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Ultrahigh energy gamma rays in the geomagnetic field and atmosphere
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The nature and origin of ultrahigh eneryHE, referring to>10'° eV) cosmic rays are great mysteries in
modern astrophysics. The current theories for their explanation include the so-called top-down decay scenarios
whose main signature is a large ratio of UHE gamma rays to protons. An important step in determining the
primary composition at ultrahigh energies is the study of air shower development. UHE gamma ray induced
showers are affected by the Landau-Pomeranchuk-MigdaM) effect and the geomagnetic cascading pro-
cess. In this work extensive simulations have been carried out to study the characteristics of air showers from
UHE gamma rays. At energies above several time$ &0 the shower is affected by geomagnetic cascading
rather than by the LPM effect. The properties of the longitudinal development such as the average depth of the
shower maximum or its fluctuations depend strongly on both primary energy and incident direction. This
feature may provide possible evidence of UHE gamma ray presence by fluorescence detectors.
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[. INTRODUCTION have been formed in the early universe. The sourceX of
particles may be topological defedisosmic strings, cosmic
Ultrahigh energy(UHE; >10'° eV) cosmic ray research necklaces, magnetic monopoles, domain wdll§ or long-
was initiated about 40 years ago. Several experiments halived superheavy relic particlds].
been carried oufsee[1] for a review and at present the The cascade process initiated by a superhigh energy neu-
Akeno Giant Air Shower ArrayAGASA) [2], HiRes[3],  trino (~10%?eV) in the relic neutrino backgroundhe so-
and YakutsuK4] experiments are in operation to observe aircalled Z-burst model [9] is another possible scenario which
showers initiated by UHE cosmic rays. Today the number ofs a hybrid of astrophysical zevatrons with new particles
recorded events is already big enough to convince evefiO0].
strong skeptics that the cosmic ray energy spectrum extends In general, top-down and hybrid scenarios predict a rather
well beyond the theoretically expected Greisen-Zatzepinhigh flux of UHE neutrinos exceeding the observed cosmic
Kuz'min (GZK) cutoff around 5<10'° eV [5]. The origin  ray flux. Gamma rays account for a part or most of the high-
and nature of these particles are still unsolved questions. Thest energy cosmic rays above?i@V, whereas nucleons
problem is that it is very difficult to extend our understand-would dominate at lower energies. Thus the primary compo-
ing of particle acceleration to such extraordinarily high en-sition, especially the gamma ray contdreferred to as the
ergies, and the propagation of these particles in the cosmigamma/proton ratip is a powerful discriminator between
microwave backgroundCMB) radiation restricts the dis- the models of UHE cosmic ray origin. It should be men-
tance to their potential sources within several tens of megationed that even within conventional bottom-up models one
parsecs (1 Mpe 3.1x 10?4 cm). can expect a significant gamma/proton ratio due to the decay
Various models of UHE cosmic ray origin have been pro-of neutral pions produced in cosmic ray interactions with the
posed. They are currently a subject of very intensive discus2.7 K CMB photons. Under certain circumstancestraga-
sion (see[6] for a review. Models can be categorized into lactic magnetic field strength, distance to the sources, maxi-
two basic groups of “scenarios”: “bottom up” and “top mal proton energy, slope of the proton energy spectrum,
down.” etc), the subsequent electromagnetic cascade in the interga-
Conventional bottom-up scenarios look for astrophysicalactic space can lead to an UHE gamma ray flux comparable
sources called “zevatrons” (1 Zev¥10?! eV) that can ac- to the observed cosmic ray fljig1,17.
celerate particles to energies in excess P HY. The com- Air showers initiated by UHE gamma rays have charac-
position of UHE cosmic rays is expected to be hadronicteristic features in comparison with “ordinary” hadronic
Possible candidates include clusters of galaxies, active galashowers. Two effects must be taken into account for a study
tic nuclei (AGN) radio lobes, AGN central regions, young of air shower development in the case of gamma ray
neutron stars, magnetars, gamma ray bursts, etc. primaries—theLandau-Pomeranchuk-MigdalLPM) effect
In the top-down scenarios UHE cosmic rays instead ofandcascading in the geomagnetic field
being accelerated are generated from decay of some exotic The influence of the LPM effe¢tl3,14] on shower devel-
very heavy (167-10°° eV)X particles that are supposed to opment has been studied by many authors during the last 30
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years. The effect reduces the Bethe-HeitBH) cross sec- 10°F
tions for bremsstrahlung and pair production at energies F
=10' eV in the atmosphere, leading to a significant elonga-
tion of the electromagnetic shower and large fluctuations in
the shower development. Generally, this effect is well under- _
stood although there is no commonly accepted standard cod-
taking into account the LPM effect in electromagnetic _(5
shower modeling. It should be pointed out that other possible'E 107k
mechanisms of suppression of bremsstrahlung and pair cre & F
ation processes at extremely high energies have to be mor-. [
carefully studied 15]. : i

Once the electron-positron pair is produced in UHE 3
gamma ray interaction with the geomagnetic field away from
the Earth’s surface, it initiates an electromagnetic “cascade” ¢
due to synchrotron radiation before entering the atmosphere g 10°F
As a result, the energy of the primary gamma ray is sharec 8 F
by a bunch of lower energy secondary particles which are g
mainly photons and a few electron-positron pairs. The influ- —
ence of the LPM effect on subsequent showers in the atmo
sphere is significantly weakened.

The history of electromagnetic cascade calculations in the
geomagnetic field is also quite long since it started with the 10"(;1 - » i ” . 1‘00 — 1(‘)00
work of McBreen and Lamberftl6]. The main results of )
previous works[12,17—2Q are in good agreement. Recent X
calculations refined the previous ones, revealing some prac-
tically important features in the cascading process. For eX- o 1 The total probabiliiegcross sectionsfor magnetic
ample, in[21] it is shown that the study of two major com- bremsstrahlung and pair production as a function of parameter
ponents of the giant air showers, the size spectra and muon
content, can reveal the nature of the UHE cosmic rays if th‘%hey lose it rapidly down to belowE,. The analogous

specific dependence on the shower arrival direction is o gamma ray energy due to pair creation in the geomagnetic
served. Some observables that can be extracted from t &1d is ~6x 1019 e/

Pierre Auger Observatory detectotngitudinal profiles, Similar to cascading in matter, the main elementary pro-

I[gtze]ra}ln c[ilzs:;[]r '?huél?Qéhﬁ?dugrgpgggmig:;ed:E’Cﬂzﬁgﬂslc\/a cesses leading to particle multiplication in a magnetic field
. q ) q NS Wasre magnetic bremsstrahlungynchrotron radiation and
applied to study UHE gamma ray shower characteristics in

the geomaanetic field and in the atmosohere. em hasizinmagnetic pair production. It is well known that essentially
9 9 X P k P Sonzero probabilities for magnetic bremsstrahlung and pair
the muon component of air shower.

The aim of the present paper is to study in detail the UHF_FFrOdUCtlon require both strong field and high energies.

gamma ray shower characteristics that are measurable by airhe relevant parameter determining the criteria for this is

fluorescence detectors. It is also important to know the dif-

ference in longitudinal shower development between gamma E
ray and hadronic showers, which can be used for an effective X=——s— (1)
separation between these primary species. In the following, mc? Her

we will discuss the dependence of UHE gamma ray shower

characteristics on the incident direction and the possibility ofyhere E is the particle energyH, is the magnetic field
detecting such showers in future experiments. strength(the component perpendicular to the particle trajec-
tory), mis the electron mass, arl,=4.41x 10" G.

The total probabilitiegcross sectionsfor radiation and
pair production for a given value of the magnetic field
strength depend only ap and are shown in Fig. 1. Magnetic

About 60 years ago soon after Auger’s discovery of ex-pair production has significant probability for=0.1. For
tensive air showers, Pomeranchi#d] estimated the maxi- effective shower development, however, one needs even
mal energy of primary cosmic ray electrons and gamma raykigher values ofy=1 because the radiated photon spectrum
that is allowed to enter the atmosphere after interactions withhecomes harder with increasinng The maximal photon en-
the geomagnetic field. According to his calculations, theergy estimated by Pomeranchuk 6x 10° eV) comes from
maximal electron energl. due to radiation in the geomag- the conditiony~1.
netic field is a few times 70 eV (~4x 10 eV for elec- We use the expressions of Bayadral. [26] for the differ-
trons vertically incident on the geomagnetic equatorialential probabilitiegper unit length for magnetic bremsstrah-
plane. Whatever energy greater th&y the electrons have, lung and magnetic pair production:

ity

probabil

Il. ELECTROMAGNETIC INTERACTIONS
IN A MAGNETIC FIELD
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am? dolle—o e 2u In order to examine the p_rop_erties qf elgctromagne_tic cas-
(e, w)do=—=— + ——1Ky3 3y cades as a function of the incident direction, we uniformly
73 & & 7w X divide the sky into bins of 5 ° for both azimuth and zenith

" angles giving 1085 points and simulate 50 events for each
_f Kl/g(y)dy} 2) point. In our simulation we use the International Geomag-
2u/3y netic Reference FieldIGRF) and world magnetic model
which provide a good approximation for the geomagnetic
for bremsstrahlung, and field up to 600 km above sea levd0]. Above this altitude
the geomagnetic field is extrapolated from this model.
In the present work we examine the properties of UHE

2
Y w,e)de= am” de (“’_8 & ) (@) gamma ray showers for the location in Utah (longitude
’ 3 i\ & w—e 2B 3y =113.0° W, latitude=39.5° N, and 1500 m above sea
level) near the site of the HiRes experiment. In this location,
“ the IGRF gives a field of 0.53 G pointing 25° downward
+ .
Lul/ng“3(y)dy @ from 14° east of the geographicatue) north.
for pair creation, where andw are the electron and photon B. Atmospheric shower simulation
energies andloc: fi)g:‘s;t)w), U= wz_/8(w—8)- Herefi=c The simulations of atmospheric showers were carried out
=1. K,(2)=Joe cosh@t)dt is the modified Bessel independently of the geomagnetic cascading process. Using
function known as MacDonald's function. the AIRES code, we first prepared a library of subshowers

While for x>1 (strong field the electromagnetic cascade jnitiated by gamma rays with zenith angles of 39.7°, 54°,
develops similarly to a cascade in matter], in the case of gnd 61.6° and energy fixed between'®@and 16! eV at
x=<1 the photon interaction length increases sharply withogarithmically equally spaced valuégen energies per de-
decreasing photon energy. Electrons continue to radiate anghde. The number of all charged particles was recorded at
the shower becomes a bunch of secondary photons carrying g cni 2 intervals in vertical depth. The library contains

more than 94-95 % of the primary energy. 500 showers at each energy. It should be noted that this
number is significantly greater than the maximal number
1. SIMULATION (~100) of secondary gamma rays from the geomagnetic

) _ _ ) o cascade in each energy bin.
In our simulation studies of air showers initiated by  The construction of an UHE gamma ray initiated shower
gamma rays and hadrofigroton or iron, we use theAIRES s carried out by a method similar to the so-called bootstrap

code (version 2.2.1 [28] incorporated in thedGSJEThad-  method as follows. Théth secondary particle with energy
ronic interaction modef29]. AIREs includes the LPM effect g(GM) 4t the top of the atmosphere is followed by a sub-

. . . . . . I
in simulation of electromagnetic showers. For simulations okhower with the nearest energyiatm) selected randomly

electromagnetic cascades in the geomagnetic field we use Hbm the library. The secondary electron is replaced by a

original code. : :
. - gamma ray with the same energy. By summing up the sub-
To simulate showers initiated by UHE gamma rays, We_ L owers (=1,... ,Ng/GM)) with a weight w,

first model cascading in the geomagnetic field starting with & _ gy, —(atm) : - .
single UHE gamma ray far away from the Earth’s surface /E;™"™, the atmospheric shower initiated by a single

down to the top of the atmosphere. Then secondary particled@mma ray with ener_gif_g’) 1S represented( ‘?nf) a s(u;aerposr
that reach the top of atmosphere are set as an input for tH#n of subshowers with total energy"»w;E;*™=Ey” .

AIRES code. Finally, the air shower initiated by the UHE In the present work we also simulated samples of 500
gamma ray is constructed as a superposition of lower energyadron(proton and iroh initiated showers for the same ze-
gamma ray subshowers. In practice, we use a library of predlith angles and energy range to compare the results.
imulated showers in the atmosphere that has been calculated

by the AIRES code. IV. RESULTS

A. Properties of geomagnetic cascading

A. Electromagnetic cascading in a geomagnetic field The cascade development is determined by the features of

We simulate the electromagnetic cascade in the geomaghe cross sections of the processes and the field strength. The
netic field by injecting a UHE gamma ray at a distance ofmaximal values of the parametgrwhich governs cascading
3R, away from the Earth’s surface wheRg is the Earth’s  do not much exceed 1, e.gy=1.33 for 16°eV andH,
radius of 6.3& 10° cm. The primary gamma ray and sec- =0.3 G, andy=13.3 for 1¢* eV and the sam#, , i.e., one
ondary particles are propagated by taking account of paican expect only a few gamma ray interactioipsir cre-
production and synchrotron radiation at each gteptep size  ationg in the shower. But suchl, values are characteristic
of 1 km). Only particles above a threshold energy of%€V  for the surface of the Earth. The field strength rapidly de-
are followed in the simulation until they reach the top of thecreases with the geocentric distaneel/R,, which means
atmosphere. This threshold energy is low enough to neglethat the cascade starts not far from the surface of the Earth.
the contribution of subthreshold particles in the cascade. The first interaction of the gamma rays with the energies of
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y pane). The zenith angle is 40 ° and the azimuth corresponds
to north (strong field. For comparison in this figure is also
shown the shower profile for the secondary photons with
energy above T6 eV in a shower coming from the south
(weak field. This picture differs too much from the cascade
development in matter. As the primary energy is distributed

between the electron and photon compondsee the top
panel of Fig. 2, the mean photon energy decreases, and
when y<1 the mean free path for pair production sharply
increasegsee Fig. 1L The energy of the electron component
starts to return quickly to the photon component and the
shower converts to a beam of photons carrying the bulk of
the primary energy. For the case shown in Fig(sfong
field) the mean number of gamma ray interactions per
shower in the geomagnetic field is approximatelgdi111 for

the sample of 1000 showgrashich means that there is al-
most no pair creation after the initial interaction. FB§”
=5x 10 eV and the same conditions this number increases
to 4.16. This is the reason for the much smaller number of
electrons than photons in the shower. In our example, for the

0.5 | ‘o strong field, the mean number of electrons reaching the top
distance to the Earth, R, of the atmosphere, is 2.22-2x 1.11) for 166 oV threshold
energy. These electrons carry2% of the primary energy. In

FIG. 2. Shower profilgbottom panelin the geomagnetif field the case of weak fieldline with symbols in Fig. 2, the

for primary gamma ray with energy 30eV and different threshold ~ Probability of the primary gamma ray to interact in the geo-
energies: 1-1§ eV, 2-13°eV, and 3-5<10° eV. The zenith ~Mmagnetic field is only~6-7 % and this happens on an av-
angle is 40° and the azimuth corresponds to the north. Solid an@rage of 200 km from the sea level.

dotted curves indicate for photons and electrons, respectively. In Utah, the southern sky region is close to the direction
Curves with symbols show the number of photons with energieof the geomagnetic field and hence the effect of geomagnetic
>10" eV in showers with the same primary energy and azimuthcascading is relatively small. Gamma rays arriving from the
from the south. The energy flux carried by photdsslid curveé  northern sky region travel through stronger field whose
and electrongdotted curvgis shown on the top panel for azimuth strength increases with the zenith angle. Generally, primary
from the north R, is the Earth's radius+6.38< 10°cm). gamma rays are most affected by the geomagnetic field when

they come from the northern sky or near the horizon.

interest occurs in relatively narrow range of distances not Figure 3 shows maps for the gamma ray convergion
further than &,. For example, the mean altitude of the first teraction probability (gray scalg with the geomagnetic field
interaction of vertical gamma rays with primary energy for all incident directions in horizontal coordinates. The dif-
E{=10" eV is about 5300 km. ferent panels correspond to primary energigg =105

The typical shower profiles averaged over 1000 showerg(?®, 10?%% and 16 eV. The radial coordinate is the zenith
for E{'=10%° eV and different threshold energies for sec-angle . The inner circles correspond ®=30° and 60°,
ondary photons and electrons are shown in Figh@tom and the outer one is of the horizon. Azimuths are as labeled.

E=10'"°[eV] E=107"C[eV] E=10°"°[eV] E=10°"%eV]

N N
w EQW E‘W
S S

LT T HEERRET  EEEENN [ T T
0 50 100% 0 50 100% 0 50 100% 0 50 100%
Conversion Probability Conversion Probability Conversion Probability Conversion Probability

FIG. 3. Maps of gamma ray conversion probability in the geomagnetic field for primary enerdies 1G°, 10°°5, and 16 eV. Inner
circles correspond to zenith angles 30°, 60 °, and horizon.
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FIG. 4. Maps of average multiplicity of secondary particles with energh0'® eV at the top of the atmosphere. Primary gamma ray
energies and coordinates are the same as in Fig. 3.

(7|

“N” denotes the true north Dashed curves indicate opening produces an electron pair before reaching the top of the at-
angles of 30°, 60°, and 90° to the local magnetic field. mosphere. The electrons produced continuously radiate pho-
The region with smaller probability is around the direc-tons by magnetic bremsstrahlung and the multiplicity in-
tion that is parallel to the local geomagnetic field. From thiscreases with the primary energy. Nevertheless, radiated
region, primary gamma rays are most likely to enter the atphotons can hardly interact again with the geomagnetic field

mosphere without interaction. Thus, this region can be reunlessy=1.
ferred to as the “window” for the primary gamma rays.  For the direction with very strong fieltbr very high pri-
Through this window they can reach the top of the atmo-mary energy, i.e., largeE{’H , , e.g., for the northern sky
sphere surviving interaction and be observed as LPM showegion or near-horizontally incident gamma rays, the multi-
ers. The size of this window shrinks rapidly with increasingplicity is almost proportional to the primary energy which
primary energy and almost all gamma rays Wil leads to a nearly constant average particle energy at the top
=10 eV initiate a geomagnetic cascade above the atmoef the atmospherésee Fig. 5. This energy is about a few
sphere. times of 187 eV. In the sky regions where the conversion
Figure 4 shows maps of the average multiplicity of theprobability is 100% the maximal average energy of the sec-
secondary particle@umber of electrons plus photons above ondary patrticles, which are mainly photons, do not exceed
10' eV; gray scalgat the top of the atmosphere on the sameseveral times 1§ eV. This is consistent with the estimation
coordinates as in Fig. 3. The average energy of secondatyy PomeranchuK 24| described previously and thus the
particles E(()V)/multiplicity) is plotted in Fig. 5. LPM effect is ineffective in the atmosphere except for the
The patterns of these maps match the field strength wellyindow regions.
i.e., the direction of the geomagnetic field at the ground The multiplicity distributions of secondary particles at the
level, which reflects the fact that the first interaction occurstop of the atmosphere for different incident zenith angles
not far from the Earth’s surface. (39.7°, 54°, and 61.6°) and azimuths corresponding to
For low primary energy and/or weak field strength, i.e.,north and south are plotted in Fig. 6. Each histogram in-
smallE{YH, , the primary gamma ray does not or only oncecludes 1000 simulated showers.

19.5

E=10"[eV] E=1G"°[ev] E=16[eV] E=1G"%[eV]

170 180  19.0 200  21.0 170 180 190 200 210 170 180 190 200 210 170 180 190 200  21.0
Log(Average energy) Log(Average energy) Log(Average energy) Log(Average energy)

FIG. 5. Maps of average energy of secondary particles with enerty® eV at the top of atmosphere. Primary gamma ray energies and
coordinates are the same as in Figs. 3 and 4.
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FIG. 6. Multiplicity distribution of secondary particldphotons plus electropst the top of the atmosphere for primary energies of
10'%5 10%°, 107°5 and 16 eV and different zenith angles of 39.7 °, 54 °, and 61.6 °. Arrival directions of gamma rays are from north and
south.

The columns in the first bin of each panel correspond tacade development by more gamma ray interactions above the
the primary gamma rays that do not interact in the geomagatmosphere.
netic field. In regions with 100% conversion probability the  Figure 7 shows the average energy distributsmectrum
fluctuations are small for IargF_g”HL due to the better cas- of secondary particles at the top of the atmosphere. The data
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FIG. 7. Energy distributiorispectrum of secondary particle@photons plus electronst the top of the atmosphere.

sponds to that in Fig. 6.

043002-7

n
=

Log(EdN/dlogE[eV]) Log(EdN/dlogE[eV])

Log(EdN/dlogE[eV])

21

20

21

20

21

20

PHYSICAL REVIEW D 67, 043002 (2003

South

" L LA s B s B B B B B

L e LA S B

20 21
Log(Particle energy[eV])

T T T 7 T T T T T T T T T T T

18 19 20 21
Log(Particle energy[eV])

" LA L B B B B B B B B

20 21
Log(Particle energy[eV])

Each panel corre-



H. P. VANKOV, N. INOUE, AND K. SHINOZAKI PHYSICAL REVIEW D 67, 043002 (2003

North South
m I ] o I 1
() )]
S 3]
g g
~ B g
3 3 g
0;? S G
D © ©
I o
e} Ne]
S €
=) =)
= =
(o)) (@]
(o] o
| -
0 500 1000 0 soo 1000
-2 -2
Slant depth[g cm“] Slant depth[g cm“]
T ool mn
@ o2
S ]
g g
3 5 g
L‘;I) [$] [$]
D ks ©
I @
o o]
€ €
=} =}
< <
(o] (o]
o (o]
| -
| .
0 500 1000 150¢
-2
Slant depth[g cm“]
T ol ] mn
<@ @
o 3]
T T
g g
5 & g
(ﬁ [$) [$)
D ks S
@ @
Qo Ho)
€ €
=} =}
Z Z
(@] (0] [
o o
| | [
‘ ; ; i |
0 500 1000 1500 0 500 1000 1500
-2 -2
Slant depth[g cm“] Slant depth[g cm“]

FIG. 8. Longitudinal development of individual gamma ray showers in the atmosphere for primary energi&s af®Ppand 18° ev
(from top and different zenith angles of 39.7°, 54°, and 61.6°. Arrival azimuths are from the true north and south. Dashed curves
correspond to average shower developments for proton primaries calculategdasittrmodel.

043002-8



ULTRAHIGH ENERGY GAMMA RAYS IN THE . .. PHYSICAL REVIEW D 67, 043002 (2003

belong to the same set of simulated showers as in Fig. 6 9-54.0° 8-61.6"
Here the “surviving” primary gamma rays manifest them-
selves by the columns in the last bins of some histograms.

The maximum of the spectrum shifts toward the highers® =t 1 2r
energies WherEgy) increases. However, except for the cases? 8 g | proton
where the probability of survival primaries is large, i.e., the * ™
conversion probability is not close to 100%, this shift slows ‘ . . , , . ,
down for E{”>10° eV and the shape of the spectrum re- = xeantauit] - = Xyt -
mains almost the same for the highest energies. As men
tioned previously, the multiplicity of secondaries is almost
proportional toEgy). The spectra display sharp cutoffs at a

South
= North

few times 10° eV and subsequent subshowers in the atmo-2® ,* 1 2T North
sphere are not affected by the LPM effect. We discuss this in ¢ § | erton 1™ soun § [ proton - South
the next subsection. W I
We estimate the lateral spread of particles at the top of the L I o L o s
atmosphere. All particles are contained within a radius of *"°° X el = - sy ool o

about 10 cm. This value is much greater than 0.1 mm given
in [16,19 but is still too small to be taken into account. : : : , ,
Thus, successive shower developments in the atmosphet g‘z North i:

can be correctly expressed as a superposition of atmosphers?® . "
subshowers initiated by secondary particles with such energjgg :
spectra. w

n
1500

B. Shower development in the atmosphere

Xmax(g ent]
Figure 8 shows examples of individual shower develop-
ment initiated by primary gamma rays wit§” = 10'%, 10, T north ' North &
and 1G eV. Left and right panels correspond to azimuths 3
from north and south, respectively. Zenith angles are 39.7°¢ ¢ South 2
54°, and 61.6°. Dashed curves represent the averag S 3 [ P E
shower profiles for proton primaries. Wt
This figure illusrates very well a remarkable feature of the S hh ,
shower development at these energies—significantly smal “° semanta o] s * Xenaxta e
fluctuations in the case that the primary gamma ray interacts
with the geomagnetic field. The largest fluctuations in the
shower development can be found f&f”=10"eV, ¢
=39.7°, and incident direction from the south. In this case o® s  goum 1.
the primary gamma ray conversion probability in the geo- So § proton " 5 §
magnetic field is only several percent and the LPM effect i [ DL
strongly affects the shower development in the atmosphere Sl
Increasing primary energy leads to a significant decrease o i L e ™

proton

fluctuations and this trend is stronger for the sky regions Xmaxig o'} xmaxig o
close to the horizottlargeH, ). These two effects are more gy, 9. x, . distributions for proton and gamma ray showers

pronounced for northern sky regions. for primary energies of 18, 10'%5 10?°, 10?°% and 16! eV and
Figure 9 shows distributions of the depth of the showergifferent zenith angles of 54° and 61.6 °. Azimuths are nédt-

maximum in the atmospher¥,,,, for showers with Eg” ted lineg and south(dashed lines

=10, 105 10?° 10°%5 and 16' eV. We present the

cases of zenith angles of 54 ° and 61.6 ° in the left and righ& mixture of converted and not converted gamma rays above

panels, respectively. In each panel, the solid line indicates thihe atmosphere.

distribution of proton showers. Dotted and dashed lines rep- In Fig. 10, maps of averagé,,., are shown on the same

resent those for gamma ray showers from the azimuths afoordinates as in Figs. 3-5.

north and south, respectively. The data for this figure are obtained by the following
The shape ofX,,. distributions of gamma ray showers approximation. The simulation of the shower development is

noticeably varies with primary energy and incident direction.based on the method described in the previous section. For a

As the primary energy increases, the distributions becomgiven zenith angle we use data from the library of presimu-

narrower and the mean values are almost constant for endated showers with similar zenith angle. Since the magnitude

gies >10 eV (see also Fig. 11 belowSome distributions of the LPM effect depends on the atmospheric density profile

having two maxima or a long tail to deep®y,., result from  along the particle trajectory, there is a small dependence on
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E=10""[eV] E=10"""[eV] E=10""[eV]

N

800 900 1000 800 900 1000 800 900 1000 800 900 1000
<Xmax>[g cm 2] <Xmax>[g cm 2] <Xmax>[g cm 2] <Xmax>[g cm 2]

FIG. 10. Maps of average depth of shower maxim{p,.,) in the atmosphere for primary energies % 10%°, 10?°5, and 16 eV.
Coordinates are the same as in Fig. 4.

the incident zenith angle. In the vertical region ford8v,  ers are affected by the LPM effect. This region may serve as
this effect possibly matters anX,»,0 can be higher than a probe for UHE gamma ray presence.

shown due to the lack of an air shower library for this direc-  Figure 11 shows the relation betwegX,.,) andES? for

tion. For higher primary energy or other sky region, howevergamma ray showers. For comparison, corresponding rela-
primary gamma rays are converted and thus it is not necesions for proton and iron primaries are also drawn in the

sary to take into account the LPM effect for the estimation offigure. The incident azimuths of the gamma rays are from

(Ximax - north and south. The dashed lines and thick solid lines are for

In each map, i.e., for eadB(”, (Xpmao reflects the de-  zenith angles of 54° and 61.6°, respectively. The dotted
pendence of geomagnetic cascading on the incident diregurve indicates the case of no geomagnetic field.
tion. Typically, gamma ray showers with largeXya, are For proton and iron showersX ., increases witreg”)
predominantly coming from the southern sky region. Onlyand the slopes of the relations, i.e., the elongation rates, are
for 1020 eV is there a small window where gamma ray ShOW'a|most constant and are 54 and 56 978Mecade, respec-

tively. The elongation rate for gamma ray showers is greater
LA than those of hadronic ones and is also constant according to
Gamma-ray the electromagnetic cascade theory up to energies
X 10 eV. Above this energy the LPM effect steepens the
relation of (X Versuse(” as shown by the dotted line in
the figure.

Geomagnetic cascading starts to “work” approximately at
the same energy, about several time® HY. At this energy,
which depends on the incident directidiX .y reaches its
maximum. Above this energy the geomagnetic cascade de-
velops well enough to suppress the LPM effect in the atmo-
sphere. This leads to a rapid decreaséXqf., -

The slow increase ofX,, after its minimum results
from the slow increase of the fraction of secondary photons
above the threshold for the LPM effetsee Fig. 7. The
multiplicity also increases proportionally &” which leads
600 |- - to almost constant average photon energy in the bunch above
1 10%°° eV. It must be noted that a superposition of BH sub-
18 19 20 21 showers has smalléX,, than a single BH shower with an
Loa(Pri Vv energy equal to the sum of the subshower energies.

og(Primary energy[eV]) In Fig. 12, the fluctuations of 4 (the standard deviation

FIG. 11. The average depth of shower maxim{Xy,) in the of the Xax di;tributio@ are shown as a function of primary
atmosphere as a function of primary energy for gamma ray shower&Nergy. The line key is the same as in Fig. 11 but the case of
Corresponding relations for proton and iron are also drawn by solid'® geomagnetic field is not shown.
lines. Arrival directions of gamma rays are from north and south as  Similar to(X,9, the fluctuations for gamma ray showers
denoted. The dotted curve indicates the case of no geomagnetiry typically depending on primary energy and incident di-
field. Dashed line and thick solid curves are for zenith angles ofection, while those for proton and iron showers are almost
54° and 61.6 °, respectively. constant,~67 g cm 2 and~26 g cm 2, respectively.

54.0° 61.6°

1000

800

Xmax[g cm ]
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ample, as is shown above, the fluctuations Xgf,, for
gamma ray showers become even smaller than those for pro-
ton showers and are close to those for iron showers above
107° eV. We expect that the development of a number of
UHE showers will be measured with better accuracy in the
near future, which will be the first decisive step in looking
for UHE gamma rays.

If the observed showers develop slowly from the sky re-
gion near the windov{see Figs. 2—4 and) $howing typical
characteristics of LPM showers, this could be a noticeable
and physically important evidence of UHE gamma ray pres-
ence.

ol o v As was earlier mentioned if21], the magnetic brems-
strahlung process may be important for shower development
Log(Primary energy[eV]) at high altitudes where the atmospheric density is very low.

According to the estimations ifi31], made by numerical

FIG. 12. Fluctuationgstandard deviationr) of X, @s a func-  integration of the system of cascade equations, the interac-
tion of primary energy. The line key is as in Fig. 11 but the case oftion of shower particles with the geomagnetic field inside the
no geomagnetic field is not shown. atmosphere becomes important for cascades created by pri-

mary gamma rays with energies higher tha8x 10°° eV.

For gamma ray showers, the picture betweed®Ehd  For example, injecting gamma rays with energfléV ver-

107 eV is similar to that in Fig. 11. Large fluctuations are fically into the atmosphere, the number of particles in show-
due to the LPM effect. For energies at which the geomagers at sea level calculated only with the LPM effecti$3%
netic cascading is effective, the fluctuations decrease rapidlss than that in showers when interactions with the geomag-
with increasing energy. At the highest energies, the fluctuanetic effect(for H, =0.35 G) are taken into account. This

tions tend to be as small as those for iron showers. Thigjifference increases with increasing primary energy up to

Gamma-ray

54.0° 61.6°

SD[g cm'2]
8
LELE SLENLE IR LA DL L AL R LA L

e
(=]
—_
(o]
n
o
N
=

effect and geomagnetic cascading as in Fig. 11. for one-dimensional atmospheric shower simulation we ob-
tain similar results, showing also a noticeable shift of the
V. DISCUSSION AND CONCLUSIONS shower maximum. This work is now in progress.

Planned project$Auger [32], EUSO[33], etc) to study

Our study shows that the longitudinal development ofUHE . . b individual sh d
amma ray showers is not simply scaled with primary en- cosmic rays promise to observe individual shower de-
9 . . velopment with better accuracy. It is important to find effec-
ergy. Shower development in the energy region abov

1015 eV shows very specific dependence on both the pri'-%ve and reasonable physical parameters from simulation

mary energy and incident direction. TK,,.,) of gamma studies in order to discriminate gamma ray showers from

ray showers is larger than that expected for proton showerhadronic ones on an event by event basis. It can also be a
y 9 P P %”crong probe by including a fluctuation study in addition to

Furthermore.’ the elongat]on rate of gamma ray Shower3verage shower development in discussions about the com-
shows considerable variation with energy depending on the'ﬁosition of UHE cosmic rays

incident directions. The future observation of these longitu-
dinal shower characteristics with better statistical accuracy

would be the pqssiblt_a key for_ studying the UI-_|E gamma ray ACKNOWLEDGMENTS
flux. Also, additional information may be obtained from the
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