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Abstract

Action has been recognized the most fundamental invariant of physsosce not only altlassical
dynamics can be derived from Hamilton's principiietationary action, but also tisehrédingeequation of
guantummechanicsand, more generally, any laws governing phydiaisformationsywhich maybe
described by a given number of sthtactions and of their firdderivativeswith respect to a given set
independent variables (generally space-tooerdinates).

In addition,Heisenberg's uncertainty principle, which sets a fundamentaldriie measuremerdccuracy
of any pair of conjugate quantities, candestexpressed by referring &tion, as itmplies that "action is
guantized" andhat therefore "the number of bits obtainafipten a measurement of actiamannot exceed the
number of action quanta", aeown by theuthor.

From all the abovet stems that action is among the most fundamejutahtities inphysics (and,
particularly, more fundamental than either enayggnass) and is directly tied with probabilitpgether with
the otherfundamental quantity: information.

In fact, it is shown thadction and information may be thought ofreapresentingrespectively, theeal and
the imaginary part of the argumenttbéwave function in quantum mechanics.

In conclusionaction, in the opinion of the author, deserves to be assigsgecdicmeasurement unit, also
because it plays, in physics, th@me unifyingole, as that recognized I&iorgi in the joule (or thevatt),
towards thesstablishment of a coherent, rational systemnass.

Note - The "SI" --also called "MKS" or "MKSA" -- is the Internation8stem ofmeasuremeninits,
devised and proposed by Giovanni Giorgi ombout 1901 and bearing his name sialbeut 1935, when it
began to bénternationally accepted.

1. Action in classical and quantum mechanics: a concise review

| hope that you wilforgive a non-metrologist for daring to forward a prop@saicerninghe assignment of
a specific measurement unit to "actionfrgysicalquantity which is now aboutil! centuries old, since its

first introduction by Maupertuis in the year44; it is even more than 1§6arsolder than the concept of
energy, of which the scientific community waarelyawarebeforethe year 1860.

The purpose of mgontribution is both to briefly review some knoproperties ofaction and tehow some
new ones, which add to the already tishof important merits of this quantity.

It is first worthnoting that the two well known principles of least action,tfestancient onegstablishedby
Pierre Louis Moreau de Maupertuislii44,and the one enunciated by Biflliam Rowan Hamiltorabout
100years laterare nothing but two different formulations ofjaneralprinciple of economyn Nature,
whereby a resource (i.e. sompgantity, such as energy momentum, which is not unlimitedivailable in
nature and therefore haslie conserved) isarsimoniously utilized to achieve change in spaoe-



This ismathematically stated (fig. 1) by letting a certain variatiomaigralJ be stationary withespect tall
possible paths that can be followedthieve change from certamtial conditionsto certain final
conditions.
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Fig. 1 - Relevant formulae concerning action variational integrals.

As is knownMaupertuisian formalism was concerned with the integrai@hentunp alongspaces,
whereas Hamiltonian formalism wasncernedvith the integral of energy (mopecisely of thalifference
between kineti€T) and potentia{U)energy) along timé Lagrangiarformalism relatego thefour-
dimensional space-time and can be generalizeetbhedimensionaspace. It is also pointed out tldas
invariant under a Lorentz transformation.

At the beginning othis century, following the developments of the relatithigory, itwasproposed by

several author$ to consider time as tHeurth coordinate of a four-dimensionspace and to express action
as the integral ahe so-called Lagrangian density function 'loagrangian” for short) over@gionA of the
four-dimensional space-time domain. Uslragrangianformalism, instead of Hamiltonian formalism, it is
easily shown thaaction isinvariantunder a Lorentz transformation, i.e. that aci®a scalar describing
change, which hate samealue for allinertial observers, no matter hdwgh is their relative speed of
motion or(which isthe same) their speeélative to the observeabject.

A furthergeneralization of action has been achie%/eg considering anyhysical system, thetate ofwhich

can be describey n "independentﬂ/ariablesxk (the valuef which may beobtained from specific
measurements) and by equatitngt correlate then "dependent” variableg® with the n independent

variablesx¥, subjectto whatever boundary conditiottsat may bemposed on théransformation process
under consideration.

The® are called the "state functions" of the system and, in a wayrépegsent our "a prioknowledge"
about the transformation to lodservediogether with thhp{j , Which are the firstlerivatives of a generic

state functioan with respect to a generic independent variabl®f course, the volumelement d(x) and



the region of integration refer to the n-th dimensiongpace established by thendependent variable.

It may also beecalled that, in quantum mechanics, Lagrangian formalisqppkedthrough theuse of
Hermitian operators, thus extending actiovariance to the domain of microcosm gitidition to thabutlined

abovewhich is valid for the macrocostm 3

The power of thaction variational integral is proved by the fact that alldhgicconservationaws of
physics can be derived -- as theorems -- fth@principle of stationary action. Thistise case for the
conservation of lineaand angular momentum, the conservatiorrrgy and theonservation otenter of
mass in classical mechanies, well as the conservation of the sajuantities in field theoriesf quantum

mechanic<.

In addition, theequations of motion in classical mechanics, as well awdlreequations ofjuantum
mechanics, can be derived from the statioqaoperty of action, through a general atcightforward
approachlin particular, Newton's three laws and the Schrodinger equagioometheorems, derived from
that single powerful principle d?hysics which is thprinciple ofstationary action.

2. Action, as seen by a "Boolean observer"

Let us now come to some n&spects concerning action, which have meggested to theuthorfrom the
widespread use of digital measuringtruments. These neachievements haveamewhat changed, and
perhapslarified, theprocess of observation, which is basic to penception othangeand, more generally,
to the acquisition of knowledge by an obsemeoutthe outer world.

Fig. 2 - Perception of change by a "Boolean observer"

A digital measuringnstrument, which we may call a "Boolean obserfeis one whose state &howledge
can be represented in terms of bindigits orbits. We may schematize the processlugervation of a
Boolean observer by series of "state-cards" (fig. 2), in eachwbiich a series afligital words (i.enumbers),
obtained fromindividual measurements of certain quantitigsarestored, in succession. THerm "in



succession" means that thimte of affairsthat is external tthe observer, is compared wikientsthat are
internal to theobserver, to see how these extefaats may be of relevance to the observatérnalfacts.
To thisend, the observer has eithdplt-in master clock t@pen anctlose a number of observatigates or
simply a measure of hotime is progressing from birth to death. In other words, percepticharigethat is
external tahe observer is always performed againgieaception othange that is internal tbe observeand
this latteris tied with that quantityvhich we call "time" (more preciselyproper time").

However, thé'ordinality” of observations may not necessarily be performiédrespect to timd,e. with
respect to internal changes of titeserver(which criterion coincides with thidamiltonian standpoint)i can
be performed, from a more general standpoint, with respesmtyotherobservableexternal or internal tthe
observer(which is the Lagrangiastandpoint). Irother words, the state-cardgfig. 2 can be orderedith
different criteria, e.g. according bocreasing values of space coordinatessead of time coordinatest, to
energy levels, or to speed momentunvalues, or anythinglse.

In addition to "stateards", to be obtained from observations, a Bootdemerver has smemoryarea in
which all of its "a-priori knowledge" is storethis is made up of equations, lawsndamental constants,
measuremeninitsand "names" of quantities to be observed. MoredlieQbserver allows fosuitably
sized, blank memory areas, todestined for measurement resifi3, according taheir desired

measurement accuracy.

One important remar&oncerning observations is that observatioquigntized. This mearnbatanyBoolean
observer cannot obtain a continuégm®wledge of theuter world, for two basiceasons:

I) becausany unit of observation consumes the "time" ofdahserver(At in thefigure), i.e. the
observer's "lifetime;"

i) because angbservation requires a perception of change tedefore, gerceptionof an
observation must be interleaved witpexceptionof "non-observation," i.e., requires an
interruption ofthe observation.

Either philosophersr psychologists may tell us that all the above istanousconsequence dhe fact that
we generally base the acquisitionkoiowledge on the game of opposites, i.ebmrary states (ON-OFFr,
if youwish, on the "principle of two," which is that accordilegvhich ourbrain'sleft hemisphere work#\n
example of how ouright hemisphere workis thatof how we may sense a summer sunsg@&nnullingour
identity andfeelingthat we are part of @hole,i.e. by getting a synthetic -- instead ofaralytic--
knowledge ofthe environment, hend®sed on the "principle ahe", asopposed tdhe "principle of two",
which is the principle oBooleanlogic anddigital machines.

The aboveconsiderations about the invariance of action from the powieof of observers, i.eof its
capability of describing change from absolutestandpoint, suggest that action must hewae direct
relationship with thenformation obtained from observations, becaun$armation,too, is adescription of
change.

We believe that thiselationship is intrinsically embedded in Heisenbengsertaintyprinciple.

3. The relevance of action and information to the observer

The most usudbrmulations of theaincertainty principledeal withfundamental limitationgmposed to the
average accuracy with whicheasurements of two "conjugate” quantities capdsrmed'simultaneously”.
Energy and time, or momentum and positionfeeguentlyquotedastypical pairs of suclquantities, strictly
related to the space-tind®main.

However, Heisenbergimcertainty principle can also be, more generatigted in terms cdction, whichas
Is known, is dimensionally given by tipeoduct ofeither energy and time anomentum and position, asll
as of anumber of pairs of other conjugate quantities.



As the uncertaintprinciple applies to repeated measurements (made wisatheequipment othe same
type of event), we may state that, when takimany measurements of an actinnvolved in an experiment
of the abovaype, we must expect thteir "average" accuracy canrim higher thati (i equaling the
known Planck’s constahtdivided by2m). As this statement alsapplies forA = 0, we may also state that:

"Any event, involving (on average) an actidrless tharfi, cannot beobserved:

If, now, the observes a Boolean observer (whereby bistable devices avaigsie meansf obtaining
information from the environment), "no-knowledgletained" means that the incomisigmulus (a photon or
whateverother"messenger") is not able to fire even one single bistéblece (e.g. a flip-flogircuit) of the
observer, therefore it wiproduce no change in tiodserver'physical (hence informationagfate. Thus, for
a Boolean observeHeisenberg'sincertaintyprinciple can be also stated as follows:

"Onecannot even obtain 1 bit of information from an event Witk #1".

At this point we may wisho turn the uncertainty principle into an affirmatieem, i.e. toformulate a
certainty principle as follows:

"If A=, itis possible to obtain 1 bit of information "
and, of course,
"If A=a (with a an integer), it is possible to obtairbits of information "
or, conversely:
" To obtainl bits of information, a minimum actiofA = 4l is required’

In conclusion, in th&eal case of maximum (Boolean) observation efficietiay following relationship
holds:

A = £l (1)

or, taking into account that= A / i represents the number of action quantalso obtain:

a=I| (2)
I.e., in the ideal case,

" the number of action quanta equals the number of information bitsieasersa.”

This is a more generatatement than either "action is quantized“imiormation isquantized”, irthat (fig.3)
it establishes that the number(ofal) bricks, with which action is built-up, equals thember of(imaginary)
bricks with which information -- hence the knowledgeanfideal (100%fficient) Boolearobserver -- is
built-up.

The kinship of actionvith information -- which appear as the tflumdamental quantitiegsvolved with
observation and change -- may alsabefirmed througtiracing them to theicommon root: "probability”.

We may,in fact,combine (fig. 4) Shannon's formLﬂadefininginformationas alogarithmic measure of
probability, with Feynman's demonstratidthatactionis nothing but the phase of the wduaction 1? in
guantummechanics. We, thus, obtain exponential expression tie wave function? where the complex
argument of the exponentiathich we may ternicomplex action”, is given by a real part, representing the
Hamiltonianaction,and an imaginary part, which is proportionabtoary informationl (I, representinghe

neperianinformation).3



ACTION AND INFORMATION ARE:
QUANTIZED, CUMULATIVE, PAST-PRESENT-FUTURE

FUTURE
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Fig. 3 - How action quanta and information bits add up, for an ideal = Boolean observer.
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THEREFORE:

ACTION IMAGINARY INFORMATION
INFORMATION IMAGINARY ACTION

Fig. 4 - Combining information  (Shannon) and action (Feynman) into a complex argument of
the wave function.

Again, either ghilosopher or a psychologist may tell us that this meansliaages thecombined result
of physical forces amid of psychical fordes the force of mind). Howevemorepractically, this magimply
confirm thatthe interaction between the subject and the olojeah observation depends both, as
extensively proved by quantumechanics.

Before closing thiparagraph, the author wishes to acknowledg@itreeering work otouis deBroglie
(1948), who, following a first vaguatuition by Sir Arthur Stanley Eddington, arriveda equation



(equation (8)p. 89 of6), rewritten here:

A’’h=S/k (3)

whereA’ representshe "cyclic Maupertuisian actionSthe "thermodynamientropy",h the Planckconstant

andk the Boltzmanrconstant. It may beemarked that the quanti§/krepresentshe so-calledinformational
entropy", which is homogeneous"tdeperian information" (w recallthat"cyclic action"implies that initial
and final statesoincide).

The similarity of (3) ta(1) is evident, taking into acuatthatA in (1) is a"progressive actionandA’ in (3)
is a "cyclic action."

4. Conclusions

In conclusion, wédrave shown that action plays a unique fundamental rgiRyisics,being everconceivable
as a quantity uprooted from space-titHence,action is the fundamental invariasescribingany kind of
change irthe outer world of the observer, much the same as informatibafisndamentalnvariant
describing change in the inner world (mind}ioé observer.

Other gloriougyuantities, such as energy or momentum, may be thoughtoiasties derivedrom action,
as they can be defined fmlows:

- energyas thenumber of action quanta per unit time,
- momentunas thenumber of action quanta per unit length.

They may be thougltf as means to describe how action, the primary calusgange, iseen byentities
involved in such change, i.e. those who obsehange and those whose changebiserved.

It therefore appeatbat action may be seen, today, as the unifying quantayl physicalquantities, much
the same as Giovanni Giorgi sanergyplayingthat role, in 1901.

As for the name to bgiven to the action measurement unit, the aubletieves that thehoice isrestrictedto

two namesMaupertuis the first whointroduced action, anéllanck the first whantroduced thauniversal
constant.
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