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Introduction

It is well known that a local change in the electronic state in a crystal
leads to corresponding local changes in the interactions between individual
atoms of the crystal, and hence to the excitation of atomic oscillations, i.e.
the excitation of phonons. And vice versa, any local change in the state
of the lattice ions alters the local electronic state. It is common in this
situation to talk about an “electron—phonon interaction”. This interaction
manifests itself even at the absolute zero of temperature, and results in
a number of specific microscopic and macroscopic phenomena. When an
electron moves through the crystal, this state of polarization can move
together with it. This combined quantum state, of “moving electron +
accompanying polarization”, may be considered as a sort of a quasipar-
ticle with its own particular characteristics, such as effective mass, total
momentum, energy, and maybe other quantum numbers describing the
internal state of the quasiparticle in the presence of an external magnetic
field presence or in the case of a very strong lattice polarization that
causes self-localization of the electron in the polarization well with the
appearance of discrete energy levels. Such a quasiparticle is usually called
a “polaron state” or simply a “polaron”. Polaron formation is a conse-
quence of dynamic electron-lattice interaction which is also responsible for
scattering of charge carriers, phonon frequency renormalization as well as
screening of interaction between charge carriers in solids.

The concept of the polaron was introduced first by S.I. Pekar [1],
who investigated the most essential properties of stationary polaron in
the limiting case of very intense electron-phonon interaction, so that the
polaron behavior could be analyzed in the so-called adiabatic approxima-
tion. Such famous researchers as L.D. Landau, S.I. Pekar, H. Frohlich and
R. Feynman have contributed to the development of polaron theory [1-5].

Despite the apparent simplicity of the formulation, the polaron prob-
lem has not yet been solved, and continues to attract much attention. It
plays an important role in statistical mechanics and quantum field theory
because it can be considered as the simplest example of a nonrelativistic
quantum particle interacting with a quantum field. Therefore many so-
phisticated mathematical techniques have been tested for the first time
using this problem as a model. A shining example of this is Feynman’s
functional integration method, which was applied first to the polaron
problem, before becoming one of the main methods used in statistical
mechanics and quantum field theory. Moreover, polaron theory is an
expanding field of investigation in solid state physics because polarons are
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4 Introduction

not only theoretical constructs but practically observable physical objects
(see e.g. [6]).

One of the most important contributions to polaron theory, made by
N.N. Bogolubov, is the rigorous adiabatic perturbation theory [7] created
in 1950, in which the kinetic energy of the phonon field was treated
as a small perturbation. The theory is translationally invariant (which
is important for the development of the strong coupling theory), and
reproduced at zeroth order the results for large values of the interaction
constant that had already been derived. Despite a systematic attempt to
calculate higher orders of the perturbation theory, these have not yet been
derived, although much effort has been devoted to the problem.

Bogolubov returned to the polaron problem in 1980, when he devel-
oped and applied the well-known method of chronological or T-products
[8]. This method appeared to be effective for the theory of the large-radius
polarons for all strengths (weak, intermediate and strong) of electron—
phonon interaction and also for the derivation of higher terms of the per-
turbation series in the weak-coupling limit. Like the functional integration
formalism, the T-product method has various applications in many fields
of quantum physics.

Interest to the polaron problem is growing: in addition to earlier
fields of research dealing mostly with spatially homogeneous systems,
investigation of charged-particle interactions with elementary excitations
in spatially inhomogeneous low-dimensional systems, such as quantum
wells, wires and boxes, is gaining significance. Experimental techniques
have had great success in producing such systems with well-controlled pa-
rameters, thus allowing the manufacturing of structures with predictable
characteristics. Electron—phonon interactions of the polaron type play a
very important role in the properties of low-dimensional quantum sys-
tems. Thus, much efforts has been devoted to the investigation of surface
polarons (see [9, 10] and references therein).

Of course, it is impossible to cover all off the numerous aspects of
polaron theory in this short introduction or even in a far larger text. The
main purpose of the present book is to acquaint the reader with methods
of modern mathematical physics developed in connection with polaron
theory.

The book is organized in the following way. Chapter 1 is an introduc-
tion to the T-product approach in the theory of a particle interacting with
bosonic fields. As an example, this method is applied to the linearized
polaron model and Feynman’s two-body oscillator model, for which all
calculations can be carried out explicitly. Feynman’s well-known inequal-
ity in polaron theory is also reproduced as a particular case. The rest of
the chapter is devoted to one version of finite-temperature perturbation
theory for the polaron partition function and the ground-state energy
developed on the basis of the T-product formalism. Adiabatic perturbation
theory for the polaron ground-state energy, which is valid for the strong-
coupling case, is also highlighted.
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Introduction 5

Chapter 2 deals with the equilibrium-state investigation for the
Frohlich polaron model. The main objective of this chapter is to derive
Bogolubov’s inequality for the reduced free energy of the polaron. This
inequality allows one to obtain various upper bounds for the polaron
ground-state energy relevant for different values of the particle—field
interaction strength.

Chapter 3 touches on some problems related to nonequilibrium polaron
theory including polaron kinetics. An exact evolution equation for a parti-
cle interacting with a bosonic field is derived here. It is shown that in the
weak-coupling case this equation can be reduced to the Boltzmann equa-
tion in the polaron theory. Special attention is paid to the investigation of
the nonequilibrium properties of the linearized polaron model. The main
characteristics of this system, such as the impedance and the admittance,
are calculated explicitly. It is also shown that the equilibrium momentum
distribution function in the weak coupling limit can be derived by means
of the T-product formalism without having recourse to the Boltzmann-
equation approach.

Investigation of the dynamics in a “small” system weakly coupled
to a “large” system (the heat bath) is one of the essential problems of
statistical mechanics. The work by N.N. Bogolubov and N.M. Krylov
[49] laid theoretical foundation for studies in this field. In this work the
problem of possibility of a stochastic process in a dynamic system being
under the influence of a large system was considered. The behavior of a
classical system was studied on the basis of the Liouville equation for the
probability distribution function in the phase space while for a quantum
system the equivalent von Neuman equation for the statistical operator
was employed. In [49] a method was developed allowing to derive the
Fokker-Planck equation already in the first order approximation. In [50]
a concrete model was studied in detail, the dynamics of which could be
described by integrable equations. This property allowed rigorous critical
analysis of various approximations to this model dynamics which had
been derived earlier. Similar results for quantum mechanical systems were
obtained in [51].

In lectures given by N.N. Bogolubov in 1974 while visiting the Rocke-
feller University, a modified version of the method, developed in [49], was
outlined and its relation to the theory of two-time Green functions was
discussed [52].

It is worth noticing that the notions of the “small” system and the
“large” system are to be comprehended in the sense that the number of
degrees of freedom of the former is much less than this number for the
latter one.

Further development of ideas outlined in [49-52] provided an oppor-
tunity to formulate, on the basis of a model polaron problem, a method
of derivation of exact system of hierarchic equations for time-dependent
averages [35]. Bose-variables elimination from operator dynamic equations
being averaged with respect to the initial statistical operator represents
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6 Introduction

the cornerstone of the method. Special lemmas proved for the case of
adiabatic switching on of the interaction between the “small” and the
“large” systems played significant role in this elimination procedure [35].
If the “large” system is in the thermodynamically equilibrium state (being
the heat bath in effect), the method allows to describe approach to
equilibrium for the distribution of probabilities in the “small” system.

The above mentioned method proved itself very useful in studies of
superradiant generation processes [53-55]. The phenomenon of superradi-
ance reveals itself in appearance of spontaneous coherence of electromag-
netic radiation due to photon exchange between atoms of active medium
taking place under some additional conditions [56].

Here, in Chapter 3, an aproach to derive an exact equation for the
evolution of a particle interacting with bosonic field is proposed. It is
shown that in the case of weak interaction this equation can be reduced
to the Boltzmann equation in the polaron theory. Particular attention is
paid to investigation of nonequilibrium properties of the linearized polaron
model. Principle characteristics of this model, such as impedance and
admittance, are calculated explicitly. It is also shown that the equilibrium
function of momentum distribution in the limiting case of weak interaction
can be derived within the frame of the T-product formalism without any
recourse to approximate Boltzmann equation.

Polaron Model: General Discussion

Let us consider a slow electron in a dielectric crystal, interacting with
the lattice ions through long-range electrostatic forces. This electron will
be permanently surrounded by a region of lattice polarization. Moving
through the crystal, the electron carries the lattice distortion with it. The
electron together with the accompanying self-consistent polarization field
can be treated as a quasiparticle called a “polaron”. Its effective mass is
larger than that of a Bloch electron. Polaron formation is a consequence
of the dynamical electron—phonon interaction.

One may speak about a “cloud of phonons” accompanying the electron.
Thus a polaron can be also thought of as a compound system: “electron +
accompanying phonons”. The polaron problem was initially formulated in
the context of solid state physics, where this concept has some direct appli-
cations [6, 11, 12]. On the other hand, this problem is of great theoretical
interest quite apart from its particular solid-state interpretation, since it
provides a very simple example of a particle interacting with a quantum
field, and is thus a suitable model to probe the methods of quantum field
theory and quantum statistics, and to formulate intuitive ideas about the
properties of a particle moving through a fluctuating quantum medium.
A detailed discussion on the physical origins and basic features of the
polaron model can be found in old papers [11].

In this text we should like to give an introduction to a new method
in the equilibrium polaron theory based on the T-product operator
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Introduction 7

technique. Here and below we follow mainly the ideas outlined in our
lectures [8].

Let us analyse in more detail the polaron Hamiltonian and its proper-
ties. From a general point of view, the polaron model may be considered
as a particular case of a “small” subsystem S interacting with a “large”
bosonic reservoir . Let S be the electron and ¥ be the phonon field
of a crystal. Denote by Xg the set of arguments of the electron wave
function and denote by X5 = (...ny...) the set of occupation numbers of
the phonon modes.

The dynamical states of the polaron S + X are then characterized by
wave functions ¥U(Xg, Xx) forming the space Hg+x = Hs Q) Hy, where
Hgs is the state space of the free electron while Hy is the phonon Fock
space. We shall use below the notation A(S), A(X) and A(S,X) for the
operators acting correspondingly on the variables Xg, X5, and (Xg, Xn)
of the wave function ¥(Xg, Xy,). Note that the operators A(S) and A(X)
will always commute with each other. The polaron Hamiltonian may be
written as follows:

Hp = H(S)+ H(X) + Hint (5, %), (0.1)
with 5
H(S) = ;’Tn (0.1a)
1

H(X) =35 (pp—s + wiqra—), (0.10)

(f)

1 if-r

Hint(Sa E) = WZLfoef ’ (018)

()
where the three operator terms correspond respectively to the Hamiltonian
of the free band electron H(S) with effective mass m, the Hamiltonian of
the optical lattice phonons H (X)) with wave vectors f and frequencies wy,
and the Hamiltonian of the electron—phonon interaction Hin(S,%). The
electron—phonon interaction is characterized by the coupling parameter
Ly, which is assumed to be a real and spherically symmetric function:

Ly = Ly = L(If]),

r,p are quantum operators satisfying the usual commutation relations:

TaPp — PBTa = ihdaﬁ (O‘7ﬁ =T,Y, Z)

he phonon amplitudes ps, and gy are also quantum operators satisfying
analogous relations:

arpy — pyrqy = ihdyy,

p}=p—f, q}zq—,«
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8 Introduction

As usually, the phonon wave vector f runs over a quasidiscrete set of
values:
£=(

2ty 2mng 27ng
L’ L’ L ) ’
where L3 =V is the volume of the system and n;,n,ns are integers.

In most articles the so-called Frohlich polaron (also known as a large-
radius polaron) is considered. For the Frohlich polaron, the electron is
supposed to interact with a dielectric continuum by means of long-range
Coulomb forces. This assumption is adequate if the polaron, composed of
the electron and the polarization well, which is induced by the electron
itself, spreads over a range large compared with the lattice constant.
Then, the polarization field P(r) will be a smooth function of r and the
polarization of the medium can be characterized by macroscopic dielectric
constants e, and €p. The continuous approximation for the polarization
field and hence the Frohlich Hamiltonian itself would lose their meaning
if the polaron size were comparable to the lattice constant.

The interaction parameter for the Frohlich polaron model is deter-
mined in the following way:

L= s=c(=-1) (0.2)
where e is the electron charge, €., and €y are high-frequency and low-
frequency dielectric constants. In the case of the usual Frohlich model,
one deals with the optical phonon branch, for which

wr—w>0 when f—0,

and the dispersion is neglected, i.e. wy = w.
It is generally accepted that the strength of the interaction in this stan-
dard model can be characterized by a dimensionless coupling constant:

2 1/2
_ _ % m
o= (Go) (0.3)
One usually distinguishes the cases of weak (o < 1), strong (« > 10) and
intermediate (o = 3 — —6) coupling.

It should be noted that when investigating the polaron problem in the
general case, one should take into account the dependencies of w; and
Ly on f. In particular, one or other modification of the Coulomb case
(0.2) might be analyzed. There are some physical reasons, for example,
to introduce some kind of damping of the interaction for large |f|. The
simplest way to do this is to supplement the conditions (0.2) with the
following restriction:

Ly =0, (0.2a)

for |f| > fo, preserving old definition (0.2) for |f| < fy at the same
time. A natural value for the cut-off wave vector fy is 27/a, where a

is the reciprocal lattice vector, since phonons with |f| > 27/|a| are not
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Introduction 9

represented correctly in (0.1c) and thus can be omitted. Nevertheless,
later we shall consider the standard Frohlich polaron without any cut-off.
And all calculations will be carried out, wherever possible, for an arbitrary
functional dependence of the interaction parameter L.

Symmetries and Quantum Properties

It must be stressed that the polaron problem is essentially quantum
in character. It may easily be shown, for instance, that for a “classical”
electron the interaction (0.1¢) is not important and reduces simply to
some additive constant in the equivalent Hamiltonian.

Let us introduce in (0.1) instead of py and ¢y the phonon creation and

annihilation operators b} and by:

L \L2 ’r
qf = (2%[> (bg +01,),

. hwp\?
py=i (Tf) (b} —by)
satisfying the commutation relations
byblh, —blby =0sp, bsbp —bpbp =0, bhbE —blbl =0. (0.4a)
Then the Hamiltonian (0.1) reads

(0.4)

2

1/2
Hp = 2ot 3 g (Vs +5) + o1z D Ly (zwf> (b +0L)et™,
() (f)

(0.5)
It may also be rewritten as
H —p2+2h (BTB +1)—1 Ly (0.6)
P = % Wy f f 5 V ﬁ, .
; () ()
where
: 1/2
‘ —ppeifry L Ly (R
Bf o bfe + V1/2 hwf <2wf ’
1o (0.6a)
to_ gt ifr 1 Ly ([ h
By = bpe" " + V72 T <2wf> .

The new operators By and B! satisfy the same standard commutation
relations as the Bose operators, (0.4a). If we assume that position and
momentum operators r and p are commuting C-functions in the classical
case then the operators By and B} in (0.6) commute with the term
p?/2m. In this case the relations (0.6a) can be interpreted as a canonical
transformation to new Bose operators By and B}. Comparing (0.5) and
(0.6), we conclude that for a classical electron the interaction is ineffective,
being reduced to an additive constant term in the Hamiltonian.
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10 Introduction

On the contrary, in the quantum case, the “quasibosonic” ampli-
tudes By and B! do not commute with p? /2m because of the factors
exp(zif - r), and hence the electronic and the quasibosonic parts of the
Hamiltonian (0.6) are not independent of each other.

The difference between the classical and quantum situations may be
clarified further by performing a unitary transformation on the Hamilto-
nian. To this end, let us introduce unitary operators

U= exp(imeb}bf), (0.7)
()
compensating for the exponential phase factors in By and B;:

L h 1/2

P I _3

UB/UT = b+ 3L <2wf> = by, (0.8)
1/2

UBJUT = b} + 5t <2wf> =0l (0.9)

On the other hand the operator U transforms the electron momentum as
follows:
UpU' =p— Y hfblb,. (0.10)
()

The second term on the right-hand side here is obviously the total mo-
mentum of phonons. Thus we get, after U-transformation of the polaron
Hamiltonian,®

2
Hpy = UHpU' = <p -y hfb}bf> + 3ty (B +2) -3 L7l
| @ @

2
o i
, (0.10a)
5 ) 2 N
— T + i
=5 (p -3 hfbfbf> + Y hwpbhby+> Ly (wa> (by +b ).
: ) ) )
(0.10b)

Comparing (0.5) and (0.10b) and bearing in mind that the factors
exp (£if - r) in (0.5) are unimportant phase factors that are negligible in
the classical case (in fact, they can be included in the operators bl and
bs), we see that the quantum effect in polaron theory manifests itself in
replacing the electron momentum p by the relative momentum of the
electron with respect to the total momentum of phonons. It is interesting
to note that the only important feature here is the quantum nature of the
model itself but not the strength of the interaction.

2 It is known that a unitary transformation of a Hamiltonian does not change
the energy spectrum, and hence does not affect thermodynamic properties,
ground-state energy, and so on.
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Introduction 11

Incidentally, it is possible to obtain some consequences of the represen-
tation (0.10) by observing that the momentum p is an integral of motion
for the transformed Hamiltonian:

pHp — Hpp = 0.

On performing the inverse transformation, one finds that the correspond-
ing integral of motion for the initial Hamiltonian is the sum of the electron
momentum and the momentum of phonons:

P=p+Y hfblb;,  PHp— HpP =0. (0.11)
)

The latter identity can easily be verified by direct calculation. Note that
the total momentum P is the generator of the translational symmetry
group of the original Hamiltonian (0.5):

r—r+a (a = const),
by —bge~f bl — plet, (0.12)

The unitary transformations (0.7)—(0.12) were first introduced by Bogol-
ubov [7] and Lee, Low and Pines [13] in order to develop appropriate
approximate methods for the polaron problem.

Problems and Methods of Polaron Theory

One can distinguish two basic directions in polaron studies: the first
deals with kinetic and transport properties, while the second investigates
equilibrium properties, including quantum-mechanical phenomena at zero
temperature.

In the kinetic theory one studies time-dependent phenomena in non-
equilibrium or quasi-equilibrium situations such as relaxation processes
(described by a Boltzmann-type equation) or the motion of an electron
under given external forces, etc.

The equilibrium theory deals with the properties of the system at a
given temperature. Of considerable interest are different averages related
to the electron or to the polaron as a whole: the average kinetic and
average total energies, the effective mass, the effective radius, etc. An
interesting problem is to study the equilibrium distribution function of the
electron momentum and its deviations from a Maxwellian form. Analogous
problems can be formulated for the polaron ground state, which can also
be considered as the limiting zero-temperature state (when T' — 0).

The basic function at equilibrium is the free energy (the logarithm
of the partition function), which may be considered as a generating
functional in order to compute the average energy and the ground-state
energy. And, after introducing the corresponding fields (some additional
terms) into the Hamiltonian, the free energy may be used to compute one
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12 Introduction

or another average, the effective mass, etc.® The equilibrium free energy
of a polaron will be the main quantity considered in the following sections.

Many important papers devoted to various aspects of the polaron
problem have been published. For the standard papers of the first period of
polaron studies one may consult [11] and references cited therein. Further
progress in the field is described in [6, 15, 37, 38, 59-61] and the numerous
references therein.

The general trend of developments can be seen from the titles of the
articles reproduced in the list of references, so we shall not review here all
the aspects of the polaron problem, making only some specific comments.
Examples of basic review articles are [6, 11, 17, 18].

Since the polaron Hamiltonian does not admit an exact solution, vari-
ous approximate methods have been proposed in order to obtain numerical
results. These methods usually involve elements of perturbation theory,
canonical transformations and variational principles.

At zero temperature the polaron problem is a quantum-mechanical
problem (see [11] and references therein). In the weak-coupling case o < 1
one can apply a more or less standard perturbation approach. Some
improvements of the perturbation scheme can be achieved by appropriate
canonical transformation of the Hamiltonian and a proper choice of the
trial (variational) wave function (see [7, 11, 13, 19-24]). Special forms of
perturbation theory have also been developed for the strong-coupling case
[2, 7, 11, 20, 25-27].

The problem becomes more complicated when one investigates polaron
equilibrium properties at finite temperature [5, 28].

Analogous investigations have also been performed for the nonequilib-
rium situation in [29-32].

A new general method in the polaron theory has been proposed by
N.N. Bogolubov and N.N. Bogolubov, Jr. in [8, 33-35|, which is based
on the elimination of the phonon degrees of freedom by means of the

PFor an arbitrary system at equilibrium, with the temperature
¥ = kT = 37! and Hamiltonian H, the free energy is given by

1 _
fIH,B)=—5 I Tre o
where 3 = ¢! is the inverse temperature. Here Tr e ?F is the so-called par-
tition function. An arbitrary average (A)g n can be obtained, in particular, by
differentiating the free energy with respect to the corresponding source term
introduced into the Hamiltonian:

(A)pm = —a% 18, H — zA]a—o.

For instance, the average energy is
9]

(H)s,u = —={8fH, 5]}
op
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Introduction 13

averaged T-product operator technique. This technique may be considered
as an analog of the path-integration approach. However, it seems to be
much more transparent and rigorous from the mathematical point of
view, and more convenient for practical calculations. For instance, when
treating equilibrium aspects of a polaron below, we shall deal in all cases
with proper quantum Gibbs averages over quadratic bosonic Hamiltonians
instead of cumbersome path integral analysis.

A generalized approximation scheme for the free energy (partition
function) has been developed in [8], based on a “linear-model” trial Hamil-
tonian. The linear model can be considered as a natural generalization
of Feynman’s two-body approximation (0.13) to the case of a continuum
of “heavy particles” coupled with the electron. All of the characteristics
of the linear-model Hamiltonian can be evaluated exactly in terms of
the spectral representation, thus providing the basis for a systematic
variational approach in a general form. In [36] a perturbation theory
for the free energy (partition function) has been considered within the
framework of the T-product approach. The T-product approach has also
been developed for the nonequilibrium case. In [33, 34] a generalized
kinetic equation with eliminated phonons has been derived. After simple
approximations this equation yields the standard Boltzmann equation for
a polaron, and may be used to obtain its generalizations. Some other
applications of the generalized kinetic equation with eliminated phonons
can be found in [35]. We should also mention that in [35]. the expression
for the impedance and the admittance of a polaron, derived earlier in
[29] by path integration, are reproduced on the basis of the linear-model
Hamiltonian in a simpler and more rigorous manner.

In [59] a linear polaron model in constant uniform magnetic field was
considered at zero temperature. An approach based on the model Hamil-
tonian diagonalization by means of the Bogolubov u—v transformation
was proposed. The ground state energy was studied in the simplest case
of equal frequencies for all the phonons involved in the interaction. Joint
effect of the magnetic field and the electron-phonon interaction on the
energy spectrum was studied too. It was also shown that the usage of the
linear model as a trial model results in the action functional commonly
employed in treatment of polarons in external constant uniform magnetic

field [57, 58].
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Chapter 1
LINEAR POLARON MODEL

This chapter is mainly a pedagogical introduction to a modern method
in equilibrium finite-temperature polaron theory based on the T-product
operator technique. As an example of the application of this method, Bo-
golubov’s exactly solvable linearized polaron model, as well as Feynman’s
two-body oscillator model, are considered.

1.1. Introduction to the Linear Polaron Model

Here we consider the so-called linear polaron model described by a
Hamiltonian that consists of the well-known oscillator Hamiltonian Hg,
the phonon field Hamiltonian Hy, and the interaction Hamiltonian Hgsy;,

i.e.
Hgys = Hs + Hyx, + Hsy, (1.1)
where
2 K2r2 1 . §
Hs = 2an +——  He =53 {pry +v2(f)argr}s

©))

HSZ: 1/225 f-FQf.
()

Here r and p are respectively the position and the momentum of the
electron and S(f) = S(|f|) is a real radially symmetric function:

v(f) = v(lf) >0,
-5 =4y,  p—f =D}
Summation over f is over the range of quasidiscrete values

= (27m1 272 27rn3)

~\ L’ L’ L)

where L2 = V is the volume of the system and ni,ns,n3 are integers

covering the whole space of integers from —oo to +00. The total number

of oscillators N is assumed to be finite for any finite volume V' (later we

should take the so-called thermodynamic limit as usual; that is, we must

put N — oo, V — o0, 1mposmg the additional condition N /V = const).
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16 Ch. 1. Linear Polaron Model

It should be noted that the following identity holds:

£or S . ifr SU ,
2270 {qz(fl;v(l{z}{qf+l(;v“2} 3 2 s

() ()

i « S(f)
-r)2+§Z(f~rqlf—f-rqf) v
(f) (f)

+

It is obvious that

) 1
iy g gl = Vi/%f-rqff&—f):W%f-rqfsw
() 4

where the property ¢g—; = ¢} has been taken into account.
Because of the radial symmetry, the following identity holds for an
arbitrary function F(|f]):

ST F(If]) fa @—%5 S F(If) S

)] (f)
where
=R+ E+RY2 =P
Therefore
Z 52 r)? = r? Z S*(5)f*
2V % 2
@ "7 IR
Therefore the potential energy can be represented in the form
Kz 2 . i K2 _ K22
U= +5 Z CIfCIf‘FT/zZS(f)f'FQf:%
%4
()
I s Cifer S()\ [ ., if-r S()
+ 2%;u (f){qf v A\ T v g (1.2)
where
K2— L 3 S*(f)f*
3V 2 ’
7 v
Consider the case K? = KZ. For this case, U > 0, with U = 0 if
_if-r S(f)
qf I/2(f) V1/2 °
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1.1. Introduction to the Linear Polaron Model 17

We write down the kinetic energy which is obviously positive:

p’ 1 2
am T3 2 Ipel™
o)

Let us introduce normal variables 5. Then r and gy are linear combina-
tions of the new variables @ . It will be noted that for K = K| the system
(1.1) is described by the Hamiltonian H = T + U, where both quadratic
forms are positive-definite. It can be shown by purely linear algebraic
methods that these can be reduced to the diagonal form simultaneously,
and the Hamiltonian reads as

H=Y (B +95A).
A

if written in the new normal variables Q). In this case each Q) satisfies
the following equation:

Qx +NBQ\=0.

For K = Ky, it follows from (1.2) that U becomes zero if and only if all
gs belong to the three-dimensional set

if v S(f)

V() VI

In other words, for K = Ky the Hamiltonian H is translation-invariant
with respect to the three-dimensional group of translations:

if - R S(f)

V2(f) V1/2 :

Hence exactly three components among the whole set of Qi are equal

to zero, while the other Q3 are positive. So, there are three modes of
collective evolution, such that

qfr =

r—r+R, qr = qf +

which correspond to inertial motion. Therefore r(¢) describes uniform
inertial motion in the case K = K, on which harmonic vibrations are
superimposed.

Note also that when K < K, the form U is not positive, so that
some values Qi must be negative, and the motion is unstable and can be
characterized by the exponentially increasing function of .

Later we will be interested especially in the case K = K, but it is more
convenient for technical reasons to consider the more general expression

K? = K§ +1, (1.3)

having in mind a future passage to the limit n — 0 (which must be taken
before the usual limit V — o0).
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18 Ch. 1. Linear Polaron Model

It is worth stressing that, with the above choice for K, the form U
is positive-definite because 7 > 0 by definition. So, all values Q3 are
positive too. Therefore all of the functions r(t), p(t), ¢s(t) and p¢(t) can
be represented as corresponding sums of harmonic vibrations.

1.2. Equations of Motion

Let us introduce Bose amplitudes by and b} by means of the relations

1/2 1/2
qf = (21/?]‘,)) (bf + bif)’ pr = 1 (TLQ(f)) (b} - b,f).

These amplitudes satisfy the usual commutation relations
1 Ty _
bfbf — bfbf =1.
One can see from here that
-5 =4y,  P—f=Dp

and also

_ UPs —Pres

Therefore the Hamiltonian (1.1) can be rewritten in the form

2 1/2
_p 10 N2 | . 1 o . "
H= oo+ 5 (Ko +n)r Jrz%vl/?S(f)(Qu(f)) for(by+b' )

+ 3w hby + 5 Y hw(f). (14)
(f) (f)

The equations of motion for this Hamiltonian are

dr _ 0H dp _ _9H
dt = op’ dt —  or’

Ldby bl t
ih"l =bgH — Hby,  ih— L =0l H — HO' .

Transforming the right-hand sides of these equations, we see that

dr
m— =Dp,
dt
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1.2. Equations of Motion 19

. 1/2
=5 e s (575) o),

(1.5)

) 1/2
L = Wby = =7z (%) (-,

de . i 1/2
it = —h(f + (Qf(f)) S(f)f .

Later we are going to convert the system of equations (1.5) into a
system of equations for Green functions. This step allows us to calcu-
late explicitly such Green functions as ((ro,rs)) and ((pa,pg)), the
spectral function Jp,,, , and hence the equilibrium correlation functions
(Pa(t)ps (7)) calculated with respect to the Hamiltonian (1.4).

It is appropriate to recall the definition of the two-time correlation and
Green functions [40, 41]. For any two operators A(t) and B(7) taken in
the Heisenberg representation, two-time equilibrium correlation functions
are usually defined in the following way:

+oo )
(A(t)B(T))eq :7f JA,B(W)eﬂ“’(t*T) dw,

(B(T)A(t))eq = | Jap(w)e Phe =) gy

Wherg ﬁfl— 1
9 KgT’

and K g is Boltzmann’s constant and T the absolute temperature.

Retarded and advanced Green functions can be introduced in the usual

manner [41]:

(A1), B(T))ret = 0(t — 7){[A(t), B(T)])eq

(A(t)B(1) — B(T)A(t))eq
ih ’

<<A(t)B(T)>>adv = _19(7 - t)([A(t)» B(T)]>eq~

Here (...)eq denotes the statistical-equilibrium average value calculated
with respect to the Hamiltonian (1.4):

=9t —71) (1.7)

(Yo = Tre #/7(.)
lea = g5
Introduce a function of the complex variable ©, Im # 0:
1 +oo 1—e 7"
((4,B))a = ﬁ,{o JA,B(V)ﬁ dv. (1.8)
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20 Ch. 1. Linear Polaron Model

Then the spectral densities for the advanced and retarded Green functions
can be introduced by means of the relations

L 420 —iw(t—T7
<<A(t)v B(T)>>adv = o _{X)<<A, B>>w7i0€ (t=7) dw,
1 +oo 4 (1.9)
<<A(t)a B(T)>>ret = o 7f <<A, B>>w+i0€_lw(t_7-) dw.
Taking into account the well-known formula
1 1 .
o iie ZP(E) Find(w —v), (1.10)
we arrive at the important relation
2 . - w
({A, B))wtio — ({(A, B))w—io = —%Z Japw)(l—e Bh ). (1.11)

Our aim is to derive a system of equations for the Green functions
(1.7). From a formal point of view,

9(t) =0(t),  Zo(—t)=—6(t).

These relations allows us to differentiate formally both sides of (1.7), thus
leading to the desired equations for the Green functions:

Z'&«A(t), B(T)>>ret, adv

= 2 6(t — 7)(AB ~ BA) + <<id13§t) , B(T)>>Iet IR

From these equations one has, in the “Q-representation”

Q((4, B))a = 3 (AB — BA) + <<i%,B>>Q : (1.13)

or equivalently, in a slightly different form,

_iQ<(A7B>>Q = (AB - BA) + <<%,B>>Q N
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1.3. Two-time Correlation Functions and Green Functions 21

We should note one more useful identity

(B(T)A(t))eq = +}X> JB,A(w)e_i“’(T_t) dw = +}X) JB,A(—w)e_i“(t_T) dw,

where
Jp,a(—w) = Jap(w)e ™M (cf. (1.6)),

From (1.8), one has, after the permutation

A— B
B—A)’
the following equation:
1 e 1—e 0 1 oo 1—eoh
1t —pon [(1—€M" 1t 1—e A
= ﬁ_‘éo JA7B(Z/)€ (S)—Fl/ dl/__ﬁ_'ﬁo JA’B(V)T—‘,—V dl/.
Thus we have proved the property
ImQ # 0. (1.14)

<<B7 A>>Q = <<A7 B>>*Q7

1.3. Two-time Correlation Functions and Green Functions
for the Linear Polaron Model

Starting from (1.5) and (1.13), we construct a system of equations for

Green functions in the case of the linear polaron model :
(1.15)

—imQ(ra,r8))0 = ((PasT8)) 0,

¢ Clarification:. Let us write the equality

(AOBT)eq = T Tap(@)e ) du,

Making the substitutions

A—B, t—7, B—A 71—t

we arrive at the following result:
+oo —iw(r—t) too —iw(t—7)
eq — B,A = B,A\— .
(B(M)A(t))eq = [ JB,a(w)e dv= [ Jpa(—w)e dw

9 Here: r = (r1,72,73), P = (p1,p2,p3) and parg — rgpa = —ihdag.
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22 Ch. 1. Linear Polaron Model

—i(Pa; 78))2 = —0a,s — (K5 +n){(ra;78))e

i h 1/2 +
o 80 () Felor #0110

1/2
v f

i no\7?
Wby radda = W (f){(bs.ms))e = Ti7 (W) S(HUE-x,78))0,

R s, a0 = —h(F)((! 1,m8))a (1.17)

i no\Y?
+ (o) SO

From (1.17), we have

i 1 1 \?
(b msle = 3w =07 <2hu(f)> S(HE -1, 76))0,

i 1 1 \"?
L rala == o () SUKE mradla.
Thus

<<bf + bT_f’r5>>Q

; 1/2
i 11 1 .
W (Q+V(f) Q- l/(f)) <2hu(f)> S(HE -1, 78))0.
Inserting this formula into (1.15) and (1.16), we find that

—mQ*((ra,rs))o = —(Ko + 7°){((ra, 7)) — da,p
() L .
ty () fa<9+l/(f) Q—V(f))<<f r.7e)a:
Since 1
ZF(|f|)fafﬂ:504B§ZF(|f|)f2
7 7
and

K2= -

the following equation results:

2 2
O ((ra, )0 = =7 {(ra raN)e — 55 9 S ((r ra)a
f
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1.3. Two-time Correlation Functions and Green Functions 23

()f2( _ 1
v —a(p) ) \asulh -~ a-v)

) (rar 7)) — as. (118)

o 1 1
= Q(vUNQ+Wﬁ}+{Q—VUHWﬂ>'

Taking account of this transformation, (1.18) can be represented as

Sap = ((ra, 7))

1 1
{’”92‘” ‘*Z <Q+u(f)+ﬂ—u(f>)}' (1.19)

()

Let us define

1 1
— v%;ﬁy <Q+V(f)+9_y(f)> (1.20)

and note that
A(—Q) = =A(Q). (1.21)

Then (1.19) can be rewritten in the form

_ a8
(ra,m))a = S+ QA (1.22)

Taking (1.15) into account, we have also

7Z'TTLQ($Q 8
= 2 . 1.23
(o)l = g (1.23)
Recalling (1.14), we get
z’mQéa 8
= : . 1.24
((rspadler = et (124)
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24 Ch. 1. Linear Polaron Model

Using (1.5) and (1.13), we have further

—iQm((rg, pa))a = = (rapa — Pars) + (D8, Pa))es

ih
so that
0)%6a m(QA(Q) — 1?)
« - — 604 (m B = _505 .
{popadla = =mdas + Cor a0 N @) T =0 + QA (Q)
(1.25)
For [Im 2| > 0 we can take the limit n — 0, in (1.22) to (1.25). Then
_ O,
{{ra,ra))e = — YN
_ _ imda,g
{(pa,m8))0 = — ({13, Pa))0 = ot AQ) (1.26)

(PasPid) = —dat s s

It should be stressed that when calculating a spectral intensity
Ja,B(w), for example J,_ ,,(w), we have to use (1.25), which contains
1 > 0, and only after this can we take the limit n — 0.

By means of (1.11), we arrive at the following spectral density:

i o (mQ)2 w410
Tpaws (W) = 5%5% (1—e7) 1m92 —n? + QA(Q) ’w—iO
— b ih QAQ) —n° ‘W—HO . (1.27)
o1 — e ) \mQ® — i’ + QAQ) ) lw-io

Here we have introduced the notation

a

It must be kept in mind that division by (1 — e=#")~1in (1.27) may lead
to a delta function K¢(w) with some unknown coefficient K. However,
when 72 > 0, the expression

w—+10
"w—io

in (1.27) is equal to zero in the vicinity of the point w = 0. On the other
hand, we know that in this case (namely for n* > 0), function p,(t) can

be represented as a sum of harmonic oscillations with nonzero frequencies.
Therefore the corresponding spectral intensity

Jpapﬁ ((JJ) - 0
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1.3. Two-time Correlation Functions and Green Functions 25

in a neighborhood of the point w = 0 that does not contain the harmonic-
oscillator frequencies. Therefore we have to calculate (1.27) first of all
under the condition n? > 0, and only after this can we take the limit
n— 0.

Let us consider in detail the simplest example when

v(f) = v = const > 0. (1.28)

In this case (1.20) if one takes into account that

_ 1 NS
Kg_?ﬂ/%ﬂf)ﬁ

can be rewritten as

L 1 1\ KiQ
A0 = 7(Q+V+Q—V)* QF - (1.29)
From (1.27), we derive
i —Bhuwy— (mQ)*(2* —v*) w0
J, W) = G gos (1 — e PIw)=1 .
papﬁ( ) By ( ) mar — Qz(Kg T+ myz) 2% lw—io
(1.30)
Here the denominator has two roots with respect to 02:
2 2 2 2
2 vn 4 2 Ko+vm 2
W=V oMY, wi= +0(0n?). 1.31
1 K2 + 2m (%) 2 m (n°) ( )
Hence
mQ* — Q2 (KZ +n? +v2m) + 2% = m(Q? — w})(Q? — wl).
Therefore
m*Q*(Q* — v°)
mQ* — Q2 (K5 +1n° +v°m) + v
2 2 2 2 2 2
mwi (wi — v 1 mws(wy — v 1
= 1212)2 st 2§22)2 5 +&,
w1 — Wy Q — W1 Wo — Wy Q — Wy

where the expression £ is regular and does not have singularities on the
real axis. On the other hand,

11 (1 19
Q27w]2-_2w]' Q—wj Q+Wj ’ =5

and

1 w10 i
| = Do —wy) — d(w+wy)}-
Q° —wi lw—i0  Wwj
LU] w—1 J
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26 Ch. 1. Linear Polaron Model

Hence it follows from (1.30) that

Jpaps (@)
1 m(u2 — w%) hwi hwi
= 5(5%5 wg—wf l—efﬁhwl 5(W—W1)+W5(M+W1)
1 m(ws — 1) hws hwa
—&—55&,5 wg—w% 1,67BEW2 5(w—w2)+m(5(w+wg) .
(1.32)
Keeping in mind (1.31), one has w; — 0, when n — 0, and at the same
time
hw1 1 o hw1 1 o
1—6_WM1H37197 em“"l—lﬂﬁit97
1/2
_ (Ko e
wo — = ( m +v ) .
Taking the limit n — 0 in (1.32), we find that
Ipaps (W) = da BM d(w)
N , Kg—i—ml/Q
K{3bap h h

If one knows the spectral intensity, one can easily calculate two-time
correlation functions:

<pa (t)pﬁ(T»eq =0, « 7& B,
(Pa(t)pa(T))eq (1.34)

U N (R S U S S U
Kg—i—ml/2 2 \ 1 — e A0 P q
Now we consider the more general case when v(f) possesses a contin-

uous spectrum in the limit V' — oo. Let us return to (1.27) and transform
this formula into a new one:

Tpups @) =m0 L) ()
Pabp P om(l — e Py w i’
where 5
() =~
K mQ? —n? + QA(Q)
We can see that
w—+10
£2(0)==1 and £,(Q)] =0
w—10
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1.3. Two-time Correlation Functions and Green Functions 27

for small enough w. Hence, for small enough w

w410

= @) (2 i — ! ) = —2mify (@)0(w) = 2mid(w).
(1.36)

It should be stressed that the function 1/ has only one singular point
Q = 0. So, for arbitrary real w

1
5 ()

w—10

1 w—+1i0 . 1 w—+10
Q fn(Q)‘winZ 2midw) + 3 f”(Q)‘wﬂ‘o
or
1 w410 . 1 w410
S RO = —misw) + 5 L@

Therefore it follows from (1.35) that
thwm . 1 w+i0
Jpapﬁ (UJ) = 5a,ﬁm ( — 277716(0)) —+ 5 fn(Q)’w_i0> .

But the function Q
1— e Pne

is regular in the vicinity of the real axis, and so

hw 1 w+1i0 I w+1i0
1—e ™ Q I woio 1—e P n ’u—iO '
Thus
Jpaps (W) =0 if a#pB,
and

) 2 w0
Ton (w) = mds(w) — ihm QA(Q2) —n ‘

21(1 — e 7" mQ* —n® + QA(Q) lw—io
As a result, we have
Pa(t)pa(T))eq =0 for a# 0,
+00 i hme AT QA(Q) — 2 |wti0
t — o — .
ol (Dlea = o 2m(l— e ) @ — i + QA (0) -0
Consider the function
QAQ) -1 mO2
Q) = — - 1+
fn(€2) mQQ,WQJrQA(Q) mQ2*772+QA(Q)
Q)
mQ + AQ) —1°/Q
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28 Ch. 1. Linear Polaron Model

for @ =ic 4+ w and Q = —ie + w; e > 0. Taking account of (1.20), we
have

—ImA(w+¢)

_c S(f)z( 1 1 )o.
v <Zf>: 6f/z(f)f {v(f) +w}? +¢° * v —wrre)

Then it is obvious that

2 2
- _ ne _ )
Im ) +7w2+62>0, Q=w+ie.
Hence 2
Im <mQ—|—A(Q) = ?2) >em, Q=w+ic

and )

‘mﬂ +A(Q) — % > em. (1.37)
In the same way, it can be proved that, for e = —ImQ > 0

2
‘mQ—i— A(Q) — % > €.

Therefore the function f;(€2) is a regular function of the complex variable
Q) on the two half-planes

ImQ>0 and ImQ <0. (1.38)

Then we note that the poles of the function

1
1— e fne

in the domain (1.38) in the vicinity of the real axis are

2 271
Q=" and Q=-"—.
hB hg
in the domain (1.38) in the vicinity of the real axis are
27
0<ImQ < =
hp
or in the region )
s
0>ImQ>——.
hp
Then e—iQ(t—T)
| a0 [n(2)dQ2 =0.
rl—e
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1.3. Two-time Correlation Functions and Green Functions 29

We recall (1.20),

_ 1N S g2 1 1
A(Q) = V(Zf;6yg(f)f <y(f)+Q+Qy(f))’ (1.39)

which contains only a finite number (f), of terms if the volume V is fixed.
Therefore, for large enough ||,

|QA(£2)] = const, ImQ >e>0 (1.40)

A(Q)] < const.
2@ < S

As a result, one can choose for the contour £ an infinite contour
(see Fig. 1):
isl—oo<ﬁ<i€1+oo, is—oo<$<is+oo,

2r

0<E<€1<h5

Fig. 1.1.

and obtain the expression

imh fe1foo omi(t=T) QA(Q) — 7P
27 iemoo 1— e PP mQ? — ) £ QA(Q)

_ +imh iefoo o—i(t-T) QA(Q) — n?

dQ =0,
2T jeloo 1—e M mQ? — 0 + QA(Q)

from which it follows that the integral

_imh et 700 QA(Q) — n?
27 eloo 1—e PP mQ? —0® + QA(Q)

does not depend on the magnitude of €, when € belongs to the domain
2

0<e< "G (1.41)
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30 Ch. 1. Linear Polaron Model

In full analogy with the previous consideration, one can prove that the
same integral, calculated along the closed contour (—ie — oo, —ie + 00),
situated on the lower half-plane, does not depend on the precise value of
g, if € belongs to the region (1.41). We can write (1.36) in the form

imhb, tetoo omi(t—T) QA(Q) — 2
. - —my — ™ n
(Pa(t)Pa(T))eq 2T icloo 1—e "2 mQ% — 2 + QA(Q)

" imh oo i) QA(Q) —n?

dsd.
2 oo 1— e PP mQ? — ) 4 QA(Q)

Here, owing to (1.37) and (1.40), we may pass to the limit n — 0 and
write
imh ietoo =2t A(2)

<pa(t)poc(7)>0q = mﬁ o ? is;foo 1- e_ﬁhQ ms2 + A(Q) dQ

imh —ietoo i) A(2)

o o maram (1.42)

Consider now the standard limit V' — oo. It follows from (1.20) that

dv
Q—v’

+oo
NORSYFM0

where

B =3 3 T3P 6(01) + )+ 50) — )}

Ey 20, Ev(-w)=FEv(w).

Let us suppose that this generalized function Ey (w) has the behavior

By(@) = Bw) = s [ D 2 {5(07) + )+ 600() — w)}

if V' — o0 in such a way that the convergence of the function:
(1°) is uniform on any finite interval

+ice—oo<w<ic+o00, €>0 (1.43)
(on the upper half-plane) and
—ige—oo<w< —ie+oo, >0 (1.44)

(on the lower half-plane):

oo E dv A (O TR E(v)dv
f |4 (V> 0 — Lo ( ) - f QO ’
— 00 -V — 0 -V
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1.3. Two-time Correlation Functions and Green Functions 31

(2°) for ImQ| > ¢
0A©)] < K.,

where K. — is some constant independent of the volume V.
Under these conditions, we can go to the limit V — oo in (1.42) and
write

e LA (0)
(Pa(t)pa(T))eq = mV — 27 el 1— e PP mO+ A (Q)

dQ +

imh oo i) Ao ()

T oo 1o Ot A dSr =
imh it 7iQ(t77—) Aoo(Q) w+tie
_mﬂ—ﬁze Ool_efﬁhﬂ mQ+AOO(Q) dww 167 (145)
where too g
r@=- 20, Bw) =B >0, (1.46)
and, from (2°)
086(Q)] < K. for [ImQ| > e (1.47)

The right-hand side of (1.45) is independent of the value of ¢, if € is
positive and small enough. Owing to this fact, we can take the passage to
the limit € — 0, € > 0 in (1.45). The result is®

imh T®we™ iw(t—T) 1 Aoo(Q) w10
<pa(t)pa(7—)>eq =mi — ? el — e—ﬁhw Q mQ + Aoo(Q) dw

o.)—iO.

Since

AT () N 1+ _me
mQ+ Ao (Q) mQ + Ao ()
and _ihm w 1 |wti0

m
o 1o Qluw. B §(w) = —mié(w),

we come at last to the expression

(Pa(tpa(r))ea = T J(@)e™ ) do, (148)

¢ Here we assume that discontinuities of the expression
1 Ax(Q)  |wtio
Q MmO+ Noo () lw—io
are of the first order, so that if F(2) — is an analytic function in the vicinity
of the real axis, such as the function
Q Aoo(Q)  |wHid

FOQ) = —2L _ then {F(Q)—Fw)} =0.
1— E*Bhw ’ Q mQ—i— A (Q) w—10
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32 Ch. 1. Linear Polaron Model

where wehi0

J(w) =

ihm w 1 ‘
21— e P mQ 4+ Ao ()

w—10 '

From (1.46), one can derive

. 1 .
Aso(w£i0) =— [ EW)P (m) dv tirE(w).

It follows from this equation that

, 1 w+i0

T A @ "
Because, in addition, w .

1—e P 77
it is easy to find that
J(w) = 0. (1.49)

It shoﬁld be noted that if we put E(w) equal to

Ew) = %3 {0(w—1p) +d(w+10)},

we gef from (1.48) our previous (1.34) that we derived earlier.

1.4. Free Energy Calculation for the Linear Polaron Model

We now proceed with the calculation of the free energy for the dynam-
ical system under consideration. The free energy is defined as

F=—-9InTr €BH, (H = Hiinear model)-

The free energy for a single free particle of mass m that does not interact
with the phonon bath is

2 2 2
__ _PBY_ g (P n 2
F, = ﬁlnT‘rexp( 2m> ﬁ}llir%)lnﬂexp{ <2m+2r)ﬂ}.
The free energy of the free-phonon field ¥ is

— 1 * *
Fy = —9In Tr e =P, Hy = §Z{pfpf+’/(f)QQfo}'
(f)

Because explicit expressions for these energies are well known, we need
calculate only that part of the total free energy that is due to the inter-
action between the phonon field and the particle, i.e.

Ent:F_FS_FE-
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1.4. Free Energy Calculation 33

For technical reasons, we introduce an auxiliary parameter A (0 < A < 1)
into the total Hamiltonian H = thear model:

H(A)z%-ﬁ- VZ

We see that

Vj/g > ASpqpfr+ Hy.
)

H(0) = Hs + Hs, H()=H.
Thus

Fin = fd/\ (A) —19[ d>\ L n T PO =

_ b T{oH()/oAte PV OH
- ({ dA Tr ¢ PHO) ({ < ) >)\,eq7 (1.50)
i.e. oH
Fint = fdA< X >Aeq (1.51)

In this formula the subscript A indicates that the averaging is with
respect to the Hibbs equilibrium statistical operator corresponding to the
Hamiltonian H(\):

P(H(N)) = ¢ PHO) | Ty(e=FHN),
7
V1/2 Zquf f-r

T3V Z
()

From another point of view, we can write the equations of motion (1.5)
for the Hamiltonian H(\):

dr 5, N S*(f) 42
T T 3%):u2(f)f

OH(N) B d’r
>\< N >A70q = — <(mdt2 + n2r> . r>)\70q . (1.52)

Taking (1.6), (1.11) and (1.22) into account, we have
(ra@®)rg(T))req =0 for «a#p0,

But

(3
+ — ASrqrf.
\/V%): 14f

Therefore

ih +00 e—iw(t—‘r‘) 1 w—+10

a(t)ra eq — 5 dw.
(ra(t)ra(T))xeq o —fool — e " mO? — n® + NQA(Q) lw—io “
(1.53)
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34 Ch. 1. Linear Polaron Model

Here we have not forgotten that on changing from the Hamiltonian H
to the Hamiltonian H (), we have introduced the parameter A into Sy,
which results in the necessity to change A(2) into A2A(£). So

(et i) i)

_ ih oo mw® — 7/2 —iw(t—T) 1
) —Bhw € 22 2 .
T _ol—e mQ° —n" + A" QA(Q) lw—i0

w—+10

dw

iR oo giw(t—7) mQ2 — 7]2 w40

21 o1 —e ™ mQ% — % + A2QA(Q) ‘w—i()

dw,

if @ — w, and, inserting this result into (1.51) we see that

2 400 2 _ 2 w+10
)\<8H()\)> _gih 1 mQ* — g ‘
A

dw.
X 2T oo 1 — e 7™ mO? — n? + A2QA(Q)

w—10

Let us note that
mQ? —n? _1_ QN A(Q)
mQ® —n® + A2QA(Q) mQ? —n® + A°QA((Q)]

mQ2 _ 772 w410 _ Q)\QA(Q) ‘w—&-iO
mQ* —n® + N2QA(Q) lw—io mQ? —n® + A2QA(Q)

w—i0

Hence (1.51) gives us

dw
w—10

OH(N) _ _gih tooo 1 QAA(Q) ‘wﬂo
N /5 eq 2T ool — e ™ mQ® —® + N°QA(Q)

= —37

ih To© Q AA(Q) ‘w+i0
dw. (1.54
2T oo 1 — e M mQ? — ) + X2QA(Q) (1.54)

w—10

Using a similar approach for the calculation of the correlation function

(Pa(t)Pa(T))eqs
we find in the limit n — 0, V' — oo that
OH(X) _ 3ih F° Q 1 Ao () ‘eriO
= P dw. (1.55
< 2 >/\e 21 ol —e 7" Q mQ + A2A(Q) lw—io w. (L.55)

The right-hand side of this equation does not depend on £ when 0 < e <
< 2x/hf. Thus, assuming € > 0, ¢ — 0, we derive from (1.50)

w—+10
Fu =22 ax T 1 20l

= dw. 1.56
S l—e M Q mQ + N2 AL(Q) ’wfio n ( )
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1.4. Free Energy Calculation 35

Consider now the special “single-frequency” case

B(w) = 58 (5w - 1) + 6w+ w0)}. (1.57)
Then 20
Bn(®) = - 252
and
1 M@ 1 AKG

QmO+NA(Q) Q2 mQ® — (mg + N K3)
This expression has three poles:

Q=0, Q=up), Q=-up),

where

Let us notice that

1 1 ( 11 )
Q-2 e \Q2—u(d)  Q+pN) )
Because of the obvious identity

1 A oo (Q) w+10

Q mQ+ NN (Q) lw—io

_ 2mib(w)AKS  2miMKG _
Comd + N Ke o 2t (WO)m {0(w = 1(N) + 0w + ()}

and

dw

@ +o0 Q l Ao (Q) ‘w-&-io
2T “oo1—e M Q mQ + N A (Q)

w—10

K2 3AKEh 1 PR

=-3
mvg + N Kg  2mpu(X) (1 _ e Bhu(Y) + 1_ e—,@hy(A))

_d (3 2 | \252) 4 3 _ —Bhu(\)y 3 Bhu(n) _
_d)\( 5 In (myg + A K0)+2191n(1 e )+2191n(e 1))
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36 Ch. 1. Linear Polaron Model

Therefore f

Py — _sgm (M EE) s 3om L7 (158
ing = OV { —— 7 "‘7(#_”0)_ nl—ei_m”"(. )

where

As we have seen by now, all considered Green functions and correlation
functions relating to the particle S, as well as the free energy Fi,, are
determined by one and the same function E(v). The influence of the
phonon field upon these quantities depends exclusively on this spectral
intensity E(v).

Thus, if we had two different systems of oscillators interacting with
the given particle S (in the manner considered), for which the function
E(v) was one and the same, then all relevant quantities, mentioned above,
would remain unchanged.

To illustrate this statement, it is worth considering a two-body prob-
lem, for example

p’ | Kj 2, PP _ ¢
H:%+7(I‘*R) +m:azz:1Ha7 (1.59)
where 9 R 5
_Pa Ko _py2. Pa
Ho= 50 + =5 (ra = Ra)™ + 530,

and the corresponding “one-body” free Hamiltonians are:

p’ 1 &,
H = - = —
ST 9 2ma§1po"

P2 2

_ P Kipe  ~(Pa KSopo
HZ_2M+2R_§1<2M+2RO"

f Here we have used the fact that

1
3 9f d)\i {1n(1 _ eﬂhu(k)) +1n (emw(%) _ 1)}
2 o d

3 efhr 1 eBh _q
= 519 (ln T +In o 1

3 1 — ¢~ Bhu eﬁﬁue*,@fwo(l _ e*ﬁﬁu)
=-9(In —5R n i
2 1—e Phvo 1—e Phvo
—Bhy,
1—e Phvo  3p
=-39In—k— + — (. — 1p).
1_ o—Phu 2 (iu 0)
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1.4. Free Energy Calculation 37

We shall calculate explicitly the free energy

Tr e PH — _39In Tr e A%

Tr(s) e PHs Trs) e PH= Tr(s) e PMs Trs) e A=’

Fine = —91n

where the one-dimensional Hamiltonians H, Hg and Hy, are given by the
following expressions:

2 2

_ Ko 2 1o

H—2m+2(x X)+2MP,
2 2 2

4 7P K 2

Hs =5 Ho=opyt35 X

To diagonalize the one-dimensional Hamiltonian H, we introduce nor-
mal coordinates ¢, @ and corresponding normal momentum variables y,

Y:
_mxz+MX o
4= Q=v—-X. (1.58a)
Noting that
o _ m 0,0
dr  m+M dq¢ 0Q’
(1.58b)
o __M 9o _ 9
0X m+Mdq 0Q’
we put
m M
p—m+My+Y, Pim—&—Min' (1.58¢)

Substituting these results into (1.57), we arrive at the canonically trans-
formed Hamiltonian

1 2 1 M4+m o Kg 2
H=oran ¥ v s amm ¥ T3 @ = Hat Howe,  (161)
where
g y2 I _1M+mY2+K§Q2
7 9 (m + M)’ 08¢ 9 " Mm 2 ¢
Thus . .
Tr e 7in Tr e 77ose
Ent = —-3¢1n T~ —pHs 39 1In T —3H-
Tre 778 Tr e PH=
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38 Ch. 1. Linear Polaron Model

It is well known that the free energy of the oscillator Hy with the
frequency vy = (Kg /M )1/ ? in the one-dimensional case is &

ngﬁfﬂlnl !

2 _ g Bhva?

and because the oscillator H,s. has frequency

K2(M 1/2 MAM/?
N:(O( +m)) :V0(1+E) 5

Mm
then Fiq. is
A 1
Fosc = 7 — 191n m
Therefore
Tr ¢ PHin 1 — ¢ Bhvo

Because the position  — belongs to the interval —L/2 < x < L/2, the
corresponding momentum variable p can take only discrete values

Q%nh, n=0,+1,42,...,

Zexp - (%nh)Q L
Tr ¢ PHin L 2(M +m)
Tr ¢ PHs 9 2 8
Zexp { (%nh) 2777,}

1+ Bp
27rh_{>oe"p( 2(M+m)) P (m+M>1/2
Looo 1 e (B0 Lom
27TTL_{oe p( Zm) d

Finally, we obtain the expression for the free energy:

—Bh
eﬂvo

+ M2 1- 3
mT) —3191111_677,8%—1—§h(/$—1/0)

Fi. = —391n (

& For the Hamiltonian
: H— Pf2 I mw?X?
N T 2m 2
the free energy is given by the expression
; "

F= % “9ln(1— e "), 9= KT
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1.4. Free Energy Calculation 39

This expression coincides with (1.56) if one puts

2
Ko
2
Vo

=M.

Observation. It is easy to obtain (1.34) for the correlator starting from
the Hamiltonian of the two-body problem (1.57). Put

Y —i(al —a) (%)l/2 . Q=(d'+a) (2/\%)1/2 . (1.62)

where a, at are Bose-amplitudes,

Mm
M+m’

M:

and the mass parameter y is determined by (1.59):

2 _ Ko
e
Further, we proceed with the oscillator Hamiltonian rewritten in new
terms: 5
Hose = # + hMaTa7
and J o'
in e iRt T
ih o hua, ih g hua',
a(t) = e"#ia, al(t) = eal,
since
% =0, y = const.
It follows from (1.58a) that
1/2
_ m S0 Faut o —iut (RMN) 1
Pa(t) ey VAL +i(a'e ae™ ") 5 . (1.63)

From this,

<pa(t)pa(7')>c:q — ( m )2<y2>cq+%«aaweiiﬂ(tiﬂ+<aTa>ei“(t77—)).

m+ M
(1.64)
But )
<y >eq = (m + M)ﬁa
2 2
(ad') = ——, dla) = gi—,  Mu= ==,
1— e Phe | M H
and we arrive at the same equation (1.34) as before.
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40 Ch. 1. Linear Polaron Model

Therefore we come to the conclusion that two-time equilibrium correla-
tion functions of the particle S variables are the same for the Hamiltonian
(1.1) in the single-frequency case 1o v(f) = 1y and when

K2
Ew) = - [0(w—1p) + d(w + wp)],
as in the case of the two-body problem Hamiltonian (1.57).

We now return to the expression for the free energy Fi,; in the single-
frequency case and consider the passage to classical mechanics. By setting
h — 0, in (1.56), we get the classical result for the free energy:

Fint = 0.

It is obvious that the part of the free energy that is due to interaction
is always zero in classical mechanics for dynamical systems described by
a Hamiltonian of the kind (1.1) in the case K? = K¢ + n?. This statement
can be proved starting from (1.53), which can be rewritten as

OH(\) _3ih e Q AA(Q) w+i0 "
O [req 20 “col—e " mQ? — )’ + NQAQ) lw—io
(1.65)
where 9
0<e< 2.
hp
In the classical limit,

h—01—e PR 3

Consequently, it is true for the classical mechanics that

<E)H(>\)> __3id (“7"“ FQ)do— 7 F©Q) dQ), (1.66)
Ae

oA 27 \ ieloo —ie—o00

)

where AAQ)

mQ? — 0’ + NQAQ)

F(Q) = (1.67)
It should be observed that F'(2) is a regular analytic function on the half-
plane

Im(Q) >e>0.

Thus
TF(Q)dQ=0 (1.68)
c

for any closed contour L lying in this half-plane. Let us take for £ the
contour composed of the interval (ie — L,ie + L) and the half-circle C
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1.4. Free Energy Calculation 41

Fig. 1.2 Fig. 1.3.

with center at the point ic and of radius L (see Fig. 1.2). On this contour,
1
F©)=0(3).
so we can see that

[F(©)d =0 (%) —0.

Theré’fore ietoo
' F(2)dQ = 0.

i 1€ —00

The same considerations may be applied to prove that

T R(Q) do.
—1E—0OQ

In fact, F(2) — is a regular analytic function on the lower half-plane
ImQ < —e<0.

Therefore it is sufficient to choose the proper contour (see Fig. 1.3) and
to repeat all the previous reasoning.
Thus, taking (1.50) and (1.64) into account, we have

Fint - O

It should be stressed that this result follows entirely from the treatment
of the dynamical system within the framework of classical mechanics.

In the opposite, quantum mechanical case, (1.63) indicates that the
function 50 AA(Q)
1—e 7" mO? —n” + N°QA(Q)

F(Q) =

has an infinite number of poles on the imaginary axis:

2min

hG

and for this reason integrals of the type (1.66) are not equal to zero (they
are equal to the sum of residues taken at the poles (1.67)).

Q= for n integer, (1.69)
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42 Ch. 1. Linear Polaron Model

1.5. Average Values of T-products
Consider now equilibrium averages of the operator products
(T{lra(t) = ra(m)][ra(t) = ras(7)]}eq,

where T denotes the “T-product” (i.e. the product of operators ordered in
time). By definition,

A(tl)B(tQ), t1 > ta,

B(fg)A(tl), to > tq. (170)

T{A(t1)B(t2)} = {
Because
[ra(t) = ra(T)][ra (t) — ras(7)]
=Ta(t)rar (t) = Ta(T)rar(t) = Ta(t)rar (T) + Ta(T)Tar (1),

the following relation holds:
T{lra(t) = ra(r)llra(t) = ra (7))}
_ {Ta(t)raf(t) — 1o (O)7a(T) = ra(t)ra (7)) + ro(T)ros (), t>T,

Ta(t)rar(t) = 1a(T)rar (t) — 1o (T)7a(t) + ro(T)rar (T),  t<T.
Therefore, putting A = 1 in (1.52), we get
(T{[ra(t) = ra(T)]lre(t) = 7ar(T)]Peq =0 if a#d

and
(T{[ra(t) = 7a(T)*})eq
. 400 _ —iw(t—T) w—+10
SO Gl B0 DE— do if t>T,
2T oo 1—e ™ mQ® —n® + QA(Q) lw—i0
(T{[ra(t) = 7a(T)*})eq
_ @ +002(1 _ e*iw(T*t)) 1 w+1i0

dw if t<T.
2T o 1—e P mQ? —n® + QA(Q) ’w—io

Thus
(T{[ra(t) - ra(7)*}eq
’LFL +002 7uu|t77'|) 1 w—+1i0
= dw. (1.71
f —e P im0 —n? 4+ QA(Q) ‘LHO w. - (1.71)

- For some applications it is helpful to be able to calculate the ordered
products of operators depending on an “imaginary-time” argument.
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1.5. Average Values of T-products 43

Setting t = —is and choosing real s to be the ordering parameter, we
define the T-product as

, ) ro(—is)ro (—io) if s>o,
T{ra(— A = . . .
{T ( zs)T‘ ( ZJ)} {Ta/(—ZO')T’a(—ZS) if o>s.
Taking (1.52) into account under the condition A = 1, one obtains
(T {lra(=is) = ra(=io)][ra(=is) = rar(=i0)]})eq = 0 (1.72)

if a # o/, and, in the opposite case,

(T{[ra(~is) = ra(~i0)]*})eq

+oo e wls—al w+10
S g CEL R0 DE— dw. (1.73)
27l' —00 —e @ mQ° —n" + QA(Q) w—1i0

Consider the single-frequency case:
K2
E(w) = 70 {6(w—wo) + 6w+ )}

Here we are not allowed to use (1.69) and (1.71) directly, observing from
the very start that the final result would be just the same as in the case
of the two-body model (1.57). Rigorously speaking, we mean that

(ra()ra(7))eq = (@(t)2(T))eq-
It follows from (1.58) that

z:q+m+MQ.

Since the time evolution of ¢(¢) and Q(t) is generated by independent
Hamiltonians H;, and H,g respectively (see (1.59)), we have the equality

(@(O2()eq = (@O0 ea + 2 QAU en
From which
(T{lra(=is) = ra(=i0)P})ea = (T{la(~i5) — a(~i0)}}uq
+ A (T{(@is) - Qi) Pea (1L70)

Thanks to (1.59),

o) = al7) = s vy = const

(Y)eq = (M +m)y.

Hence

2
2 t—T1)
(la(t) - q(r)P)eq = LT, (1.75)
M+m
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44 Ch. 1. Linear Polaron Model

We also have
t

q(t)q(r) = q(r)a(t) = {d'(t)a(r) — q()q (1)} dt

T

t t—71

t—T1

M+m’

(1.76)

(yq — qy) = —ih

Consequently,
(T{lq(~is) = a(~i0)*})eq = (a*(—is) — 2q(—is)q(~io) + ¢*(=i0))eq
= (lg(~is) — a(=i0)]*)eq
+ (—q(—is)q(—io) + q(—io)q(=is))eq if s>0,
and, thanks to (1.73) and (1.74),
(T{la(=is) — q(=i0)]*})eq

77(5—0)2 h

\
5
+

(s—o) for s>o.
m
Making the permutation s o, it is easy to show that

(Pla(~is) ~ a=io)PYeg = - S D4 1

We must now find an explicit expression for the ordered correlator

(T{1Q(~is) = Q(~i0)]*})eq.
in order to calculate the left-hand side of (1.72). Let us note that

1/2
(it T —iut h
Q) = (eal e ()

Is—ol. (177

from which it follows that
(T{[Q(~is) — Q(=i0)]*})eq

{(e"sal + e "%a)(e"*al + e H%a)

- 2Mup
+ (e"?al + e7Ha) (et al + e Ha) — 2T (eH*al+ e ) (" al + e+ a)}.
Hence
(T{[Q(~is) = Q(=i0)]*})eq
= ﬁ (2(ata) + 2(aa’) — 2e*1*=71(aTa) — 2e7 5=l (aat)). (1.78)
Here
Py 1 ; 1
(') = . aal) = 1+ i
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1.6. Averaged Operator T-Product Calculus 45

Since

L1y K _(w ‘1
m+M Mm 7H2Mm7 m m
(recalling that M = mM/(m + M)) and
M? 1 M1 M K _,uQ—Vg

(m+ M)? Mpu B ‘m? Mu - m2u N m?u® N mu®
we find from (1.72), (1.75) and (1.76) that

(T{[ra(~is) — ra(~io)*Deq
2 2
= (&) Zemor e () el

W= v 1 js—o 1 js—o]
+ 3 h(l— —Bhu(lieu )7W_1(eﬂ 1)>

mu

It is interesting to note that
(T{[ra(=is) — 7o (=io)]*Veq =0 if |s—o|<BR=h/I, (1.80)
where § = 1/0 and ¥ = KgT.

1.6. Averaged Operator T-Product Calculus for Some Model
Oscillatory Systems

Let the Hamiltonian I" be a quadratic positive-definite form composed
of Bose operators by, bf,. We denote the statistical sum as

Z=Tre "
and consider linear forms composed of the Bose operators by, b :
Ay, Agy ... As,
and statistical averages consisting of the products of these linear forms:
(AAs -+ Agyr = Z7 e PP (A1 4y - -+ Ay). (1.81)

Let us apply to (1.79) the well-known Bloch-Dominicis theorem, which
generalizes the Wick theorem. If we introduce couplings of the type

AjA = (A;A)r,

we see that the expression (1.79) is equal to the sum of products of all
possible couplings. For example,

D e | — 1
(A1 A2 AsAg)r = (A1 A2 A3 Ag)r + (A1 As A3 Ag)r + (A1 As A3 Ag)r
— (A A (Ag Ad)r + (AvAg)e(As A e + (AyAd)r(AsAg)r.  (1.82)
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