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Influence of the LPM effect and dielectric suppression on particle air showers
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An analysis of the influence of the Landau-Migdal-Pomeranctu#M) effect on the development of air
showers initiated by astroparticles is presented. The theory of Migdal is studied and compared with other
theoretical methods, particularly the Blankenbecler-Drell approach. By means of realistic computer simulations
and using algorithms that emulate Migdal's theory, including also the so-called dielectric suppression, we
study the behavior of the relevant observables in the case of ultrahigh energy primaries. We find that the LPM
effect can significantly modify the development of high energy electromagnetic showers in certain cases.
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PACS numbdis): 96.40.Pq, 02.70.Lg, 13.16q

I. INTRODUCTION ticular, we compare the Migdal formulatid] with other
approaches that were developed more recdt§—10. We
The study of atmospheric showers initiated by high en-also analyze the modifications of the bremsstrahlung and pair
ergy astroparticles plays a central role in contemporary cogsroduction probabilities in the case of our interest, that is,
mic ray physicg1]. The most important component, in num- when the medium is a “layer” of air of infinite thickness and
ber of particles, of the air shower is by far the variable density. Our study is, therefore, complementary to
electromagnetic one. Additionally, many shower observableghe recently published review by Kle{i8] which primarily
that give direct information about the properties of the pri-treats the LPM effect in the case of solid targets of finite size,
mary depend strongly on its behavior. like the ones used in the already mentioned SLIXT ex-
Electron bremsstrahlung and pair production are theeriment.
dominant processes in the electromagnetic shower at very 14 complete our study we have developed new LPM-

high energies. The standard description of these processSefig|ectric suppression procedures, and we have installed
i.e., the Bethe-Heitler equatid@], can be incomplete at very them in theAIRES air shower simulation systeffil5]. The

high energigs due to some effects that drastically reduce th/ﬁFeEs code has then been used as a realistic air shower simu-
corresponding cross sectioffi]. Those mechanisms play a lator to generate the data used to make our analysis of the

relevant role in the development of air showers because theI fluence of the LPM effect on high energy showers.

can lengthen them, and consequently move the position o . . .
9 q y P It is worthwhile to mention thatIRES represents a set of

the shower maximum deeper into the atmosphere. . S
In the present work we study two of the several suppresPr09rams to simulate atmospheric air showers and to manage

sion processes that can affect the high energy electroma@ll the associated output data. Most of the physical algo-
netic interactions[3], namely, the Landau-Pomeranchuk- rithms of theAIRES system are based on the realistic proce-
Migdal (LPM) effect [4,5] and the dielectric suppression dures of the well-knownvocca program[16]. AIRES pro-
[5,6]. The first of these effects is due to multiple scatteringvides some additional features, for example: The Earth’s
while the second one is due to the interaction of the bremscurvature is taken into account, allowing safe operation of all
strahlung photons with the atomic electrons in the mediumzenith angles; the simulation programs can be linked to dif-
through forward Compton scattering. ferent alternative hadronic collision models suchQasJET
The LPM effect was studied semiclassically by Landau[17] or siBYLL [18,19, etc.
and Pomeranchufd] and the first quantum mechanical ap- The version ofalRES used in this work is capable of pro-
proach was given by Migddb]. Recently, the experimental cessing the following particles: photons, electrons, positrons,
confirmation of the LPM effect at the Stanford Linear Accel- muons, pions, kaons, eta mesons, nucleons, antinucleons,
erator Center(SLAC) [3,7] has originated new theoretical and nuclei up taZ=26. Among all the physical processes
works[8—13 and several analyses of its consequences, pathat may undergo the shower particles, the most important
ticularly in cosmic ray physicgl4]. from the probabilistic point of view are included in the simu-
The main purpose of our work is the study of the modi-lating engine. Those processes can be classified as follows
fications in the development of the air showers that takd15]: (i) Electrodynamical processegair production and
place when the LPM effect and dielectric suppression arelectron-positron annihilation, bremsstrahluegectrons and
taken into account. In order to do that we first study thepositrons, knock-on electrons{ rays, Compton and pho-
different theoretical approaches of the LPM effect. In par-toelectric effects, LPM effect, and dielectric suppression
(discussed in this wojk (i) Unstable particle decaypions
and muons, for instancéiii) Hadronic processesnelastic
*Email address: cillis@venus.fisica.unlp.edu.ar hadron-nucleus and photon-nucleus collisions, generally
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simulated using the external packaésGSJETor SIBYLL), To make our paper self-consistent, we start with a quali-
photonuclear reactions, elastic and inelastic) Propaga- tative description of the LPM effect explaining the main fea-
tion of particles:all particles—even the short lived ones— tures of Migdal theory. We then compare the final Migdal
are properly tracked, taking always into account the correresults with those of Blankenbecler and Drell.

sponding mean free paths for the processes they can

undergc? Continuous energy losse@onization, multiple A. Bremsstrahlung

Coulomb scattering, and geomagnetic deflection are taken ) i
Let us consider first the case of bremsstrahlung where an

into account for charged particles. - )
This paper is organized as follows: In Sec. Il we introduce€!€Ctron or positron of enerdy and massn emits a photon

the different approaches to the LPM effect and compare th8f €nergyk in the vicinity of a nucleus of charge. _
Migdal formulation with other ones. In Sec. Ill we explain _ Négdlecting the photon emission angle and the scattering

the practical implementation of the LPM effect and the di-Of the_ electron, the minimal longitudinal momentum
electric suppression into theres program. In Sec. IV we transfe'? to a nucleusg, in the case wherk>k and E
analyze the results of the air showers simulations performe?ma is given by[3]

with such code. Finally, in Sec. V we place our conclusions Kn2c3

and comments.

U= 2EE—K) @

Il. THEORY OF THE LPM EFFECT The formation length can be defined according to the uncer-

The so-called LPM effect takes place when an uItrareIa—f[alnty pnnmple:lf_o:ﬁ/qu. lto is the distance over Wh'c.h the
interaction amplitudes can add coherently. It is straightfor-

tivistic particle emits low energy bremsstrahlung photons ) ) ; .

passingpthrough matter. In this ggse fewer photorglls Fzalre emi vard to shov_\,{3] that '.f othgr |n.teract|ons are present _Wh'le

ted than predicted for .the case of }solated atdis In a he electron is traversing this distance, then the resulting am-

similar way, the cross section for electron-positron pair pro-pIItUde will, in general, be reduced. . .

duction is reduced in the case of high energy gamma rays Let us_con5|der the case V\_/he_n multiple scattering takes

passing through matter place during the radiation emission process. Using a small
This effect was first .predicted by Landau and Pomeran-angle approximation, the longitudinal momentum transfer

chuk[4] some 40 years ago. They treated the classical radiaza be expressed as

tion of a high energy particle in a fluctuating random field Kmc3 K62
inside an infinitely thick medium. Afterwards, Migd§5] q= msz )
provided the corresponding quantum mechanical theory, giv- 2E(E-k)  2c

ing analytical expressions for the bremsstrahlung and pair ) _ . )
production cross sections when matter is present. MigdalNer® fusz is the multiple scatiering angle in half
theory was developed for an infinite target thickness. Mordhe ~ formation length, that is, E/E)VI¢/(2Xo),
recently, an experiment performed at SLAQ} measured the With Es=mc?\4n/a=21.2 MeV (@=137""), and X,
LPM effect, finding that there is an acceptable agreement[47ar’z?In(184z V9]~ is the radiation length r¢
between the experimental data and Migdal theory which is=e*mc* and 7 is the number of atoms per volume ynit
presently considered the standard treatment. The effect of multiple scattering becomes significant when
The experimental confirmation of the LPM effect trig- the second term of Eq2) is comparable in magnitude with
gered new theoretical work8—13). In particular, Blanken- the first one. This is the case when
becler and Drell[8], Blankenbecle9,10], and Klein [3]

have reanalyzed the problem, upon better approximations E
. - - y<——, ©)
than in the earlier works, and they were able to consider E+Epm
effects of finite target thickness. We include in this paper a
comparative analysis between different approaches. where
k
y= Ev (4)
The external hadronic packages simulate nontrivially the physical
processes involved in a hadron-nucleus inelastic collision. Amongind
other features, botlpGsieTand siByLL are capable of generating
high energy gammas coming from the decay of baryonic reso- 4.7
nances, even if the probability of such diffractive processes dimin- E o= m“c’Xo (5)
ishes as long as the energy of the projectile particle is increased LPM ﬁEg

[20].

2This is particularly important for the case of electromagnetic
showers initiated by hadronic primaries. The electromagnetic com-
ponent comes mainly fromr® decays, and even if they are short 3The minimal longitudinal momentum transferred to the nucleus
lived particles, the probability of undergoing hadronic collisions occurs when the final electron and the photon follow in the same
cannot be neglected at ultrahigh energies. direction of motion as the initial electron.
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is a characteristic, material-dependent, energy which gives 12
the scale where the effect cannot be neglected. For a given
energy E, the emission of photons with<E/(E+E py)

will be affected by the interference due to multiple scatter- 08
ing, and therefore foE>E, ), the effect extends to the en-

1 +

tire photon spectrum@y<1. 061 7
The characteristic enerdy, py can be expressed as o4t /
02 t/
m2c3
Evpu= . ® N
M 160 7r2z2In(184213) 0 02 04 06 08 1 12 14
S
This equation makes evident the fact tiigt,), diminishes FIG. 1. FunctionsG(s) (solid ling) and ®(s) (dashed ling

when the density of the medium increases. Therefore, foRPPearing in Migdal theory. The plots corresponceactcalcula-
dilute media, the LPM effect will be appreciable only for tions made by numerical evaluation of E¢$3) and (14).
energies much higher than the typical ones used in experi-
ments with dense targe{8,7]. In fact, for air in normal dopm 4ar§§(s) 5
conditionsE, py=2.2x 10° GeV; one can compare this en- dk 3k VY G(s)
ergy with the energy of the electron beam of 8 and 25 GeV
used at SLAJ3,7]. 184

The formation length, when multiple scattering is the +2[1+(1—Y)2]¢(3)}22|H(T,3>, (10
dominating process, can be put in the form Z

| KEipm
=140 E(E—_K)’ (7
| KkEipm 11)
To measure the strength of the effect it is convenient to in- 5= VBE(E—K)&(s)’ (

troduce the suppression factor through

where

_ d(TLpM/dk (8) 2 if S<Sl
dogy/dk’ &(s)=1 1+Ins/ins; if s;<s<1, (12
1 if s=1

wheredogy/dk stands for the bremsstrahlung cross section
given by the classical theory of Bethe and Heiflgt. The (\s;=7Y3¥184), and
fact that the cross sections are proportional to the formation '

length gives rise to
_ KELpwm
SVNEE-K ©) )
(I)(S)=1$2[|m[‘lf(s+is)+\lf(s+ 1+is)]—§],

For k small in comparison witle, the cross section found (19
by Bethe and Heitlef2] is proportional to 4. If multiple
scattering is taken into account, this proportionality changesyhere ' represents the logarithmic derivative of the com-
due to Eq.(9), to 1hk. plexT" function. The functions&(s) and®(s) are plotted in

In the Migdal theory of the LPM effedi5], the multiple  Fig. 1. BothG(s) and®(s) belong to the interval0,1] for
scattering is treated as a diffusion mechanism. The averaggl s=0 and their limits fors going to zero(infinity) are 0
radiation per collision and the interference between the ra¢1). Therefore, whers<1 the suppression is importafthe
diation from different collisions are then computed. Whencross section is reduce8< 1), while for s>1 there is no
collisions occur too close together, destructive interferencguppression$g 1) and the Migdal cross section reproduces

reduces the radiation. The multiple scattering is treated usinghe main terms of the Bethe-Heitler equati@) if complete
the Fokker-Planck technique to solve the correspondingcreening is considered; namely,

Boltzmann transport equation. Migdal includes quantum ef-
fects, such as electron spin and photon polarization, but his
calculations only apply for a target of infinite thickness. The

resulting cross section for the bremsstrahlung process reads dk

2
st = +is

5 +is| |, (13

G(s)=48szi%+lm‘lf

dog  4dar? 184
ﬁz%{y2+2[1+(1—y)2]}zzln(27/3). (15)
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0.8

FIG. 2. Bremsstrahlung probability according
to Migdal theory kdP/dk). The electron ener-
gies areE=10%eV (solid ling, E=10°eV
(dashed ling and E=10?° eV (dotted ling. The
medium is air at the vertical depth 0K,
=1000 g/l (p=1.19 kg/nf) (@ and X,
=50 g/cnt (p=78 g/n?) (b).

k dP/dk

0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
y y

It is easy to see, for example, that if the medium i afthe  cant is placed around 1beV sinceE, p is some 20 times
altitude h which corresponds to a vertical deptK, larger than the corresponding value for Figa)2
=1000 g/cné [X,(h)=[rp(z2)dz [15], X,(0)=1000 g/ When the effect of the polarization of the medium is taken
cn?, X,(100 km)=0] and for electron energies of 100 TeV, into account, a significant alteration in the bremsstrahlung
the screenetdBethe-Heitler equation and the no suppressiorformula for soft photons appears. The interaction of a photon
limit (15) of Migdal theory agree within the 2.5 % relative with the atomic electrons produces another kind of suppres-
error level. In accordance with E¢B) the region of photon sion of the cross section that is calldilectric suppression
spectrum where the LPM suppression is significant grow$5,6]. If we take into consideration that the dielectric con-
when the primary energy is enlarged, and affects virtually thestant of the medium is different from 1, i.eg=1
complete range €y<1 when the energy of the electron is —(ﬁwp)zlkz, wherew, is the well-known plasma frequency
10'8 eV (in this caseE| py=2.8X 10'" eV=280 PeV). (wy=4mwZepn/m; for air in normal conditions,%w,
The plots in Fig. 2 illustrate the dependence of the LPM=0.72 eV), then the longitudinal momentum transferred to a
effect with the density of the medium. In this figure the prob-nucleus changes from E¢l) to
ability
km?c® N (fiwp)? a7
aP_ x,e 16 YTIEE—K T 2ck
dk dk

Consequently, when the second term in the last equation is
is plotted versuy for several electron energies. The mediumcomparable with the first, the dielectric suppression becomes
is air at two representative altitudes) vertical atmospheric  jmportant. This happens when the energy of the photon is
depthX,=1000 g/crd, which corresponds approximately to much lower than a critical energy given By =% w; With
an altitude of 300 m.as.l pE1.19 kg/nt, E|pum
=280 PeV);(b) X, =50 g/cnt, which corresponds approxi-
mately to 20,000 m.a.s.l.pE 78 g/n?, E py=5.78 EeV). B JE(E-k) E
The plots in Fig. 2a) show that an important suppression Werit™ @p m2c? Z“’PE' (18)
takes place at all the energies considered and becomes severe
for the 13° eV case. On the other hand, the LPM effect does o , , ,
not seriously affect the bremsstrahlung probabilities for [t1S worth noticing that the correction due to the dielectric
10'8 eV electrons aX, =50 g/cnt as shown in Fig. @). In constant is certainly negligible for the propagation phenom-

this case the critical energy where the effect becomes signif€"0n- On the contrary, in our case of the emission process,
the effect is measurable because here the scale fixing param-

eter is the critical frequency given by E@L8), and not the
lasma frequency. Notice also that this critical frequency is

4FOI’ altitudes up to 90 km above sea IeVel, the air is a mixture o Xactly the plasma frequency When measured |n the electron
78.09% N, 20.95% Q, and 0.96% other gas¢®2] which can be  (ast frame. If we define now

adequately modeled as an homogeneous substance with atomic
charge and mass numbetg=7.3 andAgs=2X Z;, respectively.
5The screening effect of the outer electrons has been calculated by hwp
Bethe and Heitler on the basis of the Fermi-Thomas model of the ydieI:m_02' (19
atom. The influence of the screening on a radiation process is de-
termined by the quantity=100(m/E)[y/(1—y)]Z~*3. For y>1
screening can be practically neglected while one has completEgs.(17) and(18) tell us that the dielectric suppression takes
screening fory=0 [2,21]. place wheny<yig.
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section of this interaction, where a photon of enekgyro-
duces a paie*e” of energiesE andk—E, respectively, can
be obtained immediately from the bremsstrahlung formula
[3,5]. In this case the cross section reads

1.0e-03

dopu(y—e’e’) 4arZé(s)

10004 } T - 3
g - dE TR
o
4
+2[u+(1-u)?]d(s)} 2?1 184
u —u S nf—;|,
1.0e-05 | z
(21
where
1.0e-06 : .
-9 -8 -7 -6 E
log(y) u= 1 (22)
FIG. 3. Bremsstrahlung probability according to Migdal theory
(kdP/dk). The probabilities taking(solid line) and not taking and
(dashed linginto account the influence of dielectric suppression are
plotted versus logy. The energy of the electron is ¥eV and the ~ KE_pm
medium is air at a vertical depthX,=1000 g/cm (p S= T EE—— (23
=1.19 kg/nd). 8E(K—E)&(s)

Clearly the dielectric suppression on the cross section of the

The Migdal approach takes into account this dieIeCtriCelectron positron pair production can always be neglected
effect. Since dielectric suppression occurs §6€Yye<1, , ) L :
Pb Vel This follows from the fact that the polarization of the me-

the term inG(s) can be neglected. In that case, the crossd_ il N th ft phot h .
section becomeks] ium influences only the soft photons whose energies are

much smaller than that of the electroitg.
184 2 Figure 4 shows the normalized probability of pair produc-
®(s8)Z2In _) 5:1+(yd'9') _ tion at atmospheric depths of 1000 gfcia) and 50 g/crh
zZ3 y (b) for different energies of the primary photon. The produc-
(200  tion probabilities are progressively suppressed when the pri-
mary energy rises. From Fig. 4, it is also evident that sym-
Figure 3 illustrates the influence of the dielectric suppresmetric processesuf~0.5) are the most affected by the LPM
sion on the bremsstrahlung cross secti@d) where the suppression.
probability for bremsstrahlung is plotted agaigsh the case
OT E=10" ev, apd for an altitude of 300 m.a.S.I;The €MIS- ¢ Comparison with other approaches to the LPM effect
sion probability is suppressed fgr<y gio=1.4X 10 °. This
corresponds to photon energies1 TeV.

dopm 16arZ&(s)
dk  3ké

We should remember that the Migdal approach does not
include all the corrections that should in principle be in-
cluded. In fact, the inelastic form factor that accounts for
inelastic interactions with the atomic electrons and the term

The pair production process can be treated similarly ashat accounts for the Coulomb corrections because the inter-
bremsstrahlung. The corresponding expression for the crosgction takes place with the electron in the Coulomb field of

B. Pair production

1p 1
09 i
0.9 F\%
08 |}
07} 08 1 FIG. 4. Pair production probability?(k,u)
0.6 07| according to Migdal theory plotted versusfor
§ 05 2 different values of the photon energy: 2@V
= & 06k (solid ling), 10*° eV (dashed ling and 1688 eV
04 1 (dotted ling. The medium is air at the vertical
03 r 05| depth of X,=1000 g/cm (p=1.19 kg/n?) (a)
02 | andX,=50 g/cnt (p=78 g/n?) (b).
04 |
01f
0 . . . ' 03 . . . .
0 02 04 06 08 1 0 02 04 06 08 1
u u
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10

% relative difference

0.5

0.25

1 10°
y y

FIG. 5. Comparison between Migdal theory and Blankenbecler-Drell formulat@nAbsolute probabilities versug. The electron
energy is 16 eV, and the soliddashedliline represents Migdal theoBlankenbecler-Drell formulation The dotted line corresponds to the
Blankenbecler-Drell formulation without adding the phase-amplitude correlation corré2®n(b) Percent relative differences between
both formulations, for electron energies'i@V (dashed lingand 16° eV (solid line). In all cases the medium is air and the vertical depth
is X, =1000 g/cn (p=1.19 kg/n?)(10'® eV) andX,=100 g/cn? (p=0.156 kg/n)(10%° eV).

the nucleus[23,24 are not taken into account. However, added to the probability of Eq24). In the case of a finite
Migdal formulation proves to work sufficiently well when its thick target, this term can be expressed as follows:
results are compared with experimental dath

Blankenbecler and Dre[B—10] have computed, in an al-
ternative way, the magnitude of the LPM suppression. They
have used the eikonal formalism, standard in the study of
scattering from an extended target. This approach leads to a
physically clear quantum-mechanical treatment of multiplewith bi=1/ls, andz= y1+4wx.
scattering and from that to the derivation of the LPM sup-  The transition to the LPM regime occurs fo=1 and the
pression of soft photon radiation from high energy electrongytreme LPM limit forws1 in accordance with the relation
in matter. The approach includes as limiting cases the Bethqg)_
Heitler [2] radiation from a charged particle scattering \jigdal theory contains a number of approximations that
against an isolated atom, relevant for a thin target and, in thgre not very transparent on physical grour@ On the
opposite limit, the LPM effect which suppresses the radiatiomther hand, the Blankenbecler-Drell formulation is theoreti-

dp
dk

_3a(1—y)rfb|<2wb|+1

_ _ 2
167w - 1)(2 1)“cosx dx,

(29

c 0

in a thick target. Their result for thick targets reads

cally more robust in its principles, but does not include di-
electric suppression. Migdal results are simpler to treat nu-

dP  2aym?c?l : ;
ke = ————— (11— 15), (24) ~ merically and the differences between the two approaches
dk = are small in the case of infinitely thick media. This shows up
clearly in Fig. 5 where both predictions and their relative
wherel is the target thickness and differences are plotted for representative energies.
To make these plots we have evaluated numerically the
| fw2+3r(\/1+4wx— 1) v d (25 integrals of Eqs(25) and(29). Our results can be considered
1=W o SInxax as a generalization of the analysis presented in [R&f.
0 1tdwx—yl+awx which corresponds to the limiting cases of negligible (
. <1) or severe\y>1) suppression.
| — fxﬂdxz ™ 26) In Ref. [3], other approaches to the LPM effgdtl—13
2 ’ . .. .
o X 2 are reviewed, and similarly as in the case of the
Blankenbecler-Drell formulation their results are not in con-
where tradiction with Migdal theory. It is worth noticing that the
main differences between such different approaches appear
1+(1-y)? when considering finite thickness slabs, which is not the case
r= 2(1——y) (27) of interest in our work, devoted to the study of the LPM
effect in an infinite dilute medium like the Earth’s atmo-
E [1-y| | sphere.
W= e (—) X (28
vl Y 0 I1l. PRACTICAL IMPLEMENTATION

An additional corrective term due to the phase-amplitude During the computer simulation of a ultrahigh energy air

correlations has been calculated in Ref0], and must be

shower, the processes of emission of bremsstrahlung photons
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ande*e™ pair production need to be calculated some mil- TABLE I. The coefficients for the rational expansions of func-
lions of times. This requires that the algorithms used in suclions G and® [Egs.(33) and(34)].

calculations should be fast enough to let the simulations
complete in a moderate amount of time. The Migdal formu- | a; b Ci di
lation for bremsstrahlung and pair production can be imple-

- . . 1 - 7.4783 - 5.0616
mented, fulfilling those requiremenf46] and, as discussed 2 _ 30.845 11.158 11.428
in the previous section, its results are in acceptable agree- . . ’
. : L 3 48.642 50.609 18.557 -
ment with other alternative approaches. To fix ideas, we shall 4 110.12 - - 3

illustrate the practical implementation in the case of brems-
strahlung; the algorithm for pair production is completely
similar.

The probability of Eq(16) can be put in the form

this scaling factor correction is applied wheg,/y>1/2;
i.e., the dielectric suppression is neglected in all cases where

dP dP, Vaiel!lY<1/2. y4e iSs evaluated at each case, taking into ac-
K- WF(E,k), (300 count the altitude of the particle.
where IV. SIMULATIONS
dP, 1 We have investigated the modifications in the bremsstrah-
L T 3L (3D lung and pair production cross sections due to the LPM ef-
dk 3k
fect, for individual processes in different conditions. In this
and section we are going to analyze the influence of the effect in

the development of air showers initiated by ultrahigh energy
F(E,K)=&(s){y?G(s)+2[1+(1-y)?]d(s)}. (320  astroparticles.
There are two characteristics that must be taken into ac-

s, £(s), G(s), and ®(s) are defined in Eqs(11)—(14).  count when analyzing the shower development.
Therefore it is possible to simulate the bremsstrahlung pro- (1) The atmosphere is inhomogeneot® density of the
cesses in two stef45,16: (i) a rough approach using the air diminishes six orders of magnitude when the altitude goes
probability (31) and(ii) a correction tdi) using the rejection  from sea level to 100 krf22], and therefore the characteris-
approval algorithm to give the exact distributié80). The  tic energyE, py Of Eq. (6) varies accordingly. As a result, the
correction factor is the functiok (E,k) adequately normal- suppression in the corresponding cross sections depends
ized. Steqli) relates to the normal, Bethe-Heitler bremsstrah-strongly on the altitude where they occur. In Fig. 6 the en-
lung and can be processed straightforwardly. To completergy E, , is plotted against the vertical atmospheric depth,
step(ii) it is necessary to evaluaig py, S, £(S), G(s), and  for X, in the range 0.1 g/cf(66 km above sea leveto
®(s). ELpw can be evaluated directly from E(6) and re- 1000 g/cmd (about sea levél To illustrate the meaning of
quires the estimation of the local air density —dX,/dh. s this plot let us consider a ultrahigh energy electromagnetic
and £(s) can be conveniently calculated by means of re-process with a primary energy of, saf=10eV
peated iterations of Eq&l1) and(12) starting with the initial =100 EeV: If the primary particle is located at an altitude of
value £(s)=1. This iterative process normally converges in100 g/cnt, the process will be strongly suppressed, whereas
a single step. Equationd 3) and (14) allow one to obtain if it is located atX,<1 g/cn?, the suppression is negligible.
accurate estimations fdg(s) and ®(s) using the standard |n a similar way, the dielectric suppression will depend on
algorithms to evaluate the compldx function[25], but are
not suitable for production procedures which must be fast. In
this case it is better to represei{s) and®d(s) by means of
rational functions:

127s%+ ays®+ a,s?
G(s)= 5 2 (33
1+b;s+b,s?+bys®+a,s
6S+C,s2+Cys®
O(s)= 5 : (34)
1+d;s+d,s%+cys®

where the coefficients are adjusted to minimize the maxi-
mum relative error fos>0. Notice that Eqs(33) and (34) i
give exact results for bots=0 ands—o [5]. The fitted [

coefficients are listed in Table |; the maximum relative error 107 1 1 102 10°

for G(s)[P(s)] is 0.15%[0.12%]. X (glem?)
The dielectric suppression can be easily implemented as a

scaling factor tcs, as clearly follows from Eq(20). In AIRES FIG. 6. E_py versus vertical atmospheric depth.
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FIG. 8. Average fraction of air shower particles with energy
larger thang, /4, (f-), plotted as a function of the vertical at-

he altitude si d d he air d itv. H mospheric depth. The lines are informal fits to simulation data ob-
the altitude since/qie) depends on the air density. HOWever, 4 ;o g usinguiRes. The solid(dashedl line corresponds to showers

this parameter does not change wKh so dramatically as  jyjtiated by gamma primaries propagated takiigt taking into

Eipy (compare Figs. 6 and)7 . account the LPM effect. In both cases the primary energy is 3
(2) The number of particles in the ultrahigh energy show- x« 1?0 eV and the shower axis is vertical.

ers is very large(about 10! for a primary energy of
107° eV), and therefore the influence of the LPM effect Of course, the plots represented in Fig. 8 must be re-
and/or dielectric suppression gobal observables may not garded just as qualitative indicators. Since each shower starts
be visible if the fraction of affected particles is not large at a different altitude, the fraction of particles capable of
enough. undergoing the LPM effect will vary accordingly: If a
To estimate how the LPM effect can modify the showershower starts very high in the atmosphereXat5 g/cnf,
development when the preceding features are taken into afor example, it is likely that the LPM effect will not signifi-
count, we have run a set of computer simulations using th€antly affect its development since the first interactions will
AIRES program[15] to determine what is the average fraction take place in a region wheig py is very high(see Fig. &.
of electromagnetic particleggammas, electrons, and posi- On the other hand, a penetrating primary particle starting the
trons significantly affected by the LPM suppression. We shower at, sayX,>100 g/cnf will surely show a significant
have performed simulations using><11020 eV gamma or modification in its longitudinal development due to the LPM
proton primaries. The particles were injected at the top of th&uppression.
atmospherg¢100 km above sea levelith vertical incidence. It is worthwhile mentioning that the influence of the LPM
At various predetermined altitudésbserving levels the  effect on the shower development depends also on the incli-
fraction f_ of particles whose energies are greater tharhation of the shower: For large zenith angles it is more prob-
E_pm/4 were recorded for each simulated shower. This fracable that the showers will start at points where the density of
tion is taken equal to 1 before the first interaction takeghe air is very low, and so a smaller suppression should be
place® The data related to every one of the defined level£Xpected in this case.
were then averaged. In Fig. 8 the average fractidng are In the case of proton primaries, the electromagnetic
plotted versus the vertical depth. The primaries are gammaghower starts after the first hadronic interactiomsinly af-
The results coming from simulations where the LPM effectter 7° decay$ and so the energies involved are smaller than
is taken into account are plottedolid line) together with ~ the primary energy. For this reasoff.) vanishes faster
similar data obtained without evaluating such eff@zished than in the case of gamma primaries. In fact, this fraction is
line). We can see that in both cases the relative number ofirtually zero forX,=100 g/cnf (for simplicity we have not
particles suffering the LPM effect diminishes whef,  included any proton related data in Fig. 8
grows, reaching almost zero for points that are always above The most evident signature of the impact of the LPM
500 g/cnd. effect on the shower development is the shift on the position
of the shower maximum¥X,,..” This can be easily seen in
Fig. 9 where the total number of charged particles for show-
ers initiated by gamma rays is plotted against the vertical

FIG. 7. yqiel Versus vertical atmospheric depth.

8In the case of X 10%°° eV gamma shower§.PM effect taken
into accounk, for example, the mean value of the first interaction
depth is approximately 63 g/dmwith a standard deviation of

80 g/lcnt. These figures become, respectively, 46 g/cand "The shower maximunX ., is defined as the atmospheric depth
45 glcnt when the showers are simulated without considering theof the point where the total number of charged particles is maxi-
LPM effect. mum. The number of charged particlesXat,, is denoted adl -
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FIG. 9. Longitudinal development of charged particles, obtained by means of Monte Carlo simulationairsiglotted versus the
vertical atmospheric depth. The primary patrticle is a photon injected at the top of the atmodflteken above sea levelith a zenith
angle of 60 °. The primary energies are' 18V (a) and 3< 10?° eV (b). The solid(dashedllines correspond to calculations that include
not include the LPM effect. The dotted lines correspond to the LPM case but without the dielectric suppression. In some cases the error bars
(the rms errors of the meanwere not plotted for clarity; they are, in general, smaller or comparable to the represented ones.

depth. These data were obtained by means of computéhe shower reaches its maximum, generating fewer particles
simulations using the programRres [15], and correspond to than in the non-LPM case.
inclined showers with zenith angle 60 °; the primary particles For lower primary energies the influence of the LPM ef-
are injected at the top of the atmosphere and the ground levétct on the development of the shower is less significant, as
is located at a vertical depth of 1000 genTwo primary  shown in Fig. 9a) for the case of 18 eV gamma showers.
energies are considered, namely!®16V [Fig. 9a)] and 3  Accordingly with the results of our simulations, the LPM
X 107° eV [Fig. Ab)]. effect does not seriously modify the shower longitudinal pro-
The severe suppression suffered by the first interactionsile (in the case of gamma primarjeshen the primary en-
that start the shower shows up clearly in Fi¢b)9where the  ergy is less than 2§ eV.
plot corresponding to the simulations performed, taking into The longitudinal development of the number of muons is
account that the LPM effect shows significantly more pen-also dependent on the LPM effect as shown in Fig. 10.
etrating showers than develop deeper in the atmosphere in These plots also show the results of simulations made
comparison with the non-LPM ones. The positiongf,,is  with the LPM effect switched on, but without considering
shifted in about 130 g/cf(about 260 g/crhmeasured along dielectric suppression. The impact of this last effect is of
the shower axjswhen the LPM procedures are switched on.course less important but not small enough to justify not
The number of particles at the maximuid,,,,, is also af- considering it, and in fact it is more important in relative
fected: It is about 40% smaller in the LPM suppressed showterms than in the case of the longitudinal development of
ers. This is mainly due to the fact that the electrons andharged particlegFig. 9. It is interesting to describe how
positrons lose more energy in ionization processes beforthe number of muons can be altered when dielectric suppres-
being able to generate bremsstrahlung photons, and therefas®n of electron bremsstrahlung photons is taken into ac-

x10%
3
3 x 10 F 3 3000
£ 10000 |- % [ ®
¥ [ @ g 2500 [
2 C & i
S 8000 |- S
Z C Z 2000 |-
6000 |- [ FIG. 10. Same as Fig. 9, but
L 1500 = for the longitudinal development
r i of the number of muons.
4000 - 1000 |-
2000 | 500 -
L ||‘||||||||||||||||||||||||||||||H|||| 0 Lluuw (NI IRRTRRRRRI AARRERRRRIRRRARERRT!
200 400 600 800 1000 200 400 600 800 1000
X (gfem®) X (g/em®)
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count: In the case of electrons of energy slightly below thewhich correspond to the longitudinal development of 3
primary energy, that is, about eV, dielectric suppression x 10?° eV proton showers: The curves corresponding to both
diminishes the probability of emission of photons with ener-LPM “on” and “off” cases do not present significant dif-
gies below 10 GeVy~10 8), producing a relative enlarge- ferences.

ment of the number of events with photon energies slightly Another remarkable feature is the increase offthetua-
above this limit. Such photons can undergo photonuclear retions of Xy, andNpax. In Fig. 12(Fig. 13 Xmax (Nmae and
actions, creating pions which in turn may decay into muonsits fluctuations are plotted as functions of the primary en-
and it is clear that if their number is enlarged, so will be theergy, for showers in the range 610" eV. It shows up

number of secondary muofisompare the solid and dotted clearly that (i) the well-known proportionalities between
lines of Fig. 1Gb)]. Xmax and lodNy,a« with the logarithm of the primary energy

If the primary particle is not electromagnetic, the influ- [1,19 do not hold exactly for electromagnetic showers of
ence of the LPM effect will not depend directly on the pri- ultrahigh energy when the LPM effect is taken into account.

mary energy, but on the energy of the particles that initiatd1owever, the mentioned linear relations are valid for proton

the electromagnetic shower. In the case of showers with had1OWers in the whole range of energies considefiel As
entioned, the fluctuations ®™,,,, and especially those of

ronic primaries, protons, for example, the electromagnetid” - O
shower is typically started by the gamma ray product of deXmax becqme Iarger as ang as the primary energy is in-
cays of 7 mesons produced after inelastic hadronic prc)_creased, in comparison with the non-LPM counterparts. The

cesses that take place when the primary collides against 4GSU/tS presented in this section correspond to particular
atmospheric nucleus. For primary energies larger tha&@SeS which are representative of the behavior that should be

10'° eV, an inelastic collision hadron-nucleus produces hun&xpected in other general cases. Notice that the characteris-

dreds of secondaries, most of them having energies whiclics of electron initiated showers are very similar to those

are one to four orders of magnitude smaller than the primar%orrespondmg to gamma showers and the same remark can

energy. Roughly speaking, this means that the electromad® done in the case of showers initiated by nuclei in com-

netic shower maximum energy is two or three orders of magParison with proton showers. For that reason we are not in-
nitude below the energy of the primary, and accordingly with¢uding here any related plots.

the data presented in Fig. 9, this means that the LPM effect V. CONCLUSIONS

will not produce serious distortion in the shower develop- '

ment unless the energy of the primary hadron is well above We have analyzed exhaustively the LPM effect and the
10* eV. This agrees with our results presented in Fig. 1ldielectric suppression from the theoretical point of view and

g 1600 | £ o2pF FIG. 12. Computer simulation
» C @ 20 E results for the shower maximum
1400 [ 18 |
j r ; 16 E Xmax Measured along the shower
1200 | g axis (a) and its fluctuation§RMS
C 14
o 12 B error of the mean(b), plotted as
1000 E function of the primary energy.
o 10 . .
800 s E The solid (dashed lines corre-
¥ 6 e spond to gamma primaries taking
600 [ 4 T (not taking into account the LPM
o b b b b by bina g | 14 15 16 17 18 19 20 21 effect. The dotted lines corre-
14 15 16 17 18 19 20 21 spond to proton primaries.
log,(E,;,) (V) log;((E,,;,) (eV)
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have discussed the practical implementation of the correand can be relatively small in certain circumstances. Conse-
sponding algorithms for air shower simulations. guently, the preshower may eventually not exist or be very
We have studied the different approaches to the LPM efsmall, allowing ultrahigh energy electromagnetic particles to
fect and conclude that the final results of the Migdal theoryreach the atmosphere, producing showers like those included
are best adapted for the numerical treatment while there ar@ our study.
no important differences with the results coming from other We have found that the LPM effect introduces significant
approaches. modlflcat!ons on _the development of gamma and electron air
By means of numerical simulations usinges [15], we showere if the primary energies are larger thai‘fm/. The_ _
have studied the influence of the LPM effect, including di- most evident signature of the effect is the shift in the position

electric suppression, on the longitudinal development of aiPI the rr;]axmur_rshof the sh_owe][l, Wth'c? movei deetﬁer Into the
showers initiated by ultrahigh energy astroparticles. As mendtmosphere IWI én%easmg l“('f ua.'o?ﬁ ;N en he pnmatrr)]/
tioned previouslyAIRES is capable of calculating many air energy 1s eniarged. Lur concusion 1S that in such cases the
shower observables in a realistic environment. effect must be_ always taken into account m_reallstlc S|mule—
We have analyzed the influence of both suppressioﬁ'ons.Of ultrahigh energy electromegnetlc air showers. It is
mechanisms in a wide range of primary energies to 3 also important to remark thdi) the influence of the dielec-
X 10°° eV) and for various primary particles, namely, pho- tric suppression i_s not as impqrtant as.the LPM effect, but
tons, electrons, and protons ' ' large enough to justify having it taken into account in any

The main purpose of our work has been to study the in_realistic simulation andii) for showers with large zenith

fluence of the LPM effect on the behavior of electromagneticangles' the suppression that dela_ys the shower growth can l_:)e
ot as large as in the case of vertical showers, as explained in

air showers, for primaries that interact after reaching the!

Earth's atmosphere. Se\(;\./evﬁave not found any important effect in proton show-
Clearly, in the special case of cosmic gamma rays, it y imp P

would be necessary to take into account the interaction of th&"S with primary energies up to ¥0eV. The reason for this,

primary with the geomagnetic field that could take place beds explained in the previous section, is that the electromag-

fore entering the atmosphef@6—28. The cosmic photon netic shower, where the LPM effect takes place, begins later,

can create electron-positron pairs, which in turn may origi-When the initial energy is shared among the secondary par-

nate additional magnetic bremsstrahlung photons, and so OH_cIes and the average energy per pqrhcle is then two to three
As a result, apreshowertakes place before the particles orders of mag_nltu_de Ie_ss than the_prlr_nary energy. Clearly the
reach the atmosphere, and consequently the original ener@?me reasoning is valid for nuclei primary cosmic rays.

is shared among \(arious electrome_tgnetic partieles. If the ACKNOWLEDGMENTS
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