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Introduction

The quantum Hall effect was a constant source of new ideas, most of which are
related to how topology invades quantum physics. Attractive examples include
topological insulator, topological order, and topological quantum computations.
Basically, all of these phenomena are an impressive theoretical construct that involves
traveling through some of the most fascinating and important developments in the
field of theoretical and mathematical physics in recent decades.

The first attack on the problem focussed on the microscopic aspects of the

electron wavefunctions. Graphene now is attracting scientists with its peculiar
material characteristics.Electrons in graphene strongly interact and exhibit fractional
quantum Hall effect. But it is remarkable that evidence of the collective behavior of
electrons in graphene is still lacking.
The integer quantum Hall effect can be described only in terms of individual
electrons in a magnetic field while the fractional quantum Hall effect can be
understood by studying the collective behaviour of all the electrons.The quantum
Hall effect is also studied in context of conform field theory. Recently, it has been
proposed that the order parameter of the fractional quantum Hall effect is related to
the vertex operator, and the ground state wave function of a certain fractional filling
factor can be expressed in terms of the N-point correlation function of vertex
operator.

The application of conformal field theory has thus been extended into a rather

specific condensed matter phenomenon. The Laughlin states for N interacting
electrons at the plateaus of the fractional Hall effect are examined in the
thermodynamic limit of large N.
The quantum Hall systems is a major paradigm in condensed matter physics, with
important applications such as resistance metrology and measurements of
fundamental constants. In the recent years, it has been shown that the quantum Hall
effect is just one member of a much larger family of topologically specific quantum
states, some of which contain the quantum spin Hall effect which is also known as
the 2D topological insulator and 3D TI’s.

The main task of the thesis is to study some aspects of quantum Hall effect and the
relation with Liouville field theory.



Timeliness and relevance

Graphene is now attracting scientists with its peculiar material characteristics.
Electrons in graphene strongly interact and therefore exhibit fractional quantum Hall
effect. But remarkably, the evidence for collective behaviour of electrons in graphene
still is absent. The integer quantum Hall effect can be described only in terms of
individual electrons in a magnetic field while the fractional Hall effect is related to the
collective behavior of electrons.

The quantum Hall effect is also studied in the context of conformal field theory.
Two-dimensional conformal field theories describe statistical systems at critical points
and provide the classical solutions of string theory. Recently, it has been proposed
that the order parameter of the fractional quantum Hall effect is related to the vertex
operator, and the ground state wave function of a certain fractional filling factor can
be expressed in terms of the N-point correlation function of vertex operators. It’s
important to notice that the Fractional Quantum Hall effect is possible also to
describe by the Liuoville field theory, whose cosmological constant should play a role
of a chemical potential, which plays an important role in quantum Hall effect.

The electrical conductivity of graphene, a two-dimensional hexagonal lattice of
carbon atoms, possesses many qualities necessary for promising applications in both
fundamental physics and nanotechnology. At energies below a few electron volts the
electronic properties of graphene are perfectly described by the Dirac model.

In a series of papers authors had calculated conductivity with non-zero gap,
chemical potential,scattering rate and magnetic field. However current response
functions were not studied properly in the presence of non-quantized external
magnetic field and chemical potential.

The results of dissertation are important from point of view condensed matter
physics and conformal field theory.

Aim of the dissertation

» To calculate the current-current correlation function of 3D massive Dirac
fermions in the presence of chemical potential

» To study the current-current correlation function in presence of external
non-quantized magnetic field and chemical potential

» To examine transport properties of topological insulator and analyze
polarization operator

» To investigate the boundary Liouvile three point function in mini-superspace
limit



» To explore topological defects in Liouville field theory with different
cosmological constants which can play the role of chemical potential in
quantum Hall effect

Novelty of the work

The basic meaning of the quantum Hall effects (integer and fractional) is that they
are examples of physical systems in which quantization effects appear
macroscopically.

This results arose from an interesting interplay between disorder, topology and
interactions. The important factor is that an electron is in the magnetic field.
After solving the Schrodinger equation, so-called Landau levels are obtained, which
have quantized energy values separated by a large gap. Actually, this is nothing
special, since most quantum-mechanical problems have a discrete spectrum. But in
the case of the quantum Hall effect, this discontinuity occurs when we measure the
Hall conductivity. For the value of conductivity there are two possibilities that lead to
integer quantum Hall and fractional quantum Hall effects.

The significance of quantum Hall effect research is related to modern technologies.
There are some classes of materials whose electric conductivity increases with
temperature and whose charge carriers can be either positive or negative, depending
on the impurity introduced into them these materials are called semiconductors.

The conductivity of fermions in graphene in most general situation was investigated
in a large amount of papers. However, as it appears, current response functions were
not studied properly. In this work we have calculated current-current correlation
function in one loop approximation and in a presence of non-zero chemical potential
and external magnetic field. In modern physics there are materials, such as
topological insulators (TI) with edge states, Bose-Einstein condensates of Rb atoms
with spin-orbit interactions and honeycomb lattices with next to nearest neighbor
(NNN) interactions,where the spectrum of non-relativistic particles combined with
relativistic Dirac component.In work we present polarization operator of non-
relativistic fermions with spin-orbit (SO)Rashba interaction. The spectrum of this
fermions is moat type having minimum on a circle. Contrary to Dirac or non-
relativistic fermions Fermi sea here has a geometry of Corbino disk which reflects in
a transport properties of excitations.

Recently the various semiclassical limits of the Liouville correlation functions
appeared in different instances.For example we can mention study of conformal
blocks in AdS/CFT correspondence, semiclassical limits of the Nekrasov partition
functions, minisuperspace limit of correlation functions , semiclassical limit of
correlation functions in the presence of defects and boundaries and the most
recently found application of the semiclasical limit of Liouville field theory to the SYK



problem.We study mini-superspace semi-classical limit of the boundary three-point
function in the Liouville field theory.We compute also matrix elements for the Morse
potential. An exact agreement between the former and the latter is found.We show
that both of them are given by the generalized hypergeometric functions.

Topological defects in the Louville field theory with the same cosmological constants
on the both side were constructed. Two-point functions in the presence of defects
were computed using the Cardy-Lewellen equation for defects. It was derived that
there exist two families of defects, discrete, with one-dimensional world-volume,
and continuous, with two-dimensional world-volume. In this work we generalize
above mentioned calculations to the case of the different cosmological constants.We
construct topological defects in the Liouville field theory producing jump in the value
of cosmological constant. We construct it using the Cardy-Lewellen equation for the
two-point function with defect. We show that there are continuous and discrete
families of such kind of defects. For the continuous family of defects we also find the
Lagrangian description and check its agreement with the solution of the Cardy-
Lewellen equation using the heavy asymptotic semiclasscial limit.

Practical value

» Calculating the response function we will have information about
conductivity, the latter plays important role in observation of quantum Hall
effect.

» The behavior of conductivity can help to observe transport properties of
materials.

» The result obtained for topological insulators has practical value for
quantum computers.

» The cosmological constant presented in 2D Liouville field theories can play
the role of chemical potential in condensed matter physics.

Main points to defend

In the dissertation
e we will represent the expression of current-current correlation function in
second order of Feynman diagram with chemical potential,
e for third order Feynamn’s diagram the current response function will be
calculated in the presence of chemical potential and magnetic field,
e for topological insulator with moat spectra we will calculate and analyze the
operator of polarization.



e the boundary three-point function in the BLFT will be computed in and
expressed via double Gamma and double Sine functions,

e using known asymptotic properties of the double Gamma and Sine
functions we will show that in the mini-superspace limit the boundary three-
point function can be expressed via the Meijer functions with the unit
argument or equivalently via the generalized hypergeometric functions with
the unit argument,

e also we will construct topological defects gluing 2D Liouville field theories
with different cosmological constants.

Structure of the dissertation

The dissertation consists of the introduction, three chapters and finally the list of
used literature and figures.

The complete list of used literature is presented in the thesis.
Dissertation’s presentation

The main results of the thesis were discussed at the YerPhl Joint Theoretical Physics
Laboratory and Yerevan State University(YSU) and 2018 joint FAR/ANSEF-ICTP and
RDP-VW summer school in theoretical physics .

Content of the dissertation

In introduction we briefly discuss the graphene, some aspects of quantum Hall
effect, topological insulators and boundary Liouville field theory with different
cosmological constants. We describe the equation of motion in external magnetic
field. The fact that magnetic field causes charged particles to move in circles creates
the Hall effect in context of Drude model.

We also look at the quantum mechanics of free particles moving against the
background of a magnetic field and creating Landau level. In the presence of a
magnetic field, the energy levels of the particles become equal from each other,



where the gap between each level is proportional to the magnetic field. These energy
levels are called Landau levels.

The first chapter shows that the reaction of the fermion system to external gauge
fields is determined by the current-current  correlation function.Transport
properties of different physical quantities are determined by zero energy-momentum
limit of it. It is well known close to half-filling the physics of graphene is described by
(2+1) dimensional Dirac theory.

In this chapter we calculate the current-current correlation function in Dirac theory
in the presence of chemical potential 5 and gapm .

We intend to calculate the current-current correlation function for the three-
dimensional theory with the kinetic part for the fermions and the interaction term
with gauge field in the one- loop approximation.
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Fig.1. The lower order Feynman diagram for current-current correlation function.
The action which describes the graphene in the Effective Field Theory (EFT)

framework via four-component massive Dirac fermions with instantaneous three-
dimensional Coulomb interactions is the following (in Euclidean space time)

:—Zfd xdtiz; (7°0, +vy*o, +iAy® +m)

The current-current correlation function is defined by Feynman diagram (see Fig.1).

I, (r=r) =(j,(nj,(r)



and in momentum space it reads

e &k e d%k Tr[o, k0, ~m)o, ko, ~m)]
e EA O R R s [ on T[kray o]

o (2

The four-component fermionic structure is conditioned by the existence of the quasi-
particle excitations in two sublattices in the graphene around two Dirac points.

Note that for graphene model’s case with four-component fermions, the last term
linear by mass must be annihilated due to the contributions of two different two-
dimensional fermions with opposite parities. The expression of Trace combined with
the formula of Feynman parametrization. The shift of integration energy/momentum
gives

o d%k j1O|X2kﬂkv—5/”(|<2+m2+q2x(1—><))+2x(1—><)(5”qz—qﬂqV)
e 2wyt (k? +m? + g?x(1-x))?

. » d%k 1 1 " , 3
—ime, q dx =09+ +11®.
o &L, (27r)3J.° (+m?+gx@-x)

Thus, three terms are chosen in the last equation in this way: the first is the part that

does not satisfy the condition of charge conservation .The third term is the anomaly
part. Second, the main transversal term is

d’k 2x(1-X)
d
(27[)3"-0 X (k? + m? + g>x(1-x))?

n® =2(6"9*-q°q")|

Then, fora®’z4(n*-m*)>0 when the square root in the expression of

1 4(n? —m?). is real, the integral gives
ot ) el &
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When 4(3°-m?)>q’ the integral becomes

qo - " -aq)
" 127n

For the case (7°—M?*)<0 the expression for X, defines larger than segment

[0 region and we have to put x —g x =1. We have a result
S put x, =0,x,

UV 2 iV 2
H(i} — Mi (Zﬂ + (1_ 4£2) arctan i)
: T 8q q q 2m

imq, €, q i . q2
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The result for the grapheme with two Dirac fields of opposite chirality is
— 2@ .

I, =210 pecause the anomaly term will be cancelled.
In this chapter we also calculate the response of fermionic system to external gauge
fields in presence of magnetic field. The response function is determined by current-
current correlation function. We study 2D dimensional Dirac electron system and

calculate current-current correlation function in a presence of magnetic field B,
chemical potential ; and gap m.The magnetic field dependence of the current-

current correlation function is defined by third order Feynman diagrams in Fig. 2.
For current-current correlation function we get

d%k
(27)

STilo,G(K)A0,G(K + P)oG(k )] =Ng?*[ d% o,G(K)]

- (Zﬂ)gTr[aﬂG(k*)A -

»p

o
npS =Ng _LL pz m?

~  k-m | o A .
where G(k):m' k* =(k iElQiE)l Ac,p=Ap+ic,Ap,o,=iBo,

k? =k*+(Q+T +in)
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After calculation for response function is received

iB . 1 4n*-m?) 1 4(n* —m?)
IT,,(B)=— e, (T +in) h- +—= (- p-2 2T
u3 4;Z'|77| M (m2+q2 q2 772( qZ ))
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Fig.2. Third order Feynman diagram for current-current correlation function

The second chapter is about topological insulators. A topological insulator is a
material with non-trivial symmetry-protected topological order that behaves as
an insulator in its interior but whose surface contains conducting states, meaning that
electrons can only move along the surface of the material. However, having a
conducting surface is not unique to topological insulators, since ordinary band
insulators can also support conductive surface states. What is special about
topological insulators is that their surface states are symmetry-protected by particle
number conservation and time reversal symmetry.The polarization operator is a
mathematical construction that determines both the longitudinal and Hall
conductivities on the one hand and the effective action of the gauge field defined by
quantum fluctuations of fermions, on the other. In this chapter the calculation of the
polarization operator with moat type spectrum is presented. The most common form
of the main Hamiltonian of such systems is

HK) =6+ Y d,(K)o,

i=x,y,z
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where & = —4+ Dk?,d = AK,d, =A—MKk?2. For topological insulators D <0,

while for cold atoms D > 0. The edge states in Tl or excitations on honeycomb lattice
with NNN interaction come in pairs with states of opposite chirality defined by time
reversal Hamiltonian

H™ (k) =& + A(-k,0, +k,0,) +d;03

where of=so,,s=+1 defines chirality.Without lost of generality we can take

o= So'i_The total Hamiltonian of such systems is

H:(H(k) *0 j
0, H(-k)

For action of fermions with particular chirality is
S=y'[Q-¢ _VFO?IZ_d30§]W :

Causal Green function can be written in a simple form

G(Q,IZ):E 1+?-n_ _ 1—Un-
2\ Q-E, +in, Q-E/+in

where n'=k'/kis the unite vector along momentum direction,

E* =& +e =Dk +,v.2k? +d2, 7 =sign(Ef — ) and 4 is the chemical potential.
For response function we get

T (ko) [Keq—2ip ke ]
lJ‘Z” dp " 17 ) LKr €k1F_mv'2:

9 (k) ==
uv \"MF 2 2
4% (2
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€
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Characteristic picture of two branches of this spectrum is presented in Fig.3,
while only lower branch is forming the ground state.

Fig.3. Two branches of spectra of moat type

In Fig.4a the characteristic form of the Fermi sea is presented .

In result for longitudinal conductivity as a coefficient of linear response to external
electric field is obtained

Txx(k1F|0)_Txx(k2Fv0) i

1_&] o+ 2in

O-XX (w) =
87 [—
m

&
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The expression shows,that at chemical potential ﬂ_7m2v§ +A’ ,when it is at level of
2mv2

energy minima, the conductivity is zero. Furthermore, in the limitv. =0,A=0

Rashba term is disappearing in the action and we have non-relativistic fermions.
Then moat absent in the spectrum, we have only outer k,_ Fermi momentum and

conductivity acquires Drude form

2 .
Ky i

4zm w+ 2in

We have presented here the calculation of the polarization operator in the
fermionic system, which have moat type spectrum. The answer has normal part,
leading to Drude conductivity and anomaly part, defined by Rashba SO-term in the
Hamiltonian. The result presents correct, expected limits aty_ =0, when Rashba

term is zero, at m = oo ,when non-relativistic part of the Hamiltonian is zero and we
have only Rashba term. At the minimal chemical potential the conductivity became
zero.

Fig.4. (a) Lower branch of spectrum with filled Fermi sea. (b) The Fermi
momentum of inner and outer circles

In third chapter it is presented the mini-superspace limit of boundary three-point
function in Liouville field theory. In this chapter the matrix elements of the boundary
Liouville field theory are studied in the mini-superspace limit. In the minisuperspace

14



limit only the zero mode dynamics survives and the theory is reduced to the
corresponding quantum mechanical problem.

The mini-superspace limit of the Liouville field theory was considered in some works.
In this chapter we study the mini-superspace limit of the boundary three-point
function in the BLFT. The conformal invariant action has the form:

0 T 1 - .
s=[ drf; d“(a(w)z +ﬂezb¢)+LdfM1e” oo [ drME" |,

where M, and v, are the corresponding boundary cosmological constants.

The boundary three-point function in the BLFT was computed and expressed via
double Gamma and double Sine functions. Using known asymptotic properties of the
double Gamma and Sine functions, we have shown that in the mini-superspace limit
the boundary three-point function can be expressed via the Meijer functions with the
unit argument or equivalently via the generalized hypergeometric functions with the
unit argument. Also the matrix elements are computed for the Morse potential and
have shown that they can be expressed via the generalized hypergeometric
functions with the unit argument as well. Using the identities, relating different
generalized hypergeometric functions with the unit argument, and matching
quantum and classical parameters, we established exact agreement between the mini-
superspace limit of the boundary three-point function and the matrix elements for
the Morse potential. It is important to note that in the BLFT relation of the boundary
cosmological parameter to the corresponding quantum parameter appearing in the
boundary one-point function is two-fold due to a sign ambiguity in the choice of the
square-root branch. It has been found that to match the mini-

superspace limit of the boundary three-point function with the corresponding
quantum mechanical matrix element we should use the branch with the negative
sign. In the thesis we also show that the passing from one branch to the another one
brings to additional factor in the normalization of the wave functions corresponding
to the boundary condition changing operators. We would like also to mention that
various consequences of the branching of the BLFT parameters earlier were
considered in some publications.

In the mini-superspace limit the boundary Liouville field theory is described by the
Hamiltonian with the Morse potential:

15
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The corresponding eigenfuntions satisfy the Schrodinger equation. It has been
discussed in this chapter quasi-classical properties of the boundary three-point
functions. We found perfect agreement with the corresponding quantum mechanical
calculations. The matching of the calculations required to consider the negative
branch in the branched correspondence of the classical and quantum parameters. It
has been shown that passing from one branch to another leads to the change in the
normalization of the wave functions. It has been found the flip of the boundary
conditions induced by the exponential operators in the minisuperspace limit.

In this part we also constructed the topological defect in the Liouville field theory
producing jump in the value of cosmological constant. The action of the Liouville
theory is:

S :ij(agﬁémmem)dzz.

27i

Here we use a complex coordinate z=r7+ic,and d’z=dzAdZis the volume

form. The field ¢(z, 7) satisfies the Liouville equation:
00¢ = mube® .

The general solution to of last equation can be written in terms
of two arbitrary functions A(z)and B(Z):

g=Log[ 2 0A(2)3B(2)
2b | zub® (A2)+B(2))? )

Classical expressions for the holomorphic and anti-holomorphic components of the
energy-momentum tensor are

T =—(0¢)* +0b7'0%,
T =—(39)* +b 3%,
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We construct it using the Cardy-Lewellen equation for the two-point function with
defect. It has been shown that there are continuous and discrete families of such
kind of defects. For the continuous family of defects we found the Lagrangian
description and check its agreement with the solution of the Cardy-Lewellen
equation using the heavy asymptotic semiclasscial limit. The connection between the
fractional Hall effect and two-dimensional conformal field theories is well known and
has many different aspects.Much effort was put into establishing connections
between various conformal blocks and Laughlin’s wave functions.

Cappelli with collaborators studied the Hall effect using incompressible fluid
approach with symmetry. In were considered conformal blocks and their relation to
Hall effect on arbitrary Riemann surface. Another very interesting aspect is the
relation between edge physics of Hall effect and 2D CFT with boundaries and
topological defects. In the recent works emerged important role of 2D Liouville CFT
in study of the fractional Hall effect. In these works the Liouville theory cosmological
constant plays the role of the chemical potential.

Therefore one can hope that boundary Liouville field theory and Liouville theory
with defects can have applications to the edge physics of Hall effect. In the fourth
chapter it is studied three-point boundary correlation function in the Liouville field
theory. The motivation for the second work was the fact that in the FQHE one has
jump of the chemical potential .In the fifth chapter it is constructed topological defect
gluing Liouville field theories with different cosmological constant. We have an
impression that our construction can be useful to understand the physics of the
mentioned jump. It has been checked that the system of the defect equations of
motion guarantees that both components of the energy-momentum tensor are
continuous across the defects and therefore describes topological defects.

In conclusion, the main results of the dissertation are listed:

1. It has been obtained current-current correlation function in 3D massive Dirac
theory with chemical potential.

2. It has been shown the behaviour of current-current correlation function in third
order of Feynman diagrams in the presence of chemical potential and magnetic field.
3. It has been studied the moat spectra of topological insulator regarding cold atoms
with spin-orbit interacting.

4. It has been obtained boundary three point function on mini-superspace in Liouville
field theory and also has been computed matrix elements for the Morse potential
quantum mechanics. An exact agreement between the former and latter has been
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found. We show that both of them are given by the generalized hypergeometric
functions.

5. We construct topological defects in the Liouville filed theory producing jump in
the value of cosmological constant. We construct them using the Cardy-Lewellen
equation for the two-point function with defect.

6. We show that there are continuous and discrete families of such kind of defects.
For the continuous family of defects we also find the Lagrangian description and
check its agreement with the solution of the Cardy-Lewellen equation using the heavy
asymptotic quasi-classical limit.
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HekxoTopblie acnekTbl ABNeHNA KBaHTOBOro Xonna
Peslome

B nuccepraumm usyyatoTca HekoTopble acnekTbl KBaHToOBOro acpcpekta Xonna.bbina
paccMoTpeHa (2+1)-mepHas cucTema COCTOAWLAA M3 AMPaKOBCKUX 6e3MaccoBbIX
chepM1OHOB, NpUMepoM  KoToporo AsnAetcA rpadpeH. [NpoBogumocTtb 6bina paccum-
TaHa nAa rpadeHa Npu MpoW3BONbHOM XUMWYECKOM MOTEHUWane B npubnumeHnn
ojHoneTneBoi auarpammbl PeliHMaHa. Takue CUCTEMbI UHTEPECHbI TEM, YTO B 3TWX
MOJLENAX MOKHO Habnopatb ABNeHMe KBaHTOBOro adpcpekta Xonna nMpyu OTCYTCTBUM
HyneBoro MarHuWTHoro nonA. B pabote 6bmma nonyyeHa cpopmyna na
MONAPU3aLMOHHOTO  ofepaTopa,  pacyeT  KOTOpoii  MO3BONAET  OMpejennTb
nposogumocTb. B aucceptaumm paccuMTaHa TaKkme TOK-TOK KOpPpenALMOHHasA
yHKUMA AnA 2+1-MepHO CUCTEMbI B CNyyae MpOM3BOSbHOIO XMMWYECKOrO MOTEH-
uMana M HeKBaHTOBAHHOrO BHELUHEro MarHUTHOro nonA. PacueTbl mpoBogunuch B
npubnuxeHun Tpetbero nopagka auarpamm PeiiHmaHa (B 3 + 1 MepHbIX cucTemax
TakMe AuarpamMmbl He Y4uTbIBarOTCA cornacHo Teopeme Pappu). B coBpemeHHoi
hu3MKe CyLLECTBYIOT HEKOTOpbIE BELLLECTBA, HaNpPUMEpP TOMONOrMYECKUE N30NATOPbI C
KOHEYHbIMW COCTOAIHMAMM, KOTOpble TMpeAcTaBnAoT 6bonbluoil  nHTepec. [na
TOMONOMMYECKMX M30AATOPOB paccyuTaH oriepaTop MonApusauum Ans CruH-opbu-
TanbHoro B3aummopelicteua Palibbl ¢ HepenaATUBUCTCKUMU cpepMMOHaMK. DHepreTu-
UECKMIA CMeKTp Takux PEepMUMOHOB MpencTaBnAeT coboil AMy W VMeeT  MWHW-
MaJlbHYIO OKPYMHOCTb. B oTnuume OT [OMpaKOBCKMX UMM HepenaTUBUCTCKMX dpep-
MWOHOB, Mope Pepmu MMeeT reomeTputo aucka KopbuHo, KoTopaa oTpamaeT TpaHC-
nopTHble cBolicTBa BO3bymAeHMIA. PaccMoTpeHbl Tononoruyeckue fedekTbl B TEOPUM
JinyBunna c pasaMyHbIMM KOCMONOTMYECKUMM KOHCTaHTaMu. AHanoruyHas MOAenb
6bina mocTpoeHa c Ucrnonb3oBaHueM ypaBHeHuAa Kappu-lleBunena c pedpektom ans
OBYXTOYeUHOW dyHKuMK. [loKasaHo, YTO CYLLECTBYIOT AUCKPETHblE U MOCTOAHHbIE
cemeiicTBa C TakMmu pedpektamu. [nA HenpepbiBHOrO cemelicTBa AedpekToB 6bIno
HalileHo OnucaHWe narpaHXuaHa W MokasaHo cornacue C ypaBHeHuem Kappu-
NleBuneHa B TAMenom KBasuknaccuyeckom npefene. BaanmoceAsb Mexay KBaHTOBbIM
acpcpektom Xomna u gByMepHON KOMKOPMHOI Teopueil nonAa uMeeT pasnuyHble
acnekTbl. MaTtemaTuyeckue 3nemMeHTbl rpaHUYHOW Teopuu JluyBunna usyyanucb B
paMKax MUHU-cynepripocTpaHcTBe. B aTom npepene octatoTcaA TONbKO HyneBble MOABI,
M B pesynbTaTte Mbl MPUXOAMM K KBAHTOBO-MexaHU4ecKoil 3apaye. Martpuy-Hble
3NEMEHTbI FpaHUYHoOl Teopuwn JIyBUANA M3y4anucb B MWUHU-CYNepripocTPaHCTB, rae
OCTaloTCA TOMbKO HYyNeBble MOfAbl, W B pe3ynbTaTe Mbl MPUXOAUM K KBaHTOBO-
MexaHu4ecKoii 3apave. B muHu-cynepnpocTpaHcTBe Obina paccuutaHa npepenbHas
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TpexToyeuHaa yHKuMA Teopun nona JinyBunna, Kotopas Obina BbipameHa yepes
yeTHble [amma-tpyHKLMM U cuHycoupanbHble yHKUMK. Mcnonb3ya acumnToTnyeckue
cBOICTBa 3TUX (PYHKLMIA, ObINO MOKa3aHO, YTO KOHEYHaA TpexToyeuHas cpyHKuuA B
npefene MMHU-CyNeprnpocTpaHcTBa MOMET ObiTb BbipameHa yepes cyHKumio Meitepa
€AVHUYHBIM apryMEHTOM WU Yepe3 3KBUBANEHTHYIO OOOOLLEHHYI TFunepreomer-
pUYECKYO (DYHKLMIO €OMHWUYHBIM aprymMeHToM. MaTpuyHble 3nemMeHTbl NoTeHuumana
Mopse Takie 6bIM BbIYKUCIEHDBI,MOKA3aHO,4TO OHW MOTYT ObiTb BbIpakKeHbl B
COOTBETCTBYHOLLMX FUMEPreoMETPUHECKUX PYHKLMAX.
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