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Abstract

Pure quantum phenomena are characterized by intrinsicregmes in space and time. We use
such an intrinsic periodicity as a quantization conditiordérive the essential phenomenology
of superconductivity. The resulting description is basedumdamental quantum dynamics and
geometrical considerations, rather than on microscopttatacteristics of the superconducting
materials. This allows for the interpretation of the reteg@uge symmetry breaking by means of
the competition between quantum recurrence and thermséndie also test the validity of this
approach to describe the case of carbon nanotubes.
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Introduction

In this paper we derive fundamental aspects of SuperConitydSC) in terms of sim-
ple considerations about the intrinsic recurrence of quargystems (also known in condensed
matter as “complete” or “macroscopic” coherence). It is arpical fact that pure quantum
phenomena (such as relativistic isolated elementarygbestin which the quantum recurrence
is associated to the so-called de Broglie or Compton inteloak) are characterized by recur-
rences in time and space. A description of elementary pest&s “periodic phenomena” was
originally suggested by de BroinE| [1]. For instance, tiniglies that every particle can be re-
garded as a reference clock whose rest ticks, of ComptordimagionT,, are determined by the
particle’s massn = h/T.c2, as indirectly confirmed by recent experimehtd [2, 3]. Heeewill
mainly consider the temporal component of the recurrersiegparticularly convenient for the
description of macroscopic quantum phenomena.

In recent publicationﬂza 5 6] we have proven that fundaadeaspects of Quantum Me-
chanics (QM) can be obtained semi-classically by imposggomstraint the natural recurrences
of the elementary particles prescribed by undulatory meicisgwave-particle duality). By im-
posing intrinsic periodicity as a constrain by means of ¢ Boundary Conditions (PBCs) the
particle turns out to be as a “particle in a box” or a vibratgtgng: the harmonics associated
to these recurrences can be regarded as the quantum extafithe system. The ideas can
be regarded as a relativistic generalization of the Bohm@erfeld quantization or of Bloch’s
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theorem. In Bohr's semi-classically description, the atoorbitals are given by the possible
vibrational modes with integer number of the of modulatedcsptime quantum recurrences
(closed orbits) of the electron wave-function associateal Coulomb potential, combined with
the spherical harmonics associated to the spherical peilt'y)ﬂﬂ] — directly observed in a re-
cent experimenﬂS]. In this paper we will simply apply thisastization prescription to study
SC; considerations about the novelty, consistency andcaility of this approach go beyond
the scope of this paper and are described in detail in thegindal paperﬂﬁ% 5.22]. Similarly,
we will see that the constraint of coherent intrinsic peicay for the Electric Charge Carri-
ers (ECCs) in a conductor ring can be used to derive the nrildhgt quantum aspects of SC.
Phenomenological manifestation of the quantum recureimc8C are described for instance in
[IQ, ,]. Intuitively, as in Bohr's atom, closed orbitstbe wave-function along the circuit
implicitly means stability of the corresponding electrigrient. In particular, we will describe
the collective wave-function of the ECCs as a sum of the standaves i.e. harmonic modes)
satisfying the PBCs allowed by the symmetry of the system.aAlrect consequence of this
constraint of intrinsic periodicity for gauge invariant tiea fields, the corresponding Goldstone
field, being a phase of a “periodic phenomenon”, can only bargliscrete amounts during these
electron closed orbits along the superconductor. Hencentilgmetic flux turns out to be quan-
tized and the current cannot decay smoothly, as also argoedore general geometrodynam-
ical considerations irﬂG]. This will allows us to obtain thendamental aspects of Weinberg’s
description of SC and thus to describe the exclusion of thgneiic field and the alternating cur-
rents at a junction of two superconductdrs, the Meissner and Josephsditeets, in terms of
intrinsic periodicity of the ECC wave-function in the supenductors. As known from Bloch’s
theorem, the intrinsic periodicity of the lattice (and oétrelated electronic orbitals) also de-
termines the energy bands of the materials. The fundamenéagy scale is fixed through the
Planck constant by the inverse of the temporal period ofrttrsic recurrence. Thetect of an
external magnetic flux is to twist the PBCs, obtaining the ldhav-Bohm &ect and the band
gap opening.

Carbon Nanotubes (CNs) (as well as graphene bi-layers atallimstripes) turn out to be
particularly fortunate physical systems to illustrate é&mtest the validity of our description. In
fact, the quantum recurrence in CNs is directly relatedécctirled up dimension of the graphene
lattice. In particular, starting from the massless disiparselation of the Dirac cones in pure 2D
graphene layers, the residual temporal periodicity albegtrled up dimension for ECCs at rest
with respect to the axial direction determines the Compitoe bf the system and generates the
ECCs dfective mass.

The approach discussed and adopted in this paper is wellideddy Weinberg’s words
[@]: “A superconductor is simply a material in which ElectroMagic (EM) gauge is sponta-
neously broken. [...]. Detailed dynamical theories aredeto explain why and what tempera-
ture this symmetry breaking occurs, but they are not neealdditive the most striking aspects of
SC: exclusion of magnetic fields, flux quantization, zeristiggy, and alternating currents at a
gap between superconductors held gfatent voltage. As we shall see here, these consequences
of broken gauge invariance can be worked out [...] solelylomasis of general properties of
Goldstone mode”We will conclude the paper by proposing a possible integpien of the EM
gauge symmetry breaking in SC in terms of intrinsic recuree\s suggested by Weinberg, the
discrete values of the Goldstone field denotes a breakingeoEM gauge symmetry — typi-
cally fromUgyw(1) to Z,. This can happen only at aféigiently low temperature. In fact the
guantum recurrenceég. a “complete coherence” of the periodicity of the ECC waveetion,
is effectively destroyed by the thermal noise, so that the gaugeiance is restored. Thus, to
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have correlation and in turn symmetry breaking, the dunatibthe quantum recurrence must
be shorter than the characteristic thermal scales. In adygif SC in terms of intrinsic recur-
rence, this describes the essential feature of the trandigtween the coherent state (quantum
recurrence) and the normal state (uncorrelated waveitms)t

Itis interesting to note that the description of the quanbahaviour of intrinsically periodic
phenomena [4] 5| 6] used in this paper is similar to that obiofis model of continuous periodic
Cogwheels ﬂ4]. Similarly CNs represents a realisatiodiscrete periodic Cogwheels (i.e.
a "particle moving very fast of a circle" which is dual to "thgantum harmonic oscillator") in
which the number of Cellular Automata cites is the numberasbon atoms in a CN diameter.
Indeed the Elementary Cycles theory proposedlinl[4, 5, 6} igffactive description of 't Hooft
model. Thus the description of the quantum behaviour of Siemonductivity and graphene
physics proposed in this paper can be extended to 't Hooftedd particular our results is
a successful test of these foundational aspects of quantechanics. Due to the periodicity
in time of the quantum recurrence, our approach shares atmamental analogies with the
description of SC based on time crystals and related phemology BEB]

The study of SC is also of interest because it is at the origithe Higgs mechanism
,, | 20] and thus of the generation of particles’ mad® analogies between the CNs
physics and eXtra Dimensional (XD) physics, pointed oUifj pnd which has an intuitive inter-
pretation in terms of “virtual XD”|L_2l2], provide interestjcorrespondences between the gauge
symmetry breaking of SC and that of the most investigateenskbns of the Higgs mechanism
(composite-Higgs, gauge-Higgs unification, Technicodord related modelsﬂ?zgﬂzmﬂ 26].
Similarly to the Scherk-Schwartz mechanisml [27] and Hasd2€] the symmetry breaking can
be interpreted as induced by the BCs, which in our case ertbedsuantum recurrence.

1. Quantum recurrence

As described in recent papets [4,[5, 6], and in analogy withcBb theorem, our ansatz
to investigate the quantum phenomenon of SC is to assumé¢hind&CCs,i.e. the electrons
responsible of conductivity in ordinary materials, arereleterized by collective intrinsic tem-
poral recurrences. For simplicity we consider the case afglesgeneric temporal recurrence
T(py) determined by the microscopic (crystalline) propertiethe material — more periodic-
ities at diferent scales should be considered for more specific phermaggeal descriptions.
For instance, this fixes the shape of energy bands, as welsdlsae for CNs. It depends on the
momenturmp, = h/4, of the ECCs in the direction of the curreng. by the spatial recurrenci
along the axial direction of the conductor. Both the spatiad temporal periodicities are deriv-
able from the proper time periodicity (Compton timE) = T(0) of the ECCs in the material,
typically representing the extremal limit of the temporaturrence. For simplicity’s sake we
start by only considering the temporal recurrence as trssfigcient to characterize the novelty
of the approach presented here, but analogous conclussansecachieved in terms of spatial
recurrence through the equations of motion. Our descripidherefore analogous to 't Hooft
continuous periodic Cogwheel model.

Thus we assume that a generic collective wave-functioneB@Cs in the superconducting
material satisfies the following PBCs

Y%, 1) = g(x, t+ T(py))- (1)

Beside this we can assume, for instance, discrete symmiedrieh as a symmetry for inversion
t+T/2 & —t+ T/2,in analogy a vibrating string of lengthin which the possible vibrational
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wave-numbers ark, = nk = n/2L. This means that the periodicity of the phasesrather
than 2rn and it can be represented by a OrbifSfg Z». In this case, upon EM gauge invariance
UEM(l) of the ECC

W (X, 1) = U, y(x, 1), whereU(x,t) = e '7cf®0 | (2)

the intrinsic recurrence implies that the phase of the ganagesformation has an induced peri-
odicity and is defined modulo factors:

C%H(x, t) = C—'“;e(x,t £ T()) + An. 3)

As a consequence of this recurrence the Goldstone field ajahge transformation can vary
only by finite amounts

AB(X,t) = ¢—20 , Wheregpy = h_ec. 4)
This shows that the discrete variations of the Goldstond fi€MWeinberg’s description of SC
[12] has indeed a simple physical justification in terms efiftsic periodicity.

1.1. Flux quantization

By following the line of mZ], in a superconductor with theagie of a torus we can draw a
contourX on which the EM field is a pure gauge

Au(X, 1) = 9,6(x, ). (5)
According to our ansatf{4), for closed orbits of the waveetion, 6(x,t) can only vary by
discrete amounts running along the contbuin this way we find that the Stokes theorem gives
a quantization of the magnetic flux through the afgdimited by X,

.dS= dx = dx=ne
L 2B(x,t) as= 2A(x,t) dx Séva(x,t) dx=n > (6)

We obtain therefore that the magnetic flux in a supercondgcetng is quantized, and the
guantum unit ishc/2e, as well known in SC. Since the magnetic flux is quantized elbetric
current cannot smoothly decay while flowing around the toand there is not electric resistance.
This peculiar behavior is indeed characteristic of SC. Thimanifestly a quantumfiect since
it disappears in the classical limit — 0. Such a quantization of the magnetic flux has been
obtained without any further quantization prescriptioarthintrinsic periodicity|I|4|:|5[|6]. The
numbem of nodes of the wave function determines the number of wstibat can be generated
by the supercurrent.

As noted in [L_llZ], the behavior of the Goldstone fiéld, t) suggests the link between our
description of SC and the conventional Ginzburg-Landamtdation. In fact, the quantization of
6(x, t) means that the Goldstone field transforms as the phase oitensate of a fermionic pair
0perator<eaﬁ(//"wﬂ> of charge-2e, according to[(#). That s, it plays the role of the usual Gamop
pair of the BCS microscopic theory of SC. As we will discussodh sec[(B), at dficiently low
temperature such a quantization of the Goldstone field rdadJg\(1) gauge invariance to
2.

We can more generally assume a symmetry by rotations of de ang, wherea € R. This
corresponds to twist the PBCs

Y(x. 1) = eiz””t/;(x,t +T(Py) - (7)



In this case, assuming periodicBy (we are now considering a phase periodicitys 2nd not
rnas inS'/Z,), the resulting quantization of the magnetic flux is

fs B(x,t)-dS=(n+ a) ¢o . (8)

This case will correspond to a band gap opening. The quahtiegnetic flux is shifted and the
guantized levels of the Goldstone field has a non vanishiogrgt value

6(x,t) = ado. 9)

The PBCs in[{lL) corresponds to = 0 whereas for anti-PBCs (reflecting the spin-statistic of
fermionic particles) we have = % We assuma € N, that is a fixed direction of the current
and thus of the magnetic field. & = 0 we can neglect the mode= 0 as it corresponds to the
configuration with zero magnetic flux in the superconduaocording to[(B). In fact, once that
an external magnetic field has induced a currant (), it cannot decay to the mode with= 0
for symmetry reasofls

As we will see, the description of the magnetic flux quantiratan also be directly tested
in CNs.

1.2. Meissner and Josephsaofeet

As can be seen by assuming the temporal gauge, the energyivaracgnfiguration of the
EM field is described by the time derivative term in the EM Laaggian,Sem. Under a gauge
transformation this energy term transforms as

AOA 5 — AOA - 3606 . (10)

Now we must consider that along the cont@unf the superconductor, the EM field is pure
gaugel(b). Beside the quantization of the magnetic flux, we ttzat the energy of the periodic
EM field has a local minimum deep inside a large supercondactbthe magnetic field vanishes
(B = 0), such thaF,,(di0)lz = 0. The consequence ¢f{10) is that, inside the superconducto
the energy cost to expel the magnetic field is small with resigethe energy of a configuration
where the magnetic field is inside the superconductor. Tsha{ﬂ], close to the local energy
minimum [3), the EM Lagrangian can be expanded as

62£EM[A/1 - 6/19]
Za(Aﬂ - 6/19)2

The leading term of this expansion is zero in the pure gaugégwration onx. The codficient
of the quadratic term can be written as a function of the lengtTherefore, in the static case

Lev[A, —0,0] ~ Lem[0] + (A, - 9,0)°. (11)

LewA - 0,6) ~ 25(A— 3,67 (12

1The semiclassical quantization of the magnetic flux indumethe PBCs is similar to the quantization of the angular
momentum in a cylindric Schrédinger problem. The quantumlinern can also be regarded as describing the quantized
angular momentum of the current. Thus, for momentum coasien; once that a current is created 1 it cannot decay
to the staten = 0. A similar efect can be observed in superfluidity of a toroidal Bose-Einstondensate where the case
with zero angular momentum is only possible by introducirgptential barrier that breaks the rotational invariance of
the superflowl[29].
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whereV is the volume of the superconductor. The so-called penetréngthA describes the
region of the superconductor over which the magnetic fieldois zero and is a characteristic
of the superconducting material. As we will séejs related to the mass of the photon in the
supercundoctor.

To describe the Josephsofieet we consider a junction between two superconductors sep-
arated by a thin isolating barrier. By gauge invariance tagrangian at the junction can only
depend on the phasefidirence of the two Goldstone fields = F(Af). Since the Goldstone
fields is periodic and can vary only by staps/2, ¥ is a periodic function as well. In the Orb-
ifold St/ Z, we haveF (Ad) = F (A6 + n%). Itis known that this is sfiicient to explain both the
DC andAC Josephsonféects [12]. At zero voltage éfierence across the two superconductors
continuous current flows, depending on the phafierdince between the two Goldstone fields.
If a constant voltage ffierenceAV is maintained between the two superconductors, it implies
that an alternate current flows with fundamental frequefigy, = = = 21 |n this way
both the Meissner and Josephsdirets have been inferred in terms of the quantum recurrence.

1.3. Energy bands structure

For a relativistic description we must consider that theiresnce is in general characterized
by a spacetime periodicity* = {T, 1/c} associated, through the Planck constant, to the four
momentump, = {E/c,—p} of the ECCs, according to the relatigncT* = &, see [4] for a
review. Thus, by considering both the temporal and spagiabyicities, the relativistic PBCs for
the ECCs are

Y(X) = g(X' + cTH). (13)

The dfective mass of the ECCs is determined by the proper time d¢lieiiy, also known as the
Compton timeT, = T(0) = h/mc. The gauge connection between two spacetime points is

W(x+ X) = €8 5 Ay (0, (14)

so that, in a Orbifol&'/ Z,, the PBCS[(13) leads to the Dirac quantization conditiomfagnetic
monopoles

SEAﬂd)é’ -n?. (15)
) 2

The spatial component of this relation yields the quantiredjnetic flux[(B), whereas the
temporal component describes the Joseph#@ttealready discussed in dec{1.2). In fact, we
can now consider the temporal componenfof (15) togethértivé pure gauge conditionl (5) for
Ao(X) in the junction region (in this case the boundaries arergiyethe walls of the isolating bar-
rier). Through Stokes’ theorem, for a Orbifdid/ Z, and considering that a voltagefigirence
AV can be written ag;6(x) = —AV, a stationary ECC wave-function between the two super-
conductors of the junction is such thBinct AV/C = ¢o/2. Thus we find again the fundamental
frequencyfijunce = 1/Tjunct Of the Josephsontlect. From[(Ib) we finally see that an external
magnetic field of fluxy’ ¢o leads to a shift of the quantized magnetic flgxa’)¢o as prescribed
by the Aharonov-Bohmféect. The &ect of the external magnetic field is therefore equivalent
to a twist of an angle2’ on the PBCs, similarly td{7). The reason is that gauge iot&nas
can be in general described as modulations of spacetimedpcities, as proven in [6] in terms
of spacetime geometrodynamics. Such periodic variatibttseomagnetic flux associated to the
intrinsic periodicity of the ECCs lead to correspondingatons of the critical temperature, i.e.
to the Little-Parks ffect.
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The constraint of periodicity implies that the ECCs wavaéiion is the superposition of all
the possible harmonics allowed by the PBCs as for a vibratogged string, for the energy bands
of Bloch’s theorem or for the orbitals in Bohr’s atom. In tlenéinuum, assuming a symmesy,
by discrete Fourier transform, the intrinsic time peridtyid (p,) implies the harmonic quantized
energy spectruif

En(p) = nE(py) = n (16)

_h
T(p)
The modulation of the temporal recurrenit,) for ECCs moving withp, along the supercon-
ductors describes the energy bands structure of the nlatett@e continuous lattice limit. In
particular, this case corresponds to metallic materials.

The case of semiconducting materials is given by twisteG$& that the energy spectrum is
shifted by a factowE. In fact the quantization condition is exgEn(py)T(py)/A] = exp[-i2r(n+
a)]. Thus the resulting energy spectrum associated to thpdemhrecurrence for the ECCs in
their motion along the superconductors has a band gap apenin

h _
E =(n+a)——=(M+a)E i 17
n(Py) (o) (P1) a7)
From [I5) we see that thefect of an external magnetic field of flyx= a’¢¢ is a further
shift of the energy bands, similarly to twisted PBCs. The biorad dfect of an external magnetic
field and twisted PBC$17), is a double energy spectrum shift

_ — _ h
Ei(p)=(n+a+)E(p)=Mn+a+a)=——. (18)
e : T(py)
This modification of the energy bands associated to an eadtenagnetic field and the re-
sulting modification of the density of states directljegts the properties of the superconducting
state. We will study this behavior in the specific case of CNs.

1.4. Coherent state to normal state transition

The remaining crucial element to have a consistent degmmijptf SC in terms of intrinsic
periodicity is the transition between coherent state anthabstate, as well as the role of the
temperature. As well-known, for temperatufEssuch that the thermal energy is less than the
typical band gap, the material exhibits zero resistivitypitally, the lower value of band gap
scale is fixed by the inverse of the proper time periodiTity= T(0) (representing the extremal
value of the time recurrence) whereas the thermal energyed fiy the inverse of the Euclidean
time periodicitys = h/kg7", wherekg di the Boltzmann consta 0]. Thus we have that the su-
perconducting phase appears when the characteristic Gartipte T, is smaller that the thermal
periodicity of duratiorB (Euclidean time periodicity). In fact the quantum peridtjiclescribes
a pure quantum “coherence” of the wave-function, whereashtermal duratiop describes the
dissipation associated to the thermal noise. That is, thveséypes of temporal periodicities are

2By considering the relativistic modulation of time pericitif (relativistic Doppler &ect) associated to boosts of
an elementary particle, the resulting dispersion relatbrihe energy spectrum iEn(p) = nE(p) = nh/T(p) =
n+/m2c* + p2c2. The energy bands of a material are the analogous of the waetvels of the energy spectrum of
a second quantized field. The vacuum enatgy2T (p) corresponds to half twist,e. anti-PBCs. Interaction between
the ECCs and the atom in the lattice can result in deformstidrthis perfectly harmonic band structure.
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in competition: the Minkowskian periodicity appears in alqghase of the type exp[E(0)T,/A]
characterizing the recurrence of a pure quantum systenni¢gtie phenomenon”) whereas the
Euclidean periodicity appears in an imaginary phase ekgf 3/#] describing a dissipation as-
sociated to chaotic interactiOIEtSl]e(. classical or thermal limit). Thus we can also say that if
the thermal noise is too bi,/8 > 1, the collective “coherence” of the quantum periodicity of
the ECCs wave-functiof(1) is destroyed by the thermal naigewe have ordinary current. On
the other hand, if the quantum recurrence @isiently shorfT. /8 <« 1, the thermal noise cannot
destroy the pure “coherence” characterizing the quantenrrence. Only in this pure quantum
limit the characteristic aspects of SC described abewg. flux quantization, zero resistivity,
Meissner and Josephoffect, finite step variation of the Goldstone field which transfs as a
fermionic pair condensate) becomes manifest. This alstesithat high temperature SC occurs
in material characterized by short quantum recurrenceswiWese these considerations about
the periodicity coherence to interpret the gauge symmatepaking in SC as an (anomalous)
guantum &ect induced by BCs.

2. Carbon nanotubes

The above description of SC and related electronic pragseiriiterms of the intrinsic period-
icity can be directly tested in CNs, s@[32] for a review. &xmental evidences and theoretical
indications supporting intrinsc SC in CNs are reviewed i#][3\ccording to Bloch’s theorem,
the properties of the ECCs in the crystalline 2D structurgraiphene are determined by the
PBCsy/(r) = y(F + @ny + &n), whered;» = {V3,+1}a/2, {n;, ny} are integer numbers and
a ~ 2.46 A, characterizing the electronic properties of the malehis also implies that the
ECCs, at sfiiciently low energies, have the dispersion relation typafah massless particles
E = vep, being the speed of light replaced by the Fermi velocity with formation of the
typical Dirac cones (for simplicity, in this paper we will hconsider the pseudo-spin associated
to the honeycomb lattie).

Graphene can also be used to form CNs by curling up (compggotie of the two dimensions
of a layer. The geometry of a CN is determined by the compeatitin vectoiCp, = na; + méa..
The compactified dimension of the CN constrains the recagefithe ECCs along their motion
on the graphene lattice, according to the invariant PBCs

w(r) =y +Cp). (19)

Besides this PBCs, we must consider that the hexagonaadtigraphene allows a further
intrinsic discrete symmetry for rotatioés. This means that twisted PBCs, analogouglo (7), are
also admitted ‘

w(r) = 5u(r+Cr). (20)

We will refer to [19) as metallic CNs and o (20) as semiconigigocCNs. The resulting quanti-
zation of magnetic flux is thus given ¥l (8) for= 0 anda = % respectively.

2.1. Generation of thefiective mass by boundary conditions

The role of the quantum recurrence of the ECCs in SC is alsr dleve consider that the
constraint of periodicity induced by the graphene curleddimpension determine the energy
bands structure. As already said, the ECCs in infinite gnaphayers behave as a massless
particles. However, as a dimension is compactified on aectacform a CN, the ECCs moving
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in the curled-up direction behave as at rest with respediacakial directionj.e. they are in
the 1D rest framgy, = 0. That is, even if the ECCs are not moving in the axial dicaithey
have a residual cyclic motion along the radial direction.isTiesidual proper-time periodicity
T, =|Chl/VF corresponds to the Compton time of the system. Since in atmhyl mechanics the
mass is linked through the Planck constant to the Comptoe tinis rest periodicity determines
the dfective mass of the ECCs in the CIE[ 32]. Thus, the mase stetermined by the
curled-up dimension of the CNlg. by the PBCs[(19) of(20), is

h
Tov2

m= (21)
As the ECC moves along the axial direction with a finite funéatal momentunp,, the
cyclic motion in this cylindric geometry combined with thei@ motion determines a finite spa-
tial recurrencel(p;) along the axis (which gp, = 0 is otherwise infinite) and a corresponding
modulation of temporal recurrendgp,) such thafl (0) = T,. In terms of this temporal period-
icity the PBCs[(IB) oi{20) can be equivalently written in fbem (1) and [¥) for the collective
wave-function used in the general description of the sup®tacting state. Indeeﬂ32], the
characteristic energig?(p;) of the ECCs in CNs has a relativistic dispersion relatioregiby

E2(py) = MPVE + PAVE, (22)

where, as usuak(py) = h/T(py), andpy; = h/4;(p;). Hence we have the following the following
geometric dispersion relation for the spacetime recuesic” = T2(py) — V24, %(py)-

By following the argument of the previous section, we seettiarecurrence of the ECCs in
CNs implies a quantization of the magnetic flux, without othwshift of the related spectrum in
metallic or semiconducting case respectively, aglin @],. [@/e can therefore extend our general
considerations about SC and quantum recurrence to the t@&$¢so

2.2. Electronic properties

Neglecting the lattice structure, the resulting energycspen associated to the temporal
recurrence (p;) for the ECCs in their motion along the cundoctor axis is gibg (17). Thus,
by considering the modulation of periodicityp;) with p, described in[{22), the allowed energy
bandsE, and the resulting density of stgtéE,) of the ECCs, in the low energy approximation,
are given by

Ex(py)

p(Ey)

M (n+a)’ Vi + pivE, (23)
V3a? |En(py)l

T 2. JE2P) - mevt

where we have defined, = (n+a)m, andE; = vg p; is the energy in the axial directioﬂ@ 34].
The overall factor in the density of stgtéE;) is inversely proportional to the Compton tiriie
of the system. Hence, high temperature SC is favored in imterharacterized by short time
guantum recurrences.

The dfective energy bands of the CNs can be derived friam (23) byiderisg that these
space-time periodicities are not on continuous dimengiahthey are on the honeycomb lattice,
[‘%,@]. For instance, by considering a time periodicity= h/E on a lattice, the Fourier
transformation implies the quantization of the energy specE, = E% sin(ny). In this way
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we also note that CNs simulate a periodic Cogwheel madél14B, That is, by considering
Bloch’s theorem (lattice periodicity), in the case of zigZaN, the condition[{20) yields [21]

N?2 n
5 cos -
Notice that all these periodicities are described by theesgnantum number because they all
are projections, through the equations of motion, of thé pesiodicity of the CN. The funda-
mental topology of these spacetime recurrences is infééar S'/ Z, in the Orbifold case).

By considering the competition between quantum recurrameethermal dissipation dis-
cussed in se¢.(1.4), we find a heuristic explanation of tieetfeat the critical temperature of
superconducting CN is higher for small diameter: a smalld@meter implies a shorter quan-
tum recurrencd ;. of the system with respect to the thermal dissipation tgvend in turns a
higher energy gap with respect to the thermal noise. In fabtile large diameter CNs have a
very low critical temperature 0.55K, the small diameter~( 4A) CNs have a relatively high
critical temperature 15K, [ﬁ]. This aspect can be relevant to understand higlpéeature SC
and to identify new materials.

A similar example of &ective mass generation is in graphene bi-layer. In this tteeseole of
the recurrence is fixed by the periodic correlation of the E@@ong the two layers which result
strongly hybridized. The role of the Compton lengile, the analogous of the compactified
dimension of the CN, is played by the distance of the layedstha ECCs spatial dynamics is
bi-dimensional|_L_'3|5|36]. This separation4s1071°m. If compared with the Compton length
of the electron~ 107*?m we find that the flective mass of the ECC in graphene bilayer is
m ~ 1072 x me as confirmed by direct observatiEnsBy applying a voltage diierenceAV, in
agreement with the derivation of the Josephsbect in sec[(1]3), we have the analogous of the
twisted PBCs of an angler2 = 27eAV/E(0) = eAVT,/h. A related shift of the rest energy
bands can be obtained with the opening of a superconductipdpgtween the conducting and
the valence bands. Another example is given by metallipestrin which the electrons behave as
in potential wells. In a single metallic stripe, the analogof the compactified dimension of the
CN, i.e. the characteristic Compton length, is played by the strigesiversal size determining
the dfective mass. For electrons at rest with respect to the lodigial direction of the stripe, the
gap is determined by the usual Compton relation. In a sugiedaof stripes we have a further
Compton scale with additional gaps in the energy spectrueriiéned by the distance between
the stripes.

In a future paper we will extend the phenomenological dpsior of the geometrodynamical
generation of the féective mass in graphene, as well as superfluidity in cigapst ultracold
fermions I[?S_’V] and possible high temperature supercondtyctin superlattice of stripeﬂéS], in
terms of intrinsic periodicity and the related formalisroposed in|I|4|:|EE|@2] and in the present
work.

2
EA(py) = arﬁz\l,‘i% (1 +2 cos%n)2 — a2 (25)

2.3. Analogies with the Kaluza-Klein theory

The dispersion relation in graphene single-layers is rmasshowever the compactification
of a dimension to form a CN determines an energy band striatharacterized by a rest energy

3 For a more accurate evaluation we must consider the redpesd ©f light in the material
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spectrumEp(0), i.e. a mass spectrtﬂn

_ E\”/éo) _ (n+a)TTh'2: = (n+ ). (26)

These are the possible harmonic eigenvalues associatbeé twisted Compton (proper-time)
periodicity T;; m, defined in[(211), is the fundamental gap of the mass towers iBhihe exact
analogous (dual) of the mass spectrum of a classical Kdflia- (KK) theory @,@], as
correctly noted in@l]. In this analogy the compactificatlength of the CNCy,| corresponds
to the compactification length of the XD. The interpretatairthese dualisms is the fact that
the rest periodicity, being a recurrence in the worldlingle# particle, can be regarded as a
cyclic XD with the particularity that, contrarily to the dreary KK theory, the KK modes are not
independent particles but they have a collective behaviershey are the quantum excitation of
the same 4D system, see for instaricé (25). In this case waatthe XD is “virtual”, [22], and
the correspondence between CNs and KK theories can be ezjasc generalized aspect of the
“gquantum to classical correspondence” typical of the AT correspondence [41]. As we will
discuss in a dedicated paperl[42], CNs represent the pgffgsical system to test the validity
at low energies of field theory in cyclic spacetime dimensjoacently proposed iE|[E|, B,@ZZ].

3. Considerationsabout the EM gauge symmetry breaking

An interpretation of the gauge symmetry breaking assati@®ur description of SC stems
from the dualism between CNs and XD theories, also pointedro{2l]. Similarly to XD
theories, in CNs the masses are generated by the BCs of a ctiiepladimension; dierent BCs
correspond to dierent éfective symmetry breaking pattelhg[@. 24].

As well-known, in SC the photons exhibit a mas% This equivalently means that the EM
radiation in the superconducting material is charactdrizg a finite Compton timd} < oo,
determined by the mass of the photarts= h/T)c?. By comparing the Lagrangian of a single
massive photon witH{11) and{12) we find from the quadratimtthat the &ective Compton
length of the photon is of the order of the penetration ledgth h/mYc. Therefore the Compton
time associated to the photon mass determines the penatd&tay time scale of the magnetic
fied in the superconductor.

The energy quantization of the EM field can be described mdef the temporal recurrence
TV([:THV) of the photon (rather than of the frequency) in a generiersfce frame (assuming a
continuous lattice with negligible interaction) &4(p”) = nEV(ﬁly) = nh/TV([:THy) — e.g. this
is Planck’s quantization of the EM field in the black-bodyiedidn. In other words, we want
to interpret the quantized levels of the energy spectrum bbsonic system as the possible
vibrational modes associated to the constraint of the spmeding intrinsic periodicitgﬂ(ﬁﬁ).
The EM field can be therefore expanded in energy eigenmodteseal by the constraint of
intrinsic recurrence

A = D At = > Ag(x)e FEP, (27)
n=0 n=0

“4In particular lattice configurations of Armchair CNs|[21etlocal extremal point of the dispersion relation deter-
mining the Compton time and the mass spectrum of the ECC nmay edgth small residual the axial momentum.
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According to Planck, the energy of the photon is the &#p;) between the levels of the
energy spectrurg)(p;) (with possible vacuum energyE interpretable as a twist in the period-
icity). This also means that, by assuming finite proper-ti@eodicity T?(0) = T as for the EM
field in SC, in the rest framep( = 0) we have a resulting discrete mass (rest energy) spectrum
m;, = nn¥ = nh/T.c? = E}(0)/c? = nE?(0)/c? associated to the Compton recurrence. Indeed
the mass of the photan’ = h/T}c? can be interpreted as the gap between the levels of the mass
spectrunm}, associated td;. g

Thus, in a semi-classical description analogous to the tipeghenergy levels of (27), the
photons of masev in superconductors can be regarded as forming a towet nm” = nh/T!
of massive quantum excitations. Their collective behaeam be therefore described by the
following semi-classical action

sgemreass = ) f d4x[—%FnﬂvFﬁV - %%Aﬁé . (28)
n=0

This semi-classical action is formally equivalent to thassical action of an EM gauge theory
defined on a cyclic XD of lengthT. as can be easily proven by dimensional decompactification,
see 54]. However, in our case, the harmonics descriedHhective quantum excitations
of the same 4D state whereas in XD theories they describerelnt classical particles of mass
m, (KK modes). That is, in this dualism the cyclic XD must be npieted as “virtual”j.e. it
encodes the Compton periodicity of a massive quantum el@mesystem €.g. the quantum
recurrence of an elementary particle) as described in [22].

3.1. The role of the boundary conditions and outlooks

Our semi-classical analysis of massive photons suggest$htt gauge symmetry breaking
occurring in SC can be interpreted as induced by BCs, silyitarXD theories [2B] 24]. The
shift of the mass spectrum induced by the twisted-PBCs iatladogous of the Scherk-Schwarz
mechanism%?]. In terms of the analogies with XD theoriegorresponds to the Hosotani
mechanis 8] at the base of the gauge-Higgs unificatioeyaithe twist factor is obtained by
allowing a vacuum expectation value to the fifth componerd & gauge field. The role of
the vacuum expectation value, which in the Higgs mechadﬁ‘ﬂﬂs 0] is associated to
the mexican hat potential, in our case is played by the fammicondensation induced, through
the quantized Goldstone modes, by the constraint of intripper time recurrence. In other
words, in SC the condensation is strongly characterizethéyattice geometry of the material
as well as a possible influences of the intrinsic periodisitf the internal degrees of freedom
(e.g.the intrinsic recurrences of the electrons in the atomidald).

It is interesting to note that, according fd (3) the Goldstéield is periodic (modulo phase
factors) so that, for a finite proper time periodicity, it ca@ expanded in a tower of massive
eigenmodes similarly to the matter and gauge fields. A foranalysis of the gauge symmetry
breaking, shows that these massive Goldstone modes piinddxtra degrees of freedom eaten
by the EM gauge field to form gauge eigenmodes of masdn fact, these massive eigenmodes

Sltis possible to show in severalffirent ways that the PBCs of the matter field induces a peiipdithe related
gauge field (modulo gauge transformation), as for instagamhsidering theféect of the PBCs of the gauge connection
({@3) or by using the similar formalism of field theory at finfemperature (Euclidean periodicity), as showr{id [30]. A
detailed description of this aspect is givenlin [6].
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of the Goldstone field are formally dual to the discrete massibrational eigenmodes of the
fifth component of the gauge field in XD theories giving masthoKK gauge modesELiZEIM].

This correspondence allows us a further digressions abeuptienomenological analogies
between the gauge symmetry breaking in SC and that of sonteeahbst investigate exten-
sions standard model. As well-known from XD gauge theo@@G}, the actiofi (P8)
(with infinite summation) is gauge invariant despite the sni@sms. In fact, by dimensional
(de)compactification, , as long as all its possible massneigeles are consideref, [28) is dual
to a gauge invariant 5D theory on an interval, which is alsogéDge invariant, se%ZB]. As in
the typical interpretation of the gauge symmetry breakmD theories, if the system is ob-
served at low energied.g. at low temperature$. /8 < 1 such that the thermal energy is less
than the band gap scai&, (according to Boltzmann distribution) only the lower gqtiam mode
of the gauge field with non vanishing mass can be excited (we hbieady discussed that the
in SC massless mode can be neglected as it corresponds thuz@radSince only this massive
gauge mode is relevant in thé&ective low temperatures description bf{28), we have a theor
with explicitly broken gauge symmetry. In agreement with.§E24) this also means that at low
temperaturd} /B < 1 the tower of photons condensate into this massive growte, stind the
guantum coherence of the wave-function is not destroyedh&yttermal noise. In the opposite
limit, the quantum recurrenck is destroyed by the thermal noise, the corresponding mass sp
trum m, cannot form, and the gauge invariance is restored. Thusowelude again that high
temperature SC corresponds to high energy gap and in tumaterials characterized by short
guantum recurrences.

For a periodicity on a lattice witN sites the actio {28) turns out to be dual to a moose model
with N sites, as can be proven through the dimensional (de)ccmlisimunechanisr‘r@ﬂG],
and the related gauge symmetry breaking can be interpnetadalogy with composite-Higgs
and technicolor models.

The collective behavior of the KK modes (“virtual” KK moder)(28) is typical of hologra-
phy description of XD theories. As discussed|in [22], thelduabetween intrinsic periodicity
and XD dynamics allows us to interpret the “classic to quantwrrespondence” of AJSFT
and holography in terms quantum recurrencee-g- the density of statd (24) is the analogous
of the holographic correlator or of the hadronic form-factoQCD [E]. This aspect suggests a
possible relationship of our description to holographic[@].

The interpretation of SC and the corresponding gauge symgriietaking is fundamental for
the understanding of the Higgs mechaniéi ,, 20]tk@drigin of particle masses.
The detection and characterization of the Higgs boson i®bl@m of current interest and fun-
damental importance not only in high energy physics but @emndensed matter systems such
as in superfluids and superconductors, see [44] and refes¢nerein. Indeed we have seen that
a description of particles as elementary cycles suggestewselements to explore a possible
guantum-geometrodynamical origin of particle masses hackfore it can be of interest to in-
vestigate with our approach the nature of the Higgs-likehascently observed at LHC, looking
for connections with condensed matter.

4. Conclusions

In this paper we have applied the prescription defined if,[€] Gnspired by 't Hooft's Cellu-
lar Automata4]) to study fundamental properties of 8€h as magnetic flux quantization,
Meissner fect, Josephonfkects, the Little-Parksfiect, and energy gap opening. Though the
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microscopic BCS theory is a well established and successfaty, with a very rich phenomenol-
ogy only partially investigated here, the result of this @aig of heuristic and phenomenological
interest because it points out a consistent macroscoparigésen of SC based on fundamen-
tal aspects of QM, such as intrinsic recurrence of the puastyum systems, rather than on the
microscopical structure of the material. The intrinsicipéicity of the ECCs in a material fully
determines its energy band structure (neglecting stromyrbady correlations). The energy gap
between the bands is fixed, through the Planck constant,ebintlerse of the time recurrence.
SC appears when the quantum recurrence is shorter thamtbedtiale associated with the ther-
mal dissipation]T /8 < 1. Thus this description implies that SC at high critical pematures is
associated with short characteristic time recurrencels®E(CCs in the material. Our approach
can be well applied to describe the coherent propertiesghf tdmperature superconductors, on
the basis of the results here presented. Our descriptiobedirectly tested in superconducting
CNs (as well as in graphene bi-layers and metallic stripeghich the intrinsic recurrence turns
out to be directly fixed by the cylindric geometry of the makfor by the layers distance or by
the transversal size and periodicities of the stripesgrd@hing a finite Compton time and thus
the dfective mass and the density of the states of the ECCs.

The gauge symmetry breaking occurring in SC is at the baseedfliggs mechanism. In-
trinsic periodicity has allowed us interesting considiera about the role of the BCs, in analogy
with gauge theories on a compact XD, and of the quantum dyssimisuch gauge symmetry
breaking.
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