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By allowing the statesof a spin systemto be connectedby a graphin discretetime, we
demostratethatdiscretetime ”paths” betweenvertices(representingthestatesof thespin
system)caninducefluctuationsin theprobabilityof thestatesthatin turngeneratefluctu-
ationsin � spinpolarizationof a spinsystem.
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1. Introduction

It is widely agreeduponthat,becauseof theincompletenatureof thequantumtheory
with its non-causal,nondeterministic,andnon-localstructure,very primitive foundations
arelacking in its formulation[1–3]. The searchfor a viable ”hidden variabletheory” to
datehasalsometwith anavalancheof criticism [4,5] andmany studentsof quantumthe-
ory havechosento acceptthequantumprinciplesasempiricalprinciplesof thesub-atomic
world [6]. From a quite anotherdirection, in gravitational physics,it hasbeendemon-
stratedthatbecauseof the fact that thepathintegral in Euclideangravity is not bounded
from below whenspace-timedevelopswormholesandnon-trivial topologiesat thePlanck
scale,the continuumof space-timeshouldbe replacedby a more fundamentaldiscrete
combinatoricstructure[7–10].For bothof theabovereasons,numerousauthorshavesug-
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gestedthatbothRiemanniangeometryandgaugetheoryshouldbederivedfrom concepts
emerging from discretenessandcombinatoricswith theguidelinesof topologyleadingto
an ultimatestructure[11–13]. Wheelerhaselaboratedon theseideas[14,15] suggesting
thata setof pointsandpossiblelinks betweenthemshouldform thebasisof a theoryof
pregeometry. Finkelstein[16] hasdevelopedsimilar ideas,andWootters[17], inspiredby
thenotionof a ”Penrosespinnetwork” [18], hasdevelopeda theoryof space-timebased
onquantumcorrelationsbetweenfundamentalspinsin Hilbert space.Somewhatrelatedto
theseideas,Caldirola[19,20] long agoproposedthenotionof discretetimedifferencesin
quantumtheory, andRecami[21] hasinterpretedthisasanexpressionof thefactthatin the
beginningtherewasno notionof space-timeandonly individualparticlesweretheprimi-
tive entities,andafterquantumcorrelationsandthermalaveraging,Minkowski spacewas
born,but fluctuationsin the latteruniversecouldstill beexpectedaway from Minkowski
space-time.We have applieddiscrete-timequantumtheory to electron-spinpolarization
precession[22], electron-spinresonance[23], to spectralshifts in thehydrogenspectrum
[24] andto theinternaltransitionsof ”thoughtto be” elementaryparticles[25]. Following
thesedevelopments,it wasrecognizedthat”discretetime jumps”mightbeinducedby the
environmentin thespirit of the”Procrusteanprinciple” expoundedby Nanopoulous[26].
Thebasicideahereis thatdueto the truncationof non-localstringmodes,a system(lo-
cal modesor particles)is in constantinteractionwith thenon-localmodesthat represent
the environment.Theseideaslead to an arrow of time in cosmologyandto small CPT
violationsin theK

�
-
� �

system[27,28].Encouragedby theseenvironmentaleffects,we
have introducedMarkov jump-processesinto thephysicsof quantumspinphenomenaand
pointedout thata studyof theshort-timebehavior of a spin-precessingparticlein a mag-
neticfield might revealthepresenceof Markov discretetime jumps[29–32].In a separate
note,we alsostudiedthebehavior of a compositeparticleunderthe influenceof Markov
effectsanddemonstratedthatshort-timechaoticfluctuationsin thespin-precessionampli-
tudemight not only revealdiscretetime jumpsbut would alsoprovide uswith a window
throughwhich to studythecompositestructureof elementaryparticles[33].

In thefollowing note,we carrythesestudiesa stepfurtherby proposingthatquantum
jumpsbetweenindividualspinstatesarearesultof ”walks” onarandomgraphwhereinthe
verticesrepresentthespinstatesandtheedgesrepresentthe junctionbetweenthestates.
Usingprinciplesof combinatoricsandgraphtheory[34,35],we thencalculatethefluctu-
ationsin theprobabilityof thevariousspincomponentsinducedby ”discretetimewalks”
betweentheverticesof thegraph(states).Sucha modelis in accordwith a pregeometric
pictureof space-timeandcouldprovideuswith a fundamentalpictureof quantumtransi-
tions that reliesonly on the structureof connectedgraphsandfundamentalprobabilities
assignedto eachedge(link). It is alsohopedthat sucha picturemight pave the way to
a freshapproachto ”Hidden VariableTheory” wherethe”hiddenvariables”aretheinner
verticesandedgesof agraphwith theouterverticesrepresentingthequantumstatesin the
phenomenologicalworld.
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2. Discrete time induced transitions and paths on random
graphs

To begin the analysis,we briefly review the approachtaken in Ref. 30 to study the
precessionof a spin 1 ( �����	� ) gaugebosonin a 
 -componentmagneticfield. For the
hamiltonianwehave � ������ ��� ���� ��� ��� � � �
Theeigenstatesandeigenvaluesare�! �#"  %$'&	 �#����� �%� ���� () � $�+* �," *�$'&-* �#����� �	� ���� () � $ � . ��-/ �#" / $'&%/ ������ � �
For thespin1 operators

��0
and
���

, wehave��0 � ()1 . 2354 � 4� 4 �4 � 4 67 $ �8� � () 23 � 4944:4944:4 � � 67 $
with a stateinitially polarizedin the ; -direction( < ��0 = � () ) of� � �. �! � �1 . �-/ � �. �!*

For thetimedependentstatethatgives( < �80 = > ? / � () ) wehave

� � 2@@@@3 A��B C D � ��E F8GHI#J �AK � B C D � � E F8LHI�J �A� B C D � � E F�MHI J �
6 NNNN7 $ � O �

giving at time J $ �  �80 � � ()	P Q RTS UV-W�J . In Ref.30we thenmodifiedEq.(3) to read

� � 2@@@@3 X Y � � � Z B C D � � E F8GHI J �X Y � 4 � Z B C D � � E F[LHI J �X Y � � � Z B C D � ��E F�MHI J �
6 NNNN7 $ � \ �
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In Eq. (4), ]T^ _!` a[b ]T^ c-` a and ]�^ d ` a representthe probabilitiesfor the threestates
after e stepsgeneratedby aMarkov jumpprocesswith transitionmatrixfgggh

_ d c_ji	c�k!c�k lmk k ld noi	cpn�c�kqkcrn[l nsi	ctntctn[l
u vvvw�x ^ y `

Here n is theprobabilityof jump from (– to 0) or (0 to +), n[l is theprobabilityof jump
from (– to +), k is the probability of jump from (+ to 0) or (0 to –) and k l represents
probabilityof jumpfrom (+ to –)) andinitial probabilitiesare ]�^ _-` z!{}|~ b ]�^ d ` z!{}|l and]�^ c	` z!{ |~ .

To calculatethe � spinpolarization,wehaveusingEq.(4)�-���8� � {���� � ^ � � ]�^ _-` a ]T^ d ` a+_ � � ]T^ c-` a ]T^ d ` a `+� � ��� ����-� x ^ � `
We now proposean alternative mechanismto calculate]�^ _-` a8b ]T^ d ` a and ]T^ c-` a ,

usingrandomgraphs.Let usconsiderthegraphsin Fig. 1.

Fig. 1. Randomgraphsrepresentingthelinks (edges)betweenstates+, 0 and– of a spin-
onesystem.

Theadjacency matricesfor graphs(a),(b), (c), respectively, are(Refs.34,35)fh _�d�c_�d�i�dd�i�d�ic�d�i�d uw fh _�d�c_�d�i�id�i�d�ic�i�i�d uw fh _�d�c_�d � id � d �c�i � d uw x ^ � `
(a) (b) (c)
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In Fig. 1, theverticesrepresentthestates+, 0, – of thespin1 system,andtheedges
representthe links betweenthe vertices(or states).For eachmatrix � the element� �  
of the matrix �¢¡ representsthe numberof walks from the vertex � to the vertex   in £
discretetimesteps.For example,for thecase(a)

�¢¤-¥§¦¨ ©«ª�¬©�ª��ªª®�ª�¬�ª��ª ¯°�± ² ³ ´
For thematrix in Eq. (8), therewould be two walks from 0 to + in 3 discretetime steps,
etc.Wenow assignaprobabilityµ for eachedgeandwrite for theprobabilityof eachstate
(� ) after £ discretetimesteps¶�· ² £ ´ ¥ ¶�· ² ª ´ ¬�¸ ¹ º» · ¶�· ² ª ´ µ ¡ ¼ · ¹ ² £ ´ ©¸ ¹ º» · ¶ ¹ ² ª ´ µ ¡ ¼ · ¹ ² £ ´ � ² ½ ´
(
¶�· ² ª ´

aretheinitial probabilities).
In Eq. (9), the first term on the right is the probability at £¾¥ ª , the secondterm

representsthe”flow out” of probabilityfrom vertex � where¼ · ¹ ² £ ´ representsthenumber
of ”discretetime walks” from � to   in £ discretetime steps,µ[¡ representstheprobability
for £ edgesor links. The third term on the right of Eq. (9) representsthe ”flow in” of
probabilityto vertex � from all of theothervertices.Note ¼ · ¹ ² £ ´ ² ¼ · ¹ ¥ ¼ ¹ · ´ is givenby the�   elementof thematrix �¢¡ . To calculatethespecificvalueof

¶�· ² £ ´ , we considercase
(b) in Fig. 1. The initial probabilitiesare(notetheequivalenceof thenotation

¶ ² © ´ ¡ ¥¶�¿ ² £ ´8± ± ± throughout)¶�¿ ² ª ´ ¥}ÀÁ%� ¶�Â ² ª ´ ¥ÃÀÁ�Ä Å[Æ ¶�Ç ² ª ´ ¥ÃÀ ±
FromEq.(3), for thecase(b) after £ stepswehave

� ¡ ¥ ¦ÈÈÈ¨
É¤  ¡ ©ËÊ¤ ² ¬ À ´ ¡ É¤  ¡ ¬ É¤ ² ¬ À ´ ¡ ¬+¬¬!¬ ¬!¬ ¬+¬¬!¬ ¬!¬ ¬+¬

¯ ÌÌÌ° ± ² À ª ´
In Eq. (10), we have symmetryaboutthe diagonalandall the diagonalelementsare

equal.FromEq.(9), wehaveafter £ discretetimesteps¶�¿ ² £ ´ ¥}ÀÁ © µ[¡ÁÎÍ-ÀÏ  ¡ ¬ ÀÏ ² ¬ À ´ ¡ Ð � ² À À ´
and ¶�Â ² £ ´ ¥ÃÀÁ © µ[¡ÁÎÍ ÀÏ  ¡ ¬ ÀÏ ² ¬ À ´ ¡ Ð � ² À  ´
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For Ñ8Ò Ó Ô�Õ wehaveÑ8Ò Ó Ô�Õ%ÖÃ×ØpÙ�Ú[ÛØ�Ü ×Ý Ø Û Ù ×Ý Ó Ù × Õ Û Þ!ß Ø-à Ü ×á à ×á Þ Ú Û Ü ×Ý Ø Û Ù ×Ý Ó Ù × Õ Û Þ-ß�âÑ�Ò Ó Ô�Õ%Ö ×Ø Ù Ú[ÛØ�Ü ×Ý Ø Û Ù ×Ý�Ó Ù × Õ Û Þ�ã Ó × Ý Õ
We notefrom Eq. (4), Eq. (6) andthevaluesfor Ñ�Ò Ó Ô�Õ â Ñ�ä	Ó Ô�Õ and Ñ�å%Ó Ô�Õ , calculated

for thecase(b) thatæ ç è é Ö,êë8ì × Ù Ú Û Ü	×Ý Ø Û Ù ×Ý�Ó Ù × Õ Û Þ ßtí î ï�ð ñò�ó-ô ã Ó × á Õ
For Ôöõø÷ wenotethat

æ ç è é approachesits usualvaluewithoutdiscretetime jumps.We
alsonotefrom Eqs.(11), (12) and(13) thatfor all Ô , Ñ8Ò Ó Ô�Õ à Ñ�ä%Ó Ô�Õ à Ñ�å%Ó Ô�Õ-Ö × , asit
mustbe to conserve theprobability. In Eq. (14), we have simply substitutedinto Eq. (6)
theprobabilitiescalculatedfrom thegraphin thecase(b) usingthecombinatoricrulesfor
calculatingthe probabilitiesin Eq. (9), basedon the numberof walks betweenvertices
after Ô discretetime steps.Eachgraphin Fig. 1 would generatea differentfunctionto be
substitutedinto Eq.(6).

We now considera two preoncomposite(Ref. 30) of a spin1 gaugeboson( ù�Ö Ù × )with thefollowing basicstatesof product × ú Ø-û × ú Ø ( ü is spinup functionand ý is spin
down function).In Fig. 2,wehavethepossiblegraphfor connectingedges(links) between
vertices(states).

Fig. 2. A graphfor connectinglinks (edges)betweenvertices(states)of a two-preoncom-
positeof a spin1 gaugeboson.
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For theadjacency matrixof Fig. 2, for the4 vertices(states)and11edgeswehave

þ ÿ ��� �������	���	�������
���������
���������
�����������
 � ���� � � � �
Thewave functionfor thetwo fermionconfigurationsfrom (Ref.30) is (with no discrete-
timeeffects)�,ÿ ������ � �! �"$# %'&()+* ,.- ����/� � �! 0"1# %32()+* ,4- �0� - ������ � �! 0"1# %'5()6* , �7� � 8 �
Herethe initial probabilitiesare 9 &�& � 
 � ÿ 9 2�2 � 
 � ÿ 9 &�2 � 
 � ÿ 9 20& � 
 � ÿ � : ; . This
gives < =�> ? ÿ ()A@ B C1D Eþ4F * �
Here D G ÿ D : � is thepreoncharge, H G ÿËþ�F : � is thepreonmass.We modify Eq. (16)
to take into accountthemodifiedprobabilitiesshown in Fig. 2. Thus� ÿJI 9 &0& � K � � � �ML "$N OQPRS * T ��� - I 9 2�2 � K � � � �ML "$N O0URS * T �0� (17)- L I 9 &�2 � K ����� - I 9 20& � K ����� T � � �WV " N O0XRS * Y
Here 9 &�2 � K � ÿ 9 20& � K � Z � is spinupfunctionand� is spindown function.If weevaluate
< =�> ?

, using

=0>
in matrixnotationas=0> ÿ ()[ �4\ 
]�^
�^
]�
]�^
�_ Z

andEq.(17) for
�

, wefind< =�> ? ÿ () L � I 9 &0& � K � 9 &�2 � K � - � I 9 2�2 � K � 9 20& � K � T @ B C1D Eþ4F * �`� � a �
From the graph in Fig. 2 we see that since the initial probabilitiesof all states

( ���bZ �0�cZ ��� and ��� ) are the same( 9 ÿ � : ; ), so when we evaluateEq. (9), we will
just get the discretetime independentinitial probabilities.To generateprobabilitiesthat
dependon K , we would have to skew certain ”walks” using different d values. For
a compositeparticle in a e -componentmagneticfield, we could choosed0f for walks���Jgh���bZ �0�6gh��� and �0�Jgi��� , and dQj for all otherone-stepwalks betweenver-
tices.Sucha choicewould suggestthat in high E fieldsfor d0f1k.dQj , thereis a preferred

FIZIKA B 7 (1998)1, 55– 61



WOLF: FLUCTUATIONS IN SPIN-PRECESSION PHENOMENA . . .

probability for jumpingto higherenergy levels. If we label theprobabilitiesof thestates
as l�m0m�nolbp q l�m�r�n.l�s q lbr0m�nol�t and l�r�r�nol0u , wehave from Eq.(9)

l�u v w�xcnzy{M| y{J}~J���Q�p v � u s v w�x | � u t v w�x | � u p v w�x x| �Q�s v � u s v w�x | � u t v w�x | � u p v w�x xW��
, andalso l�s v w�xcnol�t v w�xcnzy{M| y{ v � � p �W� �s x � u s v w�x q (19)l�p v w�xcn�y{M| y{ v � � p �M� �s x � u p v w�x �
Here � u sAno� s u q � u tAno� t u , etc.,andweassume� � � meansfor w steps.Fromtheadjacency
matrix in Eq.(15), � p s v y xcno� s p v y xcno� q�� p u v y xcno� u p v y xcn y , etc.

For � s wehave � s n������������� y � ������ y � ��������
� ��

and � p s v � x3n6� s p v � xAn � qb� p u v � xAn6� s t v � x3n6� t s v � x3n � , etc.Here � p s v � x meansthat
thereare6 walksbetweenvertex 1 and2 in two discretetime steps.Whenthevaluesforlbp v w�x q l�s v w�xAnJl�t v w�x and l0u v w�x from Eq. (19) aresubstitutedinto Eq. (18) we obtaina
formula for thevariationof � �0� � with w and � for a compositespin1 gaugebosonusing
thegraphsin Fig. 2. Wenotethatall of the � � � v w�x valueswouldhaveto becalculatedfrom� � whichwouldeitherinvolvemultiplying out � � or findingthedifferenceequationfor
eachelementandsolvingaswedid for Fig. 1 (caseb).

3. Conclusion

In theabove analysis,we have demonstratedthatsmall variationsof � spinpolariza-
tion with a discreteindex w will bea signalof quantumtransitionsinducedby a random
graphconnectingquantumstates.This approachis an additionalmechanismto generate
fluctuationsin thespinpolarization.In Refs.29 – 33 we studiedMarkov mechanismsto
generatethesefluctuations,andthe two separatemechanismswill leadto distinct signa-
turesfor small time variationsof � ��� � . Theideaof a randomgraphcouldalsobeusedto
discussanew approachto ”hiddenvariables”wheresummationovertheinnerverticesand
inner links could generatethe ”dispersion”[36] for the exterior verticeswhich represent
theobservablequantumstates.Anotherinterestingconsequenceof thecalculationbased
on Fig. 2 is that if thereis no skewing of the”walks” in thegraphof Fig. 2, our analysis
would leadto constantprobabilitieswhichsuggeststhata lackof variationof � ��� � with w
wouldbeevidenceof thecompositestructureof thegaugebosons.
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In closing,we mentiontwo final implicationsof the above analysis.Firstly, in Fig.
2, the states�0� and ��� areconsidereddifferent,andby having moreedgesconnecting
then,we might constructa randomgraphinterpretationof theexclusionprinciple.In this
sensetheexclusionprinciplemightbeamanifestationof thesymmetryof a randomgraph
[37–39].Whatevertheorigin of theexclusionprinciple[40], any measurementsthatreveal
thepresenceof the individual states�0�c  ��� would suggestthat theremustbea dynami-
cal mechanismgeneratingsymmetryor anti-symmetryfor identicalparticlesandthusthe
principle canbe derived. Also, with respectto cosmology, Nagels[41] hasderived the
three-dimensional”closed” structureof space-timeusinga randomgraphof pointsby as-
signingdifferentprobabilitiesfor their connectionandthenmaximizingthe probability.
Sucha studysuggeststhatthetheoryof ”walks” on a randomgraphmaynot only resolve
many of theproblemsof quantumtheory, but may leadto a ultimatepregeometricorigin
of space-timeandgravitation.
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FLUKTUACIJEPRIPOJAVAMA PRECESIJESPINA UZROKOVANE DISKRETNIM
VREMENSKIM SKOKOVIMA NA NASUMNOM GRAFU

Kadasedozvoli vezanjestanjaspinskog sustava grafomu diskretnomvremenu,nalazise
da diskretnivremenski“putevi” meduvrhovima (koji predstavljaju stanjaspinskog sus-
tava) moguizazvati fluktuacijevjerojatnostistanja,koje pakmoguuzrokovati fluktuacije¡ komponentespinaspinskogsustava.
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