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Study of the Features and Properties of Greens Functions
of Macroscopic Quantum Systems

This article is devoted to the theoretical investigation of processes in macroscopic systems based on wave—
particle duality and quantum statistical distributions using the Green’s function method. In particular, it pro-
vides a detailed description of the properties and characteristics of the Green’s function for an ideal Fermi
liquid, single- and two-particle Green’s functions, as well as Green’s functions at limiting temperatures and
for the Dirac and Schrddinger equations. The study analyzes the application of the Green’s function method
to processes in many-particle quantum systems and to solving equations that describe the constituent particles
of such systems. For a given operator and set of boundary conditions, a Green’s function can be defined, al-
lowing the solution of the corresponding equation to be expressed in integral form. A distinctive feature of
this method is the application of mathematical-physics tools, such as Fourier methods, integral transforms,
special functions, and mathematical analysis, to problems in quantum physics governed by the principles of
quantum and statistical mechanics. The relevance of this study stems from the application of the Green’s
function method to the analysis of quantum phenomena. This approach is considered one of the effective
methods for solving partial differential equations describing various physical processes. It involves transform-
ing the original differential equation into an equivalent integral equation involving Green’s functions, which
can then be solved. The transformation involves passing to the momentum representation and applying Fouri-
er transforms using methods of complex analysis.

Keywords: Fermi liquid, Fourier transform, momentum representation, macroscopic system, Green’s func-
tion, integral equation

Introduction

Quantum liquids, first discovered in 1938 by P. Kapitsa and J.F. Allen, represent macroscopic systems
governed by quantum effects (such as energy quantization, wave-particle duality, and quantum statistical
distributions). In quantum mechanics, it is possible to describe the states of individual particles and their in-
teractions; however, in quantum liquids containing a large number of particles, these particles cannot be con-
sidered independently. Their quantum properties manifest only through collective processes. Superfluid heli-
um-4 and Fermi liquids formed by fermions at low temperatures are among the primary objects of study in
hydrodynamics, and their nature fully satisfies the criteria of quantum liquids. In such media, macroscopic
guantum phenomena predominantly occur. Electrons in metals and semiconductors, excitons in dielectrics,
and nucleons in atomic nuclei can also be treated as quantum liquids.

In 1830, the British mathematician George Green, while solving inhomogeneous boundary value prob-
lems in electrostatics and heat conduction, introduced the functions that now bear his name and established
the foundations of their theoretical framework. These functions, which serve as a fundamental mathematical
tool in mathematical physics, were further developed throughout the 20th century and significantly simpli-
fied the solution of linear inhomogeneous differential equations with boundary conditions in electrodynam-
ics, quantum field theory, and scattering theory. In particular, in quantum field theory, Green’s functions de-
scribe the probability amplitude for a transition from one point in space-time to another, whereas in scatter-
ing theory they characterize particle scattering by various objects. In the theory of fluctuations, Green’s func-
tions also facilitate the construction of Feynman diagrams for different quantum processes.
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At the same time, Green’s functions in quantum liquids serve as a powerful mathematical framework
for describing many-body systems. They make it possible to evaluate the influence of external perturbations
on a system, analyse its response to such perturbations, and determine its thermodynamic and dynamic prop-
erties, thereby providing information about both equilibrium and non equilibrium states. In addition, Green’s
functions are widely used to calculate physical quantities such as density, correlation functions, and
quasiparticle spectra. Problems related to finite temperature in Fermi liquids are addressed using tempera-
ture-dependent Green’s functions that incorporate thermal effects. Meanwhile, processes involving the mo-
tion of a single particle among many others are described using single-particle Green’s functions, whereas
two-particle Green’s functions characterize correlations between particles. Considering liquid helium at low
temperatures as a quantum liquid makes it possible to establish theoretical principles and conditions for ap-
plying Green’s function methods to the study of thermodynamic and dynamic properties of interacting quan-
tum systems. This approach enables the calculation of single-particle and many-particle correlation func-
tions, the determination of thermodynamic spectra, and the analysis of the relationship between microscopic
interactions and macroscopic properties. The main subject of investigation is quantum liquids whose proper-
ties are governed by quantum effects. In this context, the study addresses the following key problems: many-
body quantum systems, the concept of quantum liquids, neutral Fermi liquids and their equilibrium proper-
ties, as well as kinetic equations for quasiparticles in Fermi liquids.

When studying quantum liquids using Green’s functions, it becomes possible to account for particle in-
teractions within the liquid. This approach allows one to determine the Green’s function corresponding to a
specific operator and boundary conditions. Using this function, the solution of the equation describing the
liquid can be expressed in an integral form. In solving such problems of quantum macrophysics, which are
based on the principles of quantum mechanics and statistical mechanics, various mathematical methods are
employed, including Fourier methods, integral transform techniques, special functions, and methods of
mathematical analysis. In addition, the following mathematical tools of mathematical physics are widely
used: partial differential equations, integral equations, functional analysis, and probability theory. Variational
methods also play an important role in the study, as they are used to determine stationary states of physical
systems.

A brief review of recent scientific studies relevant to the topic of this paper can be summarized as fol-
lows. In [1-3], a comprehensive theoretical study of radio-frequency spectra of a two-component Fermi gas
with balanced populations in the normal phase of the temperature—interaction phase diagram was carried out.
Analytical results were also obtained for determining the shape and width of radio-frequency spectra within
relevant temperature and interaction regimes. In [4], the problem of determining the Green’s function for the
stationary Schrodinger equation was considered within the framework of the potential quantization method.
An expression for Green’s functions in terms of eigenfunctions and eigenvalues was derived, and the equiva-
lence between this approach and the traditional method was demonstrated. Studies [3, 4] present an inde-
pendent review of the theory of quantum melting mediated by dislocations at zero temperature in two spatial
dimensions. A one-dimensional gas of spinful fermions interacting via an attractive d-function potential was
also examined using the Bethe ansatz solution. In [5-7], the application of the Bogoliubov—Tyablikov two-
time Green’s function method to the many-electron theory of metals is discussed within strongly correlated
models, such as the Hubbard model and the VVonsovskiy exchange model. Issues such as atomic representa-
tions of electronic states, the metal—insulator transition, incoherent states, and the Kondo effect are analysed.
The criterion for ferromagnetism in systems of strongly correlated electrons has been analysed, and it is
shown to differ fundamentally from the conventional condition. Based on the analysis of radiative recombi-
nation spectra of two-dimensional electrons with photoexcited holes bound to remote acceptors, the depend-
ence of the quasiparticle Fermi energy on electron density has been investigated. The dependence of the
renormalized quasiparticle mass on the concentration of two-dimensional electrons has been measured. It has
been shown that, in a perpendicular magnetic field, the quasiparticle concept in a two-dimensional Fermi
liquid remains valid not only near the Fermi surface but also deep below it, down to the bottom of the size-
guantization subband, since the excitation broadening is significantly smaller than their energy [8]. In, a one-
dimensional gas of spin-1/2 fermions interacting via a repulsive d-function potential of arbitrary strength is
considered. For the case where all fermions except one have spin up, the time-dependent two-point correla-
tion function of the spin-down fermion is calculated. This impurity Green’s function is represented in the
thermodynamic limit as an integral over Fredholm determinants of integrable linear integral operators. The
problem of integer and fractional quantum Hall resistance within a unified framework of mathematical phys-
ics has remained an unresolved issue over the past four decades. In this approach, the quantum Hall liquid is

22 Bulletin of the Karaganda University



Study of the Features and Properties...

modelled as a membrane of electron fluid flowing around magnetic fluxes. The trajectories of fractional
guantum Hall states lie along the edge surface of the cross-section of a folded membrane, which is spontane-
ously characterized by a lattice of magnetic fluxes in the bulk zone. This topological representation provides
an alternative way for the realization of string theory concepts and topological quantum computation through
the folding of a laminar quantum liquid. For a system to be considered a quantum liquid, quantum statistical
effects must be present in addition to quantum mechanical effects [9]. An unexplored dynamical condition
for the manifestation of quantum statistical effects is considered, where particle exchange events in a gas-like
hydrodynamic regime are treated as a dynamical process characterized by an intrinsic time scale. Subse-
guently, quantitative criteria for particle indistinguishability and the associated quantum statistics are pro-
posed, which are effective over short time scales and manifest over longer times. A quantum critical point is
identified, and hypotheses regarding the formation of complex quasiparticle condensates are proposed.
In [10-12], phenomena arising in fermions in optical lattices at low temperatures under an external magnetic
field are investigated. By tuning the field, the attractive interaction between any two fermions can be made
arbitrarily strong, leading to the formation of composite bosons via so-called Feshbach resonances. At suffi-
ciently low temperatures, a critical temperature is determined at which these composite bosons undergo
Bose—Einstein condensation, resulting in the formation of massive fermions. A quantum critical point is
identified, and hypotheses regarding the formation of complex quasiparticle condensates are proposed.
Quantum-critical behaviour induced by a presumed quantum phase transition separating the d-wave super-
conducting state is investigated in detail. Within the framework of the renormalization group approach, a
phenomenological effective theory based on the Landau-Ginzburg—Wilson theory is employed, and one-loop
calculations are performed to construct a consistent set of coupled interaction parameters [11]. A coupled
fermion—-boson system in spatial dimensions is investigated, and a new fixed point for a non-Fermi liquid is
identified [13].

The peculiarity of describing macro systems using Green’s functions is that they reduce complex multi-
particle problems to the search for single-particle responses. This allows for the accurate consideration of
particle statistics (Bose or Fermi) and their interactions, representing the physical properties of the system
through integral equations. The Green’s function acts as a “propagator” that describes the probability of a
particle added to the system at one point being detected at another point after some time. If Green’s functions
in quantum field theory describe the probability of passage between points in space-time, then in scattering
theory they were able to analytically explain the scattering of particles from various objects. At the same
time, in the theory of perturbations, Green’s functions also helped to construct Feynman diagrams for various
guantum processes, and Green’s functions for quantum fluids were used as a mathematical tool for describ-
ing the properties of many-body systems. In short, with the help of these functions, it was possible to sys-
tematically evaluate the influence of external influences on the system, the behavior of the system in relation
to this influence, and to analytically consider the thermodynamic and dynamic properties of the system. It
was possible to obtain accurate information from the conditions of the system in equilibrium and non-
equilibrium states. Today, Green’s functions are successfully used in calculating important quantities such as
density, correlation functions, quasiparticle spectra, etc. While problems related to the temperature of a Fer-
mi liquid are solved using temperature Green’s functions that take into account thermal effects, and problems
related to the motion of an individual particle between other particles are solved using single-particle Green’s
functions, two-particle Green’s functions can determine the correlation between two particles. All key ther-
modynamic and Kinetic properties are expressed through the Green’s function: density of states, binding en-
ergies, conductivity, magnetic susceptibility, and excitation spectra. The interaction of particles is taken into
account by summing up infinite perturbation theory series using Feynman diagrams. The Green’s function
acts as a “propagator”—the probability that a particle will move from one point to another, interacting with
its surroundings.

In the present work, the features and properties of Green’s functions for an ideal Fermi liquid are exam-
ined in detail, including single-particle and two-particle Green’s functions, as well as Green’s functions at
limiting temperatures and for the Dirac and Schrodinger equations. The application of Green’s function
methods to processes occurring in many-body quantum systems and to the solution of equations describing
particles forming such systems is analysed. For a given operator and boundary conditions, the corresponding
Green’s function is determined, and the solution of the equation describing the liquid is expressed in integral
form using this function. A distinctive feature of this approach is that, in solving such problems of quantum
macrophysics based on the principles of quantum mechanics and statistical mechanics, a combination of
mathematical methods is employed, including Fourier methods, integral transform techniques, special func-
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tions, and methods of mathematical analysis. The relevance of this study is associated with the application of
Green’s function methods to quantum phenomena. This approach is considered one of the most effective
tools for solving partial differential equations describing various physical processes. In particular, it allows
the transformation of a differential equation describing a given phenomenon into an equivalent integral equa-
tion incorporating Green’s functions, which can then be solved.

The main problem is the calculation of the ideal Fermi—liquid, One-and two-particle Green functions, as
well as the limit temperature Green functions, the Green functions of the Dirac and Schrodinger equations.
Determining solutions to equations for multi-particle quantum systems by the Green function approach is
also one of the most pressing problems. Ways of transition from a differential equation to an integral equa-
tion equivalent to this equation were considered and theoretical searches were made in the direction of de-
termining the solution of this equation according to the Green function.

Experimental

Quantum macrophysics can be regarded as a distinct branch of theoretical physics that studies phenom-
ena in solid and liquid phases based on the principles of quantum mechanics, statistical mechanics, and elec-
trodynamics within a many-particle framework. The nature of these phenomena is investigated using appro-
priate mathematical models. For example, a deeper understanding of the properties of metals requires treat-
ing electrons as a Fermi liquid. Since the presence of a crystal lattice complicates the development of a theo-
ry of electron liquids, it becomes necessary to establish general principles for homogeneous and isotropic
systems. Similarly, superconductivity in metals can be explained using a simplified isotropic model of a su-
perfluid electron liquid. In the study of macromolecules (many-body systems, macroscopic quantum sys-
tems), the Green’s function method is used to describe the system’s response to external influences, calculate
thermodynamic properties, and search for excitation spectra (quasiparticles). The method of Green’s func-
tions, which depend on imaginary time or temperature, is adapted to describe equilibrium statistical
mechanics.

At sufficiently low temperatures (1-2 K), where the de Broglie wavelength associated with the thermal
motion of atoms becomes comparable to interatomic distances, macroscopic phenomena in liquids are gov-
erned by quantum laws. According to classical theory, all substances should exist in a solid state at absolute
zero. However, due to weak interatomic interactions, the liquid isotopes of helium, *He and “He remain in
the liquid state near absolute zero temperature, where quantum phenomena are observed. In such cases, the
solid phase becomes energetically less favourable. The method of equations of motion uses the left-hand
chain of equations for the Green’s functions, where special splitting factors are used to close the system. The
concept of Fermi liquids considers systems with strong interactions, such as electrons in metals. The Green’s
function is used here to justify the concept of quasiparticles.

Results and Discussion

If we consider a macroscopic system composed of particles with half-integer spin within the Heisenberg
representation—where wave functions are time-independent and operators f, corresponding to physical ob-
servables depend explicitly on time and can be written as follows:

f,(t,r) = f,(F)exp(iHt)exp(-iHt);
f,"(t,r) = f,"(r)exp(iHt)exp(—iHt).
Then, the single-particle Green’s function of the system can be written as:
Gy (Zl' Zz) =i Nfa (Zl) fb* (Zz) .
Here, the variables t,r are replaced by t,r and t,,r, respectively, and are denoted collectively as
Z,,Z,; N is the time-ordering operator; and the overline indicates averaging over the ground state of the sys-

tem. In quantum mechanics and quantum field theory, the Green’s function is the impulse response of a
guantum-mechanical operator (e.g., the Hamiltonian) that describes the propagation of a particle and its re-
sponse to an external stimulus. When a particle has spin, its wave function is a spinor (magnetic vector), and
the Green’s function acquires a matrix-spinor structure. The spin dependence of the Green’s function in the
absence of an external field is described by a second-rank spinor &, :

Gab (Zl7 Zz) = SabG(Zl’ Zz) .
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The coordinate-space density matrix of particles in the system is given by [1]:

P (0. 5) =", (L) f.(LE) . 1)
Using this expression, one can determine the expectation value of any physical observable for an indi-
vidual particle. Let us rewrite Eq. (1) in terms of the Green’s function:

P (1. 1;) =IN"Gyy (4, it > 0,1;) .
The Fourier expansion of this function allows one to determine the momentum distribution of particles:

n(p) = p(t, &) exp{—iB(F; — 1)} d° (x, —x) = =i [ G(t, ) exp{—ipr} d°x. 2)
This expression represents the concentration of real (i.e., non-quasiparticle) particles within a given
3
momentum range ; ;J3 . Equation (2) should not be confused with the quasiparticle distribution function. If
Y
the expression for the Green’s function in the momentum representation is substituted into Eq. (2), i.e.
. ~ R dod®
G(t,F) =IG(@, p)exp{i(pr —a)t)}—F,
(2m)

then Eq. (2) takes the following form:
. T . . do
n(p) =-ilim j G(o, p)exp{-iot)}——,
where @ is a complex variable,
G(w, p) = j G(t, F)exp{~i(pr —ot)} dtd°x. ©)

Taking into account the discontinuity property of the Green’s function G(t, F), and the integration over

dt in Eq. (3), the integral can be split into two parts with limits from —oo to and from 0 to oo, Then, using the
rules of matrix multiplication, we obtain the following expression m for particle states of type a:

G(t,F):—%Z] () mm £, (Z)].

It is known that Heisenberg operators are physical observables whose mathematical description changes
over time, while the quantum state of the system itself remains unchanged. Therefore, we can say that these
operators are responsible for the time-varying states of a free particle in the system. The summation is per-
formed over all quantum states of the system. The Heisenberg operator f for a system of free particles satis-
fies the equation:

iﬂz—iAfa —uf,.
ot 2m

Taking into account the above results, this equation can be written in terms of the Green’s function as:

. 0 A s .
[Iat 2m+HJG(t,r) 3(t)o(r),
where p is the chemical potential of the liquid [2]. The Fourier transform is a mathematical bridge between a
particle’s wave function in coordinate representation and its momentum representation. It allows equations to
be translated from the spatial domain to the frequency domain. After performing the Fourier transform, we
obtain:

2m
Gy is the Green’s function for non-interacting particles.

Lm—p—zﬂ,tjGo(m, p)=1.

w2

G, (o, p)= [m— ZI:nO

This function is a mathematical tool (probability amplitude) that describes the propagation of a quantum
particle in space and time.

In quantum mechanics, the product of operators means their sequential application to the wave function
(the state of the system). It is used to mathematically describe multi-step measurements, complex physical

-1
+u+ isignm} .
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quantities, and how a system changes over time. The following product of four Heisenberg operators f aver-
aged over the ground state N is called the two-particle Green’s function:

Q34,12 = Nfs f4 fl* fz* . 4)
It is convenient to consider this function in the momentum representation for a homogeneous system,
i.e., it depends only on the differences of three arguments
23— 25, 24— 2y, 2y — 25
This is due to the fact that the Fourier transform components, taken over all variables Z,, Z,, Z;, Z4, con-
tain a 6-function:

IQ34,12 exp{i ( pszs + p4Z4 - plzl - pzzz )}d 4Zld 4sz 423d 4Z4 =

:(275)4 8(4) ( Ps+Ps— P~ pZ)QS,ab ( Psy Py Pys pz) .

For the arguments of the Green’s function, the following relation holds p, + p, = p, + p, . In the zeroth-
order approximation, this function can be expressed in terms of differences of single-particle Green’s func-
tions [2-5]:

Q% (Ps» P P 2,) =(2) " [8 (b, = 3 )G (1) G% (P,) =8 (. — P, )G (,) G’ (p1) |-
In higher-order approximations, additional terms appear that are not included in the Green’s function.

Quann =(21) [ (P = ps)Gun (P1)G hn, (1) =8 (= Ps) G un ()G nn (P) ]+

+Gyg (P3)Gag, (Ps)iReg, 55, (3 Py 1y P, )Gy a (PL) G, (P,)-
Here, the particle components ab of the system are replaced by AB. The function R in the last expres-
sion is called the vertex function and, in the momentum representation, can be written as follows:

Raaa (Par Pss Puo P2) = =Ry o (Par Py, Py P2) =R (P3P P2 1) -
To determine the Green’s function at nonzero temperature for a macroscopic system, it is necessary to
replace averaging over the ground state of a closed system with averaging over (( >) the Gibbs distribu-

tion [6-10]. When analysing the properties of Green’s functions at limiting temperatures, it is important to
introduce the retarded and advanced Green’s functions. The retarded Green’s function is defined as follows:

G, (2,2,)=(1.(2) £, (2,)+ £, (Z,) 1.(Z,)).
In the absence of an external field, this function reduces to a scalar function that depends only on the
difference of its arguments: Z =2, -Z,:

o 1 o
Gab (Zl’zz)zaab EGaa .

Since G*(t,F)=0 for t <0, the momentum representation of the above function can be written as fol-
lows:

G* (e, B) = [ [expi (ot - pr)G* (t,F)dtd’z

Similarly, the advanced Green’s function can be obtained in the same manner G". The temperature
Green’s function is a mathematical apparatus of quantum statistics that describes the behavior of a quantum
many-body system when taking into account temperatures different from absolute zero. Then, in our case,
the temperature-dependent Green’s function is given by:

G(o,p)= —@%“%%5( B E”m){mnml—@[“ e T J} .

Application of Green’s Functions to the Solution of the Dirac Equation. For the calculation of processes
within the Standard Model, it is necessary to employ methods of mathematical physics and the theory of spe-
cial functions, since the equations describing scalar, vector, and spinor particles are differential equations of
different orders. Solving the Dirac equation using the Green’s function allows us to reduce a complex differ-
ential problem (especially in the presence of external fields or potentials) to an integral equation. This is a
standard technique in relativistic quantum mechanics and quantum field theory, where Green’s functions are
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also called propagators. As an illustrative example, we consider the solution of the Dirac equation given be-
low for an electron in an electromagnetic field using the Green’s function method [11-13]:

(ics‘)‘ﬁOL —m)(p(X)=—eGaEa(X)(p(X), (5)
where c* :{co,cl,cz,cs} are the Dirac matrices, and e is the electron charge. To solve Eq. (5), it is neces-
sary to first consider the following auxiliary problem:

(ic‘*aa —m)G(x, x°)=8(4) (x=x).
Then, the solution of Eq. (5) can be represented as:
o(x) =—eIG(x,x° Jo“E, () @(X*)dx°.
The momentum representation of Green’s functions (or the momentum space representation) is a transi-

tion from space-time coordinates to wave vectors (momenta) and frequencies using the Fourier transform.
The momentum representation of the Green’s function in this expression is given by:

G(x JS exp{ ip(x—x )}d“p. (6)

The momentum representation of Green s functions is a mathematical apparatus in which the solution
of quantum mechanical equations (Schrodinger or Dirac) is expressed in terms of particle momenta rather
than their coordinates. This significantly simplifies the analysis due to the translational invariance of space.

S(p)in expression (6) is the Fourier transform of the Green’s function. In the Fourier representation, the

Green’s function is transformed from a complex integral convolution kernel into a simple algebraic function.
A differential equation with a source is reduced to dividing the Fourier transform of the source by the Fourier
transform of the differential operator. If the Dirac delta function is applied,

3 (x=x")= )4Iexp{—ip(x—x°)}d4p

and the notation c”p, =p, is introduced, as well as the commutation property of the Dirac matrices

c°c" +6"c" =20"", then the expression for the Green’s function [14], corresponding to the Fourier-
transformed Green’s function and the Dirac equation, takes the following form:
p+m |
S ( p) = pZ-m?’

@) j 7 _ﬁ;?]”gexp{—ip(x_xo)}mp :

G(x,xo)z

It is well known that a particle in an external field in quantum systems is described by the Schrodinger
equation:

(H-E)w(r)=—Fy(r), (7)
where F is the operator responsible for the interaction, and H is the Hamiltonian,
y(r)=exp(ikr), (8)

to solve Eq. (7) by the Green’s function method, it is necessary to pass from this differential equation to an
equivalent integral equation (that is, an integral term entering the Green’s function is added to the wave func-
tion of the form given in Eqg. (8)).

y(r)= exp(lkr) IG E,r,r )F( v ( )dr
Here, G(E, r, f’) is the Green’s function corresponding to the Hamiltonian operator and satisfying the
equation given below (E—H)G(E,F,F’):S(F—F’) with the Dirac delta function (3(F—r")) [15]. Its
spectral form is given by:

oerr)-3 00

n=1
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In the case of a continuous spectrum,

N () .
G(E’rﬁ,):jwn(r)wn(r ) K
E, - E, ( 275)

It should be noted that the form of the Green’s functions entering the equivalent integral equations, in
momentum and spectral representations as well as in Fourier-transformed form, makes it possible to accu-
rately determine the domains of definition of the processes under consideration in phase space. On the other
hand, this approach improves the assessment of the rate of the process in combination with the theory of
functions of a complex variable. The obtained results can be used in solving problems based on scattering
theory and in calculating quantum-field amplitudes of spinor particles.

Green’s Functions of Averages and Equilibrium Green’s Functions. When expressing the expectation
values of quantities corresponding to quantum operators in terms of known Green’s functions, only the ex-
pectation values of two field operators and single-particle operators can appear in such expressions [16, 17].
For example, the particle number density in a system is given by:

n(¥) :Z(w; (r)\ya(r)> =i§a:Gaa (F,t-0;1,t)

a

and for a homogeneous system of fermions:
nzgz—zieaa(rzo,tz—o). 9)

This relation, which connects the Green’s function with the particle density, makes it possible to ex-
press the thermodynamic parameters of the system under T =0 in terms of Green’s functions. Indeed, the
thermodynamic potential of the system under the conditions T =0, V =const and S =0 is determined by
the relation:

dF =-SdT — pdV — Ndp=—Ndp.

This relation can be integrated subject to the condition F (M = 0) =0:

F =jiduN (n).

Substituting the corresponding expression N and taking into account the dependence of the Green’s
function on p, we obtain:

9PAO ¢ (i) G (Bro).
(27)

A somewhat more complicated example is the current, which is expressed in terms of field opera-
tors [18, 19] as follows:

F:TdMZinILrE).[
0

3(1)= o= SV (1)) v (F) - wi () (Vv (1))

2m=<
The current can also be expressed in terms of Green’s functions as follows:
3(F) =%Zlim lim(V,. =V, )[+G,, (F.t:7,0)].

t—>-0r'—r

The formalism developed above is restricted to the properties of many-particle systems at T =0 (i.e., in
the ground state). This is due to the fact that the ground state is always non-degenerate, which allows one to
apply the adiabatic hypothesis: if the interaction is switched on slowly and then switched off slowly, this re-
sults only in the appearance of a phase factor, which ultimately cancels out. From a physical point of view,
however, one cannot restrict the analysis to the case T = 0. In principle, the averaging in the definition of the
Green’s function can be performed over any quantum state or ensemble of states, and its analytical properties
can be established following the same procedure as for T =0. For example, one can define equilibrium
Green’s functions at finite temperature.

The general definitions of causal, retarded, and advanced single-particle Green’s functions [20]

Gy (X17t1;X2't2) :_iTrl:f)TWa(xl’tl)W; (XZ’tZ )] :
G:b (Xl’ti; X2,t2)=—iTl’[f)T\|la (Xl’tl)\ll; (Xz’tz)i\vg (XZ’tZ)\Va(Xl’tl)}K(tl _tz) ;
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Ga/t) (X1’t1; X, 'tz) = —iTI’[[ST\Va (Xilfl)\lfﬁ (X21t2 ) iW; (X21t2 )\Va (Xl'tl):|K(t2 _tl)
remain valid for equilibrium states at finite temperature, when the statistical operator has the standard form
of the grand canonical Gibbs distribution:

ﬁzexp{—_l_l(H —Q)} = ZS:exp{—%(ES —uN, —Q)}|s>(s| = Zs:ps |s)(s|.

The grand partition function is given by:

o 2)xfo 2]

where Q is the grand thermodynamic potential. In the isotropic homogeneous case,
Gab (Xl’ti; sztz) = 8abGab (X1 —X,4 _tz) .
Further, at zero temperature, it is necessary to include the matrix elements of the field operators be-

tween all states of the system, since all excited states now contribute with nonzero weight. As a result, we
obtain the following expression for the causal Green’s function:

. 1 (e = 1
G(po) = (20) E e, Xl(nlwa|m)3(p - (P, =) —— (10)
o, =E, —uN,, —(En —pNn) .
By separating the real and imaginary parts of Eq. (10) for real frequencies using the Sokhotski—Plemelj
formula, we obtain:

ReG(p,o) =%(2n)3 P;Zﬂ:pnza:|<n|\ua|m>|28( p—(P,~ Isn))[li exp(—%ﬂ 1

1
o —0,,

IMG(p,0)= —Tc%(an P;;pnza:|<n|\ya|m>|28(ﬁ—(lsm = ﬁn)){li exp(—%ﬂa(m—mm) .

An important property of Eq. (10) is that, if an approximation for the self-energy function of finite order
is substituted into it, the resulting approximation for the Green’s function becomes equivalent to summing an
infinite series of perturbation terms. This yields a significantly better result than a direct term-by-term calcu-
lation of the initial perturbation series. This is a natural consequence of the self-consistent approach. Anoth-
er, less favourable consequence is that any approximate self-energy function must be verified for consistency
with the general analytical properties of the Green’s function (which follow from the principle of causality).

Conclusion

Research on macro systems using the Green’s function method is a powerful mathematical tool that
finds application in various fields of theoretical and applied physics. This method allows for the description
of complex systems with numerous interacting particles or elements. In accordance with the subject of this
work, Green’s functions for macroscopic systems and ideal Fermi liquids, as well as two-particle Green’s
functions, finite-temperature Green’s functions, and the Dirac equation, have been considered. The relevance
of this study is associated with the application of Green’s function methods to quantum phenomena. Indeed,
this method is considered one of the most effective approaches for solving partial differential equations cor-
responding to various physical processes. In particular, when solving the governing equations of such phe-
nomena, an auxiliary partial differential equation involving the Green’s function in operator form is first
solved. After this procedure, by passing to the momentum representation, Fourier transforms with respect to
complex variables are performed. Then, within the framework of zeroth- and first-order approximations, in-
tegral expressions are obtained, and the limits of integration are chosen depending on the specific features of
the process under consideration. Performing this integration makes it possible to obtain explicit solutions
describing the properties of the system in which the given phenomenon occurs. Within this approach, meth-
ods of mathematical physics and special functions play a key role, which becomes particularly evident in
large-scale calculations. The mathematical derivations presented in this paper have been given in a simplified
form. The main emphasis has been placed on demonstrating the features of applying Green’s function meth-
ods to the solution of equations describing quantum effects in macroscopic systems. The obtained results can
be used in the following areas of theoretical and mathematical physics: studying the dynamics of fields, par-
ticle interactions (for example, in quantum electrodynamics and quantum chromodynamics), and scattering
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processes; calculating the energy spectrum of electrons and phonons in crystals, studying superconductivity
(Gorkov equations), magnetism, and the behavior of semiconductors; analyzing phase transitions, critical
phenomena, and non-equilibrium processes; and calculating the propagation of waves in heterogeneous me-
dia, turbulence, and the response of hydrodynamic systems to external disturbances.
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MakpoCKONTHIK KBAHTTBIK KyHesepaid I'puH ¢yHKIUATIAPHIHBIH,
KacueTTepi MeH epeKIIeJiKTepiH 3epTTey

MakpocKONTHIK Kyiienepae eTeTiH mpouectep I'puH QyHKIMIaps! apKeuIbl 3epTTendl. Mneanasr dpepmu—
CYHMBIKTBIH, Oip JKoHE eKi OeJIIeKTiK, IIeKTi TeMIeparypaisik, Jupak xxone Ilpenunrep TeHneynepiunin ['pun
GyHKUMSIApl MIBIFAPBUTBIT KepceTiami. Kem OeuniekTi KBaHTTBIK JKylelnepre apHalnfaH TeHICYJIEpIiH
memivMaepin I'puH QyHKUOUICHl TOCUTIMEH aHBIKTAyABIH JKOJNAApbl KapacTeipbUiraH. OmepaTopnap MeH
IIeKapajblK IIapTTapra apHaiaraH [puH (yHKIMSUTApBIHBIH KOMETIMEeH CYHBIKKa apHaIFaH TeHAEYJIepIiH
HIeIiMaepl HHTETpanablK Typiepiae YChHbUIABL [Ipomecrepre I'puH GYHKIMSCHH IepOec TyBIHIBUIBI
nuddepeHManabIK TeHAeyIep/i meiryre, @ypbe TOCUTIH KoJIIanyFa, HHTErPalabIK TYPICH IipyIiep jkacayFa,
apHaifbl  QyHKUMsTap MEH MaTeMaTHKaJbIK Tajmay TocUIaepiH maiiianaHyra Typa  Kenlemi.
JuddepeHnmanablk TeHACYIEH SKBUBAJICHTTI MHTETPAIABIK TEHIEYre KOy >KOJIapbl KeNTipiIil, COHFBI
TeHaeyniH memiMi 'pun (yHKOuscH OOHBIHINA aHBIKTANABL. bByn jkarmait mmmynbcTik OeliHere aywiCy
apKBUTBI JKOHE KOMIUICKCTIK alHBIManbLIap OoibIHIIA >Kyprisiierin @ypbe TypieHIipylepiH KoigaHy
apKBUIBI iCKe achIpbULABL. TYPaKTHl TOJIKBIHABIK (QYHKOUSIIAphl O0ap MaKpOCKONTHIK XKyienep rei3eH0eprrik
OciiHeneyne KapacThIpbUIABL. OpuHe Oy OeifHeneyne (QU3HKANIBIK IIamMaiapra colikec KOWBUIATHIH
orepaTopiiap yakbITKa allKplH TYpJe TOyeNai OONMaWTRIHABIFEI OenTiii. Bapiblk ecenteynep ChIPTKbl MAarHUT
epici eckepiIreH kKaHe eCKepIIMETeH JKaFiaiiapra Calikec OpbIHAAIIBL.

Kinm ceszoep: ¢depmu—cyiibik, @ypre TYpICHAIPYi, UMITYIbCTIK OcifHeney, MaKpOCKONTHIK Xyie, [pur
(YHKIMACHI, HHTETPAIIBIK TCHICY

T.b. Komrreibaes, 1. Anues, A.T. XKasinuesa, M.E. Anuesa

HccaenoBanue ocodeHHocTeil U cBoiicTB pynkuuii I'puna
MaKPOCKONNYEeCKUX KBAHTOBBIX CHCTEM

IIpomeccsl B MakpOCKONMHMYECKHX CHCTEMaX HCCIECIOBAINCh C TMoMombio ¢yHKiuid ['puHa. [TokazaHsr
¢yskuun ['puHa ans uneanbHOM (GepMU-KHUAKOCTH, OXHOW M JIBYX YACTHUI, MPEACTHHOW TEeMIIEpaTyphl U
ypaBHeHuil [lupaka, Illpenunrepa. PaccMoTpeHO peleHune ypaBHEHUH, ONMCBHIBAIOIIMX IPOLECCH B
MHOTOYAaCTHYHBIX KBAaHTOBBIX cHcTeMax, MerofoM ¢yHkuuii ['puHa. C momombio ¢yHkimu [puna mis
orepaTopa M rpaHNYHBIX YCIOBHH PeIICHNe yPaBHEHUS IS KHKOCTHU 3allCaHO B HHTeTparsHOM Buje. [Ipn
npumeHeHnn (yHKnmu [prHA K mporieccaM BO3HHKAeT HEOOXOMMUMOCTH penieHus aud(depeHInaIbHbIX
YPaBHEHUIl YaCTHBIX IIPOU3BOJHBIX, IpHUMEHEHHUs Merona @Dypbe, HHTETpaJIbHBIX IpeoOpa3oBaHU,
CEIMANBHBIX ~ (QYHKIMH W METOAOB MaTeMaTHYeCKOoro aHamm3a. lcnome3oBaH — Iepexox  OT
mud(hepeHIMaIBPHOTO ypaBHEHHS K JKBHUBAJCHTHOMY HHTETPAIbHOMY YPAaBHEHHMIO M TOKAa3aHO PEIICHHE
AHHOTO ypaBHEeHUs ¢ QyHknued ['puHa. [Ipum 5TOM OBUT OCYyIIECTBIEH IIEpexo]l Ha HMITYIbCHOE
npencTaBieHde W npeoOpasoBanus @Dypbe uepe3 KOMIUIEKCHBIE IepeMEHHBIe. PaccMOTpeHHbIe
MaKpOCKOIIMYECKHE CHCTEMBl C IIOCTOSIHHBIMH BOJHOBBIMH (YHKIMSAMH OBUIM ONHCAaHBI HAa OCHOBE
Teli3eHOepProBCKUX TIPEICTaBICHHH, TIE OIepaTophl, COOTBETCTBYIOIINE (PM3MUECKUM BEIMYMHAM, SBHO
3aBUCAT OT BpeMEHH. PacueTsl MPOM3BOIMINCH C YIETOM M 0€3 yueTa BIHSHHS BHEITHUX TOJICH.

Knwouesvie  cnosa:  pepmu-kuakoctb, npeobpazoBanne @Dypre, HMIYJIbCHOE IPEACTAaBICHHE,
MaKpOCKONHUuecKas cucteMa, GyHkuus [ puHa, HHTErpajbHOE YpaBHEHHUE
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