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Abstract. We simulate horizontal electromagnetic showers in the atmosphere at ultrahigh-

energies (UHE) (> 10%°¢V) that start at different slant depths and different heights above
sea level. Such showers could be created by UHE neutrinos of astrophysical origin. We show
that the geomagnetic field has a noticeable effect on the electromagnetic showers at higher
altitudes and has to be accounted for in precise calculations of the shower characteristics.

Key words: electromagnetic showers simulation, neutrino

CuMmysialiuy Ha XOPU30HTAJIHU €JI€eKTPOMArHUTHU HNOPOU
B armocdepaTta npu yJITPAaBUCOKHU €Hepruu

Xpucrodop Baukos, Cnas [lerpos

CuMymupaHu ca XOPU30HTAJHY €JIeKTPOMATHUTHU ITOPOU B aTMOChepaTa Mpu yATPABUCOKH
erepruu (> 10%°eV), sanmouBaiu Ha pas/aMuHE JULIGOYMHE W BUCOYHHE B arTMmocdepaTa.
TakuBa nopon 6uxa MorIM J1a O'bJAT IOPOJAEHH OT HEYTPUHO OT acTPOMU3NYIEH IIPOU3XO/L.
[TokazaHo e, 4ye reOMarHUTHOTO TOJIe 3a0eIeXKUMO BJlUsie Ha PA3BUTHETO Ha HOPOsi HA I10-
roJIeMUTe BHCOYMHU B armocdepara U TpsadBa ga Objlie B3€TO MPEIBUI MPHU PEIU3HOTO
IIpecMsATaHe Ha MOPORHUTE XaPAKTEPUCTUKH.

Introduction

After the detection in 1962 of a cosmic ray of energy 102° eV (Linsley [1962])
and the discovery of the microwave background radiation (MBR) four years
later it was realized simultaneously by Greisen [1966] and Zatsepin and
Kuzmin [1966] that the cosmic ray energy spectrum should end around

5 x 10%Y eV due to interactions with photons of MBR (GZK cutoff). The
cosmic rays around this energy and higher, ultrahigh energy cosmic rays
(UHECR), are very rare - only about 1 event per square kilometer per cen-
tury per steradian. Now, more than 40 years later the world experimental
statistics is still small and mysteries still surround the nature and origin of
UHECR.

Because of their very low flux, UHECR are detected by the extensive air
showers (EAS) of particles they generate in the atmosphere. The atmosphere
acts as a deep calorimeter in which a cascade of huge number of secondary
particles, mainly electrons, positrons and photons, develops reaching their
maximum and then starts being absorbed. These particles are spread over
a large area when they reach the ground. During their propagation in the
atmosphere charged shower particles ionize and excite nitrogen atoms and
molecules, which emit fluorescence light. The light is emitted isotropically.
Charged particles also emit Cherenkov light in a narrow cone along their
direction.
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UHECR air showers are detected by two methods: ground arrays of parti-
cle detectors (scintillators or water Cherenkov tanks) that cover a large area
and fluorescence telescopes. Several large arrays explored UHECR during
the last 40 years. The largest among them was the Akeno Air Shower Array
(AGASA) in Japan (1990 - 2004)(Ohoka et al. [1997]). The High-Resolution
Fly’s Eye (HiRes) experiment further developed the pioneer Fly’s Eye optical

detector, which in 1991 observed the event with record energy of 3 x 1020 eV
(Bird et al. [1995]). The fluorescent technique is very suitable for detection of
UHECR because the shower can be seen from long distances independently
from the shower direction. A big advantage of this method is the possibility
to observe the shower maximum directly, which gives information about the
particle energy and its mass.
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Fig. 1. Electron energy loss rate due to bremsstrahlung as a function of energy at different

altitudes in the atmosphere (dotted lines) compared with synchrotron energy loss rate (solid
line)
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The conflicting results from AGASA and HiRes determined the need of
construction of detectors with effective areas in thousands of km?. The Pierre
Auger Observatory (3000 km?) (Abraham et al. [2004])uses both detection
techniques simultaneously (the array is almost fully deployed) and the data
set now exceeds that from all other experiments. This first set of results
with good statistics supports the conclusion of HiRes about existing of a
steepening of the spectrum, which may be consistent with the expected GZK
cutoff (Abbasi et al. [2007]). In addition to this, events with energy above
6 x 10 eV do not arrive to the Earth isotropically showing correlation with
the positions of active galactic nuclei (AGN) lying within ~ 75 Mpc (The
Pierre Auger Collaboration [2007]). The last result supports the idea that
the UHECR astronomy is possible.
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Fig. 2. Schematic view of horizontal atmospheric showers

UHE neutrino detection is one of the most exciting challenges in particle
astrophysics. Many models of UHECR origin, in particular the ”top-down”
models, predict significant flux of astrophysical neutrinos with ultrahigh en-
ergies. The study of UHE neutrino flux could help to discriminate these mod-
els. The propagating UHECR generate the so-called cosmogenic neutrinos in
photoproduction interactions in the photon fields of the Universe. Detection
of such neutrinos and a comparison of their fluxes to the direct observations
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of UHECR would contribute significantly to understand the UHECR origin
(Stanev [2007]). Neutrinos do not suffer the GZK effect and do not deflect
in magnetic fields pointing back to their sources. Neutrino energy spectrum
could extend to significantly higher energies than UHECR. Unlike other pri-
maries neutrinos may carry information about the central part of the cosmic
accelerators. This means that neutrino astronomy gives us the possibility
to explore the extreme boundaries of the Universe. UHE neutrinos are also
a unique opportunity to test fundamental particle physics at energies well
beyond current or planned accelerators.

UHE neutrinos can also be detected by produced EAS. Neutrinos interact
with nucleons of the atmosphere through deep inelastic scattering creating
an electromagnetic plus a hadronic shower. The produced electrons receive
~ 80% of the neutrino energy in average creating an electromagnetic shower,
the reminder is transferred to the target nucleus producing a hadronic shower.
Neutrinos have very low interaction probability and create showers deep in
the atmosphere, mostly in near horizontal directions, which can be used to
distinguish neutrino showers from primary protons and nuclei.
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Fig. 3. Longitudinal development of individual horizontal showers from primary electrons
of energies 10%° €V (solid lines) and 10%! eV (lines with symbols) in the atmosphere. Slant
depths are 0 and 2226 g/cm? (60 r.1.) at 20 km a.s.l.
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UHECR are so rare, that even Pierre Auger Observatory with its expected
statistic of about 30 events per year is unable to study in detail the GZK
energy region and higher energies. New bigger experiments are planned like
JEM-EUSO [2007] and TUS (Tkatchev et al. [2007]) - spaced-based obser-
vatories which use the whole earth as a detector. They will monitor gigantic
volume of the atmosphere from space orbit at altitude of ~ 400 - 600 km and
detect fluorescent and Cherenkov light from EAS with different directions
in the atmosphere. The instantaneous aperture of JEM-EUSO is larger than
that of Pierre Auger Observatory by a factor of 56 - 280.

1 Results and discussion

The aim of this work is to study the longitudinal development of electro-
magnetic showers at UHE that penetrate the atmosphere in horizontal di-
rection at different altitudes starting at different slant depths. Simulations
of EAS at ultra-high energies are difficult task due to the huge number of
followed particles. Widely used simulation codes are designed for cosmic ray
experiments and it is not a routine task to adapt them for modeling of hori-
zontal or up going showers. Our simulation code for one-dimensional Monte
Carlo modeling of EM shower is simple and flexible allowing easy modifying
of the geometry. Important feature of electromagnetic showers at UHE is
the influence of the Landau-Pomeranchuk-Migdal (LPM) effect (Landau and
Pomeranchuk [1953]), (Migdal [1956]), which depends on the air density.

In (Vankov et al. [2003]) we showed that the geomagnetic field has also
a noticeable effect on the UHE electromagnetic shower development in the
atmosphere. The effect is stronger at high altitudes and increases with shower
energy. If we define the break-even points as altitudes where matter and mag-
netic field effects are the same (Erber [1966]), one can see from Fig.1 that the
synchrotron energy loss rate starts to compete with bremsstrahlung energy
loss at energies > 10'%eV in the upper layers of the atmosphere. For exam-
ple, the break-even altitude for bremsstrahlung and synchrotron radiation of
a 10?20 eV electron is ~ 35 km above sea level (a.s.l.) for a magnetic field
of 0.35 G. The photons have also a chance to create a pair through mag-
netic pair production process but the probability for this sharply decreases
when the photon energy decreases. As a result the magnetic field affects the
shower development mostly through synchrotron radiation and accelerates
shower development. This must be taken into account in simulations that
aim at accuracy of 10% and better.

2 Simulation

We follow the longitudinal shower development by direct simulation that in-
cludes the LPM effect down to threshold energy Eyp,., bellow which the LPM
effect is not effective. In our simulations Eyp, = 10'6 eV. Because the LPM
effect depends on the air density we divid the 50 km thick atmosphere to 100
layers with equal thickness of 500 m each assuming constant density within
the layer. The differential cross sections for bremsstrahlung and pair produc-
tion are tabulated for each layer. The subtreshold particles are replaced by
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Fig. 4. Sample of shower profiles from primary electrons of energies 10%! eV in the atmo-
sphere. Slant depth is 15000 g/cm2 at 10 km a.s.l.

analytical approximation of shower profile.The particle creating a shower is
an electron injected at different slant depths and different altitudes in the
atmosphere.

To investigate the geomagnetic field effects on the shower development the
code includes magnetic pair production and synchrotron radiation processes.
We assume that the geomagnetic field strength (normal component) H is
constant along the shower axis. Showers start at different slant depths and
heights in the atmosphere and traverse it as shown schematically in Fig.2.
Axis 7 points to the position of the possible space detector.

Several individual shower profiles (the electron number in the shower as a
function of the depth) created by 102° eV and 102! eV electrons are shown in
Fig.3. Electrons are injected at two slant depths and traverse the atmosphere
at 20 km altitude. The geomagnetic field is not taken into account.

At this height, when the primary particle is injected at the atmospheric
boundary (0 g/ecm? slant depth), the LPM effect do not affect much the
shower development even for primary energy of 10%! eV. These showers start
in the highest and very rarefied atmospheric layers, where the Erpjys is close
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Fig. 5. Mean shower profiles for primary electrons with energies 10%° eV with (dotted line)
and without geomagnetic field (solid line) in the atmosphere. Slant depth is 20000 g/cm?
at 5 km a.s.l. Line with symbols is for BH showers (see the text). Top x-axis corresponds to
the coordinate system as in Fig.2 and is in units of g/cm?, the bottom x-axis is measured

in kg/cm? starting from the atmospheric boundary.

to 102! eV. Eppy is defined (Stanev et al. [1982]) as the energy above

which the LPM effect is significant. For example, at 20 km a.s.l. (vertically)

Erpy = 2.7 x 10! eV. However, the effect becomes stronger, especially for
10?! eV showers, starting deep in the denser atmospheric layers. The individ-
ual shower profiles fluctuate much stronger. The shape of these profiles after
the maximum is determined by the fact that the slant depth is measured
in km, not in mass units (g/cm?) and the shower attenuates in much more
rarefied air. At 20 km altitude the chord length in the atmosphere is 4451
g/cm? or 1240 km. Important feature of shower development with strong
influence of the LPM effect are significant fluctuations of shower profiles and
multi-peak structure. It is clearly seen in Fig.4 where a sample of several
shower profiles for 102! eV primaries in denser atmosphere is plotted.
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Fig. 6. Mean shower profiles for showers from primary electrons of energies 10?° eV with
(dotted line)and without geomagnetic field (solid line) in the atmosphere. Slant depth is 0

g/cm? at 20 km a.s.l.

Fig.5 shows the mean shower profile at 5 km a.s.l. simulated with the ge-
omagnetic field taken into account. At this altitude the atmosphere thickness

is 41000 g/cm?. The parent electron of 10?2 eV energy is injected at 20000

g/cm? slant depth, which is very near to the Z-axis (see Fig.1). This means
that the shower starts and develops in dense atmospheric layers. The impact
of the geomagnetic field is negligible, the influence of the LPM effect is strong,
which is seen from the comparison with showers simulated with Bethe-Heitler
(BH) cross-sections. The shape of the shower profiles have their characteris-

tic form because the slant depth is measured in g.cm™2. The length of the
shower is about 60 km.

The mean shower profile for 10?° eV electrons injected at the atmospheric
boundary and traversing the atmosphere at 20 km a.s.]. with and without
geomagnetic field are shown in Fig.6. For simplicity the normal field com-
ponent H is set constant and equal to 0.35 G. As seen from the figure, the
geomagnetic field affects noticeably the shower in this case. Magnetic field
accelerates the shower development shifting its maximum position by ~ 20
km. Effect becomes stronger when the shower develops higher in the atmo-
sphere, as can be seen from the Fig.7. In this case, 30 km a.s.l., however,
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Fig. 7. Mean shower profiles for showers from primary electrons with energies 102° eV with
(dotted line)and without geomagnetic field (solid line) in the atmosphere. Slant depth is 0

g/cm? at 30 km a.s.l.

the chord length in the atmosphere is only 922 g/cm?(1240 km) which is not
enough for the full shower development at 102 eV. At 30 km a.s.l. (vertically)
Erpy ~ 1.8 x 1020 ¢V and the impact of the LPM effect is negligible.

Our results (without magnetic field effects taken into account) are in good
agreement with similar simulations performed by (Wada, et al. [2006]).

Conclusion

We have presented results from one-dimensional simulations of electromag-
netic showers at UHE traversing the atmosphere horizontally at different
altitudes. Showers at higher altitudes (> 10 km) spread at hundred kilome-
ters. The LPM effect affects the shower development at energies > 1020 eV
and the influence of the geomagnetic field is noticeable. In lower and denser
atmospheric layers the magnetic field effects cannot compete with matter
bremsstrahlung and the impact of the geomagnetic field can be neglected.
Here the LPM effect is significant leading to strong fluctuations and multi-
peak structure of the shower profiles.
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