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Proposed astrophysical test of Lorentz invariance

O. Bertolami* and C. S. Carvalho
Departamento de Fı´sica, Instituto Superior Te´cnico, Av. Rovisco Pais, 1049 - 001 Lisboa, Portugal

~Received 30 August 1999; published 21 April 2000!

Working in the context of a Lorentz-violating extension of the standard model we show that estimates of
Lorentz symmetry violation extracted from ultra-high-energy cosmic rays beyond the Greisen-Kuzmin-
Zatsepilk~GZK! cutoff allow for setting bounds on parameters of that extension. Furthermore, we argue that
a correlated measurement of the difference in the arrival time of gamma-ray photons and neutrinos emitted
from active galactic nuclei or gamma-ray bursts may provide a signature of possible violation of Lorentz
symmetry. We have found that this time delay is energy independent; however it has a dependence on the
chirality of the particles involved. We also briefly discuss the known settings where the mechanism for
spontaneous violation of Lorentz symmetry in the context of string/M-theory may take place.

PACS number~s!: 98.70.Sa, 04.80.Cc, 11.30.Cp, 98.70.Rz
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I. INTRODUCTION

Lorentz invariance is one of the most fundamental sy
metries of physics and underlies all known physical desc
tions of nature. However, more recently, there has been
dence, in the context of string M-theory, that this symme
could, at least in principle, be spontaneously broken. T
raises immediately the issue of investigating this possibi
from the experimental point of view. Observational inform
tion on the violation of Lorentz symmetry may, of cours
provide essential insights into the nature of the fundame
theory of unification and hopefully allow establishing re
evant bounds on its parameters.

In this work, we shall argue that astrophysics may play
essential role in this respect. This comes about as it will s
be possible to make correlated astrophysical observation
volving high-energy radiation and neutrinos. Indeed, it is
markable that there exists convincing evidence that the
served jets of active galactic nuclei~AGN!, powered by
supermassive black holes at their core, are quite effic
cosmic proton accelerators. The photoproduction of neu
pions by accelerated protons are assumed to be the sour
the highest-energy photons through which most of the lu
nosity of the galaxy is emitted. The decay of charged pio
with the ensuing production of neutrinos is another disti
signature of the proton induced cascades@1#. Moreover, there
is a consensus that estimates of the neutrino flux are fa
model independent and that reliable upper bounds can
established@2#. Since gamma-ray bursts~GRB! have also
been suggested as a possible source of high-energy neu
@3# the mentioned upper bounds are also valid for th
sources. To further deepen the knowledge of these sou
and also because the cosmic-ray energy spectrum exten
energies higher than 1020 eV, large area (;km2) high-
energy neutrino telescopes are under construction~see, e.g.,
@4#!. These telescopes will allow for obtaining informatio
that is intrinsically correlated with the gamma radiation em
ted by AGN and GRB. On the other hand, it has already b
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pointed out that astrophysical observations of faraw
sources of gamma radiation could provide important hints
the nature of gravity-induced wave dispersion in vacu
@5–8# and hence on physics beyond the standard mo
~SM!. In here, we will show that delay measurements in
arrival time of correlated sources of gamma radiation a
high-energy neutrinos can, when considered in the contex
a Lorentz-violating extension of the SM@9#, help in setting a
relevant limit on the violation of that fundamental symmetr
We shall further relate our results with the recently discus
limit on the violation of Lorentz symmetry from the obse
vations of high-energy cosmic rays beyond the Greis
Kuzmin-Zatsepin~GKZ! cutoff @10#.

However radical, the idea of dropping the Lorentz sy
metry has been repeatedly considered in the literature.
deed, a background or constant cosmological vector field
been suggested as a way to introduce our velocity with
spect to a preferred frame of reference into the physical
scription @11#. It has also been suggested, based on the
havior of the renormalization groupb function of non-
Abelian gauge theories, that Lorentz invariance could be
a low-energy symmetry @12#. Furthermore, higher-
dimensional theories of gravity that are not locally Loren
invariant have been considered in order to obtain light f
mions in chiral representations@13#.

The breaking of Lorentz symmetry due to nontrivial sol
tions of string field theory was first discussed in Refs.@14#.
These nontrivial solutions arise in the context of the str
field theory of open strings and may have striking implic
tions at low energy. For instance, assuming that the con
bution of Lorentz-violating interactions to the vacuum e
ergy is about half of the critical density was shown to allo
concluding on the existence of quite feeble tensor media
interactions in the range of about 1024 m @15#. Furthermore,
Lorentz violation may be a factor in the breaking of confo
mal symmetry and this together with inflation may lie at t
origin of the primordial magnetic fields which are required
explain the observed galactic magnetic field@16#. Of course,
putative violations of the Lorentz invariance may contribu
to the breaking ofCPT symmetry @17#. Interestingly, this
©2000 The American Physical Society02-1
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possibility can be verified experimentally in neutral-mes
@18,19# experiments1, Penning-trap measurements@21#, and
hydrogen-antihydrogen spectroscopy@22#. Moreover, the
breaking ofCPT symmetry also allows for an explanation
the baryon asymmetry of the Universe. Tensor-fermio
fermion interactions expected in the low-energy limit
string field theories give rise in the early Universe, after
breaking of the Lorentz andCPT symmetries, to a chemica
potential that creates in equilibrium a baryon-antibary
asymmetry in the presence of baryon number violating in
actions@23#.

Limits on the violation of Lorentz symmetry have bee
directly sought through laser interferometric versions of
Michelson-Morley experiment, where comparison, is ma
between the velocity of light,c, and the maximum attainabl
velocity of massive particles,ci , up to d[uc2/ci

221u
,1029 @24#. More accurate tests can be performed via
so-called Hughes-Drever experiment@25,26#. In the latter
type of measurement, one searches for the time depend
of the quadrupole splitting of nuclear Zeeman levels alo
Earth’s orbit and that allows for the achievement of impr
sive limits, for instance,d,3310222 @27#. Actually, a more
recent assessment of these experiments reveals that
stringent bounds, up to eight orders of magnitude, can
reached@28#. From the astrophysical side, limits on the vi
lation of momentum conservation and the existence of a
ferred reference frame can also be established from bou
on the parametrized post-Newtonian parameter,a3. This pa-
rameter vanishes identically in general relativity and can
accurately determined from the pulse period of pulsars
millisecond pulsars@29,30#. The most recent limit,ua3u
,2.2310220 @31#, indicates that Lorentz symmetry holds u
to this level.

In what follows we shall compute the corrections to t
dispersion relation arising from a Lorentz-violating exte
sion of the SM and confront it with the evidence on t
violation of Lorentz invariance as arising from cosmic r
physics. Moreover, we shall show that these corrections
duce a time delay in the arrival of signals carried by differe
particles from faraway sources. We also find that this ti
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delay is energy independent, but it has a dependence on
chirality of the arriving particles.

II. LORENTZ-VIOLATING EXTENSION OF THE
STANDARD MODEL AND DISPERSION RELATION

It is widely believed that the SM, although quite succe
ful from the phenomenological viewpoint, is a low-energ
approximation of a more fundamental theory where unifi
tion with gravity is achieved and the hierarchy proble
solved. It is quite conceivable that, in this most likely highe
dimensional underlying theory, fundamental symmetri
such asCPT and Lorentz invariance, may undergo spon
neous symmetry breaking. The fact that within strin
M-theory, currently the most promising proposal for a fu
damental theory, a mechanism where spontaneous brea
of Lorentz symmetry is known@14,17,18#, indicates that the
violation of those symmetries might actually occur and th
its implications may be expected.

A priori, there is no reason for this breaking not to exte
into the four-dimensional spacetime. If this is so,CPT and
Lorentz symmetry violations will be likely to occur within
the SM and its effects might be detected. In order to acco
for the CPT and Lorentz-violating effects an extension
the minimal SU(3)̂ SU(2)^ U(1) SM has been develope
@9# based on the idea thatCPT and Lorentz-violating terms
might arise from the interaction of tensor fields to Dir
fields when Lorentz tensors acquire nonvanishing vacu
expectation values. Interactions of this form are expected
arise from the string field trilinear self interaction, as in t
open string field theory@14,17#. These interactions may als
emerge from the scenario where our world is wrapped i
brane and this is allowed to tilt@18#. Aiming to preserve
power-counting renormalizability of the SM, only terms in
volving operators of mass dimension four or less are con
ered in this extention. In this work, only the fermionic sect
of the extension discussed in@9# will be considered.2 This
sector includes both leptons and quarks, since SU~3! symme-
try ensures violating extensions to be color independent.
fermionic sector containsCPT-odd andCPT-even contribu-
tions to the extended Lagrangian, which are given by@9#
th
ing
g neutral

sing from

SM gauge
st in
L Fermion
CPT-odd52amc̄gmc2bmc̄g5gmc, ~1!

L Fermion
CPT-even5 1

2 icmnc̄gm ]Jmc1 1
2 idmnc̄g5gm ]Jmc2Hmnc̄smnc, ~2!

where the coupling coefficientsam and bm have dimensions of mass,cmn and dmn are dimensionless and can have bo
symmetric and antisymmetric components, andHmn has dimension of mass and is antisymmetric. All the Lorentz-violat
coefficients are Hermitian. These parameters are flavor dependent and some of them may induce flavor changin
currents when nondiagonal in flavor.

1TheseCPT violating effects are unrelated to those that are due to possible nonlinearities in quantum mechanics, presumably ari
quantum gravity, which were already investigated by the CPLEAR Collaboration@20#.

2We shall suppose that the propagation features of photons are unaltered and hence that a Lorentz-violating extension of the
sector is unnecessary. Even though this possibility has been discussed in@9#, the phenomenological restrictions are quite severe, at lea
what concerns the term that gives origin to a cosmological birefringence@32#.
2-2
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The Langrangian density of the fermionic sector including Lorentz-violating terms reads:

L5 1
2 i c̄gm ]Jmc2amc̄gmc2bmc̄g5gmc1 1

2 icmnc̄gm ]Jnc1 1
2 idmnc̄g5gm ]Jnc2Hmnc̄smnc2mc̄c, ~3!

where only kinetic terms are kept, as we are interested in deducing the free particle energy-momentum relation.
From the above Lagrangian density, we can get the Dirac-type equation

$ igm@]m1~cm
a2dm

ag5#]a!2amgm2bmg5gm2Hmnsmn2m%c50. ~4!

In order to obtain the corresponding Klein-Gordon equation, we multiply Eq.~2! from the left by itself with an opposite mas
sign yielding

$@ i ~]m1cm
a]a!2am#21~dm

a]a!22b22m22 ismr
†i ]mcr

b]b1 icm
a]ai ]r1 icm

a]aicr
b]b2 i ~]m1cm

a]a!idr
bg5]b

1 idm
ag5]ai ~]r1cr

b]b!22bmg5@ i ~]r1cr
b]b!2ar#‡22i ~ iamsmr2bmg5gmr!dr

bg5]b

1smnsrsHmnHrs2Hrs~gmsrs1srsgm!@ i ~]m1~cm
a2dm

ag5!]a!2am1bmg5#%c50. ~5!

To eliminate the off-diagonal terms, the squaring procedure has to be repeated. However, as already discuss
Lorentz symmetry breaking effects are quite constrained experimentally~see also@17,15,9# for theoretical discussions!,
violating terms higher than second order will be ignored. After some algebra, we find that off-diagonal terms cannot
eliminated, but that these terms are higher order in the Lorentz-violating parameters. To further simplify our computa
shall dropHmn . This simplification is justifiable as in our phenomenological study we shall only consider the effect
timelike components of the Lorentz-violating parameters. Hence, we obtain, for the Klein-Gordon type equation, up to
order in the new parameters:

†@~ i ]!212i ]micma]a22i ]mam2m2#214i ]midr
b]bi ]hidf

d ]d~gmhgrf2gmrghf!28i ]midr
b]bbhi ]f~gmrghf2gmfgrh!

14bmbhi ]ri ]f~gmhgrf2gmrghf!‡c50. ~6!

Thus, in the momentum space, we obtain, at the lowest nontrivial order, the following relationship:

~pmpm12pmcmapa12pmam2m2!214@pmpmdr
bpbdrdpd2~pmdmbpb!2#18~pmpmdh

bpbbh2pmdmbpbbhph!

14@bmbmpnpn2~bmpm!2#50. ~7!

Hence, the dispersion relation arising from the Lorentz-violating extension of the SM is given by

pmpm2m2522pmcmapa22pmam62@~pmdmbpb!22pmpmdh
bpbdhdpd12~pmdmbpbbrpr2pmpmdh

bpbbh!2bmbmpnpn

1~bmpm!2#1/2, ~8!
re

o

ffi

o

ys
n

-
the

as
ic-
ea
of

cts
is-

n

where the6 sign refers to the fact that the effects ofbm and
dmn depend on chirality.

Finally, considering, for simplicity, the scenario whe
coefficientsam , bm , cmn , anddmn have only timelike com-
ponents, it follows that the dispersion relation simplifies t

pmpm2m2522c00E
222aE62~b1d00E!p, ~9!

where we have dropped the component indices of coe
cientsa andb. From now on we shall also drop coefficienta
as it may lead to changing flavor neutral currents when m
than one flavor is involved.

In the next section, we shall use the dispersion relation~9!
to see how the GZK cutoff for ultrahigh energy cosmic ra
can be relaxed. The following discussion is similar to the o
10300
-

re

e

described in@10#, where it is assumed that the limiting ve
locities of particles in different reference frames are not
same.

III. ULTRAHIGH ENERGY COSMIC RAYS
IN THE LORENTZ-VIOLATING EXTENSION

OF THE STANDARD MODEL

The discovery of the cosmic background radiation h
made raising the question of how the most energetic cosm
ray particles would be affected by the interaction with the s
of microwave photons inevitable. In fact, the propagation
the ultrahigh energy nucleons is limited by inelastic impa
with the ubiquitous photons of the background radiation d
abling nucleons with energies above 531019 eV to reach
Earth from further than 50-100 Mpc. This is the well know
2-3
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GZK cutoff @33#. However, events where the estimated e
ergy of the cosmic primaries is beyond the GZK cutoff ha
been observed by different collaborations@34–37#. It has
been suggested@10# ~see also@38#! that slight violations of
Lorentz invariance would cause energy-dependent
fectswhich would suppress processes, otherwise dynamic
inevitable, e.g., the resonant scattering reaction,

p1g2.73K→D1232, ~10!

which is at the very core of the GZK cutoff. Were this pr
cess untenable, the GZK cutoff would not exist and con
quently a cosmological origin for the high-energy cosm
radiation could be possible.3 As discussed in@10#, this can
occur through a change in the dispersion relation for f
particles. We shall see that this is indeed what happens w
analyzing process~10! with dispersion relation~9!. Consid-
ering a head-on impact of a proton of energyE with a cosmic
background radiation photon of energyv, the likelihood of
the process~10! would be conditioned by Eq.~9! to be

2v1E>mD~12c00
D !. ~11!

Hence, we get the following relationship, after squaring E
~11! and dropping thev2 term:

2v1
mp

2

2E
>~c00

p 2c00
D !E1

mD
2

2E
, ~12!

which clearly exhibits Lorentz-violating terms.
Let us now compare Eq.~12! with the results of Ref.@10#

and show that this leads to a bound onc00
i . To modify the

usual dispersion relation for free particles, Coleman a
Glashow suggest assigning a maximal attainable velocit
each particle. Therefore, for a given particlei moving freely
in the preferred frame, which could be thought of as the o
in relation to which the cosmic background radiation is is
tropic, the relevant dispersion relation would be

E25p2ci
21mi

2ci
4 . ~13!

Hence the likelihood of the process~10! occurring under
the conditions described above would depend on satisfy
the kinematical condition 2v1E>me f f , where the effective
massme f f is given by

me f f
2 [mD

2 2~cp
22cD

2 !p2, ~14!

the momentum being in respect to the preferred frame.
The likely condition takes then the following form:

2v1
mp

2

2E
>~cp2cD!E1

mD
2

2E
, ~15!

3Actually, it has been pointed out that the five highest-ene
cosmic ray events seem to be closely correlated in space with
mologically distant compact radio-loud quasars@39#.
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where the term proportional tocp2cD is clearly Lorentz
violating. If the difference in the maximal velocities excee
the critical value

d~v!5
2v2

mD
2 2mp

2
, ~16!

then reaction~10! would be forbidden and consequently th
GZK cutoff relaxed. For photons of the microwave bac
ground, T52.73 K, and v0[kT52.3531024 eV, this
condition would be

cp2cD5d~v0!.1.7310225, ~17!

which is quite a striking limit on the violation of the Lorent
symmetry, even though it is valid only for the process
question. Similar bounds for other particle pairs, althou
less stringent, were discussed in@10,40#.

Finally, the comparison of Eq.~15! with Eq. ~12! gives,
for Dc00,

c00
p 2c00

D .1.7310225. ~18!

Thus, we see that the Lorentz-violating extension of
SM can explain the violation of the GZK cutoff and accou
for the phenomenology of ultra-high-energy cosmic rays
the bound onDc00 given by Eq.~18!. Of course, the situation
would be more complex if the Lorentz-violating paramete
were allowed to have spacelike components which wo
lead to direction and helicity-dependent effects.

IV. AN ASTROPHYSICAL TEST
OF LORENTZ INVARIANCE

Let us turn to the discussion of a possible astrophys
test of Lorentz invariance. From Eq.~18! we see thatDc00
.e, wheree is a small constant specific of the process
volved@cf. Eq.~18!# and, for instance,ueu&few310222 from
the search of neutrino oscillations@41,42#. In what concerns
signals simultaneously emitted by faraway sources, the
sulting effect in the propagation velocity of particles wi
energy,E, and momentum,p, is given in the limit wherem
!p,E or for massless particles byci5c@12(c006d00) i #.
Hence, for sources at a distanceD, the relative delay in the
arrival time will be given by

Dt.
D

c
@~c006d00! i2~c006d00! j #[e i j

6
D

c
, ~19!

where we have defined a new constant,e i j
6 , involving a pair

of particles. This time delay may, despite being given by
difference between two quite small numbers, be measur
for sufficiently far away sources. Moreover, our result ind
cates that the estimated time delay is energy independen
opposition to what one could expect from general argume
@5,7,8#. We have also found that the time delay has an int
esting dependence on the chirality of the particles involv
In the next section, we shall discuss how to estimate
scales involved in the observational value ofc00

i ~andd00
i if

d00
i ;c00

i ).

y
s-
2-4
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PROPOSED ASTROPHYSICAL TEST OF LORENTZ INVARIANCE PHYSICAL REVIEW D61 103002
Therefore if, for instance, the signals from far aw
sources were, as suggested in the introduction, from an A
TeV gamma-ray flare and the genetically related neutr
emission, then we should expect for the time delay, if
justified above that the photon propagation is unaltered,

Dt.~c006d00!n

D

c
, ~20!

assuming that the neutrinos are massless, an issue tha
hopefully be settled experimentally in the near future. It
worth stressing that even before that, the effect of neutr
masses and other intrinsic effects related to the nature o
neutrino emission processes can, at least in principle, be
tracted from the data of several correlated detections of T
gamma-ray flares and neutrinos if a systematic delay of n
trinos is observed. However, the main point here is tha
nonvanishing time delay can be regarded, up to neut
mass effects and neutrino emission processes, as direc
dence for a violation of Lorentz symmetry and, as alrea
pointed out in the introduction, neutrino telescopes will so
be available for the investigation of correlated detectio
Furthermore, the available knowledge of AGN phenome
and our confidence in the astrophysical methods availabl
determine their distance from us make it reasonable to
lieve that the time delay strategy may realistically provi
relevant limits on the violation of Lorentz symmetry. O
course, the same arguments may very well apply to GR
however, the lack of a deeper understanding of these t
sient phenomena introduces further unnecessary uncerta
even though many properties of their sources can be un
stood from the observation of their afterglows. It is also i
portant to point out that limits involving photons and neut
nos are currently unknown and that a difference betw
neutrinos and antineutrinos is expected ifd00

i is nonvanish-
ing. We could also add that, based on the analysis of R
@28# involving the full set of Lorentz-violating parameter
we expect our results to remain unaltered, at least at h
energies, if the parameterHmn were to be held in our calcu
lations.

V. DISCUSSION AND CONCLUSIONS

In summary, we have shown that parameters of
Lorentz-violating extension of the SM proposed in Ref.@9#
can be related to the phenomenology of ultra-high-ene
cosmic rays with the conclusion that, as in@10#, it may lead
to the suppression of processes responsible for the GZK
off. This is a crucial argument for an extragalactic origin
high-energy cosmic rays. Furthermore, we have found
the relevant Lorentz-violating parameter is, at high energ
c00

i so that Dc00.e with ueu&few310222 from neutrino
physics andueu&10225 from the ultra-high-energy cosmic
ray physics. Actually, it is possible to estimate the typic
scales involved in the problem assuming that the sourc
Lorentz symmetry violation is due to nontrivial solutions
string field theory. Indeed, these solutions imply that Lore
tensors acquire vacuum expection values as Lorentz sym
try is spontaneously broken due to string-induced inter
10300
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tions @14,17#. A sensible parametrization for these expec
tion values and hence forc00

i would be the following@17,23#
for a fixed energy scale,E,

c00
i .

^T&
MS

5l i S mL

MS
D l S E

MS
D k

, ~21!

whereT denotes a generic Lorentz tensor,l i is presumably
an order one flavor-dependent constant,4 mL is a light mass
scale,MS is a string scale presumably close to Planck’s m
or a few orders of magnitude below it, andk,l are integers
indicating the order of the string corrections to low-ener
physics. Thus, in the lowest nontrivial order,k50, l 51 (k
5 l 50 is already excluded experimentally!, c00

i

5l i(mL /MS) and for differentl i constantse.(mL /MS).
This result corresponds, in its essential lines, to the one
have obtained from working out the implications of th
Lorentz-violating extension of the SM in the context of ultr
high-energy cosmic-ray phenomenology. Furthermore if,
instance,e&10223, then it follows thatmL;102 KeV for
MS.M P or mL;102 eV if MS.few31016 GeV @43#. Es-
timates formL would clearly change by many orders of ma
nitude if l i were of the order of the Yukawa coupling. I
either case, our main conclusion is that choicek50, l 51
implies that the time delay in the arrival of signals from f
away sources is, as discussed above, energy independen
have found, however, an interesting dependence on
chirality of particles involved.

Naturally, another scenario would emerge from a differe
choice of integersk,l , for instance, the choicek52 and l
50, the relevant choice in theCPT symmetry violating
baryogenesis scenario@23#, where the energy should, in thi
case, be related to the early Universe temperature. T
would imply that the time delay in the arrival of signals fro
far away sources would be proportional to the square of
energy. This choice would also lead to the conclusion t
Lorentz-violating effects, whether due to string physics
quantum gravity, are quadratic in the energy. Interesting
similar conclusions concerning the order of quantum grav
low-energy effects are reached from the study of correcti
to the Schro¨dinger equation arising from quantum gravity
the mini-superspace approximation@44#.

Another setting allowing for the spontaneous breaking
the Lorentz symmetry is the so-called braneworld@18#. In
this scenario, SM particles lie on a three-brane,f(x), em-
bedded in spacetime, with possibly large compact extra
mensions, whereas gravity propagates in the bulk. Thu
tilted brane induces rotational and Lorentz noninvaria
terms in the four-dimensional effective theory as brane Go
stones couple to all particles on the brane via an indu
metric on the brane. This will lead to operators of the for

]mf]nfc̄gm]nc1]mf]nfFmaFna
•••, ~22!

4Another scenario would be forl i to be of the order of the re-
spective Yukawa coupling@17#.
2-5
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which closely resemble the Lorentz-violating terms in t
SM extention. As before, phenomenology sets tight c
straints on this scenario, which is currently unable to est
lish whether the breaking of Lorentz invariance, if observ
at all, has its origin in the nonperturbative nature of brane
if it arises from the perturbative string field theory scena
described above. The former alternative could possibly
associated with aMS scale that is a few orders of magnitud
below the Planck scale, while the latter with aMS that
should be associated with the Planck scale itself.

Finally, we could say that based on our results, we h
outlined a strategy to establish to what extent Lorentz inv
ance is violated from the observation of the time delay in
detection of TeV gamma-ray flares and neutrinos from AG
Our analysis reveals that the time delay has a dependenc
the chirality of the particles involved, but is energy indepe
dent, contrary to what one could expect from general ar
n-
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.
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ments. In either case, if ever observed, a time delay in
arrival of signals from far away sources would be, up
neutrino mass effects and other features related to the na
of the neutrino emission, strong evidence of quite new ph
ics beyond the SM.

ACKNOWLEDGMENTS

One of us~O.B.! would like to thank the hospitality of the
Department of Physics of New York University where pa
of this work was carried out and Fundac¸ão para a Cieˆncia e a
Tecnologia~Portugal! for the financial support under Gran
No. BSAB/95/99. It is a pleasure to thank Alan Kostelec´
for important comments and suggestions. We also thank
Halprin for comments.
t.

t.

ys.

d E.

s

t.

id,

ays

nd
@1# K. Mannheim, Astropart. Phys.3, 295 ~1995!; F. Halzen and
E. Zas, Astrophys. J.488, 669 ~1997!.

@2# E. Waxman and J. Bahcall, Phys. Rev. D59, 023002~1999!.
@3# E. Waxman and J. Bahcall, Phys. Rev. Lett.78, 2292~1997!.
@4# T. D. Gaisser, F. Halzen, and T. Stanev, Phys. Rep.258, 173

~1995!.
@5# G. Amelino-Camelia, J. Ellis, N. E. Mavromatos, D. V. Na

opoulos, and S. Sarkar, Nature~London! 393, 763 ~1998!.
@6# S. D. Biller et al., Phys. Rev. Lett.83, 2108~1999!.
@7# G. Amelino-Camelia, J. Ellis, N. E. Mavromatos, D. V. Na

opoulos, and S. Sarkar, ‘‘Sensitivity of Astrophysical Obs
vations to Gravity-Induced Wave Dispersion in Vacuo
astro-ph/9810483.

@8# J. Ellis, K. Farakos, N. E. Mavromatos, V. A. Mitsou, and D
V. Nanopoulos, ‘‘Astrophysical Probes of the Constancy of
Velocity of Light,’’ astro-ph/9907340.

@9# D. Colladay and V. A. Kostelecky´, Phys. Rev. D55, 6760
~1997!; 58, 116002~1998!.

@10# S. Coleman and S. L. Glashow, Phys. Lett. B405, 249~1997!;
Phys. Rev. D59, 116008~1999!.

@11# P. R. Phillips, Phys. Rev.146, 966 ~1966!.
@12# H. B. Nielsen and M. Ninomiya, Nucl. Phys.B141, 153

~1978!.
@13# S. Weinberg, Phys. Lett.138B, 47 ~1984!.
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