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Assuminga priori theexistenceof a non-zerophotonrest-massm
1>0andjustifying this assumption,we canpredict theexis-

tenceof ananisotropyin velocity andfrequencyof light in thedirectionoftheapexofthe3 K backgroundcosmicradiationfield.
Sincethisfrequencyshift cannowbetestedin thelaboratory,it is importantto improvetheprecisionofthese measurementsin
orderto checkour predictions.Its possibleconfirmationimplies indeedthedefinitionof anabsoluteevolutionparameterin the
restframeL~of this 3 K background microwaveradiation.

1. Introduction.General relativity, isotropy of light That very hypothesis was however, even for
velocity, and therest-massof photons Einstein himself[1], contradictorywith generalrel-

ativity (GR). For him, the existenceof a positive

The isotropyof our universeand itshomogeneity non-zero rest-massfor all particles (including pho-
are the twocomponentsof the “cosmologicalprin- tonsand neutrinos)is indeeda consequenceof GR.
ciple”. This principle hasfound a strongargument If we denotethe Laplace—Beltramioperatorby (1 /
in the negativeresult of the Michelson—Morleycx- ~/~) ô ,.g’~9~,, one finds for theelectromagnetic
periment,which, accordingto the generalopinion, potentialA,. the relationA,.+ R,.~AV= 0 which can be
is aproofof the isotropyof the velocityof light with approximatedby A,.+ Rö,.~A= 0 and yields a lowerlimit m

2c2/h2—~R>0for all possiblemasses [1,2].
respect toall possible inertial framesof reference,i.e.
a straightforwardconsequenceof the theoryof spe- BassandSchrodinger[3] anddeBroglie [4] have
cial relativity, adoptedthe samepointof view. Theyhavestressed

Butthis isnotso. An additionalassumptionis nec- that if thephotonhas anon-zero rest-massmy>0, its
essary,but indeed almostalwaysimplicit, i.e. thatof velocity v

1 becomes frequency-dependent,according
the zerorest-massof photons.We shall come back to the relation
on it in the nextsection. E=hv=m1c

2(l—v~/c2)—1/2 (1)

Presentaddress:InternationalUniversityCentrefor Astron- Thevaluec representsthereforeonly anupperlimit
omy and Astrophysics, Post. Bag 4, Ganeshkhind,Pune (just like the zero“absolute” temperature),which
411007,India. canonly be reachedfor infinite frequencies(or in-
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finite energies),but never effectivelyrealized in Thisvelocity V~correspondsof coursetothegroup
nature, velocity of anyelectromagneticwave packet. It isas-

The non-zerorest-massof thephotonis aproperty sociated, in theinertial referenceframe~, with a fre-
which leadsto interesting consequencesas notedin quencyp and awavelengthA which satisfythe relation
a set of slightly noticedpapers. Deser[5] (but see
alsoref. [4]) hasshownthat one canconstructa non- ‘~“=~‘~ (3)
zero-massquantumelectrodynamics where onesplits Thereis no reasonwhy it should be isotropic ingen-
the correspondinge.m. waves of spin 1 into trans- era!. To showthis, let us considera reference frame
verse (J3= ±1) and longitudinal (J3=0) parts; the ~ whereall thesefrequency-velocitiesare assumed
latter corresponds practicallyto a decoupledaction- to be isotropic.Incidentally, it is the same reference
at-a-distance scalar Yukawapotential, replacing the framewith respect to which thebackgroundradia-
Coulombfield: it would vanish for a zerorest-mass tion field is also assumedto be isotropic. Let usde-
of the photon.Moreover,MolesandVigier [61 have note by thesymbolw thevelocityof a referenceframe
shownthat for m~small enough(observationalcon- I moving in agivendirectionwith respect toI~.One
straints,accordingto BarnesandSeargle [7], limit seesthat photons movingin oppositedirections in
it to m1< 10— 56 g) thereis noobservable contradic- ~ i.e. with velocities + v~and — v~,associatedwith
tion with known quantummechanicalpredictions, a givenisotropicfrequencyv0 andwavelengthA~,are
includingPlanck’sspectraldistribution.Theoretical observed,in the reference frame, to move withdif-
attemptsto relatemy with the vacuum’sdissipation ferent velocities.According to Einstein’s theory it-
processes,tointerpretHubble’sconstant(takenequal self, oneshouldwrite
to H’~-100 km s’ Mpc~)ledsorneauthors[8,9]
to the relation m~=hH/2c

2—.1065 g, quite corn- +v~
0+W —v~o+W

and V7—
patible with theconstraintsmentionedhere above. V +~ = 1 + vyo~/~2 1 — i’10 ~ (4)

This hypothesisof a non-zero rest-massof the
photonthusleads to theviolation of theanisotropy associated,respectively, with frequenciesv~andi~

of light properties.The purposeof this paperis first andwavelengthsA + andA.
to predicthow, andhow much, second, to relate it OfcourseW<<V~—~C,and theeffect isthereforevery
with recent experimentsby Riis et al. [10]. small. Nevertheless,thedifference6v1= IV+yI — IVyI

is easyto compute.One has

2. Observableconsequencesof a non-zerophoton = V ~Y + V~ = 2 ~ 1 — w~0/c
2 (5)

rest-mass V~o VyO ~~yO1 — Vy~oW2/C4

which canbe approximatedeasily:
2.1. Anisotropypropertiesin the velocity
propagationoflight 2W(

1 Vyo\
(6)

Vyo C C \
As alreadynotedshortly, theimportantfact isthat

m7>0 destroys, within the referenceframeof the The quantity v~0/c
2can be computed assuming

theoryof relativity, the isotropyof light itself. m
1 << 1056 g, and using relation (2). One finds

Let us denoteby v~the velocityof light in a given 1 —v~0/c
242.5X10~4v2if v=c/A is larger than

inertial reference frameI. The velocity V~<Cis fre- unity (i.e. A<3x 108 cm), then l—u~
0/c

2<<
quency-dependent,since one has,from relation(1), 2.5x l0’~ and öv~/c<<5Xl0’7.Therefore, the( m~c4)~2 quantity (6) is thereforemuch beyond thepresent

= C 1 — —i- . (2) capabilityofdetection,evenon a very largedistance,
for exampletheassumed distanceof distantquasars.

Thiscan be expressedby saying that thevacuumbe- Theimportantpoint, aswe shall nowshow,isthat
haveslike a dispersivemedium witha refractionin- such adifferential anisotropiceffect, how small as it
dex fl_~C/Vr may be, can bedetectablethrough its influence upon

204



Volume 154, number5,6 PHYSICSLETTERSA 8 April 1991

frequencyor wavelengthdifferences,i.e. throughfre- 2.3. Tired-light mechanismsofredsh~ft
quencyanisotropies.

Thisconsequenceof the non-zero rest-massofthe
photonhasbeenlargely describedin many papers,

2.2. The anisotropyoflight properties: the following different mechanismsof interaction of
frequency photonsandthe mediacrossedby them. We shall

only referto our morerecentpapers on thesubject

Startingfrom the relation A v= v~and its differ- [11—131,since thisaspectof thephotonrest-massis
not linked with the main subjectof our paper,theentiation,namelyASv+ v82 = 8v7 0, one seesthat

82/2 — Sv/v, so that the relativevariation in fre- anisotropyof light frequency.
quencyis of the sameorderas therelativevariation
in wavelength, when passingfrom system

1o to sys-
tem I. The relativevariationof frequencyv canbe 3.The observationalevidence
immediately calculatedfrom the standardrelativis-
tic formula which connectsthe frequenciesof the 3.1. Astronomicalanisotropyofthe background
framesI andE~(relativistic Dopplereffect): radiation

v= p
0 (1 — w

2/c2) 1/2 (7) Theanisotropyof the so-calledcosmological3 K
backgroundradiationhasbeendiscoveredby Smoot

This expressiondoesnot explicitly dependupon et al. [14] (see alsoref. [15], andmorerecently,
the mass valuem~.It is in fact “hidden” in the fre- twoAmericanteamsat Berkeley(Lubin et al. [161)
quencyvaluesv andv

0 as a consequenceof deBrog- andat Princeton(Fixsenetal. [7]) haverefinedthe
lie’s relationE= h v. Thisyields, whatever the actual datawith small errorbars (well put in evidenceby
valueofm7, a frequencyshift, in thelaboratory,Sv/ their detectionof the motionoftheEartharoundthe
p—~—2w

2/c2,of the orderof 4x106 between light Sun,i.e. ±30kms—’ at sixmonthsintervals).They
beamsmovingin oppositedirectionswith respectto foundthatthe Earth’smotionwith respecttothe apex
thebackgroundradiationfield apex,if the valuesof of the backgroundradiation (whichdefinesour
w aredeterminedfrom astronomicaldeterminations. referenceframe), once the Sun’smotion with re-

We shouldnote thatthis effect would beequalto
spectto its local apex iscorrected,is characterized

zero, wouldtheproperphotonmass beequalto zero, by the values
Of course, asstatedabove, thevalueof mydoesnot
explicitlyentereq. (7) since,in the laboratorycase, v

3 K = 586 km s~towardsapex,
thereis no motionof the sourcewith respect to the

a=lOh26m,c5=—27°30’[16];observator,i.e. no “ordinary” Dopplereffect. The
theoryofrelativity implies, whateverthe accuracyof v3 K =614km s towardsapex,
the measurements,that in such laboratory experi-

a=lOh35m,ö=—24°42’[17].ment nomotion shouldbe detectedwith respectto
the referenceframeI~(either throughthe velocity They donot find a quadrupolarcomponent.The
shift, or throughthe frequencyshift) if the proper valueof the solar velocitytowardsits localapexwas
massof the photonis strictly equalto zero, takenas 300 km s’ (apex:1=900,b=0°); this es-

However, suchfrequencyshiftsshouldbe observ- timation mayhave introducedonly a minor error.
able in principle in the laboratory,whenever,in a As we are looking now only at theordersof mag-
similartype of geometry, the velocityshift is unde- nitude,we have usedin our estimations
tectable (as exemplifiedby the Michelson—Morley
experiments).We shall latercome backon thepres- v3 K = 600 kms~towardsapex,
ent astronomicalandlaboratoryevidence. a= 10 h 30 m±15 m , ô=—26°30’

This apexcorrespondsto 1=268°,b=27°,in gal-
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actic coordinates.Onehasv3 K 0.002c. to I induces asuggestedDoppler-inducedfrequency
shift Sv<2 kHz correspondingto e= (1 +2a)u/c

3.2. Laboratoryanisotropyofthe 3 K radiation <2.8x l0—~correspondingto a= — ~±1.4±l06

(whenever,in the specialtheoryof relativity,a= —

Riis et al. [10] haveprecisely tried to measure ande=Sv/v0=0).
whether theradiation, within the referenceframeof
the laboratory, displayssome velocity or somefre-
quencyanisotropy,or not. 4. Physicaldiscussion

In these experiments,the authors havefirst at-
temptedto measurethe possibleanisotropyof the An astonishingresult of theselaboratory experi-
speed of light. They measure tothat effect the Dop- ments,if confirmed, is that it implies thatexternal
pler shift of a two-photontransition,in a fastbeam (radiotelescopein millimeter range) and internal
of

20Ne atoms,resonantlyexcitedby a collinearlaser (laboratoryat about 40 nm wavelength)observa-
beam; the transition in question (3s[3/2]~— tionsyield the same type ofmotion with respectto
4d’[5/2] ~ in NeI) is comparedto a ‘2 reference thebackgrounddistant sky. This closed roomob-
transition in a moleculariodine cell, at restin the servation(if confirmedby subsequentexperiments)
laboratory.Thedirectionof thebeamis modifiedby tellsus, inotherwords, how thelaboratoryismoving
the Earth’srotation withrespectto the fixed stars, with respect to thebackgroundsky.
The observedfrequencyis analysed.The authors
foundthat it indicatesessentially anupperlimit for 4.1. Does this notcontradictan essential principle
Sc/cof the orderof 3 x 10g. However,their results of thespecial relativity theory?
are slightly suggestiveof anothereffect, concerning
thefrequencyof the photons. No, it does not. Actually one hastobe very careful

Actually, theauthorsfit thedataby aconstantand in extendingthis specialprinciple to the GR (re-
a 24 sidereal-hour-cosine,with adjustable amplitude memberalso the discussionby Ernst Mach of the
andphase. But, beforedoingso,they haveto correct Newtontorquedwater pendulum).If indeedpho-
the datafor slow drifts in the emittanceof the ion tonshavea non-zero rest-mass,their motion,in any
source, whichincludesa dominatingspurious pen- frame, is supposedto be influencedby the distri-
odic variation,which they findto be of a 11.8 side- butionof gravitationalsources in theexternaluni-
real-hourperiod, andof a 7.1 kHz amplitude. The verse, since it isanothergeneralprinciple that there
residual24 sidereal-hour periodis of an amplitude exists no screen againstgravitationalforces acting
of 0.81±1.0 kHz, not significative of course,but at betweendistantmassivesources.In otherterms,and
leastsuggestive.The maximum occurs at theright this hasbeenknownfor sometime [10,211, given a
ascensiona= 12.6±1.3 h, only slightly differentfrom curved space—timewith a metric tensorg,.~,Max-
theapexofthe 3 K radiation, well’s equations,with m~>0, may be written asif they

We interpretthis dataassuggestiveof afrequency were valid in a flatspace—timein which thereis an
shift of photons, of the order Sv/v~2(v3K/c)2 optical medium with a constitutive equation, a
(5p~..~O,8kHz; v~2,6xl0~kHz; hence Sv/v—~ pseudo-refractiveindex. As far as opticalphenom-
3x106, conformto our eq. (7)). enaare considered,this mediumturns out to be

Actually, a light-speedanisotropy,of the type equivalentto thegravitationalfield. Along the same
= V.p. (1 + e cos0), discussedby Riis etal. [10] and line, onecanalsointerpretthegravitationalredshift

by MansouriandSex! [18], withrespecttoa certain withinthe frameof the electrodynamicsof contin-
direction 0 relative to a referencedirectionwould uousmedia; theintroductionof the propertime of
produce,in the laserfrequencyv

0, a change ofSv/ theemittingandoftheabsorbingatomsat restin the
= cos0u/c,whereu is thebeamvelocity, as seen gravitationalfield beingshown to definea medium

from the isotropic referenceframeI~.This relation interactingwith the electromagneticfield through a
is derived[191 from aheuristicmodificationof the dragforce givingplace to a velocity whichincreases
specialrelativity formulation.The passagefrom I~ linearly with time [121.

206



Volume 154, number5,6 PHYSICS LETTERSA 8 April 1991

Thisequivalencebetweentheopticalpropertiesof electricand magneticvectorfields in the medium
the mediumanda gravitationalfield have beenex- (12), one recoversMaxwell’s equationin the me-
emplified,as follows, by de Felice [20]. According dium (11). It is importantto notice that wheny,.~.
to his paper,let us considera source-freeelectro- reducesto ~ their ëX~becomes

5C0fl; and ~afi and
magneticfield in an opticalmediumlocatedin a flat ~ both vanish.Furthermoreconformal transfor-
space—timewith the specialrelativity metric tensor mations,on the metricy,.~,leavex’~’~unchanged.
,~. The electromagneticfield is describedby the Evidently, the spaceisotropy of light in a given
skew-symmetrictensorsF,.~and G,.0 which satisfy reference frameE~implies the localisotropyof the
the covariantMaxwell equations g0 in that frame (i = 1, 2, 3), but in anyotherframe,

ar F/~’1—0 ar G 1 —0 ‘8 ~ they areanisotropic,this anisotropybeingtiedto theL~ J — 1/4 ~u’j — ‘ / factthatm7>0.At the cosmologicalscales,one could

andthe constitutiveequations associatethisanisotropywith a slowly variablecos-

G ~ ~1 pvafl~ (9\ mological constantA (x,.) in Einstein’s equations
R,.~—~ where thelast term (ac-

The tensor~ called the“constitutive tensor”, cordingto Sakharov[22], Sinhaet al. [231, and
describes thepropertiesof the opticalmedium, and Peebles [24]) describes avariableDirac-typeaether
satisfies the following relations: Letx’~be equalto (anotherwordto designatea realvacuum)of which
(1/4! )

5j112j314 ~ thenone has the scalardensityis soexpressed[21]. Thisvacuum

Xa~o_X~0P__x’°~’—— densitycanbe endowedof coursewith dissipative— — — X propertieswhich might explaintheso-called“anom-

= 0, a = 0, (10) alous”redshifts observedin theuniverse(seeforex-
ampleref. [25]). Sincethis is not the subjectofthe

accordingtothe classicalnotation.Eqs. (8) and(9)
present paper,we shall only indicate heretwo pos-are valid in the caseof instantaneousandlocal in- .sible cosmologicalconsequenceswhich result from

teractionsbetweenthe fields.The constitutivetensor .

the introductionof variableA valuesandm >0.
for a generalmediumat restwith respectto a given . .The first consequenceis that the introductionof
observerhas theform . . . . .

an averagevacuum densityimplies in Einsteins
01 02 03 23 31 32 equationsnew, still undiscussed,possible physical

01 consequenceson the behaviourof cosmological
02 {yafl} models. Itdestroysfor examplethe well known in-

x~~=03 (11) stability of Einstein’s static world model.Indeed,if
23 one recalls thewell knownfactthat theintroduction
31 {~7~} of A (i.e. ~ in Einstein’s
32 equationimplies that attractivegravitationalforces

becomerepulsive beyonda certaindistanceone sees
,There,e~and~ aresymmetricthree-dimensional thata variationof A’s average value<A> evidently
tensorsdescribingthe dielectricconstantandthe in- grows if the universe’sradius decreases(and vice
verseof the magneticpermeability; ycOP and ~“°~ are versa).If the universehasreacheda stableequilib-
antisymmetric quantities describing “peculiar” rium stateany increaseof its radius will decrease
propertiesof the medium. The “equivalent me- <A>, i.e. increasethe rangeof the gravitationalat-
dium” is describedas follows, tractiveforcesanddecreases the saidradius.Alter-

,,. ~fl\ nativelya decreaseofR increases<A)., i.e. decreases
~aP... �aP= — (~), the rangeofgravitationalforces,i.e. increasestheac-

tion ofgravitationalrepulsions:whichleadstoan in-
/ \ creaseof R. If A can vary, Einstein’s staticuniverse

afi-afl....ôapyIo~Y 1—, — \g
0 ~ ~. .‘ model becomesstable.

0 Thesecondconsequenceisthat, curiously enough,
Onecaneasily seethat, if Ea andHa are the usual one hasneverseriouslydiscussedin theliteraturethe
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possibleactionof gravitationalwaves(if asbelieved point, be it only because of the finitetime of prop-
by the authorstheir existencewill be confirmedby agation ofbothgravity andradiation.It is not con-
future experimentswithinthe next fewyears)on the nectedwith any stablematerial configuration.It is
behaviourof A andthe consequencesof their exis- actually determinedonly by averagingover time,
tenceon the propagationof light in the universe. In- space,and locally random variables such asfre-
deedif, as has recentlybeensuggested[26], inter- quencyintensitiesof the Planckdistribution. In this
galacticspacecontains a largeamountof intergalactic sense,1~is not identicalwith either an aether,in
neutralplasmaandif one remarksthat all massive Dirac’s terminology, orwith anabsolutespace—time,
matteris in facta superpositionof realgravitational in Mach’sdescription; the conceptof acovariant(but
multipoles,thenwhat we call vacuumis necessarily random)aethershould be strictly reservedto Dirac’s
filled with a backgroundchaosof superposedgray- model recentlyrevisited [241.
itational waves.Takinginto accountthe interaction Themeaningof theframeI~hasthereforeto be
betweengravitationandMaxwellian waves this im- takenwith caution.Someconsequencesof its intro-
pliesof course(1) that the vacuumshouldbe filled duction havebeen discussedby MansouriandSex!
with the gravitationalanalogueof the 2.7 Kmicro- [18]. Assuming thetwo known methodsof clock
wave background,(2) that thisgravitationalblack synchronization (i.e. Einstein’sprocedure,SE, by
body should/couldbe in equilibrium with its 2.7 K light signals,andthe classicalsynchronization,ST,
e.m. counterpart,and (3) that oneshouldconstruct by slow clocktransport)one first introducesthree
the gravitationalstochasticcounterpartof Dirac’s straightforwardhypotheses:(a) the velocity of light
aethermodel [22]. Since this willalso be discussed isindependentof thevelocity ofthe sourceat all fre-
in a subsequent publicationwe only want here to quencies;(b) SE and5T are donein 10, so that the
stresstheimportanceofJamesandWolf’s result [27] velocityof light as measuredby ST (synchronized
that one cangenerateDoppler-like frequencyshifts clocks)is isotropicin I~and,(c) one candetectat
by dynamical scatteringin randommedia.A back- eachspace—timepoint the apexof the 3 K andour
groundof g,.~fluctuationswhich inducefluctuating velocity wwithrespectto it. Assuming(a), (b), (c)
geodetics (i.e. zero-length geodeticsfor my= 0) be- to be true, we candefinethe timeand spacetrans-
havepreciselylike suchmediasince theymodify in formationswhich transformthe coordinatesX, Tof
a randomway the geodeticsfollowed by m~= 0 or I~into the coordinatesx, t of any frameI moving
my>0 photons.Sinceothersimilarvacuum induced with a velocity w with respect toI~by the usualre-
mechanismshavealso beenpresentedin the litera- lativistic transformations
ture [12] it is now possibleto assumethatthe mod-
ern theoryof light provides various possible redshift t (1 — w2/c2) ‘~2T,
mechanisms. x= (1— w2/c2) — ‘~2(X—wT) , (13)

4.2. An absolutespace—time? wherewe haveof courseX= wT.
Following the conventionsof relativity theory, we

The precedingallusionsto the anisotropyof our canthensynchronizeall clocksinall frames S simply
local laboratorywith respectto thedistantgalaxies, by synchronizingall clocks by S~in I~andthensyn-
and to Mach’sreasoning,mightleadusto thinkthat, chronizingclocksin all othersystems moving pastI~
as there seemsto be a referenceframe I~within by adjustingtheseclocks to I = 0 wheneverthey fly
which the Planckdistribution andthe light velocity past a clock inI~which showsT= 0. Thisparticular
is isotropic,one shouldperhapsreturnto the con- choiceofsynchronization procedure(in which clocks
ceptof absolutespace—time. in any systemS are synchronizedby comparing them

Again, this isnot so. with clocks in E~)has beencalled “absolutesyn-
Actually the 3 K backgroundradiation is, by na- chronizationSA” (A stands for“absolute” simul-

ture, not invariant,andit alwaysfluctuatesin time taneity)by MansouriandSexl [18]. It is of course
andspace, sothat the reference frameI~is itself compatiblewith relativity,but it destroys(only ap-
never stablebutalways fluctuating at eachspace—time parently) the beautiful formalequivalenceof all in-
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ertial systems by choosing adifferent synchroniza- inducea verysmall Svy/c velocity differenceis still
tion procedurefor eachsystem.It implies however farfrom reachof experimentalphysicists.
a strikinganalogywith Lorentz’saethermodel, since
the relations(13) imply that, in a system Smoving
withvelocity w, rodsshrinkby afactor(1—w2c2)1/2, Acknowledgement
clocks are slow by afactor 1— w2/c2whenmoving
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which maintainsabsolutesimultaneityis still equiv- suggestions.
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