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1. INTRODUCTION:EXPERIMENTAL PUZZLES

1.1 Cosmic Rays

Cosmic Rays (CR) are radiation consisting of energetic particles originating beyond

the Earth that impinge on the Earth’s atmosphere. Cosmic rays are composed mainly

of protons and heavier atomic nuclei. Electrons, gamma rays, and neutrinos also make

up a smaller fraction of the cosmic radiation.

Flux of cosmic rays drops very fast with increasing of energy and can be approx-

imated by power law 1/E2.7 over many orders of magnitude, see Fig. 1.1. At lower

energies E < 100 TeV CR flux is still high enough to detect CR directly from space

or by balloon experiments. Above 100 TeV s CR can produce showers in atmosphere

which can be detected in the mountains.

Cosmic rays with energies E > 1018 eV called Ultra High Energy Cosmic Rays

(UHECR). They produce extensive air showers which can be detected practically at

sea level or just within 1 km above it. Such showers consist from small fraction

of high energy hadrons propagating along the direction of original UHECR particle

(called shower axis) with typical spread of tens of meters around it and from large

number of secondary low energy electrons, positrons, photons and muons, spread over

the distances up to several kilometers from shower axis on the Earth surface. One

can measure either the secondary particles by the net of detectors on ground or the

fluorescence light emitted by the low energy electrons during their propagation in the

atmosphere. These are two major technics used in the UHECR experiments.

In this chapter I will focus on results of two recent experiments. First, ground-
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Fig. 1.1: Spectrum of cosmic rays at all energies from review ref. [9].
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based AGASA [1] experiment consisted of 111 detectors which covered 100 km2 area.

It was located in Japan and operated in period 1993-2004. Second, fluorescent ex-

periment HiRes [2], which consists from two telescopes, named HiRes I and HiRes

II, located in Utah, USA and operated from 1999 till present time. In the following

sections I will summarize experimental data on the UHECR energy spectrum, chem-

ical composition of cosmic rays (i.e. fractions of protons, iron and photons in total

UHECR flux), anisotropy signals in arrival directions and search for UHECR sources.

1.2 UHECR energy spectrum

UHECR experiments measure energy E of every event with typical errors ∆E/E ∼
25%, which allow to combine events in 10 independent energy bins per decade of

energy. Figure 1.2a shows energy spectrum or differential flux of Akeno [3], AGASA [1]

and HiRes [2] experiments. It is multiplied by E3 in order to see details of steeply

falling spectra.

Akeno experiment was dense array of detectors with total area of 1 km2 and it

measured UHECR flux in energy range 1015 eV < E < 1018 eV. At low energies

E < 1017 eV amplitude of Akeno flux is completely consistent with many other

experiments and we put Akeno data here for the purpose of absolute normalization

at low energies.

The two HiRes telescopes are not equivalent. HiRes I operated longer and, due

to this fact, collected larger data set then HiRes II at high energies. From other

side HiRes II has two rows of mirrors, which allow it to significantly reduce energy

threshold from E > 4 × 1018 for HiRes I to E > 2 × 1017 for HiRes II.

In order to combine the AGASA [1] with the Akeno [3] data in Fig. 1.2b, we

have rescaled systematically the AGASA data 10% downwards in energy which is

well within the uncertainty of the absolute energy scale of AGASA [1]. After that



1. Introduction:Experimental puzzles 7

 1e+19

 1e+20

 1e+21

 1e+17  1e+18  1e+19  1e+20  1e+21

E
3 *F

(E
) 

[e
V

2  c
m

-2
 s

-1
 s

r-1
] 

E [eV]

Akeno

AGASA

HiRes I

HiRes II

 1e+19

 1e+20

 1e+21

 1e+17  1e+18  1e+19  1e+20  1e+21

E
3 *F

(E
) 

[e
V

2  c
m

-2
 s

-1
 s

r-1
] 

E [eV]

Akeno

AGASA E/1.1

HiRes I E*1.25

HiRes II E*1.25

Fig. 1.2: a. Spectrum of UHECR measured by Akeno [3], AGASA [1] and HiRes [2] exper-
iments. b. AGASA energy reduced by 10% and HiRes energy increased by 25%
to Akeno energy scale.
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there is still 25 % difference in energy scale between Akeno/AGASA and HiRes. In

Fig. 1.2b we systematically scaled HiRes energies up to Akeno energy scale, however

one can shift AGASA and high energy part of Akeno down in similar way or shift all

spectra to some point in between.

The 25% difference in the energy scale between two technics is the first of existing

puzzles in UHECR data. The question who is right, AGASA or HiRes would be

answered within next year or two by new experiment Pierre Auger Observatory [4]

which for the first time combine both technics.

The UHECR proton spectrum should be strongly suppressed above E >∼ 5 ×
1019 eV due to pion production on cosmic microwave photons, the so called Greisen-

Zatsepin-Kuzmin (GZK) cutoff [5]. Same is true for all nuclei due to their photodis-

integration on infrared/optical background. As one can see from Fig. 1.2 the evidence

for or against the presence of this cutoff in the experimental data is at present con-

tradictory from data AGASA or HiRes. However this contradiction has significance

2.5-3 σ (this is significance of AGASA excess). Moreover AGASA excess can be an

artifact due to unknown systematics. For example, in our paper [6] it was shown

that atmospheric electric fields may affect the cosmic ray observations in several ways

and may lead to an overestimation of the cosmic ray energies. The electric field in

thunderclouds can be as high as a few kV/cm. This field can accelerate the shower

electrons and can feed some additional energy into the shower. Therefore, ground

array observations in certain weather conditions may overestimate by 20% the en-

ergy of ultra-high energy cosmic rays if they don’t take this effect into account. In

addition, the electric field can bend the muon trajectories and affect the direction

and energy reconstruction of inclined showers. Finally, there is a possibility of an

avalanche multiplication of the shower electrons due to a runaway breakdown, which

may lead to a significant miscalculation of the cosmic ray energy [6].

At the moment question of existence of GZK cutoff is open, mainly due to very
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small statistics (11 events in AGASA and 4 in HiRes). Auger experiment at E > 1020

eV is 50 times more sensitive then AGASA and in AGASA-like case would be able

to see 50 events per year. However first results published at ICRC 2005 [7] show that

spectrum is rather suppressed based on limited statistics similar to one of AGASA. In

HiRes-like case of spectrum Auger still can see ∼ 10 events per year with E > 1020 eV

and in two years from now statistics would be large enough to resolve finally question

of existence of GZK cutoff.

Besides existence of cutoff itself there is puzzle with events with E > 1020 even

in case of cutoff. They should come from nearby sources within 50 Mpc from Earth.

Even in conservative case of renormalization of AGASA data to HiRes energy scale

there are 5 events in AGASA data and 4 events in HiRes mono data with E > 1020

plus famous Fly’s Eye event with energy E ≈ 3 × 1020 eV. So far searches of sources

in direction of some of those cosmic rays did not give any hints [8]. This fact plus

consistency of AGASA data with continuation of flux above GZK cutoff lead to wide

discussion of top-down models, see for review [9] and some details in the related

sections in this thesis.

Another feature in the UHECR spectrum in Fig. 1.2b is a dip (often called ”ankle”)

in the around 4−8×1018 eV seen in the experimental data both of AGASA and HiRes,

as well as in older experiments like Yakutsk [10] or Fly’s Eye [11]. Exact position of

dip depends on systematic error in energy determination, discussed above. The fact

that dip-ankle was seen in all relevant experiments make sure that this feature is a

real effect.

There are two major explanations for ankle, which depend on chemical compo-

sition measurement. According to first of them ankle caused by transition between

Galactic (heavy nuclei) and extragalactic (protons) components in UHECR spec-

trum [12]. According to second this dip may be caused by energy losses of protons

due to e+e− pair production on cosmic microwave photons [13, 14] and was inter-



1. Introduction:Experimental puzzles 10

preted by the authors of Ref. [15] as signature for the dominance of extragalactic

protons in the CR flux.

The UHECR spectrum in energy range 1017 eV < E < 1019 eV would be

investigated in details by Telescope Array experiment, which could be constructed in

near future in Utah, USA [16]. Similarly to Auger Telescope Array experiment would

combine both ground array and fluorescence detectors. This will allow it to choose

between two explanations of ankle by study of UHECR chemical composition. We

will discuss present status of the UHECR chemical composition searches in the next

section.

1.3 Composition of UHECR

At any given energy UHECR flux consists from the fractions of protons, heavy nuclei,

photons and neutrinos. The composition of UHECR at high energies is still unknown.

In order to divide UHECR flux between different species one need in the independent

observable which would be sensitive to chemical composition of primary particles.

Such observable for fluorescence detectors is depth of shower maximum Xmax,

i.e. depth in atmosphere at which density of secondary particles is maximum. For

example, for vertical shower with E = 1019 eV maximum depth for iron nuclei would

be around 700 g/cm2, for protons it would be 750 − 800 g/cm2 and for photons

1000 g/cm2, i.e. such photon showers would reach their maximum at ground level.

Number of electrons in the shower development which define amount of fluorescent

light and Xmax slowly varies depending on assumed hadronic model for iron nuclei

and photons. From other side for proton difference between model predictions for

position of Xmax at most reach 40 g/cm2, which is still below difference between

Xmax for proton and iron. Of course, it is much easy to distinguish photons, for

which showers develop much deeper in atmosphere. As was recently shown in ref. [17]
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Fig. 1.3: Composition study from comparison of the shower maximum Xmax measurement
as function of energy with predictions of hadronic models from ref. [17].

all fluorescent data show that at 1017 eV spectrum dominated by iron, but around

E ∼ 5 × 1018 eV it is mostly proton dominated. However, details depend both on

hadronic models used and also differ in transition region between HiRes-MiA and

Fly’s Eye data [17].

For ground array AGASA one can measure composition measuring both electro-

magnetic and muon components [18]. AGASA is consistent with 60% protons above

1019 eV, but result is more strongly model dependent because muon component pre-

dictions in hadronic models can differ by 30% to be compared to few percent difference

in the electromagnetic component, which affects fluorescence detector predictions.

The analysis of the muon content in air showers has been used by AGASA to

reject photon dominance in UHECR above 1019 eV [18]. Assuming a composition

of protons plus photons, AGASA quotes upper limits for the photon ratio of 34%,

59% and 63% at 1019 eV, 1019.25 eV and 1019.5 eV respectively at the 95% confidence



1. Introduction:Experimental puzzles 12

level [18]. Also a reanalysis of horizontal showers at Haverah Park concluded that

photons cannot constitute more that 50% of the UHECR above 4×1019 eV [19].

At highest energies, 6 events in AGASA data with E > 1020 eV allow to put

limit to photon fraction at level of 50-65% [20, 21], which can be reduced to 36%

by adding 4 more events from Yakutsk data [21]. Those limits strongly restrict

some theoretical models which predict high photon flux at E > 1020 eV in order to

explain AGASA data above GZK cutoff. At 1019 eV the best limit comes from Pierre

Auger Observatory, with results that photon flux above this energy does not exceed

26 % [22]. This limit will be definitely improved in near future, which will also allow

to restrict some exotic models which predict high photon flux. We will discuss those

restrictions in more details in Section 2.5.5.

1.4 Anisotropy in arrival directions

For every event together with energy cosmic ray experiments define arrival direc-

tions. In general UHECR data are isotropic at all energies, which in case of charge

primaries is expected due to large deflections in magnetic fields. However, at highest

energies E > 1019 eV one can expect in case of small extragalactic magnetic fields

(see discussion on magnetic fields in next chapter) that UHECR protons from nearby

sources would show up excess in some directions, which possibly allows in future to

find sources of cosmic rays. Let me also note here that all searches of anisotropy at

very large scales, like correlations with galactic or extragalactic plane did not show

any significant correlations at high energies E > 1019 eV. In the contrary at even

higher energies E > 1020 eV there are some hints of anisotropy at scales of few de-

grees (usually called small scales) and on moderate scales of 15 -30 degrees, which we

will discuss in the following sections.
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1.4.1 Small scale clusters

The AGASA data on the arrival direction of cosmic rays with energies E > 4×1019 eV

are in general isotopically distributed. However it contain a clustered component with

4 pairs and one triplet within 2.5 degrees [23, 24]. 57 AGASA events with energies

E > 4 × 1019 eV are presented by crosses in Fig. 1.4 in Equatorial coordinates.

The authors of Ref. [25] used first the angular two-point auto-correlation func-

tion w discussing the significance of small-scale clustering in the arrival directions of

UHECRs. Since the signal of point-like sources should be concentrated around zero

angular distance δij = 0, one can restrict analysis to the value of w in the first bin,

w1 =
N
∑

i=1

i−1
∑

j=1

Θ(δ1 − δij) , (1.1)

where δij is the angular distance between the two cosmic rays i and j, δ1 the chosen

bin size, Θ the step function, and N the number of CRs considered.

Exact value of probability that ”clustering signal is by chance” depends both on

energy cutoff Ecut in the data and on bin size δ1. One can increase signal-to-noise ratio

scanning over one or both those parameters, but one needs to calculate penalty factor

for making such scan. In Ref. [25] Tinyakov and Tkachev suggested that angular scale

δ1 = 2.5◦ is related to AGASA angular distribution, following original AGASA claim

[23, 24]. In this case for all 57 AGASA events probability to see signal by chance

is Pchance(57) ∼ 10−3. They also made scan over energy cutoff and found that best

fit point correspond to 36 highest energy events and probability decreased by order

of magnitude Pchance(36) ∼ 10−4. However, one needs to take into account penalty

for this scanning procedure [26], which gives factor 3 in above example and final

probability is Pchance ∼ 3 × 10−4 factor 3 smaller then one for total dataset.

A draw-back of using only the first bin of the autocorrelation function w is the

dependence of the results on δ1. As a possible solution, one can perform a scan

over different bin sizes and calculate the resulting penalty factor both for energy and
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Fig. 1.4: Sky map of highest energy AGASA and HiRes data.

angle [27]. However, the result then still depends on the minimal and maximal bin

size used in the scan: Choosing the scan range too large reduces the signal-to-noise

ratio and thus diminishes the signal, while a too small range overestimates the signal.

Final conclusion of ref. [27] was that Pchance(AGASA) ∼ 3 × 10−3.

Of course, the ultimate test of observed AGASA signal would be to check it with

new independent data. HiRes monocular data from HiRes I or HiRes II are not

suitable for this purpose because they precisely define only direction perpendicular to

shower plane, and along plane resolution is as bad as 10-20 degrees. However, events

observed by two detectors together (stereo events) are resolved with precision up to

0.5 degree. Thus HiRes stereo data can serve as test for AGASA clustering signal.

In Fig. 1.4 we presented sky map of arrival directions of 57 AGASA events with

E > 4 × 1019 eV, 27 HiRes events with E > 4 × 1019 eV and 39 HiRes events with

2.4 × 1019 eV < E < 4 × 1019 eV. Already at this map one can see that there is no

single doublet along 27 highest energy HiRes events with any small angular separation.
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Unfortunately, exact arrival directions of HiRes data with energy E > 3×1019 eV are

not public (this energy corresponds to AGASA energy E > 4×1019 eV after shift by 35

% in Fig. 1.2). Instead we present here bigger public data set with E > 2.4×1019 eV.

As one can see from Fig. 1.2, due to shift between AGASA and HiRes data, one

should shift energy threshold by 30 - 35% before comparing them. HiRes collaboration

shows that after such shift they have 40 events with E > 3 × 1019 eV with only one

doublet, which is compatible with background [28]. In Fig. 1.2 we plot probability of

clustering for 66 HiRes events with E > 2.4 × 1019 eV and public arrival directions

with magenta line. One can see that clustering signal is not significant at any small

angle, even there are 3 doublets within 2.5 degrees angular scale.

The conclusion of HiRes collaboration was they can not confirm AGASA signal.

However separate question is does this negative result means that AGASA saw fake

fluctuation? Already in [29] it was shown that both results do not contradict each

other even if signal in AGASA is real. Later in paper ref. [30] HiRes collaboration

shows that one of their events with energy E ∼ 3.7 × 1019 eV is falling exactly to

the position of AGASA triplet (see Fig. 1.4). Probability that such quadruplet is by

chance is P ∼ 4 × 10−3. It was estimated by likelihood method.

Autocorrelation analysis of combined data set was never done. For 40 HiRes

events with E > 3 × 1019 eV and value for autocorrelation function at angular scale

2.5 degrees is w = 12 [31], which allows us to calculate probability for combined 57

AGASA + 40 HiRes events scaled to AGASA energy scale E > 4×1019 as P ∼ 10−3.

This probability is presented with the cross in Fig. 1.5.

We also calculated probability for combination of 66 HiRes events with public

arrival directions and 57 AGASA events, shown with red line in Fig. 1.5. One can see

that strength of the signal of combined data set is as strong as one for AGASA along.

Unfortunately, I can not do two-dimensional analysis here including energy threshold,

because energies of individual HiRes events are not public. However, present analysis
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show that combines AGASA - HiRes data, properly shifted to same energy scale

shows autocorrelation signal at the level of P ∼ 10−3.

Thus, we conclude that even if AGASA small scale clustering signal was not con-

firmed by HiRes data along, combined dataset show a signal as significant as AGASA

one. If signal is real, then AGASA saw fluctuation up and HiRes fluctuation down

in it. Of course, clustering signal is dominated by combined 4-plet, and it is unclear,

either one sees single source on sky, or one starts to see point-like sources. Answer

on this question would be done within one year from now by Auger collaboration.

1.4.2 Clustering on moderate scales

In our recent paper ref. [32] we (M. Kachelriess and myself) for the first time looked

on arrival directions in UHECR data at moderate scales 10-30 degrees. In this section

I will briefly discuss results of this analysis.

In order to make combine analysis one needs first to renormalize data of all ex-

periments to same energy scale, as discussed in previous section [32]. In Fig. 1.6, one

can see a sky map in equatorial coordinates of the arrival directions of the UHECR

used in the analysis, number of events and energy cut of each data set shown in figure

caption. An inspection by eye indicates several overdense regions like one around and

south the AGASA triplet as well as several underdense regions or voids.

In same way as for small scale clustering signal, one can calculate two point

correlation function and comparing to Monte Carlo random data sets find the chance

probability P (δ), that observed clustering signal at given angles is by chance. In

Fig. 1.7, we show the chance probability P (δ) as function of the angular scale δ

for different combinations of experimental data. The chance probability P (δ) shows

already a 2σ minimum around 20–30 degrees using only the 27 events of the HiRes

experiments with E ′ ≥ 4 × 1019 eV. Adding more data, the signal around δ = 25◦

becomes stronger, increasing from ∼ 2σ for 27 events to ∼ 3.5σ for 107 events. It
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VR 100 EeV 1

Fig. 1.6: Sky map of the UHECR arrival directions of events with rescaled energy E ′ >
4 × 1019 eV in equatorial coordinates; magenta crosses–30 AGASA (A) events
with E > 5.2 × 1019 eV, red circles–27 HiRes (H) events with E > 4 × 1019 eV,
black stars–13 Yakutsk (Y) events with E > 6 × 1019 eV, blue boxes–31 Sugar
(S) events with E > 6 × 1019 eV, magenta crosses–4 Haverah Park (HP) events
with E > 1020 eV, red triangle–one Fly’s Eye (FY) event with E > 1020 eV, blue
triangle–Volcano Ranch (VR) event with E > 1020 eV.
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is comforting that the position of the minimum of P (δ) is quite stable adding more

data and every additional experimental data set contributes to the signal. Moreover,

autocorrelations at scales smaller than 25◦ become more significant increasing the

data set. However, we warn the reader again that we have not constrained ourselves

a priori to search for autocorrelations at δ = 20◦ and hence the numerical values of

the chance probability found should not be taken at face value. In particular, penalty

factor for not searching signal at 20◦ a priori is around 30 (see details in ref. [32]).

Thus probability to have such signal by chance is Pchance ∼ 3 × 10−3.

Above results, if confirmed by future independent data sets, have several impor-

tant consequences.

Firstly, anisotropies on intermediate angular scales constrain the chemical com-

position of UHECRs. Iron nuclei propagate in the Galactic magnetic field in a quasi-

diffusive regime at E = 4 × 1019 eV (i.e. does not have ballistic trajectories but can

not be confined for long in Galaxy) and all correlations would be smeared out on

scales as small as observed by us. Therefore, models with a dominating extragalactic

iron component at the highest energies are disfavored by anisotropies on intermediate

angular scales.

Secondly, the probability that small-scale clusters are indeed from point sources

will be reduced if the clusters are in regions with an higher UHECR flux. For example,

the AGASA triplet is located in an over-dense spot (cf. map in Fig. 1.6) and the

probability to see a cluster in this region by chance is increased. In contrast, the

observation of clusters in the ”voids” of Fig. 1.6 would be less likely by chance than

in the case of an UHECR flux without medium scale anisotropies.

However, the most important consequence of our findings is the prediction that

astronomy with UHECRs is possible at the highest energies. The minimal energy

required seems to be around E ′ = 4 × 1019 eV, because low energy data arrive more

and more isotopically [32]. This trend is expected, because at lower energies both
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deflections in magnetic fields and the average distance l from which UHECRs can

arrive increase. Since the two-dimensional sky map corresponds to averaging all three-

dimensional structures (with typical scale L) over the distance l, no anisotropies are

expected for l � L. Thus, if the signal found in this analysis around 20-30 degrees is

confirmed it will have to be related to the local large scale structure.

Finally, we note that Ref. [33] found that around 400 events are needed to reject

the hypothesis that the UHECR sources trace the galaxy distribution. We consider it

as an fluctuation that the HiRes data set alone (as well as the SUGAR data set with

zenith angle θ = 70◦) shows already a 2σ signal with 27 events. To check this signal,

an independent data set of order O(100) events with E ′ > 4 × 1019 eV is required.

1.5 Search for UHECR sources

Anisotropy signals, discussed in previous section can give hints for searches of UHECR

sources. However for moderate scales connection between UHECR sources and ob-

served signal can be non-trivially connected with modeling of magnetic fields. From

other side clustering signal on small scales can be used for positional search of sources

in directions of clusters, assuming that events in given cluster come from the same

source.

This argument allowed Tinyakov and Tkachev to find correlations of AGASA data

with E > 4× 1020eV with BL Lacertae objects or BL Lacs [34]. They chose brightest

BL Lacs from catalog with magnitude mag < 18. Under this cut there are 156 BL

Lacs in catalog, some of which correlate with AGASA cosmic rays. Namely 11 from 57

AGASA cosmic rays correlate with 9 BL Lac objects from catalog within 2.5 degrees

with probability by chance P ∼ 2 × 10−2 (this signal strongly improves with the

assumption that UHECR are protons deflected in galactic magnetic field P ∼ 10−4

[35]).
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This signal can be improved either by making additional cuts in catalog of BL

Lacs either directly [34] or by cross-correlations with catalog of EGRET sources [36].

However both subsets of BL Lacs which maximize AGASA signal, did not show any

significant correlations with the HiRes data [37].

Another independent signal was found recently in correlations of HiRes data with

E > 1019 eV with same 156 BL Lac objects with angular separation compatible to

HiRes angular resolution [38]. Namely, within 0.8 degrees from 156 BL Lac objects

there are 11 cosmic rays (from 271), while for random data set only 3 expected. Prob-

ability that this signal by chance is P ∼ 4×10−4. The most interesting and important

consequence of this result is that only neutral particles can explain correlations with

such small angular separation. From other side both photons and neutrons can not

reach Earth from distant BL Lacs. Thus such signal, if confirmed in future can be

explained only by new physics!

In recent paper ref. [37] HiRes collaboration investigated in details correlations

of their data with different subclasses of blazars. They found that what besides

BL Lacs their data with E > 1019 eV correlate with 47 HP blazars with mag <

18 with probability that correlation is by chance P ∼ 6 × 10−3, as well as with 5

established TeV blazars (which are subset of BL Lacs and HP blazars) with probability

that correlation is by chance P ∼ 10−3. HiRes collaboration plans to check above

correlations with independent data set of new data.

In ref. [39] it was calculated how many data one needs to collect in new experiments

like Auger and Telescope Array in order to check correlations, found by HiRes. Besides

HiRes itself, which plan to publish their data in few months, Auger will be able to

check above claims within less then one year from now, according to numbers in

ref. [39].

Finally, in ref. [40] all existing claims of different source correlations was reanalyzed

together with conclusion, that only significant correlations seen so far was correlations
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with BL Lacertae objects.

To summarize, BL Lacertae (and HP blazars) are promising sources at least of

part of UHECRs. If HiRes and Auger confirm correlations with those distant sources

with small angles, one will need new physics to explain such correlations. For today,

this is the strongest signal in UHECR data which requires existence of new physics.

In the following chapter UHECR data will be discussed within the framework of

the Standard Model of the Elementary Particles. And in the final chapter we will

review several exotic models, in particular those, which explain AGASA spectrum

above GZK cutoff, and those which explain correlations of UHECR data with BL

Lacertae objects by the existance of new neutral particles.



2. PROTONS AS UHECR. SECONDARY NEUTRINOS AND
PHOTONS.

As was discussed in Introduction, UHECR chemical composition studies suggest that

at energies E > 1019 eV protons dominate in UHECR spectrum. Because protons of

those energies can not be randomized by the Galactic magnetic field, and UHECR ar-

rival directions are isotropic on large angular scales, those protons should come from

extragalactic sources. In this chapter we will assume that major part of UHECR

above E > 1019 eV are protons and secondaries of their interaction with the Cosmic

Microwave Background Radiation (CMBR) and other soft photon backgrounds. Also

in case of HiRes experiment [41] chemical composition is proton dominated already

from E > 1018 eV, and we will try to explain its spectrum with protons starting

from this energy. In the following sections we will discuss possible proton acceler-

ation mechanisms, their interactions in the intergalactic medium and production of

secondary photons and neutrinos.

2.1 Acceleration. Sources of UHECR protons. Secondary

gamma-rays and neutrinos from sources.

Charged particles can be accelerated in astrophysical objects either by shock waves

due to Fermi mechanism of the first order, or by electric fields which can exist is those

objects. Maximum energy to which protons can be accelerated without taking into

account energy losses is [42]:

Emax = eZRB , (2.1)
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where eZ is the particle charge, R is the size of the acceleration region and B is the

typical magnetic field. Already this simple estimate suggested by Hillas in 1985 allows

to restrict possible astrophysical accelerators at highest energies E ∼ 1020 eV [42].

However, if one takes into account possible energy losses due to the synchrotron

radiation or interactions with medium in the source acceleration to such high energy

becomes very challenging problem for existing acceleration models. Most popular

models discuss proton acceleration by first order Fermi mechanism (see, for example,

Refs.[43, 44]). Here I will not discuss advantages and disadvantages of such models

of proton acceleration. Instead in the following sections I will describe alternative

model of proton acceleration by electric field in the AGN core [45, 46], formation of

AGN jets in this model [47] and production of secondary neutrinos [48].

2.1.1 Proton acceleration by black hole in AGN core

It is known that particles can be accelerated near the horizon of a black hole of a

mass M = M9 × 109M� to energies Emax ∼ 3 × 1020B3M9 eV (B = B3 × 103 G is

magnetic field strength) [49]. In the first approximation we can suppose that in the

direct vicinity of the horizon (inside the last stable orbit, where there is no accretion

disk) the magnetic field is ordered on the scale of Rg = 2GM and is directed along

the black hole rotation axis. In this case the rotational drag of inertial coordinate

frames near the black hole horizon leads to generation of electric field with quadrupole

geometry [50], see Fig. 2.1.

An important feature of the resulting electromagnetic field configuration is that

electric field ~E is aligned with magnetic field ~B in the regions around the black hole

rotation axis. Charged particles accelerated by this electric field are ejected into two

collimated oppositely directed beams along the axis. This mechanism was suggested

for acceleration of proton to ultra-high energies in our paper with A. Neronov [45].

The opening angle of the beam can be estimated if we note that the particle
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Fig. 2.1: Rotating black hole placed into a homogeneous magnetic field. The electric field
induced by the rotation is shown by dashed lines. Particles with high initial lati-
tudes are accelerated along the magnetic field lines and ejected into two oppositely
directed collimated beams along the rotation axis. Particles of low latitudes are
confined in the shaded regions around equatorial plane [45].

motion is a superposition of the motion along z axis with the speed vz ≈ c and the

drift in the orthogonal direction with the speed v⊥ = E⊥/B [51]. Using the explicit

expression for electro-magnetic field near horizon [50] we find that the opening angle of

the beam of particles ejected from initial distance R0 ≥ 3GM is θ ≤ v⊥/c ≈ 1.1oa/M

(a = J/M ≤M is the black hole rotation moment).

Recent more detailed studies of this model [46] confirm that protons can be accel-

erated by such mechanism up to E = 3 × 1020 eV taking into account energy losses

in acceleration process. However a large amount of high energy photons in GeV-TeV

range of energies are coproduced during such acceleration.

Depending on value of the photon background around the black hole, accelerated

protons either can escape from AGN core or interact with the soft photon backgrounds

surrounding black hole and produce secondaries pions which decay on UHE photons

and neutrinos. Also this process can be dynamical in time and the same object can
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produce both UHECR protons, photons and neutrinos at different times with time

scales vary from months to thousands of years.

Considered model provides a simple explanation for the origin of nonthermal VHE

electrons in large and small scale jets and enables to relate directly radio-to-X-ray

data on the AGN jets to the physical processes in the vicinity of the black hole

horizon. In next subsection I will briefly discuss possible large scale jet model within

such scenario.

2.1.2 AGN jets powered by UHE photons.

The radiative cooling of electrons responsible for the nonthermal synchrotron emission

of large scale jets of radio galaxies and quasars requires quasi continuous (in time and

space) production of relativistic electrons throughout the jets over the scales exceeding

100 kpc. While in the standard paradigm of large scale jets this implies in situ

acceleration of electrons, in our paper Ref. [47] it was proposed a principally different

“non-acceleration” origin of these electrons, assuming that they are implemented all

over the length of the jet through effective development of electromagnetic cascades

initiated by extremely high energy γ-rays injected into the jet from the central object.

The electromagnetic cascade initiated by very high energy (VHE) photons inter-

acting with ambient radiation fields in the large scale extragalactic jets is an attractive

mechanism for production of ultra-relativistic electrons (with almost 100 percent ef-

ficiency) which can be responsible for the observed radio-to-X-ray spectra of jets,

see Fig. 2.2. The trajectories of electrons with energies below Ecrit ∼ 10 TeV are

isotropized by the random magnetic field Br [47]. Such electrons form a ”shell”

around the cascade. Observer, who looks at the jet from a side, sees synchrotron

and inverse Compton radiation only form the ”shell” electrons. The cascade can be

developed effectively in the jet provided that the strength of the random B-field does

not exceed 1 µG. On the other hand, when at a very large distances from the central
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Fig. 2.2: Extremely high energy gamma-rays, E � 1016 eV, from central engine form the
“main stream” of the jet and provide high energy electrons throughout the entire
jet. The low energy electrons below the critical energy Ecrit escape the “main
stream” and form a “shell” of the jet. Distant observer see the synchrotron and
inverse Compton radiation from electrons in the ”shell”.

source the random field is reduced to a very low level comparable with the intergalac-

tic field, B ∼ 10−9 eV or less, the cascade continues almost rectilinearly until the

10-100 TeV γ-rays start to interact effectively with the diffuse infrared background

photons. This interaction would lead to the formation of observable giant pair halos

with specific angular and energy distributions depending on the intensity of diffuse

infrared background at the cosmological epoch corresponding to the redshift of the

central source z [52]. And finally, if the central source is a blazar, i.e. the jet is

pointed to the observer, we may expect beamed γ-ray emission with a characteristic

for cascades E−1.5 type spectrum extending to 100 TeV. However, due to significant

intergalactic absorption, the γ-rays will arrive with significantly distorted spectra.

The protons accelerated by a black hole in the model discussed in Section 2.1.1 can

produce VHE γ-rays interacting with the ambient photon fields (supplied, for example

by accretion disk around the massive black hole) through photo-meson process. For

hot accreation disk T ∼ 104K VHE photons with E > 1017 eV can still escape from

production area [47]. In same process VHE neutrinos are coproduced with VHE

photons from decays of charge pions. We will discuss those neutrinos in the next
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section.

2.1.3 Neutrinos from GeV-loud blazars

In this section we will discuss possible sources of very high energy neutrinos, following

our ref. [48]. The main idea how one can estimate an upper limit on neutrino flux

from given source is in connection between neutrino flux and the high energy photon

flux, under assumption that photon flux was caused by the same pion production

process in the interaction of accelerated protons with medium in the source.

The Universe is not transparent for photons with energies above 100 GeV due

to pair production on background photons: γ + γB → e+ + e−. The highest energy

photons from astrophysical objects (nearby TeV blazars) seen so far had energies

E ∼ 1013 eV. No direct information about emission of E > 1013 eV photons is

available now. At the same time it is well established that photon emission from

blazars (active galactic nuclei (AGN), with jets, which we see almost face on) in the

MeV-TeV energy range is highly anisotropic. Typical estimates of the γ factors of

the emitting plasma, γ ∼ 10, imply that in the 106−13 eV band almost all γ-ray

flux is radiated in a cone with the opening angle θ ∼ 1/γ ∼ 5◦. Particles (photons,

neutrinos) in the higher energy range E > 1013 eV can be emitted in an even narrower

cone. This fact favors blazars as promising neutrino sources.

An estimate of the neutrino flux from sources can be obtained from the detected

γ-ray flux. The GeV γ-rays can be produced in the AGN core through a variety of

mechanisms: inverse Compton scattering of electrons on soft background photons,

synchrotron radiation of very-high energy protons in magnetic fields, development

of electromagnetic cascade initiated by photo-pion production. Neutrinos can be

produced only in the last case. However, it is important to note that the γ-ray flux

from a given source can be even lower than the neutrino flux. Electromagnetic cascade

on background photons in source spread photon flux over large angle (up to 4 π) while
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Fig. 2.3: Neutrino flux from typical GeV-loud EGRET blazar (thick solid line) com-
pared with expected sensitivities to electron/muon and tau-neutrinos in detec-
tors AMANDA II [54], Auger [55], and the planned projects: Telescope Array
(TA) [56] (dashed-dotted line), the fluorescence/Čerenkov detector MOUNT [57],
the space based OWL/EUSO [58, 59] (indicated by squares), the water-based
Baikal (NT200+) [60], ANTARES [61] (the NESTOR [62] sensitivity would be
similar to ANTARES according to Ref. [63]), and the ice-based ICECUBE [64],
as indicated. All not published experimental sensitivities are scaled from corre-
sponding diffuse sensitivities with the same factor as ICECUBE. The dashed line
is for an opening angle for neutrino 5 times smaller than the opening angle for
GeV photons.
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neutrinos practically does not interact in the source and their flux stay collimated in

direction of original jet [48].

In ref. [48] we suggested GeV-load EGRET blazars [53] as possible candidates for

neutrino sources. In Fig. 2.3 we present possible neutrino flux from typical GeV-loud

EGRET blazar in two cases: when the neutrino flux is similar to photon flux, and

when neutrino flux is collimated in small angle (1 degree instead of 5 degree for GeV

photons). In first case only ICECUBE and may be Pierre Auger Observatory after

long term operation will be able to detect neutrino fluxes from point-like sources. In

the last case many other experiments will be able to see the neutrino flux from the

sources discussed in ref. [48]. However, the smaller opening angle for neutrino flux

will reduce the number of neutrino sources. Let us note here, that the ANITA radio

experiment [65, 66], which will be most sensitive to diffuse neutrino flux, will not be

able to compete in point source searches, presented in Fig. 2.3, because it can see

only small fraction of sky near Earth equator [66].

2.1.4 Neutrinos from TeV blazars

In ref. [48] we also explained why neutrinos can not be produced in TeV-blazars in

interactions of UHE protons with background photon fields. Let us make a simplest

estimate of the optical depth in the direction from the center of the core toward the

Earth for TeV-blazars. The fact that TeV γ-rays produced in the vicinity of the

central black hole are able to escape from the core and reach the Earth means that

the mean free path of TeV photons with respect to pair production on background

photons,

Rγ =
1

σγγnsoft
, (2.2)

(σγγ ∼ σT = 6.6×10−25 cm2 is the cross-section of pair production for center-of-mass

energies close to the pair production threshold; nsoft is the angle-dependent number



2. Protons as UHECR. Secondary neutrinos and photons. 32

density of the soft photons) is larger than the core size in the direction toward the

Earth

Rγ > Rcore. (2.3)

The cross-section σpγ ∼ 10−28 cm2 of interactions of protons with the same soft

photons is more than three orders of magnitude smaller than σγγ. Thus, the mean

free path for protons must be at least

Rp ≥ 103Rcore , (2.4)

which means that just a negligible fraction of protons propagating in the direction of

the interest interacts with the soft photons in the core.

The situation would be very different if protons interact with matter background.

In this case the hadronic cross section larger than the electromagnetic one

σpA > σγγ (2.5)

and one can produce neutrinos and TeV photons at the same time. Interesting that

there is a hint of possible neutrino signal in AMANDA-II detector from TeV source

1ES 1959+650 [67]. Two neutrino events from direction to this source arrive at the

same time as so called orphan TeV gamma-ray flares (i.e. when TeV gamma-ray

flare is not accompanied by flare in X-rays). It is difficult to estimate probability for

such coincidence because AMANDA analysis was done a posteriori, however formal

probability for such coincidence without penalty factors is 10−3. One really needs

more data to confirm or reject this hint.

It is also interesting that the same TeV source is one of those which contribute to

the neutral correlations of HiRes UHECR data with E > 1019 eV with TeV blazars.

Namely arrival direction of one of the HiRes UHECR events coincides with 1ES

1959+650 within 0.5 degree, i.e. within angular resolution of this experiment [68].

Because proton of such energy expected to be deflected at least in Galactic magnetic
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field on larger angle, expected events should be neutral particles. Neutrons with

E = 1019 eV would decay on the way from source after 1 Mpc. UHECR photons

can reach us from those objects only under unrealistically extreme conditions, like

acceleration of protons up to E = 1023eV [69]. Thus, if such correlations would be

confirmed in future by Auger data, it would require existance of new physics.

Of course, both AMANDA neutrino signal and HiRes UHECR data need in con-

firmation. In any case, if neutrinos are produced in TeV sources like Mkn421, Mkn

501 or 1ES 1959+650, the production mechanism should be through p + A interac-

tions rather then through p + γ. Because TeV sources remain good candidates for

acceleration of protons to ultra-high energy. However accelerated protons still can

lose their energy on the way from distant sources to the Earth. We will discuss their

propagation in the next section.

2.2 Propagation of protons.

Once escaped from sources protons still have to reach Earth. One the way they can

be deflected both by extragalactic and Galactic magnetic fields and can lose energy

in interactions with photon backgrounds and due to redshifting.

Let us first discuss energy losses. The relevant processes are redshift due to uni-

verse expansion, electron-positron pair production by protons (pγb → pe−e+), photo-

production of single pion Nγb → ∆ → N ′π or multiple pions (Nγb → N nπ, n � 1)

and neutron decay. Pion production processes described in detail in ref. [70], while

pair production by proton in ref. [71]. Related distances on which protons will lose

energy in ”e” times, which are presented in Fig. 2.4 calculated with our numerical

code of ref. [72]. This propagation code was tested by detailed comparison on the

level of individual reactions with older code ref. [70] and show good agreement.
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Fig. 2.4: Proton attenuation length as function of energy for three main energy losses: pion
production, e± pair production and redshift of Universe. Calculated with code of
ref. [72].

Single pion production is possible for proton energies above threshold:

Eth =
m2

π + 2MPmπ

4ε0
≈ 4 × 1019 eV , (2.6)

where mπ and MP are pion and proton masses and ε0 = π4T0/30ζ(3) ≈ 6.4 × 10−4

eV is average energy of CMBR background.

At energies above Eth in Eq. (2.6) single and multiple pion production on CMBR

would dominate over other processes the rough estimate of energy loss distance for

single pion production is:

Lpion =
1

KπσpγnCMBR
∼ 10 Mpc (2.7)
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where Kπ ≈ mπ/MP ≈ 0.2 is the proton energy loss in single pion production,

σpγ = 5 × 10−28 cm2 is photopion cross section and nCMBR = 400/cm3 is CMBR

photon density. For multi-pion production cross section is five times smaller but

energy loss in the single interaction is almost 50 %.

Below this energy but above 3× 1018 eV pair production by protons would domi-

nate:

Le+e− =
1

Ke+e−σpγ→pe+e−nCMBR

∼ 1000 Mpc , (2.8)

where Ke+e− ≈ 2me/MP ≈ 10−3 is proton energy loss in pair production and pair

production cross section is σpγ→pe+e− ∼ α3/m2
e ∼ 6 × 10−28 cm2.

At lower energies the most important process is redshifting, see Fig. 2.4.

Note that in Fig. 2.4 only interactions with CMBR are taken into account. In

real calculations pion production on infrared/optical photons can be important for

E < 4 × 1019 eV. The number of those photons is several hundred times lower than

CMBR, 0.5 − 1/cm3, but their energy is higher then that of the CMBR. This will

allow pion production at E < 4 × 1019 eV and this process will compete with pair

production and redshift.

Different models of UHECR generation can be discriminated if sources are identi-

fied and distances to them are known. Unfortunately, the identification of particular

sources is lost in the overall spectrum and one has to construct the observed spectra

of individual sources as a function of the distance. This procedure was first carried

out in Ref. [14], however, the wealth of information arising with this treatment may

be represented in compact form in the way suggested in our paper [69]. First we con-

struct individual spectra as a function of z. For each given spectra we find the value

of energy at which the number of particles per decade of energy becomes smaller than

the freely propagated particle flux by a given factor (3, 10, etc.). We thus plot energy

obtained as a function of z. Results are presented in Fig. 2.5. We see that curves with
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Fig. 2.5: Levels of a constant damping of the proton flux as a function of distance traversed.

an increasing damping factor converge rapidly in the range 0.01 <∼ z <∼ 0.5, therefore,

if the redshift to the source is in this range, Fig. 2.5 allows to determine maximal

proton energies expected from this source.

The horizontal line at E = EGZK ≡ 4×1019 eV corresponds to the formal beginning

of the GZK cut-off. Attenuation length at this energy is la ∼ 103 Mpc. This may give

a false impression that protons with E = EGZK reach us from the sources located at

l = la. Contribution of these protons is negligible as can be seen from Fig. 2.5: for

z > 0.2 bulk of the protons have E < 4 × 1019 eV.

Besides energy losses propagation of protons is affected by deflections in Galactic

and extragalactic magnetic fields. If the correlation length lc of the ExtraGalactic

Magnetic Field (EGMF) is much smaller than distance to the proton source d, then

protons will diffuse in domains of EGMF. The average value of the proton deflection
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in diffuse regime is:

δ = 0.2◦
(

B

10−10G

)

(

1020eV

E

)(

d

100 Mpc

)1/2 (
lc

1 Mpc

)1/2

(2.9)

In the past average EGMF was assumed to be BEG ∼ 10−9 G everywhere in space,

which is very rough approximation, because magnetic field is much larger in galaxy

clusters and much smaller in the voids. Recently big progress was done in the cal-

culation of tree-dimensional structure of extragalactic magnetic fields followed large

scale structure simulations. Instead of average value BEG ∼ 10−9 G, new simulations

allow to estimate cumulative filling factor for EGMF strength bigger then given value

and as result fraction of cosmic rays which would be deflected on angles larger then

given value. Results of two independent groups (refs. [73, 74]) show that magnetic

fields with such values fill only part of the sky. However results of the two groups are

very different in details. In ref. [73] magnetic fields with BEG > 10−9 G fill 15 % of

volume and BEG < 10−11 G only in the 30% of the volume. In the contrary, in ref. [74]

magnetic fields with BEG > 10−9 G fill 0.02 % of volume and BEG < 10−11 G the

95% of the volume. Such different results lead to contradictory results for deflections.

For ref. [74] deflections are bigger then 1 degree only in one percent of the volume for

cosmic rays with E = 4× 1019 eV for distances up to 100 Mpc, assuming sources are

outside of reach clusters. For ref. [73] deflections are as large as δ = 61◦ for cosmic

rays with E = 4×1019 eV for distances up to 100 Mpc, but for sources located within

clusters. Let us note that recent independent calculation of ref. [75] suggest that

BEG > 10−9 G fill 1 % of volume and for E > 1020eV cosmic rays deflected less then

0.2 degree in 99% of cases, which is more close to result of ref. [74]. Even if situation

is not completely clear at the moment, in the following we will assume that extra-

galactic magnetic fields do not deflect cosmic rays on more then few degrees, because

otherwise observed spectrum of cosmic rays can be significantly different from those

of homogeneous distribution of sources, and have different connection to injection
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spectrum at sources.

Finally let us briefly discuss deflections in Galactic magnetic field. It consist

of coherent component with µG field mostly located in galactic disk and random

component, of the same order in magnitude, but incoherent on kpc scales. Due to

this fact contribution of random component to deflection of cosmic rays usually order

of magnitude smaller as compared to deflection by regular component [76]. As for

regular component, deflections strongly depends on model used. Recently, in ref. [77]

three models, existing in literature [78, 79, 80] were compared in details. In general,

deflections in Galactic magnetic field can be parameterize as following [77]:

δ ≈ 0.53◦Z

(

1020eV

E

)

B

µG

L

kpc
, (2.10)

where Z is the particle charge, E its energy, B the effective value of magnetic field

along trajectory and L the total pass through Galaxy. In general all models agree

in order of magnitude deflections Eq. (2.10), which are for protons 1-2 degrees at

E = 1020 eV and 10-30 degrees at E = 1019 eV. But in different regions of sky models

predict deflections at different levels and sometimes even in opposite deflections. From

other side, deflection in Galactic field are small enough to not prevent to search for

UHECR sources at least at highest energies, E > 4 × 1019 eV.

Let us conclude that unless extragalactic magnetic fields are extremely large, i.e.

even in some cases of relatively moderate deflections of ref. [73], spectrum of protons

would not be affected by deflections in magnetic fields and can be investigated taking

into account energy loss only. Additionally, in case of relatively small extragalactic

magnetic files like in ref. [74] on can try to find sources of cosmic rays from their

arrival directions. Contrary, for heavy nuclei already deflections in Galactic magnetic

field would make search for sources from arrival directions very problematic [77]. In

the next section we will discuss how density of UHECR sources can be found from

the clustering signal observed in the cosmic ray arrival directions.
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2.3 Density of UHECR sources

In this section we estimate the density of UHECR sources assuming that the clustered

component observed by AGASA experiment is due to point-like sources. In many

works small scale clustering signal was used to estimate parameters like the density

ns of sources or the strength of magnetic fields [81, 82, 83, 84, 85, 86]. The authors

of Ref. [81] pointed out, for the first time, that the observation of small-scale clusters

allows to determine the number density of CR sources. In practice, the observed

small-scale clusters of AGASA were used to estimate the number CR sources first in

the pioneering work of Dubovsky, Tinyakov and Tkachev [82].

In this section we will follow the presentation of our recent paper [87], where

we made detailed Monte Carlo study of connection between small scale clustering

signal and density of UHECR sources. We generated sources with constant comoving

density ns up to the maximal redshift z = 0.2. The flux of sources further away is

negligible above 4×1019 eV, see Fig. 2.5. To any source i with equatorial coordinates

Right Ascension R.A. and declination δ at comoving radial distance Ri we gave weight

according to the declination dependent exposure [88] of the experiment and reduction

of flux

gi =
1 + zmin

1 + zi

(

Rmin

Ri

)2

. (2.11)

Here, Rmin and zmin are the distance and redshift of the nearest source in the sample,

respectively, and we have assumed the same luminosity for all sources. Then CRs are

generated according to the injection spectrum dN/dE ∝ E−α, where we fix α = 2.7

to reproduce the AGASA energy spectrum below the GZK cutoff. We propagate

CRs taking into account all energy losses discussed in Section 2.2 until their energy

is below Emin = 4 × 1019 eV or they reach the Earth. We also take into account

the energy-dependent angular deflection through the Galactic magnetic field and the

angular resolution of the experiments.
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Fig. 2.6: Probability P that an uniform source distribution is consistent with number of
clusters observed in the AGASA data as function of the density of sources ns,
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N = 57 (dashed line) for `1 = 5◦. Lower limits on ns from the HiRes stereo data
(arrows) and the density range of X-ray selected AGNs with X-ray luminosity
L > 1043 erg/s are also shown.

One can In Fig. 2.6, the probability P that given density of sources consistent

with the AGASA clustering signal as function of source density ns for three different

cases: The publicly available AGASA data set until May 2000 [89] (N = 57 or

Emin = 4×1019 eV) for the two bin sizes `1 = 2.5◦ (w∗
1 = 7) and `1 = 5◦ (w∗

1 = 10), and

the complete AGASA data set [90] (N = 72 or Emin = 4× 1019 eV, bin size `1 = 2.5◦

and w∗
1 = 8). Remarkably, the most likely value for the source density, ns = (1–

4)× 10−5/Mpc3 is stable against an increase of the data set and a change in bin size.

A similar value for ns ∼ 10−5 was found previously by the authors of Ref. [86], while
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earlier analyses [82, 83] using only events above E = 1020 eV obtained larger values

for ns. The steep decrease of P for low ns excludes already now uniformly distributed

sources with much lower density than 10−6/Mpc3. For comparison, it is shown also

the estimated density of powerful AGNs with X-ray luminosity L > 1043 erg/s in

the energy range 0.2–5 keV, ns ∼ (1 − 5) × 10−5/Mpc3 [91]. The density of Seyfert

galaxies is about a factor of 20 higher. Note that most often only very specific subsets

of AGNs with much lower densities are discussed as sources of UHECRs. On the other

side, P (w∗
1|θ) decreases only slowly for large ns. With the present AGASA data set

it is therefore difficult to exclude large source densities.

Contrary to AGASA, HiRes stereo set with N = 27 events above 4 × 1019 eV

contains no doublet within `1 = 2.5◦ and 5◦ [92]. Thus HiRes data alone are consistent

with a continuous source distribution. But since the number of events is small and P

is a broad distribution, the HiRes data are also consistent with the best-fit value for

ns from the AGASA data, at 53% and 21% C.L. for `1 = 2.5◦ and 5◦, respectively.

In Fig. 2.6, we show also lower limits on ns for `1 = 5◦ from the HiRes stereo data.

Similar conclusions were obtained independently in Ref. [29]. Note that clustering

signal for combined AGASA and Hires dataset, presented in Introduction, would not

be very different from N = 72 AGASA data case in Fig. 2.6.

The effect of extragalactic magnetic fields on the above results is negligible, if the

deflection is 2◦ on 500 Mpc propagation distance as found for a large part of the sky

in Ref. [74]. The assumption of equal luminosity of all sources gives a lower bound

on the possible number of sources [82]. A large additional population of faint sources

cannot be excluded, if their contribution to the UHECR flux is sufficiently small.

However, it is unlikely that any large population of sources can accelerate CRs to

energies >∼ 1019 eV.

We conclude that clustering signal in AGASA data, assuming that UHECR are

protons and extragalactic magnetic field is small suggest that density of UHECR
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sources is similar to density powerful AGNs. HiRes stereo data, if combined with

AGASA as was described in the Introduction would give similar result. However, for

definite statistical conclusion on source density on need in much larger data set, which

will be provided by Pierre Auger Observatory after several years of observations.

In next section we will discuss how model of astrophysical sources emitting UHECR

protons can explain UHECR spectrum for all energies E > 1018 eV.

2.4 Minimal model of UHECR

In this section, we assume that UHECRs with E >∼ 1018 eV are dominated by extra-

galactic protons as suggested by HiRes data [41]. Also we assume that GZK cutoff

in cosmic ray spectrum exists. Next, we fix the density of sources with small scale

clustering signal, as discussed in Section 2.3. We will ignore in this section HiRes

- BL Lac correlations at E ∼ 1019 eV, which anyway give contribution only up to

3% to observed UHECR flux [38]. The goal is to describe UHECR energy spectrum

with maximum realistic model of proton sources, which at the same time has minimal

number of parameters. We will follow results of our recent paper [93].

It is usually assumed that the spectrum of an individual UHECR source has the

form:

F (E) = 1/Eα θ(Emax − E) (2.12)

where α is spectrum index and Emax is the maximum energy to which source can

accelerate protons.

Several groups of authors have tried previously to explain the observed spectral

shape of UHECR flux using mainly two different approaches: In the first one, the

ankle is identified with the transition from a steep galactic, usually iron-dominated

component, to extragalactic protons with injection spectrum with α = 2 − 2.2 in

Eq.(2.12) as predicted by shock acceleration mechanism [94, 95, 96, 97, 98, 99]. In
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the second approach, the dip is a feature of e+e− pair production and one is able to

fit the UHECR spectrum down to E ∼ 1018 eV using only extragalactic protons and

an injection spectrum with α = 2.6 − 2.7 [15, 100, 101, 102]. The first possibility

is not very predictive, because it assumes by construction that ankle is at the place

where it is, fitting only the highest energy part of spectrum with E > 1019 eV. In the

second one an explanation for the complex spectrum suggested ad-hoc by the authors

of Ref. [15] is missing. Moreover, an injection spectrum with α ≈ 2.7 is considerably

steeper than α ≈ 2 predicted by shock acceleration [103].

A basic ingredient of all these analyses is the assumption that the sources are

identical. In particular, it is assumed that every source can accelerate protons to

the same maximal energy Emax in Eq. (2.12), typically chosen as 1021 eV or higher.

However, one expects that Emax differs among the sources and that the number of

potential sources becomes smaller and smaller for larger Emax. Therefore two natural

questions to ask are i) can one explain the observed CR spectrum with non-identical

sources? And ii), is in this case a good fit of the CR spectrum possible with α ∼ 2

as predicted by Fermi shock acceleration?

In ref. [93] we proposed to use more realistic source models for the calculation of

the energy spectrum expected from extragalactic protons. We relaxed the assumption

of identical sources and suggested to use a power-law distribution for the maximal

energies of the individual sources,

dn

dEmax

∝ E−β
max . (2.13)

Without concrete models for the sources of UHECRs, one can not derive the exact

form of the distribution of Emax values. However, the use of a power-law for the Emax

distribution is strongly motivated by the following two reasons: First, we expect

a monotonically decreasing distribution of Emax values and, for the limited range

of two energy decades that we consider, a power-law distribution can be a good
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Fig. 2.7: Fits of the HiRes I and HiRes II data are shown for a uniform distribution of
identical sources with power-law injection spectrum 1/E2 (green, dashed line) and
1/E2.7 (magenta, dash-dotted line) for an infinite number of sources as well as for a
realistic source density ns = 10−5/Mpc3 and spectrum 1/E2.7 (blue, dashed line).
The case of an 1/E2 spectrum and maximal energy dependence from Eq. (2.13)
with β = 1.7 is shown as a red, solid line.

approximation to reality. Second, the use of a power-law distribution for Emax with

exponent

β = α0 + 1 − α , (2.14)

guarantees to recover the spectra calculated with Eq. (2.12), i.e. Emax = const., for

the special case of Emax → ∞ and a continuous distribution of sources. In Eq. (2.14),

α denotes the exponent of the injection spectrum of an individual source and α0 the

exponent of the effective injection spectrum after averaging over the Emax distribution

of individual sources. For instance, an injection spectrum of single sources with

α = 2 characteristic for Fermi shock acceleration reproduces effectively together with

a distribution of Emax values with β = 1.7 the case α0 = 2.7 found assuming identical
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Fig. 2.8: The fit of Akeno/AGASA data using a uniform distribution of identical sources
for an infinite number of sources and power-law spectrum 1/E2.7 is shown as a
magenta, dash-dotted line. The same fit with the realistic source density ns =
10−5/Mpc3 and spectrum 1/E2.7 (thick blue dashed line) and 1/E2 spectrum and
maximal energy dependence from Eq. (2.13) with β = 1.7 is shown as a thick red,
solid line. The thin red, solid line for the spectrum 1/E2 and β = 1.7 and the thin
blue, dashed line for the spectrum 1/E2.7 correspond to the low source density
ns = 10−7/Mpc3.

sources. For finite values of Emax and the source density ns, the effective injection

spectrum is not described anymore by a single power-law. However, deviations show-

up only at energies above ≈ 6 × 1019 eV or small source densities, see below.

The results of our simulation are presented in Fig. 2.7 for HiRes and in Fig. 2.8 for

Akeno/AGASA. In the standard picture of uniform sources with identical maximal

energy (here, Emax = 1021 eV) and 1/E2 spectrum, extragalactic sources contribute

only to a few bins of the spectrum around the GZK cutoff, cf. the green-dotted line

in Fig. 2.7. By contrast, an injection spectrum 1/E2.7 allows one to explains the

observed data down to ≈ 1018 eV with extragalactic protons from identical sources,
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cf. the magenta, dash-dotted line for a continuous and the blue, dashed line for a

finite source distribution with ns = 10−5/Mpc3 in Fig. 2.7. This well-known result

can be obtained also for an injection spectrum 1/E2 of individual sources, if for the

Emax distribution, Eq. (2.13), the exponent β = 1.7 is chosen. This is illustrated by

the red, solid line in Fig. 2.7 for the case of a finite source density ns = 10−5/Mpc3.

As already announced, only small differences at the highest energies, E >∼ 6×1019 eV,

are visible between an effective α0 = 2.7 produced by an suitable Emax distribution

and the case of identical sources with α = 2.7 for large enough ns.

In Fig. 2.8, we show the dependence of our results on the source density ns

together with the Akeno/AGASA data. While for large enough source densities,

ns = 10−5/Mpc3, the spectra from identical sources with 1/E2.7 and from sources

with 1/E2 injection spectrum, variable Emax and β = 1.7 are very similar, for smaller

densities, n = 10−7/Mpc3 in Fig. 2.8, the shape of the spectra differs considerably

even at lower energies. Thus for small source densities, the best-fit parameter for

α and the quality of the fit has to be determined for each combination of β and ns

separately and the relation (2.14) is not valid anymore.

From results presented in Figs. 2.7 and 2.8, we conclude that the power-law

injection spectrum 1/E2.7 found earlier may be seen as a the combined effect of an

injection spectrum 1/E2 predicted by Fermi acceleration and a power-law distribution

of the maximal energies of individual sources with β = 1.7, if the source density is

sufficiently large, ns >∼ 10−5/Mpc3. More generally, the exponent α0 obtained from

fits assuming identical sources is connected simply by Eq. (2.14) to the parameters α

and β determining the power-laws of variable sources in this regime.

For completeness, we consider now the case of sources with variable luminosity.

The total source luminosity can be defined by

L(z) = L0(1 + z)mθ(zmax − z)θ(z − zmin) , (2.15)
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where m parameterizes the luminosity evolution, and zmin and zmax are the redshifts

of the closest and most distant sources. Usually m normalized in the way that m = 0

corresponds to the uniform distribution of sources in the expanding Universe. Sources

in the range 2 < z < zmax have a negligible contribution to the UHECR flux above

1018 eV. The value of zmin is connected to the density of sources and influences strongly

the shape of bump and the strength of the GZK suppression [104, 105, 87].

The value of m influences the spectrum in the range 1018 eV < E < 1019 eV [15],

but less strongly than the parameter β from Eq. (2.13). Positive values of m increase

the contribution of high-redshift sources and, as a result, injection spectra with α <

2.7 can fit the observed data even in the case of the same Emax for all sources. For

example, α = 2.6 and m = 3 fits the AGASA and HiRes data as well as α = 2.7 and

m = 0 (χ2/d.o.f. < 1). However, a good fit with α = 2 requires a unrealistic strong

redshift evolution of the sources, m = 16.

In the future, data of the Pierre Auger Observatory [4] and the Telescope Ar-

ray [16] will restrict the parameter space of theoretical models similar to one presented

here. If a clustered component or even individual sources can be identified in the fu-

ture data, their spectra will allow one to distinguish between different possibilities for

the injection spectrum. Intriguingly, the energy spectrum of the clustered component

found by the AGASA experiment is much steeper than the overall spectrum [106].

Thus, one might speculate this steeper spectrum is the first evidence for the ”true”

injection spectrum of UHECR sources.

To summarize, the minimal model we proposed in ref. [93] can explain the observed

UHECR spectrum for E > 1018 eV with an injection spectrum as predicted by Fermi

acceleration mechanism, α = 2–2.2. However, in general the experimental data with

index α0 can be fitted for any value of α in the range 2 ≤ α ≤ 2.7 by choosing an

appropriate index β = α0 + 1− α in Eq. (2.13). The best-fit injection spectrum with

α0 = 2.7 found for Emax = const. appears in our model as an effective value that takes



2. Protons as UHECR. Secondary neutrinos and photons. 48

into account the averaging over the distribution of Emax values for various sources.

This model automatically takes into account that the number of sources, which can

accelerate UHECR protons to highest energies E > 1020 eV is minimal, and most of

sources accelerate UHECR protons to lower energies.

In the next section we will discuss secondary photons and neutrinos created in

proton interactions with CMBR and other soft photon backgrounds.

2.5 GZK photons and neutrinos

The UHECR protons in the interaction with CMBR background produce pions. From

the decay of π± one obtains neutrinos. These “cosmogenic neutrinos” (sometimes

called these days “GZK neutrinos”) have been extensively studied, from 1969 [107]

onward and constitute one of the main high energy signals expected in neutrino tele-

scopes [63]. From the decay of π0 we obtain photons, “GZK photons”, with about

10% of the original proton energy, which have been known to be a subdominant com-

ponent of the UHECR since the work of Wdowczyk et al. in the early 1970’s [108].

In 1990 it was suggested that, if the extragalactic radio background and magnetic

fields are small (B < 3 × 10−11 G), GZK photons could dominate over protons and

explain the super-GZK events [109]. The dependence of the GZK photon flux on ex-

tragalactic magnetic fields was later studied in Ref. [110]. The argument of Ref. [109]

and its dependence on extragalactic magnetic fields was again discussed [69] in con-

nection with the possible correlation of UHECR arrival directions with BL Lacertae

objects [34]. Finally, an extensive study of the expected fluxes of GZK photons was

done in our recent work [111] and GZK neutrinos in our works [112, 113], which I will

summarize in this section.

All results in this section are based on an implicit transport code that evolve the

spectra of nucleons, γ−rays, electrons, electron-, muon-, and tau-neutrinos, and their
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anti-particles along straight lines. Arbitrary injection spectra and redshift distribu-

tions can be specified for the sources and all relevant strong, electromagnetic, and

weak interactions have been implemented. For details see Refs. [70, 72, 114, 112].

One can ask two separate questions on GZK photon flux. First of them is: “Can

GZK photons under certain conditions play a role in the formation of the UHECR

spectrum?”. In particular, can they explain AGASA excess? If yes, then which price

we need to pay for that? Second question is: “How big is GZK photon flux under

conservative assumptions about spectrum in case of existence of GZK cutoff.” And

can we detect it in future or not? For GZK neutrinos most interesting question

is comparison of predicted neutrino fluxes with sensitivities of present and future

experiments. Let us answer those questions one by one.

2.5.1 Propagation of UHECR photons and neutrinos

First, let us discuss on which parameters depends the photon flux at ultra-high ener-

gies E > 1019 eV. For single photons with 1019 eV < E < 1021 eV the main energy

losses process is e± pair production on the radio background (while at lower energies

pair production on the CMBR is more important). Unfortunately experimental value

for radio background is unknown due to the strong foreground of our Galaxy for all

small frequencies ν < 10 MHz [115]. In ref. [111] we considered the three different

estimates of the radio background: the minimal background of Clark et al. [115] and

the two estimates of Protheroe and Biermann [116], both larger than the first one.

As shown in Fig. 4 of ref. [111] the final GZK photon flux varies within factor 3 at

energies below E < 1020 eV and up to one order of magnitude at higher energies

E > 1020 eV depending on the radio background. The typical propagation length in

radio background is 1-10 Mpc, depending on photon energy.

Secondary electrons and positrons also lose their energy due to synchrotron radi-

ation in extragalactic magnetic fields. In Fig. 5 of ref. [111] it is shown that GZK
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flux does not depend strongly on the magnetic field for BEGMF < 10−10 G, and that

for larger fields there is a suppression of the photon flux at energies E < 1019 eV (due

to pair production on the CMB followed by synchrotron energy loss).

For E > 1021 eV the dominat energy loss process for photons is double pair

production, with typical path length 100 Mpc [70]. This fact makes very important

dependence of the resulting photon flux on proton maximum energy. If proton energy

is large as E > 1021 eV, photon can propagate up to 100 Mpc. As result, the photon

spectrum strongly depends on the original spectrum of protons and on the distribution

of sources Eq. (2.16). Most important parameters are maximum energy of proton

spectrum Emax, power law index of proton flux α and minimum distance to sources

zmin in Eq. (2.16). Dependence of GZK photon flux on those parameters shown in

Figs. 1-3 of ref. [111].

In the next section we will combine all existing constrains on protons, photon and

neutrinos to show their internal connections.

2.5.2 Experimental constrains on proton, photon and neutrinos fluxes.

Let us parameterize the power law injection spectra of protons per comoving volume

in the following way:

φ(E, z) = f E−αΘ(Emax − E) (2.16)

where f is the normalization that has to be fitted to the data. The free parameters

are the spectral index α, the maximal energy Emax and three parameters of evoulution

of sources in Eq. (2.15): the minimal and maximal redshifts zmin, zmax, and the lumi-

nosity evolution index m. Note, that parameter L0 in Eq. (2.15) is not independent

and can be combined with f .

In Fig. 2.9 we present an example in which we try to maximize both secondary

neutrino and photon fluxes from GZK interactions of protons. Injection proton flux
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Fig. 2.9: Proton flux before propagation (majenta line) and after propagation (blue line),
secondary photons (green line) and neutrinos (red line) in the scenario with max-
imal cosmogenic neutrino flux and high GZK photon flux per flavor as obtained
by tuning the parameters of the proton primaries in Eq. (2.16) to zmax = 3,
Emax = 1022 eV, m = 0, α = 1. Also shown are predicted and observed cosmic ray
and γ−ray fluxes, the atmospheric neutrino flux [120], as well as existing upper
limits on the diffuse neutrino fluxes, AMANDA II [121], RICE [122] and ANITA
prototype experiment [66] and the limits obtained with the FORTE satellite [123],
as indicated. The cosmic ray data of AGASA and HiRes are shifted together to
intermediate energy scale, EGRET flux is shown to the left.

presented by the magenta line in Fig. 2.9 in this case peaked at highest energies as in

AGN core acceleration models described in Section 2.1.1. We took extreme value for

maximum proton energy Emax = 1022 eV in Eq. (2.16) with the purpose to illustrate

constraints on neutrino and photon fluxes.

Proton flux from sources distributed as (1 + z)3 over redshifts 0 < z < 3 after

propagation in CMBR is shown with blue line. This flux has to be normalized on

measured flux of UHECR below GZK cutoff, for which we choose AGASA and HiRes

data scaled together, shifting AGASA down by 15% and HiRes up on 20 %.
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When one fix the proton flux normalization with UHECR spectrum, secondary

photon and neutrino fluxes can not be shifted anymore. The green line shows the

photon flux. One can see that most of the photon energy cascade down to 100

MeV - 10 GeV energy range, where diffuse gamma-ray flux was measured by EGRET

satellite [117, 118]. Already EGRET measurement strongly constrain parameter space

of UHECR models, however in Fig. 2.9 we conservatively assume that most of gamma-

ray flux in EGRET measurement is really diffuse flux. In reality a large fraction

of it can be flux from large number unresolved sources, which will strongly increase

constrains on diffuse photons and as result on GZK process. This issue will be checked

by the next generation GLAST satellite [119] which will be launched in 2007. GLAST

will be on two orders of magnitude more sensitive in compare to EGRET in energy

range 10 MeV - 100 GeV.

Remaining UHECR photons at E > 1019 eV cann’t significantly contribute in

the EGRET region, but they can play role in formation of UHECR spectrum, in

particular contribute to AGASA excess (see next section for details).

Neutrino flux in Fig. 2.9 is shown with red line. One can see that sensitivities

of present neutrino experiments does not constrain even such extreme GZK neutrino

flux. However, future neutrino experiments will have a sensitivity better by one or

two orders of magnitude and will able to constrain or detect GZK neutrino flux, see

details in Section 2.5.6.

2.5.3 Fit of the AGASA excess at E > 1020 eV with UHECR photons?

Now we can answer questions on the role of GZK photons, following ref. [111]. Let

us investigate if GZK photons can explain AGASA flux with E > 1020 eV or not?

In Fig. 2.10 we fit AGASA data with 3 components. First, a low energy component

(LEC) which can consist from galactic iron and/or extragalactic protons with steeply

falling spectrum, parameterized as 1/E2.7 exp(−E/Ecut), where Ecut ∼ 1019 eV and
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Fig. 2.10: Example of a fit of the AGASA data with extragalactic protons, the GZK photons
they produce and a low energy component (LEC) at E < 1019 eV. (a) Here we
try to maximize the photon component thus we take an extragalactic proton
spectrum ∼ 1/E with maximum energy Emax = 1022 eV, BEGMF = 10−11 G and
the minimum radio background. (b) same, but with reduced GZK photon flux
due to assuming the intermediate extragalactic radio background.

amplitude of spectrum are parameters to fit low energy AGASA data. Second, the

extragalactic protons have here an initial spectrum ∼ 1/E, with maximum energy

Emax = 1022 eV. Third is GZK photon flux, which is produced during the propagation

of extragalactic protons.

Fit at energies below GZK cutoff E < 1020 eV is acceptable: χ2 = 14/(15 − 3),

where 15 is number of energy bins and 3 is number of parameters in fit.

The fit to the super-GZK AGASA events in Fig. 2.10a is perfect, due to the GZK

photons: it has a minimum χ2 = 2.6 for 3 degrees of freedom and at E > 1020 eV

there are 11.5 events (6.8 photons and 4.5 protons) where AGASA has observed 11.

However, the spectrum predicts 4 events (2 photons and 2 protons) at energies above

2.5×1020 eV, where AGASA has seen none which we take as barely acceptable (the

probability is small, 1.8%). Larger Emax or lower α values would lead to predict even

more events where AGASA has seen none and would therefore not fit well the AGASA

spectrum any longer.

The fit to the super-GZK AGASA events in Fig. 2.10b, where we try to lower the
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GZK flux, is not as good as that in Fig. 2.10a: it has a minimum χ2 = 5.5 for 3 degrees

of freedom and at E > 1020 eV there are 7 events (2.5 photons and 4.5 protons). But,

this fit is better than that is Fig. 2.10a above the end-point of the AGASA spectrum:

it predicts only 2.7 events above the highest energy AGASA point, which has a 6.7%

Poisson probability.

As we see, a good fit to the AGASA data at E > 1020 eV with GZK photons is

strongly restricted by the total number of events on one side and by the number of

events above the end-point of the AGASA spectrum on the other. Thus, Figs. 2.10ab

provide an estimate of the maximum and minimum GZK photon flux which fit the

AGASA data.

Note also that the price for explaining AGASA excess with GZK photons is as-

sumption that protons can be accelerated up to Emax = 1022 eV ! This cann’t be

provided by any existing acceleration mechanism due to energy losses. Also extra-

galactic magnetic field and radio background should be small, but still in parameter

range of existing models. Thus we conclude that under above extreme conditions one

can fit AGASA data at E > 1020 eV with GZK photons, however parameter space of

model is strongly restricted and the fit is not very good.

2.5.4 GZK photon flux in a conservative model

Now, let us go to the opposite extreme and try to find the minimal GZK photon flux,

following ref. [111].

In Fig. 2.11 we fit the HiRes data with a conservative model with a soft extragalac-

tic proton spectrum, which does not require any low energy component. Thus, the

power law index of the required proton spectrum is fixed by the observed UHECR at

energies below 1019 eV, where the spectrum is ∼ 1/E2.7. This model has practically

no freedom in the choice of the proton flux power law index α, although this could

be slightly varied in the range α = 2.4 − 2.7 by changing the redshift dependence of
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Fig. 2.11: Example of a fit to the HiRes data with extragalactic protons. Here we try to
minimize the photon component thus we take an extragalactic proton spectrum
∼ 1/E2.7 with maximum energy Emax = 3×1020 eV, maximum radio background
and BEGMF = 10−9 G for the lower photon curve (BEGMF = 10−11 G and in-
termediate radio flux for the higher photon curve). The total flux is dominated
by nucleons at all energies and is lower than the HiRes data at high energies.
This is about the best fit that can be done to the HiRes spectrum with a proton
dominated flux.

the distribution of sources. For Fig. 2.11 we conservatively choose α = 2.7 and the

smallest cutoff energy which still provides a good fit, which is Emax = 3×1020 eV. We

assume zero minimal distance to the sources (larger values do no provide a good fit

to observed flux at high energies), and, to maximize the absorption of photons, the

maximum radio background and BEGMF = 10−9 G for the lower photon curve. We

also give the result for BEGMF = 10−11 G and intermediate radio background (higher

photon curve) to show how the photon flux increases with a less absorbing intervening

background. The total flux is insensitive to the GZK photon contribution.
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Fig. 2.12: Photon fraction in percentage of the total predicted integrated UHECR spec-
trum above the energy E for (a) the AGASA spectrum (left panel) and (b) the
HiRes spectrum (right panel). The pink regions show the range of GZK pho-
ton fractions expected if only nucleons are produced at the sources (see Sect.
III). The curves labeled ZB (Z-bursts), TD (topological defects-necklaces) and
SHDM (Super Heavy Dark Matter model) show examples of minimum photon
fractions predicted by these models. Upper limits: A from AGASA, Ref. [124]
at 1− 3× 1019 eV, Ref [20] and obtained with AGASA data at 1020 eV); H from
Haverah Park [19]; H-BL show the fraction of HiRes stereo events required to
explain a correlation with BL Lac sources [38, 37].

2.5.5 Photon fraction in the UHECR flux

In this section we will be more general and will take into account UHECR photon

contributions from several exotic models which will be discussed in Section 3. This

will allow us to compare all possible contributions to the photon flux at ultra-high

energies with existing and future experimental limits on the UHECR photon flux (see

more details in ref. [111]).

In Fig. 2.12a and b the AGASA spectrum and the HiRes spectrum are assumed,

respectively.

The pink bands show the range of GZK photon fraction. The range of GZK

photon fluxes which AGASA spectrum with E > 1020 eV in Fig. 2.12a corresponds

to the GZK photon fluxes in Fig. 2.10a and b. Case of the minimal GZK photon

flux in HiRes case from Fig. 2.11 corresponds to the lower part of pink band in
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Fig. 2.12b. Upper part of this band came from fitting HiRes spectrum with a steep

proton spectrum 1/E instead of 1/E2.7.

Notice how the GZK photon band depends on the assumed spectrum: the band for

AGASA is above the band for HiRes, entirely separated from it (vertical scale in the

Fig. 2.10a different from one of the Fig. 2.10b). Recall that in order to obtain this band

we fitted the assumed UHECR spectrum with primary protons, the GZK photons the

produce, and, when needed, a galactic or extragalactic low energy component which

is negligible at energies 3 ×1019 eV and above. If there is another component in

the UHECR besides these assumed, the GZK photon fractions we obtained are only

upper bounds.

The ZB, TD and SHDM curves in Fig. 2.12 correspond to the Z-burst (Section 3.5),

topological defects or necklaces (Section 3.3) and super heavy dark matter (Section

3.4) models. Let us note that one does not need exotic models for fit of E > 1020 eV

part of HiRes spectrum, however, we do it here in order to treat the general case in

case when the future measurements of AUGER with high statistics will settle down

on some spectrum between present AGASA and HiRes measurements at E > 1020

eV.

Notice that at energies close to 1020 eV, where the top-down models should domi-

nate the flux (otherwise they are irrelevant as explanation of the UHECR), the photon

fractions they predict are high, above 50% and cannot be made lower. Thus, the pho-

ton fraction at energies close to 1020 eV, is a crucial test for Top-Down models. This

fraction is already in conflict with experimental limits discussed in Section 1.3, espe-

cially with the combined limit of AGASA and Yakutsk experiments, which restrict

photon fraction to 36 % [21]. The same limit constrains a large part of the parameter

space of GZK photons which try to explain AGASA excess.

To explain a correlation of BL Lac objects with the HiRes data at 1019 eV, a 3%

fraction of neutral particles is required [38]. If these neutral particles are photons the
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level required is denoted by H − BL at E = 1019 eV in Fig. 2.12. If future obser-

vations confirm the HiRes-BL Lac correlation, it is very unlikely that the required

neutral particles are photons, because the minimum distance to BL Lac objects is

thought to be about 100 Mpc. In order to reach us, photons emitted at the source

should have 1023 eV of energy, and, if the photons are GZK photons, the initial nu-

cleons should be emitted at the source with even higher energies which is completely

unrealistic.

To summarize, present constrains on the photon fraction at E > 1020 eV strongly

restrict if not exclude exotic models which explain the AGASA excess with UHECR

photons. In case all UHECR with E > 1020 eV are protons one can expect existence of

the secondary GZK photon flux from pion production on radio background. The value

of this flux strongly depends on the UHECR spectrum at highest energies and can vary

by many orders of magnitude. Possible detection of this flux will help to understand

properties of UHECR sources and unknown extragalactic radio background.

Note that the statistics of Auger experiment after 55 years of observation will

allow to detect even 1/10000 GZK photon flux fraction at E ∼ 1019 eV which is most

pessimistic case in Fig. 2.12b. However possibility to recognize such photon on large

background of proton events is an open question at the moment. For more optimistic,

1 % of photon fraction Auger will easy find GZK photon flux.

2.5.6 GZK neutrinos

Few years after the famous papers on GZK cutoff [5], Berezinsky and Zatsepin real-

ized that pions produced by primary protons will give potentially observable flux of

secondary neutrinos, which they called ”cosmogenic” neutrinos [107].

As one can see from Fig. 2.9 the amplitude of cosmogenic or GZK neutrino flux

related to initial proton spectrum and has nothing to do with the observed UHECR

spectrum and establishing possible limit(s) on GZK neutrino flux becomes non-trivial
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task. Already in 1975 Berezinsky and Smirnov realized that measurement of the

gamma-ray flux in the GeV region will restrict GZK neutrino flux [125] (note that

the EGRET measurement of this flux was done 15 years later). Reason for restriction

on the neutrino flux is in pion production. In GZK process, protons produce either π0

and protons or π+ and neutrons. Charged pions after decay give part of their energy

to neutrinos, while neutral pion decay in two photons. As we discussed in previous

section, most of the photons will cascade down in energy until they propagate through

the Universe practically without interactions, which is true for photons with E < 1

GeV energies. Resulting total energy in GeV photons will be of the same order as

the total energy in GZK neutrinos. Thus any restriction on GeV photons will put a

bound on GZK neutrino flux. When the EGRET experiment found a value of the

diffuse gamma-ray flux [117], Coppi and Aharonian stated that this bound restricts

maximum possible GZK neutrino flux at the level of 103 eV/(cm2 s sr) [126].

However later Waxman and Bahcall argued that the neutrino flux can be restricted

at a value which is two orders of magnitude lower [127]. They considered 1/E2 proton

flux and normalized it to the observed UHECR flux. In this case GZK photon flux can

not exceeds value of UHECR flux around GZK cutoff, i.e. 10 eV/(cm2 s sr). This value

became very popular and got the name of ”Waxman-Bahcall bound”. However, two

years later Mannheim, Protheroe and Rachen found contra-example, which violate

the Waxman-Bahcall bound. They took a proton flux as 1/E and showed that they

could get much larger values of the neutrino flux [128]. However they derived their

own limit which still was more restrictive then original value dictated by EGRET

limit.

In our paper ref. [112] we numerically investigated parameter space for this model

varying all parameters in Eq. (2.16). We found that the Waxman-Bahcall bound

and even the Mannheim, Protheroe and Rachen bound are just model-dependent

calculations and one can easy violate both of them, varying parameters of the pro-
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Fig. 2.13: Proton flux after propagation (blue line), secondary photons (green line) and
neutrinos (red line) in the scenario with maximal cosmogenic neutrino fluxes
per flavor as obtained by tuning the parameters of the proton primaries in
Eqs. (2.16-2.15) to zmax = 2, Emax = 2 × 1022 eV, m = 0, α = 1. Also shown
are predicted and observed cosmic ray and γ−ray fluxes, the atmospheric neu-
trino flux [120], as well as existing upper limits on the diffuse neutrino fluxes
from MACRO [129], AMANDA II [54], BAIKAL [60], AGASA [130], the Fly’s
Eye [131] and RICE [122] experiments, and the limits obtained with the Gold-
stone radio telescope (GLUE) [133] and the FORTE satellite [123], as indicated.
The cosmic ray data of AGASA and HiRes, EGRET flux is shown to the left.

ton injection spectra and the distribution of sources. Our final conclusion was that

only real limit on GZK neutrino flux is old limit on GeV photon flux from EGRET

experiment.

In this section we will follow ref. [112] and compare the GZK neutrino flux with

limits from present and future neutrino experiments. We will assume for simplicity

that all three neutrino flavors are maximally mixed thus have equal fluxes. This is an

excellent approximation for our purpose. For each flavor we sum fluxes of particles

and anti-particles. The resulting neutrino spectra depend insignificantly on zmin in
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Eq. (2.16) in the range 0 ≤ zmin <∼ 0.1 where local effects could play a role, and thus

we will set zmin = 0 in the following. To obtain the maximal neutrino fluxes for a given

set of values for all these parameters , we determine the maximal normalization f in

Eq. (2.16) by demanding that both the accompanying nucleon and γ−ray fluxes are

below the observed cosmic ray spectrum and the diffuse γ−ray background observed

by EGRET, respectively.

The two major categories of high energy neutrino experiments are based on de-

tection in water, ice or underground, typically sensitive below ' 1016 eV, and on

air shower detection, usually sensitive at higher energies. Existing neutrino flux up-

per limits come from the underground MACRO experiment [129] at Gran Sasso,

AMANDA II [54] in the South Pole ice, and the Lake BAIKAL neutrino telescope [60]

in the first category, and the AGASA ground array [130], the former fluorescence ex-

periment Fly’s Eye [131], the Radio Ice Čerenkov Experiment RICE [122] (there is

also a limit from the HiRes experiment [132] which is between the RICE and AGASA

limits), the Goldstone Lunar Ultra-high energy neutrino experiment GLUE [133], and

the Fast On-orbit Recording of Transient Events (FORTE) satellite [123] in the sec-

ond category. As an example, an optimistic cosmogenic neutrino flux is compared

with current neutrino flux upper limits in Fig. 2.13. One can see that sensitivities of

the present experiments cann’t restrict the GZK neutrino flux.

The cosmogenic neutrino flux models are compared with future sensitivities in

Fig. 2.14. Future experiments in the first category include NT200+ at Lake Baikal [60],

ANTARES [61], NESTOR in Greece [62], as well as a possible common km3 scale

detector in the Mediterranean [135, 134], and ICECUBE [64], the next-generation

version of AMANDA at the South pole. The air shower based category includes the

Pierre Auger project [55], the telescope array [56], the fluorescence/Čerenkov detector

NUTEL [57], and the space based EUSO [136].

Most promising are sensitivities of ANITA [65] and Auger [55], which are 100 times
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Fig. 2.14: The cosmogenic neutrino flux per flavor shown in Fig. 2.13 (thick line) and flux
reduced in 2 or 5 times in comparison with expected sensitivities of the currently
being constructed Pierre Auger project to tau-neutrinos [55], the planned projects
telescope array (TA) [56], the fluorescence/Čerenkov detector NUTEL [57], the
space based EUSO [136], the water-based Baikal [60] and ANTARES [61] (the
NESTOR sensitivity for 1 tower would be similar to AMANDA-II and for 7 towers
similar to ANTARES [62]), the ice-based AMANDA-II [54] and ICECUBE [64]
(similar to the intended Mediterranean km3 project [134]), and the radio detectors
RICE [122] and ANITA [65], as indicated. All sensitivities except for ANITA and
RICE refer to one year running time. For comparison, the γ−ray bound derived
from the EGRET GeV γ−ray flux [118] is also shown.

below gamma-ray bound. In principle, they will be able to detect GZK neutrinos with

realistic proton maximum energy Emax ∼ 3× 1020 eV. Even if they will establish just

limits, those limits strongly restrict parameters of injection proton spectrum and as

result will restrict acceleration mechanism.

The original Auger limit [55] was calculation using only the ground detector.

In our recent paper ref. [137] we made a similar calculation for Auger fluorescence

detectors. Unfortunately, the sensitivity of the Auger fluorescence detectors in several
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times worthier in compare to ground array and one can detect UHE neutrinos in this

way only in very optimistic scenarios.

Finally let us note that it is possible to put a low limit on the GZK neutrino flux

in the same way as we tried with GZK photon flux. This was done in ref. [138] by

fitting the UHECR flux with protons and calculating possible flux range for GZK

neutrinos in Fig. 5 of ref. [138]. The lowest expected value for GZK neutrino flux

is at the level of 1eV/(cm2 s sr) [138]. Again, athors assumed that all the observed

UHECR are protons. If all highest energy UHECR are iron nuclei both GZK neutrino

and photon fluxes would go to zero.



3. EXOTIC UHECR MODELS

In the Introduction we discussed several hints in the UHECR data which require

physics beyond Standard Model for their explanation. The two most important of

them are:

• The excess of events with E > 1020 eV above the GZK cutoff in AGASA

experiment [1]. More general: Existence of UHECR with E > 1020 eV with no

sources within 50 Mpc within few degrees from arrival directions [8].

• The possible correlations of the HiRes stereo data with BL Lac objects [38, 37].

All other significant features in UHECR data can be explained within Standard

Model of elementary particles. Historically, excess in the AGASA data was found

12 years ago [139], which caused large interest to the models which can explain it

with different kind of physics beyond Standard Model. Those models can be divided

in 3 major groups. In the first group, it is assumed that UHECR with E > 1020

eV are secondaries from decays of new heavy particles, which either were created by

topological defects or constitute Dark Matter. The second group of models assumes

that there is a new particle, which can propagate on larger distance compared to

protons. Finally, one can keep only the Standard Model particles, but change the

physical laws. For example, assuming that Lorentz invariance is violated, one can

prevent protons to interact with CMBR [140]. Or one can assume that neutrinos

become strongly interacting particles at very high energies [141]. The remaining

model, which stays separately, is the Z-burst model. Formally it does not assume the
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existence of any new physics to explain AGASA data, however as we will show below

it violates several astrophysical constrains.

Correlations of HiRes stereo data with BL Lac objects was sfound very recently

[38, 37] (see also Introduction). The main problem is that the correlated objects are

located too far in order that neutrons or even photons can reach us. But neutral

particles, which can propagate from distant BL Lacs exist in most of models which

tried to explain AGASA excess above GZK cutoff. Thus most of those models except

for Super Heavy Dark Matter and top-down models can also explain correlation of

HiRes data with BL lac objects.

Below I will discuss five exotic models, including models with new hadrons, model

with axion-like particles, top-down model, model of Super-Heavy Dark Matter and

Z-burst model.

3.1 New hadrons

The general idea of this model is that new hadrons with mass larger than the proton

mass M > 1 GeV would have GZK cutoff at higher energies, depending on mass

value, because threshold energy is proportional to hadron mass, Eq. (2.6).It was first

suggested by G. Farrar [142, 143]. Supersymmetric (SUSY) models with a strongly in-

teracting particle as lightest supersymmetric particle (LSP) or next-to-lightest SUSY

particle (NLSP) are very interesting for explaining the AGASA excess above the

GZK cutoff. Hadrons containing a gluino as UHECR primaries were first suggested

by Farrar [142, 143]. This model with a light gluino together with a light photino

as cold dark matter candidate is meanwhile excluded [144, 145]. However, more gen-

eral models with a light gluino or a light sbottom quark are still viable. Despite

existing of such particles, one needs to obey several constrains on their properties in

order to explain the AGASA data above cutoff or correlations with BL Lacs. In our
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paper [104] a model-independent, purely phenomenological approach was developed,

which we will follow in this section.
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Fig. 3.1: Energy spectrum of new hadrons X0 calculated with an injection spectrum E−2

and uniformly distributed sources for a MX = 2 and 3 GeV; for a comparison the
proton spectrum is also shown. At energies 1018 eV < E < 6×1019 eV the proton
spectrum is also suppressed due to e+e− production.

First of all let us discuss how GZK cutoff changes with hadron mass MX . For

electrically neutral hadronsX0 with massesMX = 2 and 3 GeV, an injection spectrum

E−2 and uniformly distributed sources, the spectrum after propagation in intergalactic

space is shown in Fig. 3.1. For comparison we show also the similar spectrum for

protons. One can see that e+e− pair production changes the proton spectrum shape

as compared to neutral hadrons. Besides, the cutoff value is shifted to higher energies,

proportionally to thehadron mass, Eq. (2.6). Moreover, due to smaller cross section

and smaller energy losses in single pion production (mπ/MX smaller for MX > MP )

the GZK cutoff is much less pronounced in the case of new hadrons.

However, one can not have a mass of the new hadron randomly high. Since the
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observed extensive air showers (EAS) are consistent with simulated EAS initiated by

protons, any new primary proposed to solve the GZK puzzle has to produce EAS

similar to those of protons. The simplest way to do it is to require that the new

primary is strongly interacting and haa s relatively small mass MX < 3 GeV [146].

Another important condition is that the particle X should be stable, traveling

through the Universe. The lifetime tX should be bigger then

tX =
RU

c

MS

EUHE

≈ 12 days
RU(Gpc)MX(GeV)

E20

, (3.1)

where R is measured in Gpc, MX in GeV and E20 = E/(1020eV).

The production of new hadrons in astrophysical objects was also investigated

in Ref. [104]. It was found that proton-proton collisions in astrophysical accelerators

cannot produce sufficiently high fluxes of new primaries without contradicting existing

measurements of photon [117] and neutrino fluxes [54, 122, 123]. In contrast, for

a light shadron with mass <∼ 3 GeV and the astrophysically more realistic case of

UHE proton collisions on optical/infrared background photons in the sources there

is no contradiction with existing limits. Also, the required initial proton energy is

not too extreme, E <∼ 1021 eV, which may be achieved by astrophysical acceleration

mechanisms. The only essential condition for the sources is that they should be

optically thick for protons in order to produce these new hadrons. This condition

applies to all models with new particles produced by protons.

One of the important features of scenarios with new hadrons, and of any model

in which the production cross section σpγ→X of a new particle x is much smaller than

the total proton-photon cross section σpγ, is the high flux predicted for secondary

high-energy neutrinos. This neutrino flux is approximately FCRσpγ/σpγ→X in terms

of the maximal contribution of S particles to the observed cosmic ray flux, FCR '
(E/1020 eV)−2 eV/(cm2 s sr).

Fig. 3.2 shows the neutrino flux produced in sources togeather with new hadrons.
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Fig. 3.2: Neutrino fluxes per flavor predicted by scenarios where UHECRs are explained as
new hadrons produced as secondaries of accelerated protons with source density
evolution m = 3 and maximum redshift of sources zmax = 2, compared to expected
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at E = 1021 eV and the dashed line is for a primary proton flux ∝ E−2 up to
Emax = 1022 eV.

Neutrino flux for a primary proton flux ∝ E−2, restricted already with 5 years of

AMANDA-II data, which is on the level of ”ANTARES” line in Fig. 3.2. From other

side ANITA experiment will be able from 2007 test a peaked spectrum in Fig. 3.2 [65].

A non-observation of neutrinos in the near future will make impossible to render the

production cross section of the new hadrons consistent with existing limits in these

scenarios.

3.2 Axions

The original idea of our work ref. [147] was to consider standard Peccei-Quinn axions

as messenger particles which can be converted in distant source sites from UHECR
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photons, and can be converted back to UHECR photons nearby or in our Galaxy.

Unfortunately even the coherent conversion and back-conversion between photons

and axions in large-scale magnetic fields is not enough to produce the required flux.

However, one may construct models of other novel (pseudo)scalar neutral particles

with properties that would allow for sufficient rates of particle production in the

source and shower production in the atmosphere to explain the observations. As

an explicit example for such particles in ref. [147] we considered light sgoldstinos in

SUSY models.

Many bounds on axion-like particles arise from cosmology, astrophysics and labo-

ratory measurements [148, 149]. Still, there remain regions in parameter space where

X particles can explain UHECRs without contradicting these limits.

Fig. 3.3: Allowed region for the sgoldstino mass and the suppersymmetry breaking scale
(MX ,

√
F ). The short-dashed line corresponds to the limit (3.3), the long-dashed

line to (3.2). Sgoldstinos with masses less than 10 keV (vertical solid line) are
ruled out by the helium-burning life-time of horizontal-branch stars [151].

In ref. [147] we presented a specific SUSY example of axion-like particle – light

sgoldstinos. A variety of experimental limits on models with light sgoldstinos has
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been derived in [150]. Additionally, in order to explain UHECR data with E > 1020

eV they have to obey several conditions. They would propagate through universe

without decay if
√
F >∼ 1.5 TeV

(

1020 eV

EX

)1/4
MX

10 keV
(3.2)

where MX is sgoldstino mass, EX its energy and
√
F is the supersymmetry breaking

scale. Same condition guarantees the absence of a GZK cutoff for the sgoldstinos [147].

The condition that sgoldstinos can be produced in the source and interact in

atmosphere in similar way as protons is:

√
F <∼ 13 TeV

(

EX

1020 eV

)1/4

(3.3)

In Fig. 3.3 we presented allowed parameter space of sgoldstinos. The short-dashed

line corresponds to the limit (3.3), the long-dashed line to (3.2). Sgoldstinos with

masses less than 10 keV (vertical solid line in Fig. 3.3) are ruled out by the helium-

burning life-time of horizontal-branch stars [151].

We note that our allowed region in Fig. 3.3 suggests that the supersymmetry

breaking scale is
√
F ∼ 1–10 TeV. Hence our light sgoldstino model can be tested

in searches for rare decays of J/ψ and Υ and in reactor experiments (for details see

Ref. [150]). This low scale of supersymmetry breaking may be also tested at new

generation accelerators like LHC.

Let us finally note that same model can explain correlations of HiRes data with

BL lac objects, contrary to the model discussed in the next section.

3.3 Top-down model

Historically, top-down (TD) scenarios were proposed as an alternative to acceleration

scenarios to explain the huge energies up to 3 × 1020 eV observed in the cosmic ray

spectrum. In these top-down scenarios UHECRs are the decay products of some
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super-massive “X” particles of mass mX � 1020 eV close to the grand unified scale

1015 − 1016 GeV, and have energies all the way up to ∼ mX . Thus, the massive X

particles could be meta-stable relics of the early Universe with lifetimes of the order

the current age of the Universe 15 Gyr or could be released from topological defects

that were produced in the early Universe during symmetry-breaking phase transitions

predicted by in Grand Unified Theories (GUTs). The X particles typically decay into

leptons and quarks. The quarks hadronize, producing jets of hadrons which, together

with the decay products of the unstable leptons, result in a large cascade of energetic

photons, neutrinos and light leptons with a small fraction of protons and neutrons,

some of which contribute to the observed UHECR flux. The resulting injection spectra

have been calculated from QCD in various approximations, see Ref. [9] for a review
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and Ref. [152] for more recent work. In Fig. 3.4 we used the QCD spectra discussed

in Ref. [153] and shown in Fig. 11 of Ref. [114]. Calculations for modern decay

spectra discussed in ref. [152] are even less consistent with the AGASA data due to

the relatively smaller fraction of photons at highest energies.

Fig. 3.4 shows the secondary proton, photon and neutrino fluxes for mX = 2 ×
1013 GeV, B = 10−12 G, and the moderately low theoretical estimate from Ref. [116].

These parameters lead to optimistic neutrino fluxes for the maximal normalization

consistent with all data. Fig. 3.4 shows that already the improved upper limit on

the true diffuse photon background by EGRET implies a UHECR flux too small

compared to the AGASA excess at energies E >∼ 1020 eV. The parameters used in

the figure represent the “best fit point” for this model; in particular for all other

masses mX the disagreement is more severe. The new EGRET upper limit [118] thus

strongly disfavor extragalactic top-down scenarios. New experiment GLAST [119] can
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significantly improve EGRET limit, making this argument even stronger. In addition,

independently of this problem of overproduction of GeV γ−rays, a non-observation

of TD neutrinos by future neutrino experiments will rule out the possibility that

extragalactic top-down mechanisms significantly contribute to the UHECR flux, as

can be seen when comparing Fig. 3.5 and Fig. 3.4.

3.4 Super-Heavy Dark Matter

A possible explanation of the AGASA excess for E > 1020 eV would be the exis-

tence of superheavy dark matter (SHDM) [154, 155]. Superheavy particles with mass

MX ∼ 1013−14 GeV can be naturally produced during inflation and would be today the

dominant component of dark matter [156]. Such particles will concentrate in galactic

halos and the secondaries from their decay could be responsible for the highest energy

cosmic rays. Note however that if SHDM is significant part of Dark Matter, reproduc-

tion of UHECR flux require fine tuning of decay rate. It has also been suggested that

not decays but annihilation of SHDM particles produce the observed UHECRs [157].

By construction, this model has a clean signature: the dominance of photons

at the highest energies [154]. Fraction of photons and protons in SHDM decay or

annihilation spectrum is almost equal in modern detailed analysis it [152], while old

calculations used ratio 1 proton for 10 photons [154]. Recent limit from AGASA and

Yakutsk data restrict photon fraction at highest energies E > 1020 eV as low as 36

% [21]. Thus even in case of 50 % photon fraction at highest energies E > 1020 eV

SHDM is in conflict with photon limit.

Another signature of the SHDM scenario is the spatial anisotropy of the expected

signal predicted due to the non-central position of the Sun in our Galaxy [158]. Since

UHECR experiments in the northern hemisphere do not see the Galactic center, they

are not very sensitive to a possible anisotropy of arrival directions of UHECR from
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SHDM. In contrast, the Galactic center was visible for the old Australian SUGAR

experiment [159]. The anisotropy of the arrival directions using data from the full

sky was discussed in Refs. [160, 161]. Reference [160] compared the flux from the

Galactic center to the one from the anti-center and found them to be comparable.

Similarly, the full-sky harmonic analysis including AGASA and SUGAR data from

Ref. [161] found no significant anisotropy.

In the work [162] we used a two-component energy spectrum of UHECRs consist-

ing of protons from uniformly distributed astrophysical sources and the fragmentation

products of SHDM calculated in SUSY-QCD, see Fig. 3.6a. We compare their ex-

pected arrival direction distribution to the data of the SUGAR experiment using a

Kolmogorov-Smirnov test. Contrary to the harmonic analysis, this test allows to

quantify directly the (dis-) agreement of the measured distribution of arrival direc-

tion with the expected one in the SHDM model. We considered both decays and

annihilations of SHDM. Note that similar analysis for SHDM component only was

independently done in ref. [163].

In Fig. 3.6b, we show the dependence of the probability that SUGAR data are

consistent with SHDM model on the energy cutoff for decaying SHDM. The impor-

tant parameter, which characterize expected anisotropy is the core radius in Dark

Matter profile of our Galaxy, for which we take here the realistic value Rc = 15 kpc.

Dependence of the probability on the core radius is shown in Fig. 5 of ref. [162]. The

two thick solid lines in Fig. 3.6b show probability P for a combination of SHDM

and uniform sources. The upper one corresponds to an injection spectrum 1/E2.3,

the lower one to an injection spectrum 1/E2.7, presented in Fig. 3.6a. The proba-

bility P for the assumption that all UHECR are extragalactic protons shown with

thin solid line. Its behavior suggest that the minimum for Emin ∼ 7 × 1019 eV is

a fluctuation coming from small number of events similar to the maximum around

Emin ∼ 5×1019 eV. In the range Emin ∼ (3−4)×1019 eV, the fluctuations adding an
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additional event are relatively small. Therefore, we considered the probability in this

range as more reliable indicator for the consistency of SHDM with the SUGAR arrival

directions; we conclude that the SUGAR data have the probability p = 5−20% to be

consistent with the SHDM depending on the injection spectrum of the extragalactic

protons. Note, that one cann’t assume that the SHDM gives significant contribution

to the observed UHECR flux at energies E < 4 × 1019 eV. Dashed line in Fig. 3.6b

show that this scenario excluded at 3 σ level.

Contrary to decaying SHDM, the annihilation scenario is disfavored at least at

99% CL by the SUGAR data, while SHDM contribution at E < 4×1019 eV excluded

in this case at 5 σ level [162].

We conclude that the SHDM scenario is therefore disfavored by present experi-

mental data, both by limits on photon fraction and by isotropy in arrival directions of

observed cosmic rays. It will be finally tested by the Pierre Auger experiment in the



3. Exotic UHECR models 76

near future. In principle, already first dataset of Auger data with statistic, similar to

AGASA will allow to test this model much better then old SUGAR data.

3.5 Z-burst model

The only known Standard Model particle that is able to travel from high redshift

sources, z ≥ 1, is the neutrino. The mean free path of very energetic neutrinos

with respect to the resonance production of Z-boson by scattering on the cosmic

neutrino background (CNB) larger then the horizon size [164]. Indeed, to excite the

Z-resonance the energy of the ultra high energy (UHE) neutrinos should be equal to:

EUHE = m2
Z/2ECNB ≈ 4 · 1021 eV(1 eV/ECNB) (3.4)

where ECNB is the energy of the cosmic background neutrinos. If they are massless

then 〈ECNB〉 ≈ 3Tν ≈ 5 · 10−4 eV. For massive neutrinos with mν > Tν , ECNB = mν ,

from neutrino oscillations we know that at least for two of them last case applied.

The energy averaged cross-section is

σ̄Z =
∫

(ds/M 2
Z)σ(ν̄ν → Z) = 2π

√
2GF = 4 · 10−32 cm2 (3.5)

Because of the resonant nature of the process the cross-section contains only first

power of GF and is much larger than typical weak interaction cross-sections. The

mean free path of UHE neutrinos with respect to this reaction is

lfree = 1/(σZnν) ≈ 5 · 1029 cm (nν/55cm−3)−1 ≈ 75 Gpc (nν/110cm−3)−1 (3.6)

where nν is the neutrino number density; it is normalized to the standard average cos-

mological number density of neutrinos n(0)
ν = 110/cm3. Thus, most of UHE neutrinos

travel through all Universe without interactions.

In this model a possible source of UHECR events could be the decay of Z-boson

produced by very energetic neutrinos annihilated on CNB within 100 Mpc from our
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Galaxy. The primary energetic neutrinos could be produced by astrophysical sources

at very large distances. This explanation was suggested in the papers [165].

The first self-consistent calculation of the Z-burst model was done in ref. [166]. It

was assumed there that the distribution of neutrino sources evolves with redshift as

(1 + z)3 or in the way similar to the evolution of active galaxies. It was shown that

in this case the secondary photons with energies E < 100 GeV would overshoot the

measured EGRET flux several times. This means that the ”Z-burst” mechanism in

its simplest version contradicts the data.

A possible solution to this problem is to increase the local neutrino densities by

a factor N > 20 on scales l ∼ 5 Mpc [166]. The probability of neutrino interactions

would locally increase and for the same flux of UHECR (normalized to the exper-

imental data) the secondary electromagnetic flux in the EGRET region of energies

would be below the measured values. However, our Local Group of galaxies has a too

small mass M = 4 × 1012 Msun to provide a significant clustering of neutrinos with

mν < 2 eV on factor more them few [167].

In our paper Ref. [114] its was suggested simple solution for this problem, which

is a redistribution of neutrino sources with redshift. Already in case of uniformly

distributed sources (1 + z)0 the EGRET bound of photon flux can be satisfied [114].

However, this does not save the Z-burst model in case of realistic astrophysical

sources. Indeed, neutrinos are usually produced together with photons in pion decays.

As already discussed in this thesis, the total power in neutrinos in such production

mechanism is of the order of total power in photons. Photons usually cascade down

in energy in sources up to GeV-TeV energy range, where they should again satisfy the

EGRET limit. In Fig. 3.7 from ref. [114] we show exactly this case. One can see that

EGRET flux is overshoted by two orders of magnitude. The conclusion of ref. [114]

was that sources for Z-burst model should emit preferably neutrinos. As was shown

later in more detailed source analysis, no astrophysical accelerator exists that meets
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the requirements of the Z-burst model [168].

In principle, neutrino flux in Z-burst model strongly depends on neutrino mass

through resonance condition Eq. (3.4). In ref. [169] it was suggested that neutrino

mass can be defined from Z-burst model even with some precision mν = 0.26 +

0.20 − 0.14 eV, if this model itself is working. As was shown in our ref. [114] this

statement was not correct. Authors of ref. [169] fixed many unknown parameters on

their favorite values and made their fit to UHECR spectrum varying only neutrino

mass. In ref. [114] we show in Fig. 2ab that by varying unknown parameters one can

easy fit UHECR spectrum for any neutrino mass in range 0.1 eV < E < 1 eV with

equally good fit.

Thus Z-burst model can only theoretically work for exotic pure neutrino emitting

sources. However already in 2003 new limits on neutrino flux from the radio exper-
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iment FORTE [123] exclude part of the parameter space for Z-burst model. Right

after arrival of FORTE data we found in ref. [113] that the parameter space excluded

by FORTE data corresponds to low neutrino masses mν < 0.3 eV. At the same time

a combination of cosmological data including the WMAP experiment limit the sum

of the masses of active neutrinos to <∼ 1 eV [170]. Solar and atmospheric neutrino

oscillations indicate that individual neutrino masses are nearly degenerate on this

scale [171], and thus the neutrino mass per flavor must satisfy mν <∼ 0.33 eV.

For the maximal possible value of the neutrino mass mν ' 0.33 eV the neutrino

flux required for the Z-burst model was only in marginal conflict with the FORTE

upper limit [123], as shown in Fig. 3.8. For all other cases the conflict is consid-

erably more severe. Also note that this argument does not depend on the shape
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of the low energy tail of the primary neutrino spectrum which could thus be even

monoenergetic, as could occur in exclusive tree level decays of superheavy particles

into neutrinos [172]. However, in addition this possibility has been ruled out by

overproduction of GeV γ−rays due to loop effects in these particle decays [173].

Finally, let us note that more recent experimental data from GLUE [174] and

ANITA prototype [66] experiments established even more strong limits on neutrino

flux in compare to FORTE, and completely closed the window in the parameter

space of Z-burst model. Now we can conclude that Z-burst model is ruled out from

neutrino data and this is the first example when UHECR neutrino experiments are

able to restrict exotic UHECR models, existing otherwise. We hope that future data

of ANITA, Auger, ICECUBE and km3 experiments will allow us not only exclude

exotic models but also detect finally extragalactic neutrino flux at highest energies.



4. SUMMARY

In this section I would like to summarize the main ideas and results presented in

this thesis. The work starts with an Introduction on Ultra-High Energy Cosmic

Ray (UHECR) experimental data. It is followed by two Chapters, one devoted to

explanations of UHECR data within Standard Model of particle physics and other to

the exotic models, which try to explain experimental hints beyond Standard Model.

In Chapter 1.1 I gave summary of the present experimental situation in UHECR

physics. Now it is a very interesting time when old generation of experiments, like

ground based AGASA and fluorescence HiRes are finished or almost finished their

work while new generation of hybrid detectors like Pierre Auger Observatory or Tele-

scope Array will present their results in near future. In discussion of experimental

results I tried to pay attention to the most interesting hints in data which, if confirmed

in future, will require new physics for their explanation.

In Section 1.2 I presented spectra of UHECR measured by AGASA and HiRes

experiments and shown two important features. First, both spectra are completely

consistent at all energy scales up to 1020 eV after have performed a 30-35 % of global

energy shift (HiRes up or AGASA down). Second, after this shift, the disagreement

between the two experiments at the highest energies becomes statistically insignificant

at the level of 2 σ. Conservatively, the AGASA excess at highest energies can be

explained by a statistical fluctuation or by a systematic effect, which can be, for

example, the increase of the energy of UHECR showers due to atmospheric electric

fields during thunderstorms.
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In Section 1.3 recent results on UHECR chemical composition was presented. It

was shown that at high energies E > 5 × 1018 eV the spectrum is dominated by

protons, while at lower energies E < 1018 eV primaries mostly are iron nuclei. There

was no indication found for UHECR photons. The most important is recent limit

from AGASA and Yakutsk experimental data, which restrict fraction of photons at

the level 36% at highest energies E > 1020 eV.

In Section 1.4 I presented two important anisotropy signals in present data on

arrival directions of cosmic rays. The first of them is the clustering of UHECR at

small scales 2.5 degrees. The AGASA experiment sees such a signal with a probability

of 10−3 while HiRes see no signal. Here for the first time I combined AGASA data

with HiRes after a proper shift in energy by 35 %. Combined dataset gave similar

significance of the signal to AGASA data along. This issue has to be investigated with

future bigger datasets. The second signal is the clustering of UHECR at moderate

scales 10-30 degrees when combining all existing experiments, which has a formal

probability 10−4, which reduces to 3 × 10−3 after taking penalty for scan over angle.

This signal, if confirmed will be the first signature of connection between cosmic rays

and Large Scale Structure.

Finally, in Section 1.5 I briefly discussed searches of UHECR sources. The most

intriguing result at the moment is the possible correlation of HiRes data with BL lac

objects, which can happen with probability order of 10−4. If this signal is confirmed

by future data, it will require a new physics to explain such correlations.

Chapter 2 is devoted to Standard Model description of UHECR data. In this

chapter it is assumed that all hints beyond Standard Model in experimental data are

just fluctuations.

In Section 2.1 I discuss the acceleration of protons to highest energies and ac-

companying gamma-ray and neutrino signals. A particular model for acceleration of

UHECR protons by electric field in vicinity of Black Hole in cores of Active Galactic



4. Summary 83

Nuclei (AGN) is discussed in Section 2.1.1. The next section describes how large

scale 100 kpc jets, observed in AGNs can be formed by secondary UHE photons,

produced by protons in AGN cores. Accompanied neutrino flux is discussed in the

following sections. First, I discuss the neutrino flux from GeV EGRET sources, then

I show that observations of neutrinos from popular TeV sources will restrict neutrino

production mechanism to p+ A collisions rather than to p+ γ interactions.

Section 2.2 is devoted to the propagation of UHECR protons in the intergalactic

medium. There are two important ingredients of propagation, first, the energy loss

mechanisms, including the famous GZK cutoff, e± pair production and redshifting

and second, deflections in the extragalactic and galactic magnetic fields.

Connection between small scale clustering signal and density of UHECR sources

is discussed in Section 2.3. It is shown that AGASA data are consistent with the

density of sources n similar to one of bright AGNs nAGN ∼ 2 − 4 × 10−5/Mpc3.

In Section 2.4 it was described how one can explain the observed spectrum 1/E2.7

by hard proton spectra 1/E2 predicted by shock acceleration mechanisms, if one relax

the usual assumption of identical sources and take into account distribution of their

maximum energy. This idea finalized the construction of a minimal model, which

explains all UHECR with E > 1018 eV by protons from extragalactic sources.

Section 2.5 is one of the central in this thesis. I discussed secondary photon and

neutrinos from UHECR proton propagation. In future combined efforts of UHECR

experiments, neutrino telescopes and gamma-ray experiments will help us to under-

stand nature of cosmic rays at highest energies and find their sources.

I start from details of propagation of UHE gamma-rays and neutrinos. Then I

show how one can fit AGASA excess beyond GZK cutoff with secondary photons from

GZK interactions. Unfortunately, such a mechanism requires unrealistic assumptions

on proton acceleration up to 1022 eV or even higher energies. Next, contrary to

previous case, I derive minimal GZK photon flux, under the assumption that all
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UHECR at highest energies are protons. In this case photons consist only of 10−4 of

UHECR at energies E > 1019 eV.

In next Section I compare the UHE photon fraction predictions in several models

with existing experimental limits. It is shown that 36 % limit on photon fraction at

energies E > 1020 eV from AGASA and Yakutsk experiments strongly disfavor exotic

model which predict large photon flux at highest energies, including Super Heavy

Dark Matter, top-down models and Z-burst model.

In final part of this chaper I discuss predictions for the GZK neutrino flux and

compare them to sensitivities of the present and future neutrino experiments. It is

shown that next generation experiments like ICECUBE, ANITA and Auger will be

able to see GZK neutrino flux in optimistic scenarios.

Chapter 3 is devoted to five exotic models, which all originally tried to explain

AGASA excess at highest energies. Three of them, model of new hadrons, model of

axion-like particles and Z-burst model can also explain possible correlations of HiRes

arrival directions with BL lac sources. I discussed the present status of all those

models.

In Section 3.1 model of new hadrons considered phenomenologically. This mean

that even at the moment there is no any good candidate for such particle, one can

suppose that it exist and try to make self-consistent model with it. In this Section

I discuss production of those particles in astrophysical objects, their propagation to

Earth and interactions in atmosphere.

Model for axion-like particles was discussed in Section 3.2. For supersymmetric

version of such particles sgoldstinos it is derived parameter space which consistent

with all restrictions existence, production, propagation and interactions of such exotic

particles.

Section 3.3 devoted to so-called top-down models. It is shown that constrains from

diffuse gamma-ray background measured by EGRET strongly restrict this model,
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making explanation of AGASA excess for it very problematic.

The Super Heavy Dark Matter model, which together with AGASA excess pre-

tended to explain Dark Matter signal is discussed in the Section 3.4. It is shown

that even the old SUGAR experiment disfavor annihilation version of this model.

Besides it is restricted by the limit on photon fraction from AGASA and Yakutsk

experiments.

In final Section 3.5 I discussed the Z-burst model, which is the only exotic model

which pretends to explain AGASA excess above GZK cutoff within Standard Model

physics. Instead this model required existence of exotic ”pure neutrino sources” to

not contradict the EGRET bound on diffuse photon flux. However, even in this case

this model is excluded by limits on diffuse neutrino flux from FORTE, GLUE and

Anita-lite experiments in combination with limit on neutrino masses from cosmology.
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