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Abstract

The Greisen-Zatsepin-Kuzmin (GZK) cutoff (5 x'%V) of special relativity in the observed ultra thignergy
cosmic rays (UHECR) spectrum is one of the mostzlng paradoxes in physics. Experimentally a numdfer
cosmic ray events have been detected above this BaKwhich is known as UHECR paradox. We propese
resolution of this paradox through a modificatidntlze relativistic kinematics keeping in mind thshould not
lead to predictions different from those of specétivity in the well tested domains. It is showrat theoretical
limit in UHECR spectrum can be explained in thexfeavork of Lorentz invariance violation (LIV) thees which
assume the existence of a preferred frame. Theeprgmper proposes that the velocity of the sofaresn with
respect to the rest frame of the universe playdeain explaining the paradox.
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1. Introduction

The possibility that Lorentz invariance can be aietl in nature has currently become a subject of
interest. People often doubt if the special reigti(SGR) is only an approximate symmetry of natiire?].

To give a quantitative measure of Lorentz invar@auiolation (LIV), one can build up a test theorlerve

the Lagrangian of electrodynamics can be slightfiodned by adding to it a tiny Lorentz violatingrte
One such deformation considered by the authorseff R] (see also [3]) following standard practice
causes the speed of lighto differ from the maximum attainable spegdwhich hereafter, unless stated
otherwise, will be assumed to be equal to 1) bynallsvelocity parametes of the theory. The obvious
consequence of this consideration is the existehaepreferred inertial frame of reference.

It is a common practice and also reasonable tonasghis preferred frame to be “the rest frame ef th
universe” £q) with respect to which the cosmic microwave baokgd radiation (CMBR) is isotropic.
Let us call it the rest frame of the cosmic sultatra(RFCS).

Precision tests for anisotropies in velocity ohtigiue to the motion of the solar system relativehe
CMBR frame have set a limit on thig1, 4],

[1-c|=|e|<3x10%2 (1)
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However it has been argued [1-3] that stronger tcaims one can be obtained, not from precision tests,
but from observations on ultra high energy cosmgsr(UHECR). For example, & < 1 it has been
shown that the mere detection of primary protorrgynep to 100 EV set the bound on more than one
order of magnitude stronger:

le ] <5 x 10°. 2)(

The physical basis for obtaining such a boundas #hparticle can be super luminal in vacuunt &f 1)

in which case, a proton being a charged particleiwits passage, quickly lose energy through sbe
called “vacuum Cerenkov radiation” and will thenefdail to be detected with the super luminal speed
The last bound ongl | is obtained by equating the speed of protorDatEeV with the speed of light c,
then subtracting it from unity, the latter being timiting speed of SR. The limit anthus obtained does
not require (unlike the way it is obtained throupgkecision test mentioned before) any assumption
regarding the motion of the laboratory frame wabpect ta,. LIV is also much discussed in connection
with one of the most puzzling paradoxes in physmscerning UHECRs. One quite robust predictions of
special relativity is the existence of the so chlereisen-Zatsepin-Kuzmin (GZK) phenomenon, which
tells us that cosmic ray protons coming from cosmial distances with energies above certain Iliyiti
value (GZK cutoff), should not be observed on Eafihe predicted value for this catastrophic cutsff

5 x 10°eV . This value corresponds to the threshold eneogyphoto-pion production by cosmic ray
protons interacting with soft CMBR photons whichryasle the universe. However some recent
experiments have shown that this relativisticallycalated threshold energy seems to be too loweddd
recently ground based detectors have detected abhaut a hundred events near and above the GZK
cutoff and a double digit number of events withrgies at or above V. The highest energy cosmic
ray so far has been the 3.2%%Y/ detected by the Fly’'s Eye air shower detector iahJ5]. However if
the sources of UHECRs are really extragalacticréttaze ample reasons to believe so[6]) and sinee th
calculation of GZK limit is so robust that even omeent at 18eV “appears surprising” [7]. The arrival
of UHECR on Earth with energies above the GZK thoéd is known as the UHECR paradox [8-10]
mentioned in the beginning of this paragraph. Tlnenee been exotic proposals in the literature whigh

to explain the trans GZK cosmic ray events in ttaenework of LIV theories which assume the existence
of a preferred frame [2, 9, 11]. Let us call themeferred frame theories. As an example, accordirgne
most popular scenarios [12], existence of differamdximal speeds for different particle species is
assumed and they are also assumed in generaféo flifim the speed of light in vacuo [see Ref.[@lla
references therein]. In this way, introduction ofadl LIV has been shown to have effects that ineeea
rapidly with energy in such a manner that ultimatielelastic collisions with CMBR photons become
kinematically forbidden [2].

The present paper proposes that the velocity ofstiar system with respect to the rest frame of the
universe might play a role in explaining the parado

In an effort to look for new physics, when one ddess theories involving LIV one still believes tha
behavior of moving rods and clocks is still gowed by the Lorentz transformation (LT). However,
other laws of physics might not strictly remain adant under LT. For example one may consider the
possibility that causal cone need not coincide Withlight cone [13], i.e the speed of light may be the
same as the invariant speedf LT.

However if one is prepared to do away with the gigle of relativity, or in other words if one belies in

the existence of a preferred inertial frame, thenmeo point in holding on to the belief that stamteods
and clocks of different inertial frames behavecslyi according to LT. Note that after all LT is a
consequence of the relativity principle. Hence @arsh for a new physics one may consider the
possibility of a deformed LT (not just a deformeasdpersion relation) to relate observations perfating
different inertial observers. Once such a transédiom is guessed, other aspects of kinematics aach
expressions for momentupand energy E of a particle or the dispersion i@iatan be obtained through
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a kind of 4-vector formulation (see below). Cleaiihg predictions of the deformed LT will be diffate
from those of the relativity theory. However théfelience in the predictions must be undetectablén
domain where special relativity has been testedtheyloubt.

In the following we shall look for such a transfation that will be capable to explain the UHECR
paradox and at the same time will be able to rapredhe standard relativistic results. We know that
Einstein obtained his transformations deductivebnt his relativity and the “constancy of velocitf o
light” (CVL) postulates. If the relativity postukais sacrificed what guidelines should one follovorder

to guess the transformation equation? The nexiosewatll provide an answer to this question.

2. Transformation Equations

Although the kinematics of relativity theory wastaibed by Einstein from a general principle like th
relativity of motion and a principle concerning thgeed of light, the operative aspects of thestufatss
used in the derivation can be laid down in moreccete terms. Indeed if one consults a standard text
book on relativity, one finds that the derivatioh bT starts from the assumption of a linear
transformation with unknown coefficients which aetermined using essentially the following opemativ
inputs:

(1) The coordinate clocks in any inertial frame assumed to be synchronized by light signal foltayvi
the Einstein synchrony or the standard synchroogoming to which the one-way-speed (OWS) of
light is assumed to be the same as its two-wayesPB&/S) in any direction [14-16].

(2) The speed of light is the (i) same and (iiYispic with respect to all inertial observers.

(3) Measuring rods placed perpendicular to itsaiom of motion do not undergo any contraction or
elongation with respect to its rest length.

The first of the above is just a synchronizationvantion but the other two items are the consecgsent
the relativity principle. A little amplification othis statement in respect of item (2) may be ofeorOne
might think that (2) is equivalent to Einstein’s CYostulate. This is indeed a misconception [1He T
CVL postulate of Einstein refers to constancy welspect to change in the velocity of light souice.
effect this postulate emphasizes the wave charatfeght. Once wave is launched it is no longekéd

to the source. Indeed Einstein’s second postulatearning the speed of light in conjunction witke th
principle of relativity only imply the constancy thirespect to the change of the inertial obsersewell
[17]. In a preferred frame theory where the prifecipf relativity is expected to be violated, the
transformation equations cannot be obtained wéimi(2) as an input which, as explained, dependb®n
relativity principle although CVL can be used i thtationary frame. As regards input (1) howevergh
is no difficulty but there is no special advantagesynchronizing coordinate clocks using light sign
One may then ask what if the clocks were synchezhlzy some other signal say an “acoustic signal” fo
example. One may consider a substratum which cppostisuch a signal and through which different
inertial frames are supposed to move. To effecstmehronization, like the standard synchrony walsh
stipulate the OWS of the signal along a straigie e equal to its TWS along the line in any frarndt
has been shown elsewhere[14] that if input (2)itelveld, and the coordinate clocks of any ineffliaime

is synchronized by “acoustic signal”, the transfation equation between a preferred fralgeand an
arbitrary inertial frame can be obtained as,

12

X = (Ada) (L — Ua’/ac’) (%o = Uoo), 3)

t = (Qo/a) (1 — Undao®) ™ (to — Uoxo/ac” ), 4)

where(xo,to) and(xty) refer to space-time coordinates as measured egfpect to the stationargy) and
moving frame £,) respectively. The relative velocity 8f with respect t&, has been denoted by, As
regards other termgg denotes the isotropic “acoustic speed” (two wagrg way) in the stationary



S. Nepal BIBECHANA 11(1) (2014) 17-24: (Online Publicatio March, 2014) p.20

substratum, whereas, and a,, are the TWS’ of the synchronizing signal 3p parallel (along the-
direction) and perpendicular (along tirairection) to its direction of motion respectiveNote that in
generala,, anday, are expected to be functionswef and hence the above equations are only formal and
not usable unless some phenomenological assummi@enmade regarding these functions. For optical
signal synchronization we replace the teamsa,, andag in Egs.(3) and (4) b, Gy andc, respectively
where the latter three terms represent the resjgespieeds of the light signal. In the relativistiorld, by
input (2), one finds in angj;

Ci(Uok) = Ciy(Uok) = Co, (5)

and the above equations (Egs.(3) and (4)) turndoobe LT under optical synchronization. We now ask
what if Eq.(5) is approximately valid, so that geed of light is almost and not quite independéithe
speed of the reference frame with respect to &émed” one. Note that the transformation equati(®)s
and (4) are now most appropriate to deal with sgebstions. We now wish to use input (2) in these
equations by modifying the former minimally. We this by preserving the isotropy component (2(ii))
and relaxing the constancy component (2(i)) of shél input. Thus TWS of light is assumed to be
isotropic in any frameX, and now we conjecture that this isotropic speguedds onug in following
way,

Cox = Gy = Cu = Co(1 + aig’fco” )2, (6)

where we have introduced a dimensionless constavitich is assumed to have such a small value that
the proposed theory does not differ in its preditifrom that so far tested relativistically. ClgdEq.(5)

is now replaced by Eq.(6) which approximately restuto Eq.(5) forugZ/c,® << 1. Note that, depending
on the smallness af, uy can be very close tq and yet the last condition can still remain dalivVe
shall show below that if the phenomenological aggion described by Eq.(6) is believed to be trhe, t
UHECR paradox can be explained in terms of the anotif the solar system with respect to the RFCS.
We conclude this section by quoting the relevaandformation equations which are obtained by
plugging in Eq.(6) in Eqs.(3) and (4):

% = (1 = Ualco?) (%0 = Uokto), 7)
=01+ (XuOkZ/COZ )_1/2(1 - UOKZ/COZ )_1/2('[0 - uOkXOICOZ)- (8)
3. Metric and 4-Vectors

In SR classical expressions for momentum and enkeglyto be altered in order for the conservation
principles to be Lorentz covariant. These expressioan easily be obtained by writing the energy
momentum conservation in terms of a 4-vector refatThe energy momentum 4-vectors are obtained in
terms of the invariant interval of SR. In the prais&tuation, such a thing cannot be obtained yagilce
one recalls that the notion of invariant intervRB® is an outcome of the existence of an invarsaeted

C (o) of the theory. In the present context in absencguoh a speed the invariant interval does not exist
in the way it existed in SR. Besides, since théreukl exist a preferred frame, in order to obtdia t
correct conservation principle (or to obtain ddfon of energy and momentum) an appeal to covagianc
of physical laws cannot be made. In the following suggest a way out. From the transformationsn@) a
(4) together with

Ye = Yo & = 2o, 9)
It is evident that
(CC % + YiE + 28 = Gt = X+ Yo' + 20 — Gt (10)
Recalling Eg. (6) the above relation reads
X+ WE+ 28 = 0 = X+ Yo© + 2o — Gt (11)
and in terms of the differential intervals one d@fahe following invariant interval
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dr?=dt2 - (1/ cdd x2 + d y2 + d 29, (12)
and by analogy with SR we calt as the proper time interval.

Note that theexpressia for the above invariant interval is frame depeandmlike the case in SR because
of the presence af(ugy) in the last expression. However one can easilgldgva 4-vector formulation
like that in SR by defining the 4-momentum of atjgée of mass m as

P = (myy, my(Vid), (13)
with
w= 1 - vwilad) ™, (14)
where(vy); represents the ith component of the three velogiof the particle ir2y. Imposing
P.P = P = 5,,p,p, = invariant, (15)
where
nw = (L-Uel -V -1a?), (16)
one obtain the dispersion relation for the partielany frame2y as
EkZ - kaCkZ + m20k4, (17)
where
P = Mu/(1 - v&ed) = myw, (18)
and
E= mkakz. (19)

Although Egs.(17), (18) and (19) look like the @sponding equations in SR, they are different sihee
relations are dependent on the frame consideneck siowc, = Cy(Uoy).

Note that expressions for energy, momentum andlihy@ersion relation reduce to the usual relatiwisti
ones in the preferred framg.

4. Velacity Transformations

Our theory therefore does not predict outcomes lwhie different from those in SR . The question
now arises as to whether it is possible to pregliasult significantly different from that of SRanframe
of reference (solar system) which is moving withaa-relativistic speed  ug~ 10°), with respect to
RFCS £y). The answer seems to be affirmative and we stighat the resolution of the cosmic ray
paradox lies in such a non-preferred frame effédhe theory. To understand this question let ut fi
guote the velocity transformation laws that follfnem the transformation relations. We first conside
particle (say a proton) travelling along tkeirection with speed, with respect t&,. The corresponding
speed irzy will be obtained from the transformations (7) #8flas

Vie = (1 + auZlcod) (Vo £ up)/(1 £ voudce?), (20)

where we have pul for ug for brevity. We shall consider the speeds of thentic ray protons iy to
be very close to unity,

Vo= 1-— g, (21)
whereg, is of the order of 132 (see below). With this range of values fgrand recallingu, ~ 10, the
velocity transformation formula (Eq.(20)) can be@agpimated as

Vi = (1 + aud) My, (22)
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where the terms of the order af and ¢, have been neglected in comparison to unity. Algfoin

obtaining Eq.(22) we have assumed the motion op#réicles to be along thedirection, interestingly it
can be shown that the above relation holds evepduicle travelling along any direction under #i®ve
mentioned approximation.

5. Velocity Threshold and the Resolution of the Paradox
Using the usual relativistic energy formula vahdty
Eo = m/(L - vd)™?, (23)

the velocity threshold for proton &} corresponding to the GZK threshold energy
Eon = 5 x 13%V speed can be calculated as

Vo= 1 — 1.76 x 172 (24)
Now we will provide a possible explanation for ygparent detection of the trans-GZK events in terms
of the motion of the solar system with respecthie EMBR frame. A surprisingly small value of the
parametemn of the theory will be found to do this job. In erdo demonstrate this we first anticipate (see
below) this value fou:

a=3.42 x 10%°. (25)
From Eq.(6) the speed of light in the laboratomgnie % (for which u, ~ 107°) can approximately be
written as

=1+~ 1+ au?2), (26)
wheresn, measures the departure of the light speed val@gfimm unity. Clearly
e~ aul2 =1.71 x 107 (27)

However this term is absent in the preferred framd as we have seen, the special relativistic tesul
(formulas for energy, momentum, dispersion relagoe) hold inX, and hence GZK cut off value for
proton energy obtained from SR is still valid ir tBMBR frame. We shall see how this threshold value
may appear to be about 3 x*¥HVin X as detected by Fly’s eye air shower detector. Wittyoing into

the details of the experimental analysis we nowcslate that the observed energy of a cosmic ray
particle is its relativistic energy. We denoteyitl™® which is given by,

Ekrel - mQ)Z/(l _ VkZ/COZ)llz, (28)

where we have explicitly retainesd for clarity. Returning to the energy formula forparticle in our
frame 2 one notes that its value in the solar system (ktboy) practically does not differ from its
relativistic value in%y, as

&= ma/(1 - wiled) %= ma?/(1 - wicy’) = Eo, (29)
where we have used

vl = vl (30)
that follows from Egs. (6) and (22).We have alssuased in Eq.(29%° ~ ¢, since the error involved in
such an approximation is only about 1 part if?1@hich can be disregarded since ultimately we will
have to explain a discrepancy much bigger than ¢hier (3x16%V against 5x18eV ). The above
energy formula (Eqg. (29)) can also be expressed as

Ex = mad/[L - v oo (1+ au oo )"%= mi[(L - wé) A1 +audf26)™, (31)
where in arriving at the last approximate exprassie have put, = 1 again and defined,

Ek = 1 — W (32)
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Using Eq.(28), one obtains from Eq.(31)

B = Bl + aul2 &)™, (33)
which by Eq.(6.29) can be written as
B = Bo(1 + auli2 )" (34)

Note that this is the relativistic energy of a et moving with speedy. We now calculate this
relativistic value of energy for a proton having t8ZK threshold energly,. Using the transformation
(22) and assuming, = Vo, Where the later is given by Eq.(24), one obt#irescorresponding, as

Vi=1l-g=1-5x10* (35)
giving

e=5x 10% (36)
Using this value fok, and assumed value far(Eq.( 25)) and finally puttindsg = Egy,, We find from
Eq.(34)

E® =3 x 16%V, (37)

which is nothing but the energy of the 308\Eevent detected by the Fly’'s Eye. Therefore we kmie
that the value of the parameter 3.42 x 10'° can explain the apparent detection of trans-GZ&nes:
Note that the above calculation (or the choicehefvtalue forx) depends on the assumption that the 300
EeV event corresponds to the cut off value. Howevemay not be so, indeed in future, a bit higher
energy event may be detected, in which case theevafia will slightly go up. But this will not pose
much problem since the assumed valuenaB so small, it has enough flexibility to increaseen
substantially without contradicting SR in the testi®main.

6. Discussions

In this paper we have shown that the UHECR paradoxbe explained in terms of a non-preferred frame
effect of the laboratory frame which is moving witblocity ~ 300 km/sec with respect to the preferred
one, assumed to be at rest with CMBR frame. Urdikae earlier efforts (the Coleman Glashow scheme
for example) which consider LIV but assume thatphgsical kinematics is still Lorentzian, we propos
to modify the transformation equation itself. Defed LT are generally discussed in connection veh t
theories like that of Robertson [18] or Mansouri é&ex| [19] on which improved tests of SR are often
based (see for example [20]). But they are not llyseansidered to represent a new physics that may
provide a solution for the UHECR paradox. Some @nsttiind it troublesome giving up the principle of
relativity. In the so called “doubly special relagtic’ [21,22] theories, the particle dispersiadation is
modified but the introduction of an invariant lengir energy scale in addition to the invariant egio
scale of SR, the “relativity of inertial frames” &ill maintained. Such theories, often motivated b
guantum-gravity considerations are interesting law¢ unable to resolve the UHECR paradox
guantitatively at the moment. We here attempt forte the relativistic kinematics using heuristicans.

We do it first by identifying the objective conterdf the relativity principle and then go in for dikying
these contents minimally to obtain a new transfeionathat relates space-time of an arbitrary fraohe
reference with that of the universal rest framettef cosmic substratum. The only phenomenological
assumption regarding the speed of lighZina = co(1 + au? )2 (in contrast to the assumption,=

Co in SR) for which ¢ — ¢o = g~ 1.71 x 10%in the laboratory frameu{ ~ 300 km/sec), is the only
speculative aspect that has been used to deriveetivekinematics. Since the isotropy ingredienthsf t
second relativity postulates has not been distyrbdichelson-Morley type experiments cannot
distinguish the proposed kinematics with that ef thlativistic one. Also the limit ongiven in Eq. (1) as
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a result of precision test becomes inconsequesiiae the expected result in the present casedwmmil
zero. The recent improved test of time dilatiorSR using laser spectroscopy sets a new limit ofx2.2
107 for deviation of time dilation factor [20]. Thizen does not match with the smallnesgofvhich is
also the measure of this deviation according tanthe kinematics. Hence the precision tests possibly

be unable to discern any deviation from SR in tharrfuture, yet one may find an explanation of the
cosmic ray paradox in the proposed deformed réssitivkinematics.
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