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In this paperwe proposea masterequationwhich containsa dampingtermuniversallyviolating thequantummechanicsof
massivesystems.From thisequationfollows thatthequantummechanicalsuperpositionprinciplebreaksdownif thestateshave
radicallydifferentmassdistributions.Thedampingof thecoherenceappearson areasonablescaleofmassesanddistances.

1. Introduction 2.Indeterminacy of the gravitational field

We shall confineourselvesto the newtonianlimit
Classical theoriesof gravitation [1,21 attribute ofgeneralrelativity; themetrictensor~ab hasthefol-

sharplygiven functionsto thegravitationalfield (or lowingnon-zerocomponents:
to the metric of the space—time)andthereforethey
do not apply to the microworld where measurable ~aa = c2 +20, for a= 0,
quantitiesmust usually spreaddue to quantum — — 1 for a— 1 2 3
effects. Conversely,the extensionof the quantum — ‘ —

theory to the macroworld also leadsto contradic- c denotesthe velocity of light, 0 standsfor the new-
tions, the best exampleof which waspresentedby toniangravitationalpotential, I 01 <<C2 is assumed.
Schrodingerin hiscatparadox[31. As wementionedabove,themetricmustpossessa

Thus,both theories,i.e. thatof gravitationandof certainspreadina universaltheorybecauseofquan-
quantization,must be changedwhen we wish to turn effects.If a given quantumgravity theorywere
extendtheir fields of application or even to unify derivedby thequantizationof theclassicalfield then
them. thesefluctuationswould comefromthe non-vanish-

So far, mostof the works [4] haveattemptedto ing commutatorsof canonicalpairsof field opera-
cure the classival gravitation theory by applying tors. We, however,do not quantizethe classical
some,moreor lessstandard,quantizationprocedure gravitationalfield; nevertheless,we shall proposea
to it. In ourpapertheoppositetaskisconcerned.We measurefor its fluctuations.
imposea certaingravitationalmodification on the Our methodgoesbackto a famouspaper [5] by
ordinaryquantummechanicsin orderto eliminate Bohr and Rosenfeld.They investigatedthe princi-
the illnessesof the macroscopicquantumtheoryas, ples of measuringthe classicalelectromagneticfield
e.g. the cat paradoxis. The Schrodingerequation by apparatusesobeyingthequantummechanics.For
wouldthenbesubstitutedby the properandunique theoptimalsensitivyofsuchmeasurementstheywere
masterequationwhich shallbe derivedfrom gravi- ableto obtain avaluejustcorrespondingto thevac-
tationalconsiderations. uum fluctuationsof the quantizedelectromagnetic

field.
Recently, Diósi and Lukács [6] estimatedthe
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g(r, t) = — V Ø( r, t) , (2) e.g. our measuring apparatuseswere oversimplified.Nevertheless,in this paperwe assumethat the rela-

dependingon coordinater andon time t. They con- tion (3) representsan absoluteindeterminacyof the
sidereda probeof a given massandextension.The gravitationalfield.
gravitationalaccelerationof the probewasobserved
in a Bohr—Rosenfeldgedankenexperiment.On one
hand,the probe satisfies the Schrodingerequation 3. Universalgravitationalwhite noise
with thepropergravitationalterm and,on the other,
itsbackreactiononto thegravitationalfield mustbe We shall require that the gravitationalfield pos-
takeninto theaccount.The optimalprecision~g of sessesuniversalfluctuationswith spreadequal,up to
themeasurementis then universallyboundedby a constantfactorof 0(1), to theindeterminacyrep-

resentedby ther.h.s.offormula (3):
(&~)2~>hG/VT, (3)

<[V~(r, t)]2> —[<V~(r, t)> ]2

whereG is thenewtonianconstantof gravity. A tilde
denotes,hereandafter,averaginglike

=constxhG/VT. (6)
j(r, t) ~ JJ g(r’, t’) d3r’ dt’ (4) where the symbols < > stand for the expectation

I, —ri ~R valuestheoperationalmeaningof which isa delicate
Lr ~ti~T/2 question.

overagivenvolume V= ~ER3andtime Taswell~. Remind that we refuse to quantizethe gravita-
Justat a similar levelof accuracyandcare(besides, tionalpotentialbut,nevertheless,we accepttheneed

it is mostlyaccepted;see,e.g. refs. [7,8]) Unruh [9] ofuniversalfluctuationsfor it. Actually,w~aregoing
proposeda formally relativistic gedankenexperi- to assumethe gravitationalpotentialØ(r, t) to be a
ment whereagiven massiveandextendedclock was c-numberstochasticvariable [6,10]. Thus symbols
thoughtto measurea given time interval. Unruh’s < > haveto bespecifiedas stochasticaverageof the
boundon the maximal precisionof sucha measure- quantityenclosed.
ment was representedby the following limit on the Wearegoingto derivetheprobabilitydistribution
covariancebetweenthezero—zerocomponentsof the of the potential 0. Obviously, the mean<0(r, I)>

metricg andthe EinsteintensorG, should be identified by the classical newtonian
potentialoriginatingfrom theactualmassdensities.

&~o~°°>~hG/c4VT. (5) Forsimplicity, however,we neglectthe meangravi-
tational field andtake

In the newtonianlimit (I), the l.h.s. of the above
inequalitywill be equalto —c~(~~~’);this co- <O(r, t)> ~O , (7)
variancecanberewrittenin theexplicitly symmetric
form c-~(~V~’öV~)thus,applyingeq. (2), Unruh’s butwe do notclaim anyhowthat the inclusionof the
eq. (5) will coincidewith the bound (3) proposed meanfield wouldbe a trivial task, cf. ref [9].In ref [6] we showedthateq. (6) determinesthe
via intrinsicnonrelativisticargumentsby Diósi and

correlationfunctionof Ø(r, I) almostuniquely:Lukács.
Of course,the bound (3) might be irrelevant if, <O(r, t)Øh(r’, t’)> =hGIr—r I - ‘ô(t—t’) , (8)

An outlineof argumentsof ref. [6] follows. Let öv, oxdenote wherealso eq. (7) hasbeenmeant,of course.The
the quantum uncertaintiesof thevelocity and the ~ numericfactoron the r.h.s.of eq. (1) was set equal
respectively,oftheprobe.Theaverageaccelerationof theprobe to 4it.
measuresthevalue of~(4) with an error (Og)

1-~Ov/T;the The distribution of the potential Ø(r, t) will be
field of the probe yields another uncertainty completelyspecifiedby the moments(7) and(8) if
(O~)2 (GM/R

3)Ox.By thechoiceOx—~R (herenot explained)
and via Heisenberg relation OxOv—.hIM, we obtain we assumethedistributionis gaussian.Then,in other
(og) h/MRTand (O,~)2-~GM/R2 By varyingM, thesimul- words,Ø( r, t) iscalleda gaussianwhite noise.
taneousminimizationof(O~),(O~)2resultsin eq. (3). Our treatmentis nonrelativistic,thereforeformu-
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lae like (3), (6) or (8) are not valid for too short densityat point r will be denotedby f( r I X). It is
distanceseitherin spaceor time. Forexample,ideal worthwhiletointroducethemotion ofcharacteristic
point-likemassiveobjectsarebeyondour scope. time Td( X, X’) of dampingby

[td(X, X’)]’

4.Masterequationwith gravitationaldampingterm = G f ç [f( r I X) —f(ri X’ ) ]2 d3 r d3 r (12)

Letusnowturn totheeffectofthestochasticwhite 2~lJ J I r—r’ I
noise0 on the quantumstate~vof a given system. for agivencoupleof configurationsX andX’.
Formally, the statevector satisfiesthe Schrodinger Observethat td = ~ if X andX’ coincide;thelarger
equation the differencebetweenthe massdistribution repre-

/ sentedby the configurationsX andX’, the shorter

ih~’(t)= ( R~+ j Ø(r, t)J(r) d3r )~‘(t) , (9) thecharacteristictime rd(X, X’) ofdamping.
/ IntroducingthecoordinateeigenstatesIX> for our

whereR
0 is thenongravitationalpart of the hamil- quantumsystemandby usingthe obviousrelation

tonian,f(r) standsfor the operatorof the local mass f(rIX)o(X’ —X)~<X’ 1(r) IX>, one can rewrite
densityofthesystem. themasterequation(11) asfollows:

Since the total hamiltonianis stochasticthe state <XI,~(t)x’ > = (—~)<X~[R0,~(t)] x’>
vector~v(t) becomesalso a stochasticvariablegov-
erned by the proper stochasticprocess.It is well ~ ~ —~

[td~,./t,~ ~j p t . 1
known,however,that the physicalrelevantquantity
isthedensityoperator We try to cast into words how violation of the

quantummechanicsworks.Dueto the secondterm
p(t) <W(t)W’(t)> , (10)

on the r.h.s. of eq. (13) the off-diagonal terms
and it obeysa certain deterministicequation,of <XI j~X’> of the densityoperatorwill tend to be
course. dampedaccordingto the characteristictime (12).

Actually, for gaussianwhitenoise (7), (8), eqs.(9) Consequently,the interferencebetweenstates,say
and(10) leadto thefollowingmasterequation: I X> and I X’> will be destroyedif the difference

betweenthecorrespondingmassdistributionsfir IX)
j~(t)=—~[R0,,5(t)] andf(rIX’) isessential.

[1(r), [f(r’),i5(t)]] . (11) 6.Thescaleofviolation

Thetechnicsof deriving suchmarkovianmaster Ourlasttaskis toestimatethecritical scalewhere
equationsis discussedinmanyplaces,seee.g.in refs. the gravitational breakdown of the quantum
[11,12]. mechanicsistotakeplace.As thesimplestchoicewe

The abovemasterequationis our central result, considerthe dynamicalsystemconsistingofa single
Thesecond(damping)termon its r.h.s.representsa rigid sphericalball of homogeneouslydistributed
universalviolationof ordinaryquantummechanics. massm andof radiusR. The ball is assumedto be

free and we investigate its translational motion.
Thereforethe configurationX of the systemis rep-

5.The nature of violation resentedby the c.m.coordinatex, solely.
Thenthe massdistribution function of the ball is

LetXstandfor thecoordinates(bothclassicaland f(rlx) = mV L9(R_Ir—xI) where V= ~itR
3 and0

spin ones) of the dynamical systemin question. is the stepfunction.The characteristictime (12) of
Given a configuration I the correspondingmass dampingturnsoutto be
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Td(X,X)=h[U(IXXI)U(0)]’ , (14) Tablel
Critical coherencewidth versusparticleradius.

here U stands for the gravitationalpair potential
betweenhomogeneousspheresof massm and of I~,,(cm) R (cm)

radius R: l0~ 10
l0~

U(r)~ —Gm2 JJ’ d3zd3z’ 10 10

Iz—z’ +r~ 10 010 l0~:
I0~ I

—~—(Gm2/R)(~—~r2/R2),r~R,

—Gm2/r, r>>R . (15) the very right ofeq. (15), we can evaluate relation

Using expression (14), the master equation (13) (17). Weobtain
takes the following form for the densityoperator~5of
the free ball: “crit (h2/Gm3)“4R314 , if Rm3>>.h2/G, ( l8a)

d i/~ (h2/Gm3)i’2RU2, if Rm3<<h2/G. (18b)
<xi~Ix’ > = (

1i—A’) (xI~x’>

Similar estimations for critical coherence width

— [U(~x—x’i)—U(0)](xI~Ix’>. (16) were obtained in refs. [15,16].
Let us apply this result to the proton (m 10 24 g,

For the special case I x—x’ I <<R, this equationhas R 10 — ‘3 cm), the typical form of massive matter in
recentlybeenanalysedby JoosandZeh [13], cf also the microworld. Eq. (1 8b) yields ‘cr11 106 cm and
ref [14]. one can thus conclude that the coherenceof the

Let us definethecoherentwidth I of a given state quantum states would be violated only for hugely

~5as follows: / is the characteristicdistance Ix—x’ I largewave packets.Soatomic systems are unaffected
abovewhich the off-diagonals <xI~Ix’> become by damping.
negligiblysmall. Lookingfor violationswe obviouslyneedmassive

A crudeestimationof thecharacteristictimeof the objectsmuch moremassivethansomeatom is. We
kinetic changesof ~5coming from the first term on haveto regardobjectswhich arebig enoughto have
ther.h.s.of eq. (15)yields m1

2/h.Notethatthekinetic a largemassbut are still small so that they hadno
termusuallyincreasesthecoherentwidth /ofthestate internal excitation in effect. Let us choosea small
while the dampingtermtendstodecreaseit. Thetwo rigid grainof normal (1 g cm_3) densityandassume
effectsbecomebalancedwh~n/equalsa critical value for the extensionR>> 10- 2 cm. Thenwe canapply
l’crIt satisfying eq. (18a) resulting in

m/~r,/h~~Zd(/cr,t) ‘Cut 10 ‘2R312 (cm), (19)

seetable 1.

h [ U( ‘crit) — U(0)] —‘ . (1 7) Hence considering e.g. a typical colloid grain
If the coherent width / of the actual quantum state (R 10~cm) thecritical coherentwidth 1crnwill be

is much smaller than the critical value /~ then the oftheorderof theextensionRof thegrain.Forlarger
standard quantum kinetics dominates and damping objects the critical scale ~ becomeseven smaller,
is not effective. On the other hand, jf/>>/crit then the i.e. it getsmicroscopic.Thereforeanywave packets
coherence of the state will heavily be destroyed by of macroscopic extension will be destroyed by the
the gravitational damping term in the master equa- proposed gravitational mechanism.
tion (13).

By meansof the asymptoticexpansionsgiven on
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