 eV, the AGN neutrino flux is predicted to dominate over other
sources. However, neutrinos from individual gamma-ray bursts may be cbservable
via their directionality and short, intense time characteristics. The time-averaged
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LETTERS TO NATURE

Laboratory simulation of cosmic
string formation in the early
Universe using superfiuid *He

C. Biuerie®, Yu. M. Bunkov*, S, N. Fisher*, K. Godfrin*
& G. R. Pickettt

* Centrs de Recherches sur les Trés Basses Températures, Centre National
de la Recherche Scientifique, BP 166, 38042 Grenoble Cedex 9, France
1 Schoal of Phwsics and Chemistry, Lancaster University,
Lancaster LAL 4Y8, UK

Torowoticat. defects in the geometry of space—time (such as
cosmic strings) may have played an important rele in the cvelu-
tion of the early Usiverse, by supplying initial demsity fluctuations
which seeded the clusters of galazies that we see today'. The
fermation of cosmic strings during a symmetry-bresking phase
transition shertly aRer the Big Baag is anslegous to vortex
crestion in liquid hellum following a rapid transition iato the
superfiuid state; the snderlylng physics of this cosmological
defect-forming process (kmeww as the Kibblie mechanism')
should therefore be accessfole te experimental study. Superfiuid
vortices have beew eboerved in “He following rapid quenching to
the superfluid state’, lending qualitative support to Kibble's
cuntention that tepelogicel defects are generated by such phase
transitions. Here we quantify this precess by using an exothermic
neviron-induced maciear reaction te heat small volumes of super-

fivid ‘He above the superfivid traasition temperature, and (hen

“The size of the initial domains depends sirongly on the rapidity
with which the transition is traversed. According to Zurek' the
distance between the ensuing vortices B is given approximatety by
B = &a(tg/e)"", where &, is the coherence tength at 2600 tem-
perature, 1, the coherence length divided by the Fermi velocity.
(£a/ve). is the characteristic time of the superfluid. and tg is the
characteristic time for cooling through the phase transition.

Superfiuid 'He has the farther advantage as the working
substance in that it allows a very precise localized crussing of
the phase transition 10 be penerated by nuclear reaction®,
which avoids the more violent global processes used for earficr
experiments on ‘He and Youid crystals’®. The 'He nucleus
hag a very high cross-section for stwtroms via the process:
n + *He — *H + p. This process alo hberates a precise encrgy
of 764 keV which is initially shared by the product proton and
tritium nucleus. The mean free path of the products ia the liquid is
limited to around 30um as the kinetic encrgy is rapidly therma-
lized with the creation of a cloud of quasiparticic excitations and
excited ‘He atoms providing encugh heat to warm a smaMl vokume
of the liquid to above the superfluid Imnsition. The vobame of
normal liquid *He then rapidly recools on a timescale of ! ps oc
less,

In a companion experiment’ Ruutu ¢/ al. have shows disectly
that vortices are indeed created in superiluid ‘He by this process.
They observe unambiguous vortex nuciealion roggered by neu-
tron irradiation in a rolating experiment at higher lemperatuses.
In the present experiment we measure how swach of the energy
relcased is retained in the liquid in the form of a vesiex aagie. As
we know the energy of a vortex per unit lewgth, we can go durther
and make a quantitative calculation of the vorvex density remvin-
ing which we can compare with Zurek's prediction,
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FIG. I. Spectra at Earth for the topofogical defect model

discussed in the text. SAS-2 and

EGRET vy-ray data are shown

at GeV energies, and HEGRA data at 100 TeV.
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A Gap in the Highest Energy Cosmic Ray Spectrum
as a Signature of Unification Scale Physics

Gdnter Sigl,* Sangijin Lee, David N. Schramm,
Pijushpani Bhattacharjee

MWMM&MMM&W

structure in the cosmic

ray spectrum above 10'* electron volts (eV). Besides a dip at ~5 x 10'® eV, two events

above 2 x 10 gV have been observed.

Grelsen-Zatsepin-Kuzmin cutoff, a

The implications for the existence of the

lndslloponquesﬁonhcounicmy

m-tmmﬂnoﬂuahwmw“ev.mbymybss«h
hmmm.mmmuwmhmmhmﬁm

models involving

extragalactic sources. An acceleration origin of particles above 10?° eV

The cosmic microwave background has
profound implications for the astrophysics
of igh-energy cosmic rays (UHE
CRs). Most notably, nucleons are subject to
background, which leads to a steep drop in
the interaction length at the threshold for
this process at =6 X 10'® ¢V [the Greisen-

photodisintegration produces a
similar effect at =10'* oV (2). One of the

UHE CR spectrum below 10%° ¢V that
could be sttributed to chese effects if the
sources are farther away than a few

Recently, events with energies above the
GZK curoff have been detected (5-10).
Most notably, the Fly's Eye experiment (7,
) and the Akeno array (9, 10) each de-
wected a superhigh-energy event significant-
sbove 10* ¢V with an apparent gap of
sbout half a decade in energy between the

and the second highest energy
everws. These findings led w a vigorow
discussion on the nature and origin of these
purticles (11-13). In this report we show
that the structure of the high-energy end of
the UHE CR spectrum may provide power-
ful constraings on models for these extracr-
dinary parvicles.

Trg >

vant UHEs, for example, by ordinary first-
order Fermi acceleration at astrophysical
shocks (14} or by linear acceleration in
electric fields as they could arise in magnes-
ic reconnection events {15). The resulting
injection spectrum of the charged primaries
at the source is typically a power law in
energy E, j(E) = E™*, In the case of recon-
nection acceleration there is no clear-cut
prediction for the power law index g, but in
the case of shock acceleration it satisfies g
Z 2. We refer to this latter case as conven-
tional bortom-up acceleration scenarios.
Secondary neutral particles like gamma rays
and neutrinos are only produced by primary
interactions in these scenarios (16).

In “top-down” scenarios, the primary
particles, which can be charged or neutral,
are produced at UHEs in the first place,
typically by quantum mechanical decay of
supermassive clementary X particles related
to grand unified theories (GUTs). Sources
of such particles at present could be topo-
logical defects left over from early universe
phase transitions caused by the spontaneous
breaking of symmetries underlying these
GUTs (17). Generic features of top-down
scenaricd are injection spectra considerably
harder (flatter) than in the case of bottom-
up acceleration and a dominance of gamma
rays in the X particle decay products (18).
Even monoenergetic particle injection
above the GZK cutoff can lead to rather
hard spectra above the GZK cutoff {19).

The distincrion between these scenarios
is closely related to whether a GZK cutoff
occurs in the form of a break in the spec-

trum. In contrase w the bottom-up scenario

llone.d\ehardwdownspocuumcanpro-
duce a pronounced recovery in the form of
a flaccening beyond the cutoff that could
explain the highest energy events and pos-
sibly even a gap. : '

| scenc « voL o - 12 DECEMBER 1995 ]

For the statistical analysis, we assumed
that the data are represented as the number
of observed events, n,, within a given energy
bin i, where i = 1, ..., N. A given model
predicts a certain observed differential flux
HE) (in unirs of particles per unit area, unit
time, unit solid angle, and unit energy). For
any such model, the number of expected
events, W, in energy bin i is then given by

e
W= f dE{(EYA(E) (n
E—

where A(E) is the total experimental expo-
sure at energy E (in units of area X solid
angle X time), and bin i spans the energy
interval (E™®, E™=). The Fly's Eye (7, 8),
Akeno (9, 10), and Haverah Park (5) data
are given in equidistant logarithmic energy
bins of size log{E™/E™) = 0.1 for the
Fly's Eye and the Akeno data and 0.15 for
the Haverah Park data. We combined these
three data sess by adding the exposures,
nommalizing to the Fiy's Eye bins, and using
the suggested (9) systematic relative adjust-
ment factors of 0.8 and 0.9 for the Akeno
and Haversh Park energies, respectively.
Because the bin sizes are smaller than the
energy resolution, we interpolated linearly
between the logarithmic Fiy's Eye and Hav-
erah Park bins.

The likelihood function L, adequate for
the low statistics problem at hand, is then
given by Poisson statistics as

N '.:
L=]T= exp(—pa (2)
-t

Any free parameters of the theory are de-
termined by maximizing the likelihood L in
Eq. 2. In analogy 1o (9), we then determine
the L significance for the given theory rep-
resented by the set of (optimal) p,'s. The L
significance is defined as the probabilicy
that this set of expectation values would by
chance produce data with an L smaller than
the L for the real data. This probability is
calculated by drawing random data many
times from Poisson distributions, whose ex-
pectation values are given by the set of i 's,
and comparing the L of the random and the
real daca.

We performed the fis in the energy
range between 10! eV and the highest
energy observed. For comparison, we com-
puted separately the L significance of these
fis in the range below the gap and in the
range including the gap and the highest
energy events. This demonstrates the infly-
ence of this structure on the fit quality.

In determining L, we also took the finite
expetimental energy resolution into ac-
count by folding the theoretical fluxes with
a Gaumian window function in logarichmic
energy space. The width of the Gaussian
window function is determined by the en-

w7
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Spectral Implications: The “Gap”

We combined the data from the Haverah Park, the AGASA and the
monocular Fly’s Eye experiments between 10EeV and 300EeV and per-

formed maximum likelihood fits of various models.

We fitted the normalizations of one or two components and possibly
other parameters. We determined the likelihood significances in the energy

ranges 10 EeV < EF < 100EeV and 100EeV < F < 1000 EeV separately.

We then simulated data for four-fold total exposure under the following

assumptions:

e The flux below 100 EeV is given by the best fit of the respective model

to the real data.

e The “gap” between 100 EeV and 200 EeV, as observed by AGASA and

Fly’s Eye, persists. In addition > 3 more events above 200 EeV are observed.

We fitted the same models to the simulated data and computed the
likelihood significances as for the real data. As a result, the TD models can
best reproduce a possible break and “recovery” structure in the ultra-high

energy cosmic ray spectrum.
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Angular correlation with high redshift sources may indicate new physics!
Neutrinos or heavy neutral particles from collisions of accelerated protons

Option 1: Neutrino primaries start to interact strongly above TeV

Example: In theories with n large compact dimensions and Quantum Gravity
scale My, ~ TeV, bulk graviton exchange leads to

. dms ,(TeV)‘( E )
Oun = g = W0 e g ) \ Ty

Signature: No events above critical energy in neutrino telescopes in ice/water.
increased event rate in atmospheric detectors such as Auger.

Option 2: Heavy neutral particle has increased pion production threshold
Example: Source at 1 Gpc, pp — 0.01X° + 0.997, and 7 — 7, v.

9
10
108 y: EGRET
7 7: (GLAST)
10 v: HEGRA
108 v: (HESS,MAGIC)
= 0% v: (OWL) .
o 4 e
'E 10 ~.<.:.harged CR flux
S 107§ n
2 10%)
% 10 :
= 1o0f
10" &t
1072
1079
1074

10810%10'%0"Y0%40'40"'0"' 090" 3080902902403 023
E (eV)
Strong constraints from GeV gamma ray point source fluxes !

Some gauge mediated supersymmetry breaking scenarios predict a light gluino.
Its bound states could provide the required primary.
Combination with accelerator data constraints provides powerful test.

"Smoking Gun" for Supersymmetry ?
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Upper limits to the differential flux of high energy neutrinos obtained by different exper-

iments as well as upper bounds for neutrino fluxes from a number of different models. Dot-dash
curves labeled WB and GRB(WB) - upper bound and neutrino intensity from GRB estimated by
Waxman and Bahcall {1997,1999}); dashed curve labeled AGN{M) - neutrino intensity from AGN
{Mannheim model A, 1996); solid curves labeled MPR - upper bounds for vy + v, in Mannheim et
al. (1998) for pion photo-production neutrino sources with different optical depth r (adapted from
ref.17). The triangle denotes the limit obtained by the Frejus-Experiment for an energy of 2.6 TeV :
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