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Abstract

The wave-particle duality is one of the most remarkabteepts in physics ever
discovered. It is a central pillar upon which the enttheory of quantum
mechanics is based. However the origin of the waveeparduality is
unrevealed yet and is generally taken as a postulate eaprgsa fundamental
fact of nature. Here we disclose the origin of thisag@ble fact of nature. We
show that the introduction of exchange symmetry amogipap of particles of
matter would naturally lead them to demonstrate wave-likaracter from
particle-like character. Thus the existence of exchangansymy among the
particles of matter is absolutely necessary for theive character to manifest
thus shedding light on the microscopic origin of the gacwuantum behavior
of matter.
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1 Introduction
The fundamental nature of light had been an importargtigmein the time of

Sir Isaac Newton. Newton proposed, in the year 1704,atpuscular theory of



light in which he argued the light to be composed of fuayticles called
corpuscles [1]. According to his theory light consistsaadtream of particles
whose path is modified when it hits objects. Using the&tupe he explained
various phenomena associated with light e.g. reflactirefraction etc. A
contemporary proposal by Christian Huygens however eldithat light was
actually made up of moving disturbances in its medium of gatman giving
rise to the wave theory of light [2]. For around atuoen after Newton, the
corpuscular theory of light was generally accepted agdhgre of light however
with the experiments of Thomas Young in the year 1801, Higgeave theory
of light was vindicated [3]. At the start of the™6entury the quantum theory of
light was initiated by Max Planck when he explainedrduiation spectrum of a
black body by assuming the quantized nature of the lighdéssoni from the black
body [4]. This quantum theory of light was furthered ragjteened by Albert
Einstein in 1905 when he explained the photoelectric etigcassuming the
guantized absorption of light by a metal [5]. Thus thbtligas argued to consist
of both the wave and particle characteristics as#ime time depending upon the
experiments performed on them. In some experiments dKé&action,
interference etc. light demonstrated a wave like behawbile in other
experiments like the photoelectric effect it needed rigka like description.
Such a dichotomy led to the birth of wave-particle dualtijght.

Striking an analogy with the wave-particle duality ghli, Louis de Broglie
in 1924 postulated that just as the light contains dual diesr@eave and particle
like) similarly even the matter contains a dual chataof being simultaneous
wave like and particle like [6]. He proposed a wave toabsociated with a

moving particle of matter of momentum ‘p’ with a wavejgmi=h/pwhere h is



the Planck constant, in analogy with the case of .lighe light particles, i.e.
photons, are known to propagate with the spee@299792458 m/s). However
de Broglie hypothesis was applicable to matter particlessimg at non-
relativistic speeds too. The hypothesis was later vdritiy a number of
experiments which then became a fundamental fact wirenagiving birth to
guantum mechanics [7-10]. However, the applicability ofdaeBroglie theory
to non-relativistic massive particles is curious.

The origin of this wave-particle duality of matter hasnained elusive and
has, so far, been accepted only as a postulate reprgsanftindamental fact of
nature. In this papewe go a step ahead amedlcidate the origin of this wave-
particle duality of matter. We intend to disclose therascopic mechanism for
the formation of wave character from the particlesnatter. We stress on the
importance of the exchange symmetry among the parte$es necessary
component for forming wave-like character from them. Q@itetive estimations
for the properties of quantum systems are well establistee Schrodinger or
Dirac formalisms. The unknown issues regarding quanturmhamecs mainly
arise from an interpretational point of view and woudnf the subject of this

paper.

2 Reaultsand Discussion

One of the most revealing experiments as far as thetwuaproperties of
matter are concerned is the double slit experiment peedwith electrons [11].
This experiment involves shining a beam of mono-energlatrens upon two

parallel, closely spaced (spacidgs of the order of the de Broglie wavelength of



the electrons) narrow slits and measuring the ele@attern on a detector screen
beyond the double slit. Surprisingly the electron pattexeais interference
fringes characteristic of the wave character foriticglent electrons. The same
experiment when repeated with reduced incident electreadlto an extent that
only a single electron could pass through the apparatugiraeasurprisingly,
reproduces the interference fringes like before, cleaglealing the wave
phenomena to be associated with ‘individual’ electrons.

We, too, in our discussion will begin with the double shfperiment with
electrons. In this case the incident electron begpnagided by an electron gun.
Let us approximate the electron reservoir (infinitelynga&lectrons) inside the
electron gun to represent a gas of classical partidetet us approximate every
incident electron to be a classical particle. Sin@ssital particles have well
defined trajectories, we will associate every electwith a well defined
trajectory for its travel through the double slit appasatew electrons will have
an overlap of the trajectory so there will be aistiatl distribution of the number
of electrons as a function of their trajectoriek.wke shine infinitely many
electrons over the double slit, the predicted statlstiistribution will be
ultimately obtained. Now let us, for illustrative purpptake an example of three
distinct trajectories ‘A’, ‘B’ and ‘C’ (see Fig.1). Leis put an electron into each
of these trajectories. Let us assume that the eleatr'A’ is moving through the
double slit at an instant of time. Now we introduce ergeasymmetry among
the three electrons (and subsequently among all efecof the reservoir) and
evaluate its consequences for the trajectory of thevingoelectron (see
supplementary information section A for a more elatemiscussion). The

introduction of exchange symmetry between the elecwoagpying ‘A’ and ‘B’



will force the moving electron to pass through ‘B’ simnkously with ‘A’ (and
vice versa). Similarly, an exchange with the electron in ‘Clviorce the moving
electron to simultaneously pass through ‘C’ along withaAd so on so forth.
Thus the exchange symmetry among all the infinite elastof the reservoir will
force the electron in ‘A’ (and all other electror®) to simultaneously pass
through the trajectories of all other electrons @& thservoir giving rise to its
(their) presence in an extended region of the spatgi@al behavior expected
from a wave). Since there are infinitely many eleasran the reservoir their
trajectories will form a continuum inside the crosstie® of the incident
electron beam. Thus we see that the effect of tbbange symmetry is to smear
the electron’s probability distribution from a Diradtdefunction (corresponding
to a ‘point’ particle) to a ‘wavefront’ extending evthe surface of the beam
cross-section of the electron gun. For any overlajpagéctories the number of
electrons possessing the exchange symmetry increasestjonugdety, leading
to an increase of the amplitude of the ‘wavefronthat point consistent with the
classical statistical distribution. Thus we apprecittte importance of the
exchange symmetry in compressing the entire informatiorthef classical
statistical distribution for the electron beam inse incident electron such that
the single electron probability distribution in spaceemelles the classical
statistical distributionThus we observe that the exchange symmetry lea@} to
the formation of a ‘wavefront’ of the probability diktution for the electron in
space and (ii) the simultaneous propagation of all thetreins of the reservoir
through the double slit. All of the electrons move throtlghdouble slit at once
but partially such that their integrated probability flequals the incident

electron flux (see supplementary information sectipn A



Thus a well defined trajectory, a hallmark of classibahavior of the
particles, is incompatible with the existence of exchangengetry between
those particles. Instead, as described above, the eldcajectory spreads over
the region of the classical statistical distributfonming a ‘wavefront’ in space
laying the groundwork for the formation of wave naturele€teons. However a
wave has many other attributes like e.g. wavelengtiiseletc. too. It remains a
task to justify these attributes as arising becausbeoéxchange symmetry. The
wavelength of a matter wave is given by the de Brogiien@ila. For justifying
the applicability of the de Broglie formula to matteaves and to elucidate its
origin from the exchange symmetry among particles, afer rthe reader to the
supplementary information section B. The interestasye is related to the phase
of the matter wave. From elementary wave theory well known that a wave
has both +ve and -ve phases corresponding to +ve andisplacements of a
physical quantity about a reference value. The phasteralices among
superposing waves are responsible for generating the ietecéepattern which
is the characteristic of their wave nature. In theeoaf the electron waves in the
double slit experiment, we argue that the origin of daffiéiphases arise from the
passage of the two (‘partial’) electrons either throwgime slit or through
different slits. It is argued that these two differgatssages would contribute
differently towards the interference pattern. The agssof the two electrons
through the same slit would not contribute to the fatence pattern while their
passage through different slits would contribute to tiberference pattern. This
information is encoded (and distinguished) in the phastheofelectron wave.
Without loss of generality we can assume that the gadssough different slits

generates a +ve phase while the passage through thesbgenerates a -ve



phase. Since there are infinitely many electronfienréservoir, for any arbitrary
electron nominally passing through the upper slit, equal numbelectrons
passes through the upper slit and through the lower s$libfalvhich have
exchange symmetry with it. As a result the passageeotkctron (nominally
through the upper slit) would generate a wave of equal ardplifor both the
phases at any arbitrary point ‘P’ on the other side efdibuble slit (in general,
there will be a phase difference between both thesgshaeflecting the path
length difference for the point ‘P’ from both the st Thus we rationalize the
emergence of two different phases in a matter wave $uwwh an argument.
Following the origin of two different phases of a mattave in a double slit
experiment, a natural question arises as to how orlaiegphe existence of two
such phases in a matter wave propagating in free spage Wigge is no such
physical double slit arrangement present. In order to iexgeg we need to take
recourse to the single slit diffraction experimentevdin a mono-energetic
electron beam falls on a single slit and then gefftsadied (see Fig.2). This
diffracted electron beam is collected on a screen &iet the single slit and the
diffraction pattern is observed akin to the one ob=@mwhen we shine photons,
instead of electrons, on the single slit. The themakanalysis of this diffraction
experiment involves dividing the slit widtd)(into two equal halves and treating
them as harboring the continuum of double ‘infiniteslyakide slits arranged
side by side along the slit width. These are not phystis rather they are
‘virtual’ slits (Following Huygen’s principle every pointnathe wavefront acts
like a secondary source of light emitting spherical @gaf2]. Thus every point
along the slit width acts like a point source for tphéesical wavefront. Using

this concept we can hypothetically divide the slit widthoia continuum of



infinitesimally wide sections each of which can ak¢ khe ‘point’ source). Then
the differences in the path lengths arising from thesareant ‘virtual’ double
slits are calculated for any arbitrary point ‘P’ on Hoeeen in order to calculate
the diffraction pattern. Note that the point ‘P’ hasaatribution from an equal
length of the upper slit continuum and the lower slittamum. Thus the wave at
‘P’ will contain both the phases having equal amplitudesept with a phase
difference (corresponding to the path length differefuzepoint ‘P’ from the
upper and lower slit continuum) between both of thene (sepplementary
information section C). The observed diffraction eattis a result of this phase
difference. The free space can then be simulated loygtéike limitd—co. In this
limit we recover the uniform intensity as expected fowae moving in an
isotropic space since the diffraction pattern vanishésisTwe have explained
qualitatively how the different attributes of a waveaacter emerge within
particles when we switch on the exchange symmetry griiam.

Going back to the double slit experiment, an electronimggsbrough the
upper slit would then generate a secondary electron waxretfre ‘point’ source
of the upper slit and an electron passing through the Idiverasild do the same
from the lower slit. These secondary electron wdkeas interfere to generate an
interference pattern marked by a complete destructivdentace from waves of
equal amplitudes with phase differencemfdmong them.

Following the origin of the wave nature of matter asiag due to the
existence of the exchange symmetry, a question awbesher wave theory
could be applied to classical objects in everyday life liat, bus, football etc. To
date, it is generally believed that since all physidajects are made up of

‘quantum’ particles (like e.g. proton, neutrons, eledretc.) the wave theory



which is applicable to these quantum particles is nayuegdplicable even to
such macroscopic objects but since their energy seaesnuch higher than
those for the quantum particles, the quantum effecta@reisible among them.
Philosophical debates about the validity of quantum mechaais occurred in
the past, the famous one being the Schrodinger’s catigpafa?], which were
often used to discredit quantum mechanics (or certairpiations of quantum
mechanics). Our position over this is that a paradoxthieeSchrédinger’s cat
paradox is non-existent since one cannot apply quantum miesha the two
body system of a cat and a radioactive atom trigoeeshere is no exchange
symmetry between both of them. Thus the extrapaighat quantum mechanics
would be naturally applicable to macroscopic objects isnagaur view. In our
opinion quantum mechanics only applies to particles havingaggehsymmetry
among themselves (see supplementary information seBtjorin fact all the
experimental evidences obtained so far concerning thenat®n of quantum
behavior has always been obtained from such partidieshws consistent with
our viewpoint. And even for these cases it applies anbjer certain conditions
where such exchange symmetry is maintained. Thereitaatians where the
exchange symmetry can be suppressed among the so-calleckideanticles via
localization process [13] or via specific experimentahteques used [14]. In

such cases the electron under study would fail to exhibit gorabéhavior.

3 Concluson
In summary, we highlight the origin of the wave theofyarticles within the
realm of quantum mechanics. We argue that the presenzelarge symmetry

among the particles of matter is indispensable fombaifestation of quantum



behavior among them. The origin of their wave charasteationalized through
the presence of exchange symmetry among them. We jddffiéyent attributes
of their wave character through the exchange symmeimgllys we argue that
guantum mechanics is not applicable for everyday magpas@bjects due to
the absence of exchange symmetry among them but insteach ds

applicability only for identical particles which posses<hange symmetry

among themselves.
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Fig.1. Schematic diagram for the double slit experiment with electrons. An
electron gun shoots mono-energetic electrons at the dslitlleidth d)
arrangement. Three electron trajectories ‘A, ‘Btd@’ are shown for
illustration. Trajectory ‘A’ passes through upper sligjeéctory ‘B’ passes
through lower slit and trajectory ‘C’ hits the barrierhetween the double slit.
The screen S records the interference pattern frostretes passing through the

double slits.
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Fig.2. Schematic diagram for the single dlit diffraction experiment with
electrons: An electron gun shoots mono-energetic electrons airigée slit
(width d) arrangement. Three electron trajectories A, B amdeChown for
illustration. The screen S records the diffractiongratfrom electrons passing
through the single slit. The slit is hypothetically disl into two equal parts (for
the diffraction analysis) into the upper slit continuand lower slit continuum
each containing a continuum of ‘virtual’ slits which akelsources for
secondary electron wavefronts. Corresponding ‘virtué$ §om the two
continuums act like a pair of double slits that causrfietence effects at ‘P’
(see the panel at top left. Such continuum pairs of dalibdeare depicted by
different colors). The collective interference dfsaich pairs of ‘virtual’ double

slits give rise to the diffraction pattern on S.
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Supplementary Information

Section (A) Quantum superposition and the physical meaning of the

exchange symmetry

Consider two electrons ‘1" and ‘2’ forming a singlet stdiieen their wave function can be written as
|t)it)2—[L){1)2. This state contains a linear combination of a twaiga term and its particle

exchanged counterpart. Note that in this state each eofeléctrons is int and | spin states

simultaneouslyThus we clearly see that the exchange symmetry among electnawes’fan electron
to be in multiple states simultaneously giving rise to a saséipn of states.

We will try to evaluate the consequences of this supeimogarising from the exchange symmetry)
among the electrons inside the electron gun of the daliblexperiment as described in the main text
of the manuscript.

Discussion [1]

The classical state for the infinite number of sdigal’ electrons (electrons ‘1’, '2’, ‘3, ‘4'...... etc.
passing through the trajectories A, B, C, D...... etc. resygag)i of the electron gun can be represented

by (|A)IB)4C)4D)-........uptoco no. of electron: When we switch on the exchange symmetry between
electrons 1 and 2, the wave function for the infinitenbar of electrons would become:

{(JA)xB)2C)qdD}u........ uptoce no. of electrons-(| )8 ¥ & )D....... upto nof electrong}

In this state electron ‘1’ is passing through the trajgées A and Bat the same timthus extending the
distribution of its probability in space (along both thagectories A and B). If now further we switch
on the exchange symmetry among three electrons ‘1'n@"& then the resultant state would be:

{(JA)xB)2C)4D}u........ uptoce no. of electrons-(| 4 & B D...... upto  nof electron$
—(|C){B)4A)dD})u.......... uptow no. of electronst(| & & B D..... uptoeo no. of electrons
—(B}A)4C)4D)a........... uptoco no. of electronst(| B )& 4 D...... upto  nof electron$}
A A A)
=|(|B)x |B)2 |B)g O(|D)4...... uptoeo no. of electrons
Ch Q2 O3

The resultant state is the tensor product of the Sthtesrminant for the three electrons (‘1’, ‘2" and
‘3") and a state for the remaining ‘classical’ electo®ne can see that in this state electron ‘1’ is
passing through the trajectories A, B andi@ultaneously

{Note: The above treatment, although demonstrated for electrons,espph principle, to any
fermionic system and can easily be extended to bosons too. In fatt diilinterference experiments
have been performed for a number of fermions as well as bosons afetémtee phenomena has been
observed for all of them. If we have a bosonic system then a partichange will not change the sign
of the wavefunction. In that case the resultant state for the aja®eewill become:

(JA)B)4C)dD)a.........uptoco no. of electrons-(| A )& B ... upto  nof. electrong
+(|C)B)3A}4D)a......... uptoco no. of electrons-(| & 4 B ... uptoco no. of electrons
+(|B)JA)4C)4D)a......... uptoeo no. of electrons-(| B & A D...... upto  nof. electrong
}

Thus we see that by introducing the exchange symmetry@aibthe electrons of the electron gun we
make electron ‘1’ pass through the trajectories of @ldlectronsimultaneouslySince the choice of
the electron is arbitrary therefore the conclusioresvd for electron ‘1’ holds, in general, for every
other electron also; that means every electron pélis through the trajectories of all the electrons

S1



simultaneously. Now if we assume electron ‘1’ to be mowhrgugh the double slit at a particular
instant of time then it is ‘forced’ to move through th&ectories of all the electrons simultaneously
thus creating a ‘wavefront’ in space. This wavefrontma$eover the crosssectional area of the incident
electron beam. Since there are infinite number oftedas in the electron gun the crossectional
distribution of their trajectories within the incidegiectron beam would form a continuum. Therefore
this ‘wavefront’ is continuous across the crossseatiamea of the incident electron beam. Thus we
argue how a wavefront arises out of the gas of movirfmif) classical particles upon introducing the
exchange symmetry among them. At this stage the follopiictgre emerges: We have the distribution
of probability for every constituent electron (eleatrd’ as well as other electrons) into each of the
trajectories A, B, C, D etc. For moving electronsg(eslectron ‘1’ in above case) the resulting
wavefront is easy to imagine and is moving in spaceti@nthe motion of the electron. For remaining
electrons at rest (for whom the probability is distted, too, among all the trajectories due to the
exchange symmetry alike electron ‘1) the ‘wavefrorvaefront’ here implies distribution of the
electron across different trajectories) is hard tagime since they are at rest but nevertheless itsexist
Thus we argue how every constituent electron (movingedlsag at rest) will form a ‘wavefront’ in
space.

Discussion [2]

Furthermore, there is yet another aspect for theecprences of this exchange symmetry which needs
to be highlighted as well.

Let us denote the different wavefronts by, WW,, Ws, W,,.... etc. These wavefronts can be thought of
as different states available for the occupation dediht electrons i.e. electron ‘1’, electron ‘2,
electron ‘3, electron ‘4',...... etc. Let us assume, Wi, W, W,,.... etc. to be occupied by electron
‘1", electron ‘2’, electron ‘3’, electron ‘4',...... etcespectively. Then the many electron state for such

system can be written &$Wi)JW,)3qW;)dW,)a........uptoeo no. of electron:, Since we have assumed
electron ‘1’ to be moving while the others are at thstefore W will denote a moving wavefront
while W,, W3, W,,.... etc. will denote wavefronts which are at rest. Witegre is an exchange
symmetry between electron ‘1’ and ‘2’ then the mategtron state can be written as

{((W 1 W,)dW)dW ) 4........uptoco no. of electrons-(| Y| W Y Waoooo upto  nof electrong}

In this state electron ‘1’ occupies the wavefronts(Woving) and W (at rest)at the same timeThus
we see that a part of electron ‘1’ is at rest and d¢ingaining part is in motion simultaneously. Also we
observe that the moving wavefront, W& simultaneously occupied by electrons ‘1’ and ‘2’ thusrbjea
showing that both the electrons are in a simultane@is sf motion. Thus the exchange symmetry
between both the electrons gives rise to their simettas motion through the double slit. Similarly
exchange symmetry between electrons ‘1’, ‘2" and ‘3’ gives to the many electron state as

{(WHW,) AW W ) a........... uptoco no. of electrons-(| W W W4 Wa....... upto  nof electron$
(W)W, )W )W ) a......... uptoco no. of electronst(| W W YEW,)a........ uptow no. of electrons
— (W, W) AW dW ) a.......... uptoco no. of electronst(| Y Y W Wi upto  naf electron$}

Wikt Wp2 Wy
=W, 1 W)z [W,)e O (|W,)a........ uptow no. of electrons

|W3>1 |W3>2 |W3>
The resultant state is the tensor product of the Sthtesrminant for the three electrons (‘1’, ‘2" and
‘3") and a state for the remaining electrons. One @mntkat in this state electron ‘1’ occupies the
wavefronts W (moving), W (at rest) and \WW/(at rest)simultaneouslyHere too the moving wavefront

W, is occupied by all the three electrons (‘1’, ‘2" and ‘3'’nhdéng the simultaneous motion of all the
three electrons.

Thus we see that the exchange symmetry forces eledfrém be in motion and at rest at the same
time. Since the choice of the electron is arbittheyabove conclusion holds in general for every other
electron too. Thus we conclude that every electram tise simultaneous state of motion and rest which
runs into contradiction with our initial assumption abdbie motion of electron ‘1’ (and
correspondingly about the motion of the remaining electrmn)s Thus we see that the assumption that
only a particular electron moves through the doubleaslény time is incompatible with the existence
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of the exchange symmetry among the electrons. In fattave already shown above that the exchange
symmetry leads to the simultaneous motion of the exred electrons. When we switch on the
exchange symmetry among all the electrons then thds lem the simultaneous motion of all the
electrons. The electrons move in such a way that ithteigrated probability flux matches the value set
for the flux of the incident electron beam. This can happdy when all those electrons are moving
partially. Thus we see that the introduction of the exchange symraetgng electrons (of the
experimental apparatus) has two major consequences; (fatienef an extended spatial distribution
of the electron - wavefront formation (concluded frbiscussion [1) and (ii) thesimultaneousnotion

of every constituent electron through the experimental appapartially at any instant of time
(concluded fronDiscussion [2).

The exchange symmetry of the wave functiomas just a mathematical constraint required by the
theory (quantum field theory etc.) but on a physical level it causésthetparticles to swap their
states throughout their journey through an experiment/measurefbist has not been mentioned
explicitly in the previous literature hence it requieeslarification. This fact is very counterintuitive
since we usually assume that any single electron wouldygpéss through the experimental apparatus
contributing to the measurement but on the contraiyiit constant state of a swap between the two
states. A consequence of this exchange is that at aaptio$ time all the electrons asenultaneously
but partially passing through the experimental apparatus such that ¢#yeateid electron flux matches
the value set forth for the incident electron flux witkthe instrument. Thus the quantum behavior is
completely manifested within such an experiment/measurensamte all electrons remain
‘indistinguishable’ (‘indistinguishable’ because the meament is not specifically contributed by few
electrons more than others. No electron is prefesved others during the measurement. In fact, all the
electrons contribute equally to the measurement agahee time. Note that indistinguishability among
particles is a NECESSARY criterion for qguantum mechandic be applicable for them.) during the
course of the experiment/measurement. Exceptions tathisbtained when the exchange symmetry
of the electron under study is suppressed, either due tldbiron state being localized owing to the
electrostatic crystal lattice potential/electronretations (ref. arXiv:1409.7156 or viXra:1511.0040)
which does not allow its exchange symmetry with théiteacconduction electrons to fully develop or
by specifically ‘looking’ at a single electron within anpeximent via measuring its single particle
property (which naturally ‘forces’ all other electrotts stay out from the experiment/measurement)
(ref. J. Phys.: Cond. Matte?5, 382205 (2013)). Under such situations the ‘distinguished’ reltect
under study would not display quantum behavior.

Section (B) Justifying de Broglie’s hypothesis to matter waves

Louis de Broglie’s hypothesis claimed the same equatidie tvalid for calculating the wavelength of
matter waves as it is for the wave length of the phbtarh=h/pwhere h is the Planck’s constant and

p is the momentum of the photon. In de Broglie’'s hypathedecomes the relativistic momentum of a
massive particle. This hypothesis has now become amimgueally validated fact. But the basic issue

remains as how to justify the de Broglie hypothesisatter waves even if the particles are moving at
non-relativistic speeds. We present our viewpoint dgeexplanation.

We argue that the exchange symmetry among massive gagieleg rise to the wave nature of the
particles, originates from the exchange of mediating pestiamong the massive particles. These
mediating particles propagate at the speed of tidhrespective of the speed of motion of the massive
particles and carry a momentum p with them which isstime as the momentum of the massive
particles. The existence of these exchange mediating parigctrucial for forming the wave character
out of these massive particles; as a result all thibatis corresponding to their wave character arise
from these exchange mediating particles. Since the exchaedjating particles propagate @{just

like photons) the expression for the wavelength of giis equally valid for them. Therefore the de
Broglie’s formula for the wavelength of matter wavemaes the same as for the wavelength of
photons even in case of the non-relativistic motionth&f massive particles. We propose a new
interpretation for the de Broglie formula in case ofsige particles:

A=h/p, where h is the Planck’s constant and p is relaiivisibmentum of the exchange mediating
particle.
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An immediate consequence of this idea is that the excheymgmetry induced correlations are not
instantaneously propagating in space but travel with thedspé light c. But for most practical
purposes when the distances involved are very small (ggat distances within a laboratory
experimental setup ~ few meters) the exchange symmetugeddcorrelations can lassumedo be
practically instantaneous.

Section (C) Rationalizing the amplitude/phase content of a matter wave

The results of the single slit diffraction experimenttvélectrons that we present in our manuscript can
be easily analyzed within the Fraunhofer’s diffractibeory assuming a simplified picture of a plane,
monochromatic wavefront of electrons falling on a sirglieof width d and the diffracted intensity
falling on a screen S kept at a distance ‘D’ much latggnd.

We divide the wavefront passing through the slit into tguead halves. The upper half represents upper
slit continuum and the lower half represents the lowigrcshtinuum. These sections of the incident
wavefront will independently superpose and produce a reswitargfront at any arbitrary point ‘P’ on
the screen. Our goal is to find out and compare the aardpliand phase of the two superposed
wavefronts at ‘P’.

Note that in the Fraunhofer's theory of diffraction ef(r http://hyperphysics.phy-
astr.gsu.edu/hbase/phyopt/sinint.html¢fdBe total phase angl® (phase difference between the
secondary waves emanating from the top and bottom dflithend arriving at ‘P’ at same time) is
related to the deviation angl(angle subtended by point ‘P’ at the slit) from the @pixis and is
given by

5:M ; A — de Broglie wavelength of the electron wave
I8

When treating upper and lower slit continuum separatetpée slit width isl/2) the total phase angle
for upper and lower slit continuum will be

_ 2rnd sind _ ndsind
2. A

&

This angle is the same for both of them sificeemains practically unchanged for both of them
following our assumption of D>g-within the Fraunhofer’s diffraction theory.

If Ay is the amplitude of the incident electron wavefromintithe resultant amplitude from the upper
(Auppe) @nd lower (Awer) slit continuum (formed by a vector summation of indixal amplitude
elements in them) at ‘P’ would be given by;

Auppef:zﬁsin§ = Awe=A» Which is same for upper and lower slit continuum.
5 2

However there is a phase difference between both #mepbtudes as a result of the vector summation.
This phase difference is equaldoFollowing the law for summation of vectors, the atuple of the
summed vector §nis related to the resultant amplitudes from the individleinents (i.e. fyperand
AIower) as;

Asum™=Aupper +Aiower - 2Aupper Alower. COSIE8) =A%+A%-2A A, oS E-5)=2A%(1+cosD)
Now for destructive interference we havg,#0. This can happen when A=0 or when (1-&08.
The latter happens whéapriwhen p is odd integer. After plugging in the expression ftneAformer
can written as;

_ Ao . 6 _ . 6 _ _ h i i t et
A—ngma =0= smE = 0= =2, Where n is any integerQ).

(Note that A#0 since we have a finite incident wavefront).

S4



Combining both these results we get the following conditior destructive interference;
o=mrt, where m is any integetQ).

Therefore,g;mzmjdsinezm which is well known criterion for the destructiveeérference
I8

in a diffraction experiment performed on a single slivafth d within Fraunhofer’s diffraction theory.

When simulating the free space within Fraunhofer'smhéabis possible to increase the slit width to a
finite value much larger thakh and also to keep the distance D much larger thanorder to still
remain within the Fraunhofer limit. We can see that tptalely we still maintain the theoretical
results as we had derived for a case witeveas comparable td except that the diffraction pattern
shrinks progressively with such an increase @implying a reduction of obstacles in the path of the
electron waves). So to a certain accuracy we areq@hlitatively verify the consequences of electron
waves moving in free space within Fraunhofer’s theorghénlimit d—c« we fully recover the uniform
intensity in space expected for a wave moving in an isotsgace however the Fraunhofer’s theory
cannot be applied in this limit. For a more general itneat Fresnel's theory of diffraction may be
applied.

From an incident wavefront arising due to the motion @fssive particles we have, therefore,

rationalized the existence of two different phasethefmatter waves having equal amplitudes (with a
phase difference) at any arbitrary point ‘P’ in spagigh{n Fraunhofer’s limit). The phase difference

varies across the space and is responsible for theageneof interference effects within the matter

waves giving rise to the diffraction pattern. We are thuscessful in justifying the wave character

arising out of a beam of classical particles upon introducioljage symmetry among them. Thus we
elucidate, qualitatively, the origin of the wave ch&gaof matter.

Section (D) Origin of the quantum behavior of a single electron

Even for a single electron eigenvalue problem, sagfample hydrogen atom problem solved using
the Schrédinger’s equation, we do find that the single electfisplays quantum behavior i.e.
possessing a spatially extended wavefunction, energy quéttizetic. even though we do not
‘apparently’ have any so-called ‘electron reservoir’hwithom it would be subjected to particle
exchanges analogous to that mentioned in the case of dslitbliaterference experiments with
electrons. This might raise a lot of doubt about hosvwave behavior emerges for the single electron
in the absence of any exchanges with other electfbmsanswer this we argue that the vacuum
surrounding the said electron is constantly under the mfief fluctuations in energy leading to the
formation of short lived ‘virtual’ electron-positronipadue to Heisenberg’s uncertainty principle. This
fluctuation of the vacuum and its effect under the aatibthe electric field of the electron is a well
established fact and is known to give rise to vacuum igalion  (ref.
https://en.wikipedia.org/wiki/Vacuum_polarizatjorThe ‘virtual’ electrons thus generated due to these
fluctuations form the ‘electron reservoir’ and partitgp@n exchanges with the said electron for the
sake of producing the wave (or quantum) behavior of theretect

However the probability of the exchange is not unifornspace but rather depends upon the strength
of the electric field in the vicinity of the said elest. More the strength of the electric field mord wi
be the probability of the particle exchange to takeeplétence the probability for a particle exchange
is more at distances close to the said electron \ithilanishes far away from it effectively going to
zero at infinity where the electric field from thaid electron vanishes {Note: This is an exchange
between a ‘real’ and a ‘virtual’ electron and not kesgw two ‘real’ electrons.}. We see a similar profile
being ‘imprinted’ in the profile of the wavefunction tinat the wavefunction vanishes at infinity. This
is because as the Coulomb interaction dies down far away the said electron, the probability of
exchanges with such ‘virtual’ electrons die down propaoetiely giving rise to reduced amplitude of
the wavefunction at higher distances. Additionally, threddional dependence of the spatial profile of
the wavefunction for states with angular momentl#Q) is possibly due to the oriented motion of the
electron around the nucleus giving rise enhanced/reducediclitetd along specific directions in
space causing enhanced/reduced particle exchanges in thoseorthretiereby giving rise to
increased/decreased amplitude of the wavefunctions ire tdogctions. Thus in short we have
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attempted to rationalize our idea that particle exchangesgrotg between the said electron with the
‘virtual’ electrons arisen from the vaccuum fluctuatiagive rise to the formation of the wave/quantum
behavior exhibited by a single electron.

Similarly the time evolution of a narrow wave packeh d# explained using this picture. A well
known result from quantum mechanics is regarding the twoluton of the narrow wave packet.
When the wave packet (denoting a ‘real’ electron) met=0 is allowed to evolve with time it is
known that the wave packet spreads with time. This sprgad due to the increased particle
exchanges happening between the ‘real’ electron and Vigieatrons with timet(> 0). Specifically,
when the wave packet is narrow {a0) then the particle exchanges do not happen. With increasing
time the number of virtual electrons across the epecticipating in the exchange increases too. This
starts from the location of the ‘real’ electron wia particle exchanges of itself with the ‘virtual’
electrons lying close to it take place initially. Thdteathe ‘virtual’ electrons lying at higher distasc
from the ‘real’ electron start participating in the leange progressively. Such a temporal spread of the
particle exchanges from the real electron is replicatatie evolution of the wavefunction of the real
electron leading to the ‘spreading’ of the wave packet.
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