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Influence of the LPM effect and dielectric suppression on particle air showers

A. N. Cillis,* H. Fanchiotti, C. A. Garcı´a Canal, and S. J. Sciutto
Laboratorio de Fı´sica Teo´rica, Departamento de Fı´sica, Universidad Nacional de La Plata, C. C. 67 - 1900 La Plata, Argentina

~Received 28 September 1998; published 10 May 1999!

An analysis of the influence of the Landau-Migdal-Pomeranchuk~LPM! 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.
@S0556-2821~99!02111-6#

PACS number~s!: 96.40.Pq, 02.70.Lq, 13.10.1q
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I. INTRODUCTION

The study of atmospheric showers initiated by high e
ergy astroparticles plays a central role in contemporary c
mic ray physics@1#. The most important component, in num
ber of particles, of the air shower is by far th
electromagnetic one. Additionally, many shower observab
that give direct information about the properties of the p
mary depend strongly on its behavior.

Electron bremsstrahlung and pair production are
dominant processes in the electromagnetic shower at
high energies. The standard description of these proce
i.e., the Bethe-Heitler equation@2#, can be incomplete at ver
high energies due to some effects that drastically reduce
corresponding cross sections@3#. Those mechanisms play
relevant role in the development of air showers because
can lengthen them, and consequently move the positio
the shower maximum deeper into the atmosphere.

In the present work we study two of the several suppr
sion processes that can affect the high energy electrom
netic interactions@3#, namely, the Landau-Pomeranchu
Migdal ~LPM! effect @4,5# and the dielectric suppressio
@5,6#. The first of these effects is due to multiple scatteri
while the second one is due to the interaction of the bre
strahlung photons with the atomic electrons in the mediu
through forward Compton scattering.

The LPM effect was studied semiclassically by Land
and Pomeranchuk@4# and the first quantum mechanical a
proach was given by Migdal@5#. Recently, the experimenta
confirmation of the LPM effect at the Stanford Linear Acce
erator Center~SLAC! @3,7# has originated new theoretica
works @8–13# and several analyses of its consequences,
ticularly in cosmic ray physics@14#.

The main purpose of our work is the study of the mo
fications in the development of the air showers that ta
place when the LPM effect and dielectric suppression
taken into account. In order to do that we first study t
different theoretical approaches of the LPM effect. In p
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ticular, we compare the Migdal formulation@5# with other
approaches that were developed more recently@3,8–10#. We
also analyze the modifications of the bremsstrahlung and
production probabilities in the case of our interest, that
when the medium is a ‘‘layer’’ of air of infinite thickness an
variable density. Our study is, therefore, complementary
the recently published review by Klein@3# which primarily
treats the LPM effect in the case of solid targets of finite si
like the ones used in the already mentioned SLAC@7# ex-
periment.

To complete our study we have developed new LP
dielectric suppression procedures, and we have insta
them in theAIRES air shower simulation system@15#. The
AIRES code has then been used as a realistic air shower s
lator to generate the data used to make our analysis of
influence of the LPM effect on high energy showers.

It is worthwhile to mention thatAIRES represents a set o
programs to simulate atmospheric air showers and to man
all the associated output data. Most of the physical al
rithms of theAIRES system are based on the realistic proc
dures of the well-knownMOCCA program@16#. AIRES pro-
vides some additional features, for example: The Eart
curvature is taken into account, allowing safe operation of
zenith angles; the simulation programs can be linked to
ferent alternative hadronic collision models such asQGSJET

@17# or SIBYLL @18,19#, etc.
The version ofAIRES used in this work is capable of pro

cessing the following particles: photons, electrons, positro
muons, pions, kaons, eta mesons, nucleons, antinucle
and nuclei up toZ526. Among all the physical processe
that may undergo the shower particles, the most impor
from the probabilistic point of view are included in the sim
lating engine. Those processes can be classified as fol
@15#: ~i! Electrodynamical processes:pair production and
electron-positron annihilation, bremsstrahlung~electrons and
positrons!, knock-on electrons (d rays!, Compton and pho-
toelectric effects, LPM effect, and dielectric suppress
~discussed in this work!. ~ii ! Unstable particle decays: pions
and muons, for instance.~iii ! Hadronic processes:inelastic
hadron-nucleus and photon-nucleus collisions, gener
©1999 The American Physical Society12-1



rre
c

k

c
th

in
di

e
n

la
n
m

ro
a

an
di
ld

gi
pa
d
or

e

-

io
de
r

ali-
a-
al

an

ring
m

er-
e
or-
le
am-

kes
all

fer

lf

en

ic
on
g
so
in
s

tic
om
rt
ns

us
me
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simulated using the external packages1 ~QGSJETor SIBYLL!,
photonuclear reactions, elastic and inelastic.~iv! Propaga-
tion of particles:all particles—even the short lived ones—
are properly tracked, taking always into account the co
sponding mean free paths for the processes they
undergo.2 Continuous energy losses~ionization!, multiple
Coulomb scattering, and geomagnetic deflection are ta
into account for charged particles.

This paper is organized as follows: In Sec. II we introdu
the different approaches to the LPM effect and compare
Migdal formulation with other ones. In Sec. III we expla
the practical implementation of the LPM effect and the
electric suppression into theAIRES program. In Sec. IV we
analyze the results of the air showers simulations perform
with such code. Finally, in Sec. V we place our conclusio
and comments.

II. THEORY OF THE LPM EFFECT

The so-called LPM effect takes place when an ultrare
tivistic particle emits low energy bremsstrahlung photo
passing through matter. In this case, fewer photons are e
ted than predicted for the case of isolated atoms@2#. In a
similar way, the cross section for electron-positron pair p
duction is reduced in the case of high energy gamma r
passing through matter.

This effect was first predicted by Landau and Pomer
chuk @4# some 40 years ago. They treated the classical ra
tion of a high energy particle in a fluctuating random fie
inside an infinitely thick medium. Afterwards, Migdal@5#
provided the corresponding quantum mechanical theory,
ing analytical expressions for the bremsstrahlung and
production cross sections when matter is present. Mig
theory was developed for an infinite target thickness. M
recently, an experiment performed at SLAC@7# measured the
LPM effect, finding that there is an acceptable agreem
between the experimental data and Migdal theory which
presently considered the standard treatment.

The experimental confirmation of the LPM effect trig
gered new theoretical works@8–13#. In particular, Blanken-
becler and Drell@8#, Blankenbecler@9,10#, and Klein @3#
have reanalyzed the problem, upon better approximat
than in the earlier works, and they were able to consi
effects of finite target thickness. We include in this pape
comparative analysis between different approaches.

1The external hadronic packages simulate nontrivially the phys
processes involved in a hadron-nucleus inelastic collision. Am
other features, bothQGSJETand SIBYLL are capable of generatin
high energy gammas coming from the decay of baryonic re
nances, even if the probability of such diffractive processes dim
ishes as long as the energy of the projectile particle is increa
@20#.

2This is particularly important for the case of electromagne
showers initiated by hadronic primaries. The electromagnetic c
ponent comes mainly fromp0 decays, and even if they are sho
lived particles, the probability of undergoing hadronic collisio
cannot be neglected at ultrahigh energies.
11301
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To make our paper self-consistent, we start with a qu
tative description of the LPM effect explaining the main fe
tures of Migdal theory. We then compare the final Migd
results with those of Blankenbecler and Drell.

A. Bremsstrahlung

Let us consider first the case of bremsstrahlung where
electron or positron of energyE and massm emits a photon
of energyk in the vicinity of a nucleus of chargeZ.

Neglecting the photon emission angle and the scatte
of the electron, the minimal longitudinal momentu
transfer3 to a nucleus,qi , in the case whenE@k and E
@mc2, is given by@3#

qi5
km2c3

2E~E2k!
. ~1!

The formation length can be defined according to the unc
tainty principle:l f o5\/qi . l f o is the distance over which th
interaction amplitudes can add coherently. It is straightf
ward to show@3# that if other interactions are present whi
the electron is traversing this distance, then the resulting
plitude will, in general, be reduced.

Let us consider the case when multiple scattering ta
place during the radiation emission process. Using a sm
angle approximation, the longitudinal momentum trans
can be expressed as

qi5
km2c3

2E~E2k!
1

kuMS/2
2

2c
, ~2!

where uMS/2 is the multiple scattering angle in ha
the formation length, that is, (Es /E)Al f /(2X0),
with Es5mc2A4p/a521.2 MeV (a.13721), and X0

5@4har e
2Z2 ln(184Z21/3)#21 is the radiation length (r e

5e2/mc2 and h is the number of atoms per volume unit!.
The effect of multiple scattering becomes significant wh
the second term of Eq.~2! is comparable in magnitude with
the first one. This is the case when

y&
E

E1ELPM
, ~3!

where

y5
k

E
, ~4!

and

ELPM5
m4c7X0

\Es
2

~5!

al
g

-
-

ed

-
3The minimal longitudinal momentum transferred to the nucle

occurs when the final electron and the photon follow in the sa
direction of motion as the initial electron.
2-2
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is a characteristic, material-dependent, energy which g
the scale where the effect cannot be neglected. For a g
energy E, the emission of photons withy,E/(E1ELPM)
will be affected by the interference due to multiple scatt
ing, and therefore forE@ELPM the effect extends to the en
tire photon spectrum 0,y,1.

The characteristic energyELPM can be expressed as

ELPM5
m2c3

16p\hr e
2Z2 ln~184Z21/3!

. ~6!

This equation makes evident the fact thatELPM diminishes
when the density of the medium increases. Therefore,
dilute media, the LPM effect will be appreciable only fo
energies much higher than the typical ones used in exp
ments with dense targets@3,7#. In fact, for air in normal
conditionsELPM>2.23108 GeV; one can compare this en
ergy with the energy of the electron beam of 8 and 25 G
used at SLAC@3,7#.

The formation length, when multiple scattering is t
dominating process, can be put in the form

l f5 l f oA kELPM

E~E2k!
, ~7!

To measure the strength of the effect it is convenient to
troduce the suppression factor through

S5
dsLPM /dk

dsBH /dk
, ~8!

wheredsBH /dk stands for the bremsstrahlung cross sect
given by the classical theory of Bethe and Heitler@2#. The
fact that the cross sections are proportional to the forma
length gives rise to

S>A kELPM

E~E2k!
. ~9!

For k small in comparison withE, the cross section found
by Bethe and Heitler@2# is proportional to 1/k. If multiple
scattering is taken into account, this proportionality chang
due to Eq.~9!, to 1/Ak.

In the Migdal theory of the LPM effect@5#, the multiple
scattering is treated as a diffusion mechanism. The ave
radiation per collision and the interference between the
diation from different collisions are then computed. Wh
collisions occur too close together, destructive interfere
reduces the radiation. The multiple scattering is treated u
the Fokker-Planck technique to solve the correspond
Boltzmann transport equation. Migdal includes quantum
fects, such as electron spin and photon polarization, but
calculations only apply for a target of infinite thickness. T
resulting cross section for the bremsstrahlung process re
11301
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dsLPM

dk
5

4ar e
2j~s!

3k
$y2G~s!

12@11~12y!2#F~s!%Z2 lnS 184

Z1/3D , ~10!

where

s5A kELPM

8E~E2k!j~s!
, ~11!

j~s!5H 2 if s<s1

11 ln s/ ln s1 if s1,s,1,

1 if s>1

~12!

(As15Z1/3/184), and

G~s!548s2H p

4
1Im CS s1

1

2
1 isD J , ~13!

F~s!512s2H Im @C~s1 is!1C~s111 is!#2
1

2J ,

~14!

whereC represents the logarithmic derivative of the com
plex G function. The functionsG(s) andF(s) are plotted in
Fig. 1. BothG(s) andF(s) belong to the interval@0,1# for
all s>0 and their limits fors going to zero~infinity! are 0
~1!. Therefore, whens!1 the suppression is important~the
cross section is reduced,S!1), while for s@1 there is no
suppression (S>1) and the Migdal cross section reproduc
the main terms of the Bethe-Heitler equation@2# if complete
screening is considered; namely,

ds0

dk
5

4ar e
2

3k
$y212@11~12y!2#%Z2lnS 184

Z1/3D . ~15!

FIG. 1. FunctionsG(s) ~solid line! and F(s) ~dashed line!,
appearing in Migdal theory. The plots correspond toexactcalcula-
tions made by numerical evaluation of Eqs.~13! and ~14!.
2-3
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FIG. 2. Bremsstrahlung probability accordin
to Migdal theory (kdP/dk). The electron ener-
gies are E51018 eV ~solid line!, E51019 eV
~dashed line! and E51020 eV ~dotted line!. The
medium is air at the vertical depth ofXv
51000 g/cm2 (r51.19 kg/m3) ~a! and Xv
550 g/cm2 (r578 g/m3) ~b!.
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It is easy to see, for example, that if the medium is air4 at the
altitude h which corresponds to a vertical depthXv
51000 g/cm2 @Xv(h)5*h

`r(z)dz @15#, Xv(0)>1000 g/
cm2, Xv(100 km)>0] and for electron energies of 100 TeV
the screened5 Bethe-Heitler equation and the no suppress
limit ~15! of Migdal theory agree within the 2.5 % relativ
error level. In accordance with Eq.~3! the region of photon
spectrum where the LPM suppression is significant gro
when the primary energy is enlarged, and affects virtually
complete range 0,y,1 when the energy of the electron
1018 eV ~in this caseELPM>2.831017 eV5280 PeV).

The plots in Fig. 2 illustrate the dependence of the LP
effect with the density of the medium. In this figure the pro
ability

dP

dk
5hX0

ds

dk
~16!

is plotted versusy for several electron energies. The mediu
is air at two representative altitudes:~a! vertical atmospheric
depthXv51000 g/cm2, which corresponds approximately t
an altitude of 300 m.a.s.l. (r51.19 kg/m3, ELPM
>280 PeV);~b! Xv550 g/cm2, which corresponds approxi
mately to 20,000 m.a.s.l. (r578 g/m3, ELPM>5.78 EeV).
The plots in Fig. 2~a! show that an important suppressio
takes place at all the energies considered and becomes s
for the 1020 eV case. On the other hand, the LPM effect do
not seriously affect the bremsstrahlung probabilities
1018 eV electrons atXv550 g/cm2 as shown in Fig. 2~b!. In
this case the critical energy where the effect becomes sig

4For altitudes up to 90 km above sea level, the air is a mixture
78.09% N2, 20.95% O2, and 0.96% other gases@22# which can be
adequately modeled as an homogeneous substance with a
charge and mass numbersZeff57.3 andAeff523Zeff , respectively.

5The screening effect of the outer electrons has been calculate
Bethe and Heitler on the basis of the Fermi-Thomas model of
atom. The influence of the screening on a radiation process is
termined by the quantityg5100(m/E)@y/(12y)#Z21/3. For g@1
screening can be practically neglected while one has comp
screening forg>0 @2,21#.
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cant is placed around 1019 eV sinceELPM is some 20 times
larger than the corresponding value for Fig. 2~a!.

When the effect of the polarization of the medium is tak
into account, a significant alteration in the bremsstrahlu
formula for soft photons appears. The interaction of a pho
with the atomic electrons produces another kind of supp
sion of the cross section that is calleddielectric suppression
@5,6#. If we take into consideration that the dielectric co
stant of the medium is different from 1, i.e.,«51
2(\vp)2/k2, wherevp is the well-known plasma frequenc
(vp

254pZe2h/m; for air in normal conditions, \vp

50.72 eV), then the longitudinal momentum transferred t
nucleus changes from Eq.~1! to

qi5
km2c3

2E~E2k!
1

~\vp!2

2ck
. ~17!

Consequently, when the second term in the last equatio
comparable with the first, the dielectric suppression becom
important. This happens when the energy of the photon
much lower than a critical energy given bykcrit5\vcrit with

vcrit5vpAE~E2k!

m2c4
>vp

E

mc2
. ~18!

It is worth noticing that the correction due to the dielect
constant is certainly negligible for the propagation pheno
enon. On the contrary, in our case of the emission proc
the effect is measurable because here the scale fixing pa
eter is the critical frequency given by Eq.~18!, and not the
plasma frequency. Notice also that this critical frequency
exactly the plasma frequency when measured in the elec
rest frame. If we define now

ydiel5
\vp

mc2
, ~19!

Eqs.~17! and~18! tell us that the dielectric suppression tak
place wheny!ydiel .

f

mic

by
e
e-
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The Migdal approach takes into account this dielec
effect. Since dielectric suppression occurs fory!ydiel!1,
the term inG(s) can be neglected. In that case, the cro
section becomes@5#

dsLPM

dk
5

16ar e
2j~s!

3kd
F~sd!Z2 lnS 184

Z1/3D , d511S ydiel

y D 2

.

~20!

Figure 3 illustrates the influence of the dielectric suppr
sion on the bremsstrahlung cross section~20! where the
probability for bremsstrahlung is plotted againsty in the case
of E51018 eV, and for an altitude of 300 m.a.s.l. The em
sion probability is suppressed fory!ydiel>1.431026. This
corresponds to photon energiesk!1 TeV.

B. Pair production

The pair production process can be treated similarly
bremsstrahlung. The corresponding expression for the c

FIG. 3. Bremsstrahlung probability according to Migdal theo
(kdP/dk). The probabilities taking~solid line! and not taking
~dashed line! into account the influence of dielectric suppression
plotted versus log10y. The energy of the electron is 1018 eV and the
medium is air at a vertical depthXv51000 g/cm2 (r
51.19 kg/m3).
11301
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section of this interaction, where a photon of energyk pro-
duces a paire1e2 of energiesE andk2E, respectively, can
be obtained immediately from the bremsstrahlung form
@3,5#. In this case the cross section reads

dsLPM~g→e1e2!

dE
5

4ar e
2j~ s̃!

3k
$G~ s̃!

12@u1~12u!2#F~ s̃!%Z2 lnS 184

Z1/3D ,

~21!

where

u5
E

k
~22!

and

s̃5A kELPM

8E~k2E!j~ s̃!
. ~23!

Clearly the dielectric suppression on the cross section of
electron-positron pair production can always be neglec
This follows from the fact that the polarization of the m
dium influences only the soft photons whose energies
much smaller than that of the electrons@6#.

Figure 4 shows the normalized probability of pair produ
tion at atmospheric depths of 1000 g/cm2 ~a! and 50 g/cm2

~b! for different energies of the primary photon. The produ
tion probabilities are progressively suppressed when the
mary energy rises. From Fig. 4, it is also evident that sy
metric processes (u;0.5) are the most affected by the LPM
suppression.

C. Comparison with other approaches to the LPM effect

We should remember that the Migdal approach does
include all the corrections that should in principle be i
cluded. In fact, the inelastic form factor that accounts
inelastic interactions with the atomic electrons and the te
that accounts for the Coulomb corrections because the in
action takes place with the electron in the Coulomb field

e

l

FIG. 4. Pair production probabilityP(k,u)
according to Migdal theory plotted versusu for
different values of the photon energy: 1020 eV
~solid line!, 1019 eV ~dashed line!, and 1018 eV
~dotted line!. The medium is air at the vertica
depth of Xv51000 g/cm2 (r51.19 kg/m3) ~a!
andXv550 g/cm2 (r578 g/m3) ~b!.
2-5
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FIG. 5. Comparison between Migdal theory and Blankenbecler-Drell formulation.~a! Absolute probabilities versusy. The electron
energy is 1018 eV, and the solid~dashed! line represents Migdal theory~Blankenbecler-Drell formulation!. The dotted line corresponds to th
Blankenbecler-Drell formulation without adding the phase-amplitude correlation correction~29!. ~b! Percent relative differences betwee
both formulations, for electron energies 1018 eV ~dashed line! and 1020 eV ~solid line!. In all cases the medium is air and the vertical dep
is Xv51000 g/cm2 (r51.19 kg/m3)(1018 eV) andXv5100 g/cm2 (r50.156 kg/m3)(1020 eV).
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the nucleus@23,24# are not taken into account. Howeve
Migdal formulation proves to work sufficiently well when it
results are compared with experimental data@7#.

Blankenbecler and Drell@8–10# have computed, in an al
ternative way, the magnitude of the LPM suppression. T
have used the eikonal formalism, standard in the study
scattering from an extended target. This approach leads
physically clear quantum-mechanical treatment of multi
scattering and from that to the derivation of the LPM su
pression of soft photon radiation from high energy electro
in matter. The approach includes as limiting cases the Be
Heitler @2# radiation from a charged particle scatterin
against an isolated atom, relevant for a thin target and, in
opposite limit, the LPM effect which suppresses the radiat
in a thick target. Their result for thick targets reads

k
dP

dk
5

2aym2c2l

pE\
~ I 12I 2!, ~24!

wherel is the target thickness and

I 15wE
0

`213r ~A114wx21!

114wx2A114wx
sinx dx, ~25!

I 25E
0

`sinx

x
dx5

p

2
, ~26!

where

r 5
11~12y!2

2~12y!
, ~27!

w5
E

6ELPM
S 12y

y D l

X0
. ~28!

An additional corrective term due to the phase-amplitu
correlations has been calculated in Ref.@10#, and must be
11301
y
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added to the probability of Eq.~24!. In the case of a finite
thick target, this term can be expressed as follows:

S k
dP

dk D
c

5
3a~12y!r

16pw E
0

bl S 2wbl11

z
21D ~z21!2cosx dx,

~29!

with bl5 l / l f 0
andz5A114wx.

The transition to the LPM regime occurs forw>1 and the
extreme LPM limit forw@1 in accordance with the relatio
~3!.

Migdal theory contains a number of approximations th
are not very transparent on physical grounds@8#. On the
other hand, the Blankenbecler-Drell formulation is theore
cally more robust in its principles, but does not include
electric suppression. Migdal results are simpler to treat
merically and the differences between the two approac
are small in the case of infinitely thick media. This shows
clearly in Fig. 5 where both predictions and their relati
differences are plotted for representative energies.

To make these plots we have evaluated numerically
integrals of Eqs.~25! and~29!. Our results can be considere
as a generalization of the analysis presented in Ref.@8#
which corresponds to the limiting cases of negligible (w
!1) or severe (w@1) suppression.

In Ref. @3#, other approaches to the LPM effect@11–13#
are reviewed, and similarly as in the case of t
Blankenbecler-Drell formulation their results are not in co
tradiction with Migdal theory. It is worth noticing that th
main differences between such different approaches ap
when considering finite thickness slabs, which is not the c
of interest in our work, devoted to the study of the LP
effect in an infinite dilute medium like the Earth’s atmo
sphere.

III. PRACTICAL IMPLEMENTATION

During the computer simulation of a ultrahigh energy
shower, the processes of emission of bremsstrahlung pho
2-6
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and e1e2 pair production need to be calculated some m
lions of times. This requires that the algorithms used in s
calculations should be fast enough to let the simulati
complete in a moderate amount of time. The Migdal form
lation for bremsstrahlung and pair production can be imp
mented, fulfilling those requirements@16# and, as discusse
in the previous section, its results are in acceptable ag
ment with other alternative approaches. To fix ideas, we s
illustrate the practical implementation in the case of brem
strahlung; the algorithm for pair production is complete
similar.

The probability of Eq.~16! can be put in the form

dP

dk
5

dP0

dk
F~E,k!, ~30!

where

dP0

dk
5

1

3k
~31!

and

F~E,k!5j~s!$y2G~s!12@11~12y!2#F~s!%. ~32!

s, j(s), G(s), and F(s) are defined in Eqs.~11!–~14!.
Therefore it is possible to simulate the bremsstrahlung p
cesses in two steps@15,16#: ~i! a rough approach using th
probability ~31! and~ii ! a correction to~i! using the rejection
approval algorithm to give the exact distribution~30!. The
correction factor is the functionF(E,k) adequately normal-
ized. Step~i! relates to the normal, Bethe-Heitler bremsstra
lung and can be processed straightforwardly. To comp
step~ii ! it is necessary to evaluateELPM , s, j(s), G(s), and
F(s). ELPM can be evaluated directly from Eq.~6! and re-
quires the estimation of the local air densityr52dXv /dh. s
and j(s) can be conveniently calculated by means of
peated iterations of Eqs.~11! and~12! starting with the initial
valuej(s)51. This iterative process normally converges
a single step. Equations~13! and ~14! allow one to obtain
accurate estimations forG(s) and F(s) using the standard
algorithms to evaluate the complexC function @25#, but are
not suitable for production procedures which must be fast
this case it is better to representG(s) andF(s) by means of
rational functions:

G~s!5
12ps21a3s31a4s4

11b1s1b2s21b3s31a4s4
, ~33!

F~s!5
6s1c2s21c3s3

11d1s1d2s21c3s3
, ~34!

where the coefficients are adjusted to minimize the ma
mum relative error fors.0. Notice that Eqs.~33! and ~34!
give exact results for boths50 and s→` @5#. The fitted
coefficients are listed in Table I; the maximum relative er
for G(s)@F(s)# is 0.15%@0.12%#.

The dielectric suppression can be easily implemented
scaling factor tos, as clearly follows from Eq.~20!. In AIRES
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this scaling factor correction is applied whenydiel /y.1/2;
i.e., the dielectric suppression is neglected in all cases wh
ydiel /y,1/2. ydiel is evaluated at each case, taking into a
count the altitude of the particle.

IV. SIMULATIONS

We have investigated the modifications in the bremsstr
lung and pair production cross sections due to the LPM
fect, for individual processes in different conditions. In th
section we are going to analyze the influence of the effec
the development of air showers initiated by ultrahigh ene
astroparticles.

There are two characteristics that must be taken into
count when analyzing the shower development.

~1! The atmosphere is inhomogeneous,the density of the
air diminishes six orders of magnitude when the altitude g
from sea level to 100 km@22#, and therefore the characteris
tic energyELPM of Eq. ~6! varies accordingly. As a result, th
suppression in the corresponding cross sections dep
strongly on the altitude where they occur. In Fig. 6 the e
ergy ELPM is plotted against the vertical atmospheric dep
for Xv in the range 0.1 g/cm2 ~66 km above sea level! to
1000 g/cm2 ~about sea level!. To illustrate the meaning o
this plot let us consider a ultrahigh energy electromagn
process with a primary energy of, say,E51020 eV
5100 EeV: If the primary particle is located at an altitude
100 g/cm2, the process will be strongly suppressed, wher
if it is located atXv,1 g/cm2, the suppression is negligible
In a similar way, the dielectric suppression will depend

FIG. 6. ELPM versus vertical atmospheric depth.

TABLE I. The coefficients for the rational expansions of fun
tions G andF @Eqs.~33! and ~34!#.

i ai bi ci di

1 – 7.4783 – 5.0616
2 – 30.845 11.158 11.428
3 48.642 50.609 18.557 –
4 110.12 – – –
2-7
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the altitude sinceydiel depends on the air density. Howeve
this parameter does not change withXv so dramatically as
ELPM ~compare Figs. 6 and 7!.

~2! The number of particles in the ultrahigh energy sho
ers is very large ~about 1011 for a primary energy of
1020 eV), and therefore the influence of the LPM effe
and/or dielectric suppression onglobal observables may no
be visible if the fraction of affected particles is not larg
enough.

To estimate how the LPM effect can modify the show
development when the preceding features are taken into
count, we have run a set of computer simulations using
AIRES program@15# to determine what is the average fractio
of electromagnetic particles~gammas, electrons, and pos
trons! significantly affected by the LPM suppression. W
have performed simulations using 331020 eV gamma or
proton primaries. The particles were injected at the top of
atmosphere~100 km above sea level! with vertical incidence.

At various predetermined altitudes~observing levels!, the
fraction f . of particles whose energies are greater th
ELPM/4 were recorded for each simulated shower. This fr
tion is taken equal to 1 before the first interaction tak
place.6 The data related to every one of the defined lev
were then averaged. In Fig. 8 the average fractions^ f .& are
plotted versus the vertical depth. The primaries are gamm
The results coming from simulations where the LPM effe
is taken into account are plotted~solid line! together with
similar data obtained without evaluating such effect~dashed
line!. We can see that in both cases the relative numbe
particles suffering the LPM effect diminishes whenXv
grows, reaching almost zero for points that are always ab
500 g/cm2.

6In the case of 331020 eV gamma showers~LPM effect taken
into account!, for example, the mean value of the first interacti
depth is approximately 63 g/cm2 with a standard deviation o
80 g/cm2. These figures become, respectively, 46 g/cm2 and
45 g/cm2 when the showers are simulated without considering
LPM effect.

FIG. 7. ydiel versus vertical atmospheric depth.
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Of course, the plots represented in Fig. 8 must be
garded just as qualitative indicators. Since each shower s
at a different altitude, the fraction of particles capable
undergoing the LPM effect will vary accordingly: If a
shower starts very high in the atmosphere, atXv,5 g/cm2,
for example, it is likely that the LPM effect will not signifi-
cantly affect its development since the first interactions w
take place in a region whereELPM is very high~see Fig. 6!.
On the other hand, a penetrating primary particle starting
shower at, say,Xv.100 g/cm2 will surely show a significant
modification in its longitudinal development due to the LP
suppression.

It is worthwhile mentioning that the influence of the LPM
effect on the shower development depends also on the in
nation of the shower: For large zenith angles it is more pr
able that the showers will start at points where the density
the air is very low, and so a smaller suppression should
expected in this case.

In the case of proton primaries, the electromagne
shower starts after the first hadronic interactions~mainly af-
ter p0 decays! and so the energies involved are smaller th
the primary energy. For this reason,^ f .& vanishes faster
than in the case of gamma primaries. In fact, this fraction
virtually zero forXv>100 g/cm2 ~for simplicity we have not
included any proton related data in Fig. 8!.

The most evident signature of the impact of the LP
effect on the shower development is the shift on the posit
of the shower maximum,Xmax.

7 This can be easily seen i
Fig. 9 where the total number of charged particles for sho
ers initiated by gamma rays is plotted against the vert

e

7The shower maximumXmax is defined as the atmospheric dep
of the point where the total number of charged particles is ma
mum. The number of charged particles atXmax is denoted asNmax.

FIG. 8. Average fraction of air shower particles with ener
larger thanELPM/4, ^ f .&, plotted as a function of the vertical at
mospheric depth. The lines are informal fits to simulation data
tained usingAIRES. The solid~dashed! line corresponds to shower
initiated by gamma primaries propagated taking~not taking! into
account the LPM effect. In both cases the primary energy is
31020 eV and the shower axis is vertical.
2-8
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FIG. 9. Longitudinal development of charged particles, obtained by means of Monte Carlo simulations usingAIRES, plotted versus the
vertical atmospheric depth. The primary particle is a photon injected at the top of the atmosphere~100 km above sea level! with a zenith
angle of 60 °. The primary energies are 1019 eV ~a! and 331020 eV ~b!. The solid~dashed! lines correspond to calculations that include~do
not include! the LPM effect. The dotted lines correspond to the LPM case but without the dielectric suppression. In some cases the
~the rms errors of the means! were not plotted for clarity; they are, in general, smaller or comparable to the represented ones.
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depth. These data were obtained by means of comp
simulations using the programAIRES @15#, and correspond to
inclined showers with zenith angle 60 °; the primary partic
are injected at the top of the atmosphere and the ground l
is located at a vertical depth of 1000 g/cm2. Two primary
energies are considered, namely, 1019 eV @Fig. 9~a!# and 3
31020 eV @Fig. 9~b!#.

The severe suppression suffered by the first interact
that start the shower shows up clearly in Fig. 9~b! where the
plot corresponding to the simulations performed, taking i
account that the LPM effect shows significantly more pe
etrating showers than develop deeper in the atmospher
comparison with the non-LPM ones. The position ofXmax is
shifted in about 130 g/cm2 ~about 260 g/cm2 measured along
the shower axis! when the LPM procedures are switched o
The number of particles at the maximum,Nmax, is also af-
fected: It is about 40% smaller in the LPM suppressed sh
ers. This is mainly due to the fact that the electrons a
positrons lose more energy in ionization processes be
being able to generate bremsstrahlung photons, and ther
11301
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the shower reaches its maximum, generating fewer parti
than in the non-LPM case.

For lower primary energies the influence of the LPM e
fect on the development of the shower is less significant
shown in Fig. 9~a! for the case of 1019 eV gamma showers
Accordingly with the results of our simulations, the LPM
effect does not seriously modify the shower longitudinal p
file ~in the case of gamma primaries! when the primary en-
ergy is less than 1018 eV.

The longitudinal development of the number of muons
also dependent on the LPM effect as shown in Fig. 10.

These plots also show the results of simulations m
with the LPM effect switched on, but without considerin
dielectric suppression. The impact of this last effect is
course less important but not small enough to justify n
considering it, and in fact it is more important in relativ
terms than in the case of the longitudinal development
charged particles~Fig. 9!. It is interesting to describe how
the number of muons can be altered when dielectric supp
sion of electron bremsstrahlung photons is taken into
t
t

FIG. 10. Same as Fig. 9, bu
for the longitudinal developmen
of the number of muons.
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FIG. 11. Longitudinal devel-
opment of charged particles~a!
and muons~b! for showers initi-
ated by proton primaries. The
shower parameters are as in Fi
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count: In the case of electrons of energy slightly below
primary energy, that is, about 1018 eV, dielectric suppression
diminishes the probability of emission of photons with en
gies below 10 GeV (y'1028), producing a relative enlarge
ment of the number of events with photon energies sligh
above this limit. Such photons can undergo photonuclear
actions, creating pions which in turn may decay into muo
and it is clear that if their number is enlarged, so will be t
number of secondary muons@compare the solid and dotte
lines of Fig. 10~b!#.

If the primary particle is not electromagnetic, the infl
ence of the LPM effect will not depend directly on the p
mary energy, but on the energy of the particles that initi
the electromagnetic shower. In the case of showers with h
ronic primaries, protons, for example, the electromagn
shower is typically started by the gamma ray product of
cays of p0 mesons produced after inelastic hadronic p
cesses that take place when the primary collides agains
atmospheric nucleus. For primary energies larger t
1019 eV, an inelastic collision hadron-nucleus produces h
dreds of secondaries, most of them having energies w
are one to four orders of magnitude smaller than the prim
energy. Roughly speaking, this means that the electrom
netic shower maximum energy is two or three orders of m
nitude below the energy of the primary, and accordingly w
the data presented in Fig. 9, this means that the LPM ef
will not produce serious distortion in the shower develo
ment unless the energy of the primary hadron is well ab
1021 eV. This agrees with our results presented in Fig.
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which correspond to the longitudinal development of
31020 eV proton showers: The curves corresponding to b
LPM ‘‘on’’ and ‘‘off’’ cases do not present significant dif-
ferences.

Another remarkable feature is the increase of thefluctua-
tionsof Xmax andNmax. In Fig. 12~Fig. 13! Xmax (Nmax) and
its fluctuations are plotted as functions of the primary e
ergy, for showers in the range 1014–1021 eV. It shows up
clearly that ~i! the well-known proportionalities betwee
Xmax and logNmax with the logarithm of the primary energ
@1,19# do not hold exactly for electromagnetic showers
ultrahigh energy when the LPM effect is taken into accou
However, the mentioned linear relations are valid for prot
showers in the whole range of energies considered.~ii ! As
mentioned, the fluctuations ofNmax and especially those o
Xmax become larger as long as the primary energy is
creased, in comparison with the non-LPM counterparts. T
results presented in this section correspond to partic
cases which are representative of the behavior that shoul
expected in other general cases. Notice that the charact
tics of electron initiated showers are very similar to tho
corresponding to gamma showers and the same remark
be done in the case of showers initiated by nuclei in co
parison with proton showers. For that reason we are not
cluding here any related plots.

V. CONCLUSIONS

We have analyzed exhaustively the LPM effect and
dielectric suppression from the theoretical point of view a
r

g

-

FIG. 12. Computer simulation
results for the shower maximum
Xmax measured along the showe
axis ~a! and its fluctuations~RMS
error of the mean! ~b!, plotted as
function of the primary energy.
The solid ~dashed! lines corre-
spond to gamma primaries takin
~not taking! into account the LPM
effect. The dotted lines corre
spond to proton primaries.
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FIG. 13. Number of charged
particles at the shower maximum
Nmax ~a! and its fluctuations~rms
error of the mean! ~b!, plotted ver-
sus the primary energy. The pri
maries are gammas in the sam
conditions as in Fig. 12.
rr

e
or
a
e

di
a
en
ir

io

o-

in
ti

th

,
th

be

ig
o

s
er
th

e
on
h
in
en

se-
ery
to
ded

nt
air

ion
the
ary
the
la-
is

-
but
ny

n be
d in

w-
,
ag-
ter,
par-
ree
the

nd
ejo

o-
have discussed the practical implementation of the co
sponding algorithms for air shower simulations.

We have studied the different approaches to the LPM
fect and conclude that the final results of the Migdal the
are best adapted for the numerical treatment while there
no important differences with the results coming from oth
approaches.

By means of numerical simulations usingAIRES @15#, we
have studied the influence of the LPM effect, including
electric suppression, on the longitudinal development of
showers initiated by ultrahigh energy astroparticles. As m
tioned previously,AIRES is capable of calculating many a
shower observables in a realistic environment.

We have analyzed the influence of both suppress
mechanisms in a wide range of primary energies~up to 3
31020 eV) and for various primary particles, namely, ph
tons, electrons, and protons.

The main purpose of our work has been to study the
fluence of the LPM effect on the behavior of electromagne
air showers, for primaries that interact after reaching
Earth’s atmosphere.

Clearly, in the special case of cosmic gamma rays
would be necessary to take into account the interaction of
primary with the geomagnetic field that could take place
fore entering the atmosphere@26–28#. The cosmic photon
can create electron-positron pairs, which in turn may or
nate additional magnetic bremsstrahlung photons, and so
As a result, apreshowertakes place before the particle
reach the atmosphere, and consequently the original en
is shared among various electromagnetic particles. If
number of particles in the preshower is large, the influenc
the LPM effect will be substantially reduced, in comparis
with the case of a single electromagnetic particle. Nevert
less, the conversion probability strongly depends on the
tial conditions ~geomagnetic field strength, angle betwe
the velocity of the particle and the magnetic field, etc.! @28#,
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and can be relatively small in certain circumstances. Con
quently, the preshower may eventually not exist or be v
small, allowing ultrahigh energy electromagnetic particles
reach the atmosphere, producing showers like those inclu
in our study.

We have found that the LPM effect introduces significa
modifications on the development of gamma and electron
showers if the primary energies are larger than 1019 eV. The
most evident signature of the effect is the shift in the posit
of the maximum of the shower, which moves deeper into
atmosphere with increasing fluctuations when the prim
energy is enlarged. Our conclusion is that in such cases
effect must be always taken into account in realistic simu
tions of ultrahigh energy electromagnetic air showers. It
also important to remark that~i! the influence of the dielec
tric suppression is not as important as the LPM effect,
large enough to justify having it taken into account in a
realistic simulation and~ii ! for showers with large zenith
angles, the suppression that delays the shower growth ca
not as large as in the case of vertical showers, as explaine
Sec. IV.

We have not found any important effect in proton sho
ers with primary energies up to 1021 eV. The reason for this
as explained in the previous section, is that the electrom
netic shower, where the LPM effect takes place, begins la
when the initial energy is shared among the secondary
ticles and the average energy per particle is then two to th
orders of magnitude less than the primary energy. Clearly
same reasoning is valid for nuclei primary cosmic rays.
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