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Physics and the Problem of Change
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Physics, the science of change, has managed to discoveo arglain a large number
of qualitative and quantitative aspects of a large numbeatiral changes, but change
itself remains unexplained since we first faced it, over tyeseven centuries ago. This
paper proves, in terms of transfinite arithmetic, that cleaisgnconsistent within the
infinitist framework of the spacetime continuum, were alusions have been tried until
now. It then proposes a consistent solution within the hfriamework of the discrete
spacetimes of cellular automata like models, proving thltofathat convert between
continuum and discrete spacetimes has the algebraic fottmeafelativistic factor of
Lorentz transformation, which could be reinterpreted asgarator to translate between
a consistent discrete reality and an inconsistent contisueality.

1 Introduction form of the relativistic Lorentz factor, which open the door

. . . : to a discrete interpretation of special relativity, our meiir-

Change is the most pervasive characteristic of our incégsan . : . .
. . . . rent theory on the continuum spacetime, the scenario intwhic

evolving universe. But change is also the most elusive a(%jange is so conflicting

difficult question we have ever been faced witBo elusive '

that no one has been able to explain how a simple changezin

position of a physical object occurs. So elusive that it ddd

inconsistent, as claimed at least since the time of Parmaenidror the sake of simplicity, and in order to avoid unnecessary

But not only pre-Socratic authors as Parmenides, Zenocemplications, we will discuss here the problem of causal

Elea or Mellisus claimed the impossibility of change [12Ehanges in physical macroscopic objects. S@ i§ one of

modern authors as J.E. McTaggart also defended the impo3is¢h macroscopic objects, we will s@y changes causally

bility of change [11]; and Hegel its inconsistent existefge from the stateS, to the stateSy, (including changes in posi-

p. 382]. If that were the case, the task of explaining the phyon) if there is a set of physical lawts such that, under the

ical world in consistent terms would be impossible becaus@me condition€ and as a consequence of those laws and

the physical world is, essentially, change. And being ptg/siconditions, the state @ is S, at instant, andS;, at an ulte-

the science of change, the science of the regular succesfsigior instantt,. In symbols:

events in Maxwell’s words [10, p. 1], it should be concerned

with the solution of this fundamental step in the understand Sa — Sp

. . . Causal chan

ing of physical reality. g%_(sa, C.ta) = (Sb, tp)

It seems reasonable to assume that we model reality as

a continuous system because we perceive it as a continubus causal chang8, — Sy can be direct, without inter-

system. The problem is that this perceived continuity is illmediate states, in which case it will be saidnonical A

sory. In fact, our brain takes a time greater than zerb3( causal chang8; — S; can also be the result of a sequence

ms [13]) to process each visual image (the base of the wafllcanonical changes:

known a, 8,y andé movements, and af-phenomenon), so

thata continuunof visual images is physiologically impossi- SiS1H S Sz S (2)

ble. The same illusory perception happens with motion when

observed in a film. And in the same way a film is a discoH-is worth noting that every elemei®, of S must have an

tinuous sequence of images, natural motion could also béngnediate predecess8,_1 (except the first of then$,) so

discontinuous sequence of changes in position, which is p&atSn can be causally derived froB),_:

ceived as continuous by our brains and our physical instru-

ments. The discussion that follows addresses the problem a YSn>1 1 L(Sn-1,Cn-1, ta-1) = (S tn) 3)

change from this discrete (discontinuous) point of vievaypr ,
ing it is inconsistent from the continuous perspective, ah@" this reason, a sequence of causal changes cannot be den-

consistent from the discontinuous one. Surprisingly, te f S€!Y ordered. In fact, assurds a densely ordered sequence

tor translating between both perspectives has the algebf{jchanges, and le3, be any element within the sequence.
It is impossible forS, to result from a causal change of an

*for a general background see [12], [14] and the particulew\of H. imm?diate predecessor because no elemeStieds an im-
Bergson in [2], [3]). mediate predecessor: between any two elements of a densely

Canonical changes

(1)
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ordered sequence infinitely many other elements do exist. Be in QB one pointP, of P, otherwiseP would not contain

the causal change: all pointsP; of AB such that?;_1Pi = APy, which is not the
case. So, the sequerehas a last elemef;. The endpoints
L(Su> Cus 1) = (S, 1) (4) AandBandthe sequendedefine inAB a sequencs of suc-

cessive adjacent segmentaP;, P1P,, PoPs... P4B of the
e lengttAP;, except at most the last ofyB < AP, all
em left-open and right-closed, excéy®; that is closed.

is impossible, for al5,, S, € S. In what follow all changes
will be assumed to be causal changes as defined by (1), wh% e

or not referred to as such causal changes. . X )
9 Alj the orderingD of S, there is a first eleme®Py; a last el-

The objective of our discussion will exclusively be cano . .
. . err];uenth, B; each elemen®;P;,; has an immediate predeces-
ical changes, be them or not forming part of a sequence 0

canonical changes. We will just begin by proving that if th 9r||3:iflpi (OFEAI‘Spl)' exceigtAél?l, anld an |mm§d|ak';e successor
form part of a sequence of canonical changes, that sequencé |f+'2 (orP,B), e_xcepl) 95, NO ? e”F]fnthx'_StS detween any
can only have a finite number of steps. And the distance {40 ofits successive elemertsli. 1, Pi.1Pi,; and any non-
versed, if any, by the corresponding object while perfoigni ’_“pty subseqt_;en@ of S, containing, for |ns_tanceF?vPv+1,

the change can only be finite (think of a change in position |IISaIﬁo Icontaln anS’eIement_thaI;.prece(:eﬁ n Ithe 0;2;@”9
Indeed, letS; — S; be a change that takes place throughF@Pal Pe Smentiop exc_ﬁ?t ltsel: oneo the elemems,
sequencé of canonical changeS; — S, > Sg--- > Sy, 1 2 T203 .. Tolude erefore,S is a well ordered se-
This sequence has a first elem&at a last elemen$;; each ggg]ncﬁn tg dvt\jlir':ilgz gnc;);ilgflbgur:gze(;:r?l;]mbe(araislzl%;,]]ed'llﬁép-
elementS; has an immediate predecessr; (exceptS;) ) ’ :

and an immediate succesSr; (exceptSy); no element ex ordinal of S cannot be the least transfinite ordimabecause
1 y - .
ists between any two if its successive elemeisS;,.; and w-ordered sequences do not have a last element, Bhikes a

any subsequenc o S contaning, fornstances wil (S5LSETEnEAB. 0, ordn obwere e Loule
contain a first element preceding all element$oin the or- g '

- - . succeeding all elementsP;, P1P,, P2Ps, ... indexed by the
dering ofS, except itself: one of the elemerfis, S,...S,. pguence of all finite ordinals 1, 2, 3,... which can only be

Therefore S is a well ordered sequence to which an ordin?he limit of all themP, P,,.1 (or P,,B) [5, Theorem I, p. 158]
. . wlw+l w ) » M- .
number can be assigned [5, p. 152]. The ordigaannot be Take inAP,, a pointR at any given distance froi,, less than

the least transfinite ordinal (the limit of all finite ordinals), . i
becausev-ordered sequences have not a last element, wﬁoﬁgl' R could only belong to a Seg’T‘e.me n‘_nmedlately
Shas a last eleme®;. Therefore, if the ordinap of Swere precedmg%,Pml (qr_PwB). .BUt PPy, |s_|mpos§|ble because
a transfinite ordinal it would be greater thanin which case there_ Is not a last finite qrdmalwhose 'mme‘?""’.‘te successor
there would be a first element succeeding all elemBits, v+1isw. Hence, the ordinal d cannot be infinite but finite.

. Scan only have a finite number of elements. And being finite

Ss...indexed by the sequence of all finite ordinals 1, 2, 3,. ., . - 2
which can only bes,,, the limit of all them [5, Theorem I, the sum of any finite number of finite Ie_zng.tmsB has a finite
Iegneqth. This argument provethe following:

p. 158]. In consequence, there would be a canonical chan
S, — S,. But this canonical change is impossible because ~ Theorem of the finite distancesIn a consistent
no finite ordinalv is the immediate predecessorof So,¢ universe, the distance between any two of its poi-
can only be finite. We can, therefore, state the following: nts can only be finite.

Theorem of the finite evolution-In a consistent
universe, the state of any of its objects at any in-
stant of its past, present or future, can only be the ~ Until now we have proved nothing on the possibility or im-
result of a finite sequence of canonical changes. ~ possibility for a canonical change to occur. We have only

We will prove now, by an argument similar to the above Ongfoved they cannot form_ d_ens_ely ordere_d sequences, but fi-
that in a consistent universe the distance between any wd & sequences thro_ugh finite d|stan<_:e_s, it any. We will prov
its points is always finite. Recall first that a necessary gongoW 1t mos.t astonishing charactenstlc: cangmcal ghgnge
tion to divide a line into infinitely many segments (a paotit) can on.Iy be Instantaneous, 1.e. c.)f a null duration. This 'S an
is that the successive elements have a decreasing Iength.eI§ ential quah_ty of c_hange that is at the root of all classic
what if they have the same finite length, except at most e modern _d'SCUS_S'(_)nS on the general prqblem (.)f ghange.
last of them? Let us examine this possibility. Consider, f d, as we will see, itis also the reason of its inconsisténcy

this, any two point#\ andB, the straight lineAB, and the se- ;.e Spflcet'me gontlnucl;m; ?gd the reason of ||tshcson5|s;ency !
guenceP of all points of AB defined according to¥P;,1: iff ISCTELe Spacetimes. ~onsider any canonical Change Sy

P;B > APy, take a poinP;,; separated fron?; by a distance of any macroscopic obje@. Assume its dyra'uon '8 > 0,
AP,. Let QB be a segment oABwhose length is jusaP;. beingt any positive real number. For evefyn the real inter-

It holds: VP, € P andP, € AQ there is at least one pointval (0, 1), the state of our obje@® will be eitherS, or S, If

Q € QBsuch thatP,Q > AP1. In consequence, there must *The above argument obviates some basic Euclidean reasoning

3 The problem of change
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it were S, then the change would not yet have begun and @ésmposed of indivisible minimal units called cells, here re
duration would be less than If it were S, then the changeferred to aggeons Time is also composed of a sequence of
would have already finished and its duration would also baccessive indivisible unitschronons No extension exists
less thart. But O must be in one of those two states becaubetween a geon and its immediate successor in any spatial di-
Sa — Sp is a canonical change. It could be argued that,atrection. Similarly, no time elapses between a chronon and it
Qs in a sort of mixed stat8&, = Sp, but this would pose the immediate successor.
problem of change in terms of the char§e— S, = Sy, or Each geon of a CALM can exhibitfierent states each of
in terms of a finite sequence of canonical changes of mixim defined by the current values of a certain set of vasable
states, and mixed states of mixed states, and so on andttoe.same for all geons. The states of all geons of a CALM
Although in this case, the "on and on” has not the infinitishange simultaneously at each successive chronon in accor-
escape of the ellipsis (.) because, according to above theatance with the laws driving the evolution of the automaton.
rem of the finite evolution, a sequence of canonical chang&sce changed, the state of each geon remains unchanged for
can only be finite. And being canonical, each of these finitedyne chronon (in what follows we will assume this is the case,
many changes poses the same problem of its null duratialthough in the place of one chronon, the state of each geon
Consequently, the duration of a canonical change is less toauld also remain unchanged for a certain (natural) number
any real number greater than zero. And being zero the oofychronons). Leu, v, ...z be the set of variables defining
real number less than any real number greater than zertheastate of each geon of a certain CALM Let us repre-
canonical change can only have a null duration, i.e. it caant thenth state of each geon by yi(un, vn, ... z,), where
only be instantaneous. Un, vn - --Z, are the particular values of the state variables at
The above canonical chan§g — Sy of the physical ob- thenth chronort,. Finally, letL be the set of laws driving the
ject O would be instantaneous @ changes fronB, att to evolution ofA. L determines the way in which each geagn
Sp att’, weret’ would be an hypothetical immediate succeshanges from a chrondpto the next oné,,; taking into ac-
sor oft, so that no time elapses betweeandt’. But in the countthe state of; as well as the state of any other geon with
spacetime continuum this is impossible, because betwgenwahich it interacts, which may include all geons. All these
two of its instants andt’, whatsoever they be, time greater current states define the conditioBisunder which the laws
than zero always passes—t' > 0,¥t' € (0,t). Therefore, L of A operates and changes the state of each of its ggons
an instantaneous chan§g — Sy in the spacetime contin-The automaton engine changes the state of each geon at each
uum implies thatS,; and S, can only be two simultaneouschronon and maintains it just for one chronon. Thus we can
states. In these conditions it would be inconsistent tobestavrite for each particular geon:
lish a chronological order of precedence between bothsstate
so that none of them can be the cause of the other. We mb§fi(Uin- -+ Zin) Cn.t) = (¥i(Uins1- .. Zinea). tea)
conclude it is impossible the existence of causal canoniddlyi(Uin:1 - - -, Zn+1)s Cets thr1) = (FiUine2- - -5 Zine2), the2)
changes (1) in the spacetime continuum. Thatisto say:  L(yi(Uins2-..,Z.n+2), Cnizs thiz) = (i(i, Unia - . . » Zinea)s thes)

Theorem of change-Causal canonical changes

are inconsistent in the spacetime continuum. . )
This behaviour of a CALM resembles the way a computers

Being change so omnipresentin the physical world, the abqygks, each chronon being a pulse of its clock and each geon
theorem of change could be indicating that the spacetime cgp ingivisible position of its memory. Being both space and
tinuum could be inappropriate to represent physical spade §me discrete, each chrongnhas an immediate predecessor
time. Space and time could be, in fact, of a discrete natwe, and animmediate successgn, so that no other chronon
And, as we vv_|II seein t_he next sectlo_n, instantaneous chaang%pses neither betweén, andt, nor betweert, andt,, ;.

are possible in such discrete spacetimes. Or in other words: no time passes between any two succes-
sive chronons. This simple characteristic of CALMs$imes

to solve the problem of change: in a discrete spacetime in-
Cellular automata like models (CALM for short) provide atantaneous changes are possible. Indeed, thesstatethe

new interesting perspective to analyze the way the unive@&LM A at chronort, changes to the stat®,,1 at the next
could be evolving. It provides a discrete spacetime franwhronont,,; So that no chronon elapses betwaeandt,, ;.
work that makes it possible a new analysis of some of tAad this is possible because the state of each geon is updated
apparently unsolvable problems and paradoxical situgiion at each chronon and maintained just for one chronon. So, in
modern physics, as the problem of change, or quantum @#&ALMs, the problem of change does not arise. Obviously, a
tanglement. In fect, as we will see in the next discussiorGALM is a simplified model of a discrete reality of which we
twenty seven centuries after it was posed, the old probl&mow practically nothing on its functioning. It would be new
of change could find a first consistent solution in the digcrgiaradigm of reality. But one in which change is consistently
spacetime of CALMs. In these models, space is exclusiv@lgssible, which makes it more attractive.

4 A discrete model: cellular automata
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It seems convenient to recall at this point that our sensqryssible.
perception of the world is continuous. This is why we always o
think in terms of a spacetime continuum. So far, our only wdy Discrete relativity

of thinking about reality. All our models of the physical ur \ye have developed several discrete (digital) geometries in

assume itis a continuous world. Itis then almost inevitébleyhich the continuum space plays no significant role. We have
extrapolate this way of thinking to any new discrete paradig 5o developed computational geometry, whose main objec-

which would be catastrophic. To think in (physical) diseretjye s the construction of algorithms oriented to représen
terms will surely require a long process of reed_ucatlon. TnPgraphic terms geometrical objects (see, for instance [7]
state of an electron, for example, could 8¢ at instantts, [g]). But we know nothing on the type of the discrete geome-
andS; at a posterior instarty, without ever being in any  required by a CALM. Notwithstanding, some elementary
intermediate state betwe&h andS, (quantum jump). Itis conclusions can be logically drawn from the own concept of
therefore a canonical change. In the spacetime continuemdlcreteness. For instance, integer numbers should play in
interval (1, tz) must always be greater than zero, and durigga) Ms the same role as the real numbers in the spacetime
that time the electron cannot be neitheBathor atS,, nor at continuum:; the distance between two geons should be an in-
an intermediate state betweBpandsS,. During thattime the eger number of geons; the interval between two chronons an
electron could not exist. It must disappeat;aand reappear jnteger number of chronons; the number of geons of the hy-
atto. In the digital spacetime of a CALM all we have to d@otenuse of a right triangle should be equal to the number of
is to consider two successive chronofsandtz. At ty OUr geons of its greater leg (Pythagoras digital theorem); noth
electron would be in the staf and att, in the stateS:. By g can move a distance less than one geon; nothing can last
way of example, assume that: less than one chronon; speed should be defined as the ratio of

- The universe has.@6 x 10 geons (for example of athe integer number of geons an object traverses to the intege

Planck volume). number of taken chronons; there would be a maximum speed

of one geon per chronon. In addition, if a CALM is isotropic,

- The universe contains §elementary particles. ) .
as physical space seems to be, its geons should be anyway

- Each particle is defined by variables isometric.

- Each particle is, somehow, present in each geon. Itis interesting and immediate to convert between contin-

- Each geon is updated at each successive chronon i8S and discrete hypotenuses. For this! le¢ the length of
example of a Planck time duration). a geon, andh, x andy the respective number of geons of the

i i g5 . hypotenuse and legs of a right triangle. Assumey. In the
Let U be a 3-dimensional CALM of B6 x 1010 geons I giscrete geometry of CALMs we will havéxr = y. In classi-
which the state of each geon is definedy 10 state vari- ¢l Eyclidean geometry the length of the hypotenuse will no
ables. If it were possible to simulaié, perhaps we COUld_Ionger beha buth’ A, beingh’ > h, because it is greater than

observe t_he self-organizing and evolution of an objectlzaimlthe lengthy1 of its greatest leg (note that white x andy are
to our universe, whenever we know the whole set of phygiayral numbersy andh’ are real numbers). According to
cal laws driving its evolutionlU would be incomparable less;|assical Pythagoras theorem, we can write:

complex than, for instance, any matrix of infinite elements

(which are usual in mathematics and theoretical physias). C (0 )2 = (x2)? + (yA)? (5)
lossal as it may seem, our CALM modélwould be a finite ——
object and then composed of a number of elements incompa- y= Vhz—x (6)

rably less than the number of point$*(Rof, for example, a

lineal interval of Planck length in the spacetime continuur-rqhe ratio between the continuous and the discrete hypatenus

In addition, while points and instants of the spacetime cor” be written:
tinuum have no physical significance (they are primitivg—con y ~ E ~ E ~ h ~ 1 @)
cepts), each geon of olirmodel would be plenty of physical hi~ h ¥y Vhi-x N T

meaning: the current values of its defining variables, which

could be sficient in order to define physical objects of anyyere the last term on the right side of (7) as the algebrain for

size in terms of sets of linked geons that evolve and maygthe relativistic Lorentz factoy. Let us rewrite it as:
through the whole fabric d@’'s geons. On the other hand, to

simulate does not means to reproduce the exact history of the ha _ 1 (®)
universe: recursive interactions between geons and thé-es hi — J1_ (x1/h'2)2

ing non-linear dynamics open the door to unexpectedness and

diverseness. At least, we could uSeas a theoretical refer- Assume now a photopmoves through a vertical distange
ence to grasp the essence, magnitude and possibilitiealof irethe rest framé&kF, of its source. lip moves the same verti-
universes of a discrete nature in which change is consigterl distance/1 from the perspective of another inertial frame

4 5 Discrete relativity
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RF, while RF, moves with respect tRF, the horizontal dis-
tancexa at a uniform velocity parallel toX, for a timet,,

theng moves along the hypotenuse of a right triangle whose

9. Being finite in time and size, a CALM is simplest than
any other infinitist alternative, as the continuum space-
time.

legs areyd andxd = ot,, We will haveh’a = ct,. Andthen 10 physics would no longer depend on the consistency or
(8) can be written: inconsistency of the Axiom of Infinity. After all, an
ha 1 axiom is an axiom, and in this case one suspicious of
Py W 9) being inconsistent [9]. Getting rid of (the teoplatonic)
infinities would be good news for everyone, particu-
- 1 (10) larly for physicists.
1 References
= = 11 4 Ambjorn, Jan and Jurkiewicz, Jerzy and Loll, Renate Elensio

N

which proves the ratio between the continuous hypotenuse

and its corresponding discrete alternative is the reitwi
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The problem of change would no longer be a problem,

and a consistent understanding of the physical worlg,
would be possible, which until now is not the case.

. The Second Principle of relativity would not be neces®:

sary because in a discrete spacetime there is an insur-

mountable velocity of one geon per chronon. 10

. The flow of time and its irreversible directional arrow,

enigmatic from a spacetime continuum perspective, ig.
naturally explained in CALM terms. The slippery con-12.
cept of now could also be easily explained in CALM

terms. 13.

. While points and instants of the continuum spacetime

are primitive concepts devoid of physical meaning, ang,
then hard to link with physical reality, geons and chro-
nons are plenty of physical significance.

. All known physical objects and magnitudes, just ex-

cept spacetime, are discrete, with indivisible units. In
CALMs there is no exception, space and time are also
discrete.

. Quantum entanglement and related questions could be

naturally explained in terms of the synchronized evolu-
tion of geons.

. The incessant quantum activity of free space (vacuum)

could be better explained in terms of CALMs than it
is in terms of the points and instants of the assumed
spacetime continuum.

. General relativity and quantum mechanics would have

a new discrete opportunity to meet each other [1].
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