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Abstract: Non-equilibrium evolution at absolute temperature T and approach to equilibrium of
statistical systems in long-time (t) approximations, using both hierarchies and functional integrals,
are reviewed. A classical non-relativistic particle in one spatial dimension, subject to a potential
and a heat bath (hb), is described by the non-equilibrium reversible Liouville distribution (W) and
equation, with a suitable initial condition. The Boltzmann equilibrium distribution W, generates
orthogonal (Hermite) polynomials H; in momenta. Suitable moments W, of W (using the H;’s)
yield a non-equilibrium three-term hierarchy (different from the standard Bogoliubov-Born-Green-
Kirkwood—-Yvon one), solved through operator continued fractions. After a long-t approximation,
the W,,’s yield irreversibly approach to equilibrium. The approach is extended (without hb) to: (i) a
non-equilibrium system of N classical non-relativistic particles interacting through repulsive short
range potentials and (ii) a classical ¢4 field theory (without /b). The extension to one non-relativistic
quantum particle (with hb) employs the non-equilibrium Wigner function (Wp): difficulties related
to non-positivity of Wg are bypassed so as to formulate approximately approach to equilibrium. A
non-equilibrium quantum anharmonic oscillator is analyzed differently, through functional integral
methods. The latter allows an extension to relativistic quantum ¢* field theory (a meson gas off-
equilibrium, without hb), facing ultraviolet divergences and renormalization. Genuine simplifications
of quantum ¢* theory at high T and large distances and long t occur; then, through a new argument
for the field-theoretic case, the theory can be approximated by a classical ¢* one, yielding an approach
to equilibrium.
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1. Introduction

Many fundamental issues continue to be open in the extensive avenues leading from
equilibrium statistical mechanics [1-8] to non-equilibrium statistical mechanics [8-16] in
both classical and quantum regimes.

Off-equilibrium evolution of statistical systems displays stochasticity: see [17-19] in
the classical domain and [20-26] in the quantum one, specifically in the theory of open
quantum systems. For further background in classical (thermodynamical) frameworks,
see [27-30].

Our leading motivation has been to study the possible approach to equilibrium of
various statistical system, under suitable approximations, for very long time ¢.

Previous authors have employed infinite hierarchies in the analysis of several stochas-
tic equations [31,32].

The present author has analyzed the classical Liouville and quantum Wigner equations,
by using infinite hierarchies in order to implement approaches to equilibrium [33—41].
The analysis has been extended, using different techniques (generating functionals), to
off-equilibrium evolution in the relativistic quantum 4)4 field theory [42,43]. The above
approaches face various complications, which have been treated succesively.

Based upon those works, the present work will review, from a first principles stand-
point, the evolution of certain statistical classical and quantum systems in some non-
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equilibrium states at the initial time ¢y and their approximate off-equilibrium development
for long time t > ty. The evolution will be supposed to proceed at given absolute tem-
perature T, in the following sense: (i) either the system is small and evolves subject to an
external heat bath (hb) or (ii) it has a very large (or infinite) number of degrees of freedom,
a large part of them being at equilibrium at T, while the remaining ones are not and so
are responsible for the off-equilibrium evolution. In case (i), we omit any analysis of the
states of the hb, and we focus exclusively on the states of the system considered. Ab
initio dissipation is excluded, by assumption, in all cases (vanishing friction due to any
other system).

Section 2 begins with a one-dimensional statistical system, namely, one classical non-
relativistic particle subject to an external potential and to a hb at thermal equilibrium.
Section 2 also deals with a closed classical non-relativistic many-particle system, in three
spatial dimensions: the particles interact among themselves without any external hb, with
initial states describing thermal equilibrium at large distances but non-equilibrium at
finite ones.

Section 3 outlines the extension of the methods in Section 2 to classical ¢* field theory.

In order to illustrate some difficulties of the approach in Sections 2 and 3 in the
quantum case and how they could be bypassed under certain approximations, Section 4
studies, with less detail, a one-dimensional statistical system, namely, the quantum version
of the one in Section 2. Rather wide references provide developments omitted here.

By avoiding the strategy in Sections 2—4, and as an introduction to the power of the
functional methods to be employed profusely in Section 6, Section 5 treats a quantum
anharmonic oscillator in which no ultraviolet divergences are present.

Section 6 is devoted to relativistic quantum ¢* field theory. Various approaches to the
non-equilibrium quantum meson gas are summarized. General problems with initial non-
equilibrium states at finite time p;;,, are described in outline. The overview to be presented
will enable the discussion of the quantum-field-theoretic framework at certain stages and
under certain conditions, and the approximate approach to equilibrium, through a new
argument, so as to connect with Section 3. Suitable references give derivations omitted here.

The contents of the successive sections have been described above in a somewhat
sketchy way so as not to burden this introduction. The reader could proceed directly to
Section 7, which offers a less sketchy account of Sections 2—6, summarizes the work, and
presents the conclusions. Some open problems are highlighted in Section 7.

This feature article presents globally consistent consequences for the systems consid-
ered in it. Computations and derivations will be omitted by referring to suitable references.

2. Classical Particle Systems
2.1. Open Classical One Particle Systems

Methods in the hierarchy approach, to be also used in Sections 3 and 4, will be
introduced in this section.

2.1.1. One-Dimensional Case: Some General Aspects

Let a classical particle, with mass m, position x and momentum ¢, be subject to a
real potential V = V(x), in the presence of a heat bath (hb) at thermal equilibrium at
absolute temperature T. We shall employ the standard variable B, = (kgT) ! (kp being
Boltzmann’s constant).

By assumption, the potential is repulsive: V(x) > 0: either V(x) — Oas | x | = +oc0
or V(x) = 0. The Hamiltonian of the particle is: H = g?/(2m) + V. Let the classical
particle be, at the initial time t = 0, out of thermal equilibrium with the kb, and have a
Liouville probability distribution function W;,, = Wj, (x, 4)(>0) to be at x with momentum
g. Then, the non-equilibrium particle could be, at time t(>0), at x with momentum g, with
probability distribution W = W(x, g;¢)(>0).
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As an example, the classical particle could be a virus or a grain of pollen, performing
Brownian motion in air (at rest and at thermal equilibrium, at T ~ 300 °K) in a room. Air
would be the hb.

The (time-reversible or, simply, reversible) Liouville equation accounts for the time
evolution of W:

W, oW avaw o
ot mox Odx 9

with the initial condition W;,,. The equilibrium (Boltzmann’s) distribution, the t-independent
solution of Equation (1) describing thermal equilibrium of the particle with the kb, is

W =Wy = exp[—ﬁeq(qz/(ZTﬂ) + V)],

which is Gaussian in 4.

Let gog = [2m/Beq)'/? be the momentum scale determined by T. With y = /e,
let us introduce the denumerably infinite family of all (unnormalized) polynomials in
y: Hy = Hy(y) n =0, 1, 2, 3, ...), the standard n-th Hermite polynomial [44]. They
are orthogonalized in y (for fixed x) by using W,,; as (Gaussian) weight function. With
Hy(y) =1, one has, for n # n’ and any x (left unintegrated):

—+00
[ AWer e, ) H(w) o (1) = 0 @
The orthonormalized polynomials are
H, (]/) / (7[1/22”71!)1/2.

We shall introduce the (normalized) non-equilibrium classical moments W,, = W, (x; t)
n=0,1,2,...)of W [17,31,33,34]:

Hy(q9/9e
Wy = Wy(x,t) = /d(q/qeq)(ﬂ/z(gnzl)qz/z X

W(x, q;t) ®)
W is the marginal probability distribution for x. If W = W,,, then W, o = /4 exp[—BV]
and We;,n = 0,n =1, 2, ... Equation (3) can also be applied to the initial off-equilibrium

distribution W;,, and gives the initial moments, W, ,,. One has the following (formal)
expansion for W:

—+00
W = Wey(x,9) Y Walx;t) x

n=0
Ha(y)
(7-[1/22;1”!)1/2

(4)

2.1.2. Three-Term Hierarchy and Operator-Continued Fractions

Equations (1)-(3) give rise to an exact three-term non-equilibrium hierarchy for all
W,,’s. It is more convenient to replace the latter by the symmetrized moments

§n = gn(x,t) = Wego(x) 72 Wi (x, t).
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Then, the hierarchy for the W,’s becomes directly the following exact three-term
(reversible) hierarchy for the g,’s, for any n:

d
éftn = _Mc,n,n+1gn+1 - Mc,n,nflgnfl ®)
n+(1/2)(1+1))kgT
Mc,n,n:tlgn:tl = [( ( )151 )) 2 ]1/2 X
[agn:tl - (£1)gn+1 871/} ©)
dx 2kgT  dx
with initial condition g;,, , = Wiy, ,/ Welq/, g. One crucial property is that the operators

M.y y+1 and —M, ;41 4 are the adjoint of each other.
Let the Laplace transform

—+00
$n=8n(s) = /0 dtgn exp(—st)

be performed. Its inverse is

c-+ioco )
n :/  (ds/2mi)gn exp(st)
Cc

—100

(c being real and §,(s) being analytic in the half-plane Res > c of the complex s-plane).
This definition and Equation (5) gives rise to the three-term hierarchy for §,:

S&n = Sinn — Mc,n,n+1gn+1 - (7)
Mc,n,n—lgn—l

The hierarchy in Equation (7) can be solved through a formally direct extension of
standard methods for dealing with numerical three-term linear recurrence relations in terms
of continued fractions (see, for instance, [17]). Such a formal procedure yields all g, (s),
forany n = 1,..., in terms of sums of products of certain s-dependent linear (integral)
operators D(n’;s], n’ > n, which act upon §,_1(s) and upon all g;,, ,»’s, with n’ > n. The
linear operators D[n;s]’s are defined in a recurrent way through:

D[n;s] =
[SI - Mc,n,n+1D[n + 11' S}Mc,n-&-l,n]_l (8)
I is the unit operator. By iteration of Equation (8), D[n; s| becomes a formal infinite con-

tinued fraction of products of the linear operators M,  ,+1 and M ;11 , (Which in general
do not commute with each other). The formal infinite continued fraction of operators reads:

D[n;s| =
I

I
sI — Me i1 SIT.,,Mc,n-i-l,n

©)

A simpler hierarchy, without an essential loss of generality, follows by assuming,
except otherwise stated, that W;, ,, = 0 for n’ > 1, with Wj,, o # 0.

By solving Equation (7) for n(>1) (using Equation (8)), we arrive at the following
result (involving no approximations thus far):

s&o(s) =
Wt *Wino — Me0181 () (10)
g”(s) = —D[Tl,’ S}Mc,n,nflgnfl(s)/ (11)

forn > 1.
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2.1.3. Properties of D|[n;s]

Let us choose n(>1) and fix s = € > 0 (real and suitably small) in any D[n;s]. Then, the
following crucial properties appear to hold (in general, for either V # 0 or V = 0) [33,34]:
if D[n + 1; €] were Hermitian, and if all its eigenvalues (which would be real) were non-
negative, then the same would hold true for D[n; €]|. As an example, it is easy to confirm
the validity of that property if M., ,4+1 and M, 11, are chosen as 2 x 2 matrices, such
that M., ,4+1 be the adjoint of —M,+1,. Then, through iterative arguments, D[n;€]’s,
n =0,1,2,3..., turn out to be Hermitian 2 X 2 matrices, and all their eigenvalues are
non-negative. See [34].

For a better understanding of the operator-continued fractions D [n ; s], we shall take
V =0and let € > 0 (allowing for e — 0 if desired, later [33]).

Let us perform a spatial Fourier transformation from configuration space (x) to
wavevector space (k), by applying (27r)~1/2 [ dxexp(—ikx). Let e(k) = (2m) 'kpTk>.
Then, the Fourier transform of the operator-continued fraction in Equation (8), for Res > 0
and n > 0 yields:

Dslk;n;s] =
s + 2e(k)(n +1)Dy[k;n + 1;5] ¢ (12)

By iteration, D [k; n; s] becomes the following ordinary continued fraction for V =0
(involving no non-commuting operators):

Ds[k;n;s] =
1

s+ 2e(k)(n+1) s+2e(k)(n1+2) T

(13)

to be compared to Equation (9) for V # 0 (involving non-commuting operators).

For relationships of Dj [k; n;s] to the n-th repeated integral i"erfc(z) of the comple-
mentary error function (i%erfc(z) = erfc(z)) and the standard Gamma function T, see [45].

The various operator-continued fractions behave, on average, as n~/2 for large n:
we shall omit details [33]. For k — 0, D1 [k; ;0] diverges as k~! (due to e(k)~'/2). Then,
| dkDs [k; n; 0] also diverges near k = 0 (as the actual system is one-dimensional).

For an approximate ansatz for Equation (8) for large n, see [40].

2.1.4. Long-Time (t) Approximation

The long-t approximation for n > ny > 1 reads in general (that is, without imposing
Winw = 0 for n’ > 1, with Wy, o # 0) as follows. One replaces for n > ng any D[n;s]
yielding g, in terms of §,_1 by D[n;¢€]: this approximation is not performed for n < ny,
which will be crucial, and is the better, the larger ny. We regard D|ng; €] for n = ng as
a fixed (s-independent) operator. For simplicity, let us continue with the simplification:
Winw = 0 for n’ > 1, with Wj, o # 0. Moreover, after the above long-t approximation,
we shall continue with the same initial condition Wy, o at t = 0: it may well be that this
amounts to another kind of approximation.

Then, for small s, we approximate for n = ng as: gn,(s) ~ —D[no; €)My ny—18n,—1(5)-
The resulting hierarchy for §,’s (n =0, ..., ng — 1), through the inverse Laplace transform,
yields a closed approximate irreversible hierarchy for g,,n = 0,1, ..., ng — 1. The solutions
of the last closed hierarchy for g, relax irreversibly, for large ¢ and reasonable W, , towards
Welq/, g # 0 and Welq{ ,% =0,n=1,..., ng — 1 (thermal equilibrium) [33,34]. For long-t, the
dominant moment is gy, while any g, with n > 0 being the smaller, the larger n and t(> 0)
are (due to the behaviors of M, , ,+1 and of D{n; €] with n). Similar behaviors hold for Wy
and W, with n > 0.

We shall illustrate the above facts by taking, for simplicity, ng = 1.
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Then, Equation (11) for small s and n = 1 becomes: §;(s) ~ —D[1;€]M,1030(s) (to be
compared to Equation (11) before the approximation). Then, Equations (10) and (11) yield,
by taking inverse Laplace transforms:

d
% = —Mcp1-81 (14)
gl ~ _D[l;e]Mc,l,O'gO (15)

One finds directly the irreversible Smoluchowski equation for the 7 = 0 moment, as
a result:

980/t = Mcp1D[1;€]Mc1,0.80 (16)

with initial condition We?;,lo/ ZWin,o'

The right-hand side of Equation (16) should be interpreted as:

[T dx' (M1 D[1;€]Me10) (%, x)g0(x'; 1). Let (f1, f2) = [T dxfi(x)* fa(x) for suit-
able functions f; and f,. Due to the Hermiticity of D[1; €|, M. o1D[1; €] M1 is Hermitian
(all eigenvalues of —M_1D|[1;€]M, 1 being >0). Let f)(x) be an eigenfunction of the
integral operator —M_ o 1D[1; €] M, o with eigenvalue A (> 0). Then,

—(Meo1D[L€]Me)(x, ') = Y Afa(x) fa(x)".
A

Y, is a short-hand notation denoting integration and summation over the whole
spectrum of M. 1D[1;€]M.1 0.

By expanding We;,lo/ 2Wm’o = Y2 8inafa(x), with x-independent g;, 1, the solution
of (16), with the above initial condition, is

g0 = ;gin,)\f)\(x) exp(—At),

which relaxes irreversibly as t — +oco towards gj, 0fo(x), corresponding to A = 0. At
equilibrium, one has g9 = Welq/, g, Mc1080 =0and g, =0,n=1,2,3..., consistently. Then,
Equation (16) is (at least, with € > 0) irreversible: for long {(>0) the dominant moment is
8o, while any g, with n > 0 is negligible, g, being the smaller, the larger n and £(>0), and
so on for the W,,’s.

As an example of the relaxation towards equilibrium, we consider the solution
G = G(x, xo;t) of Equation (16) for V(x) = (k/2)x? (k > 0, harmonic oscillator), and initial
condition §(x — xg), § denoting the Dirac delta function. One obtains (t,s = 1/(D[1;¢€]k),
D[1; €] being regarded as a positive constant):

N k 1 1/2
G(x, xo;t) = [anBTl —eXP(_Zt/t”S)] "

k  (x—xpexp(—t/tss))?
P T 1= exp(—2t/te) {17)

For t > t;, ,

G(x,xg;t) — [ZHQBT]UZ exp|— zli’;T], which is proportional to Weqlo(x)l/z. The t-behavior
of G is represented in Figure 1, in order to display the relaxation for t > fg.

Irreversible thermalization does not happen in the absence of long-t approximations.
Then, the above approximations (D[n;s] ~ D[n; €] for n > ng, but not for n < ny), giving
rise to the thermalization with the hb (as implemented in Equation (16)), is an alternative
way of introducing irreversibility out of the reversible Equation (1).
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Figure 1. The t-behavior of G(x, x;t)/[k(2tkgT) ~1]1/2 (Equation (17)) is displayed (x = 2.0, xg =
1.5, t;s = 1.0, k/(2kgT) = 1.5, in arbitrary units).

2.2. Closed Classical Many-Particle Systems: Long-Time Approximation and Arrow of Time
2.2.1. Initial State Motivated by Fluid Dynamics, Hierarchy, and Continued Fractions

See [33]. We treat a closed large system of many (N >> 1) classical identical non-
relativistic particles with mass m, in three spatial dimensions , with spatial coordinates
X1,..., XN (= (x)) and momenta qq,.....qn (= (q)). Let x;, and g;, be the Cartesian
components of x; and q;, respectively (i = 1,...,N, « = 1,2,3). The non-equilibrium
classical probability distribution function is: W = W((x), (q); t).

Assumptions—(a) Neither a hb nor external friction mechanisms nor external forces are
assumed. The system contains a very large set (s1) of degrees of freedom at large distances
at thermal equilibrium at absolute temperature T with one another: s; plays the role of an
(internal) hb. The system is in a non-equilibrium state, because it also contains a large set of
degrees of freedom s, (smaller than s1) at finite distances, which are off-equilibrium with
the set 51, and among themselves. Then, the known initial non-equilibrium distribution
Wi, = Wi, ((x),(q)) describes thermal equilibrium at absolute temperature T for the set s;
located at large distances but off-equilibrium for the set s, located at finite distances [33].
The above qualitative idea will become clearer through W;,,, discussed below in (c).

(b) The interaction potential among the particlesis V = le'j:l,i < jvi]-(| x; —x; |) and
we suppose that all v;;(| x; — x; |) are repulsive (>0) and tend quickly to zero for large
| xi —xj | H= (2m)~ =N 122:1q% . TV is the classical N-particle Hamiltonian. Then,
Boltzmann’s equilibrium (canonical) distribution at temperature T is We; = exp[—BeqH].

(c) The initial distribution function W, at t = 0, will be compatible with the limited
information available, namely, with standard variables employed in equilibrium statistical
mechanics and fluid dynamics [4,8,12-14,46]. W;,, will depend on a finite number of
(actually, 2 + 3 = 5) functions of one single x: Ay = Ay(x), k = 0,2, and Ay, = Aq,4(x),
a« = 1,2,3 (all of them independent of time and on momenta). W;, in terms of Ay and
A« has appeared previously [8,14] (and is related to the Massieu—Planck function [14]).
Wi, describing thermal equilibrium with homogeneous temperature T for large distances
(large | x |) but non-equilibrium for intermediate and short distances | x | (with spatial
inhomogeneities), reads
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(N Texpl— [ @x(Ro(x) Y 6 (x ~x)
i=1
3 N q;
+ Y M) Y T % 68 (x; — x)
a=1 -1 ™
N q 1 N
+)\2(X) 2(271 + 5 Z 771](| qi — q] |))
=1 j=1,j#i
6O (x; —x)]. (18)

60) denoting the three-dimensional Dirac delta function. The A’s will be uniquely
determined in terms of 2 + 3 = 5 x-dependent observables (also independent of time and
on momenta) typically employed in Fluid Dynamics, which, by assumption, are known at
t = 0: mass density, fluid velocity and some suitable energy density [14,33]. We accept that
A2(x) — Ap(o0) (constant), as | x —| oo along any direction and that the same holds for
Ao(x) and for Aq 4 (x). The constant limiting values describe equilibrium, with Ay(c0) # 0,
Ap(e0) # 0and Aq 4 (00) = 0. At finite x, the off-equilibrium A;(x), Ag(x) and Aq ,(x) do
depend on x. Consistency is achieved (the temperature T being thereby introduced) if, in
the thermodynamical limit, A, (o) tends to

(kgT) ™

(plus corrections which approach zero in that limit). For a detailed analysis, see [33].
The reversible Liouville equation reads

ow _
ot

N 3
Zizlzazl[

oV oW _ Gia W
0X;j 4 aqw m 0x;,

] (19)

Let [n] denote a set of non-negative integers (n(i = 1,a = 1),...,n(i = N,a = 3))
andletn = N 23 n(l,a). Let [dg] = [T, [To_; 4. We introduce non-equilibrium
moments W([n]) of W (using products of Hermite polynomials):

(i) qla/(zkaT)l/z)

N 3
/[dl]]HH 7-[1/22711& ( )')1/2

i=1la=

W((x),(q),t) = W((x); [n];£) = W([n]), (20)

IfW = Weg, then We,([0]) ([0] = (0,0,,,0)) is proportional to exp[—BV] and W, ([n]) =
0, [n] # [0] (say, n # 0). Equation (20) can also be applied to W;,, and gives the correspond-
ing initial moments, W, ([n]). We shall work with the symmetrized moments

g([n]) = Weg ([0]) ~*/2W([n]).

One obtains an infinite reversible three-term linear recurrence for ¢([#])’s, generalizing
Equations (5) and (6):

9g(n(L1),... "(J B),n(NA)) _
_Zl 12‘2 1[Mlan(l IX)+><
g(n(L,1),...,n(l,a) +1,..., n(N,d))

+Ml,a;n(l,rx);f X
¢(n(1,1),...,n(l,a)—1,..., n(N,d))]
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™m 0xy 4

Ml,a;n(l,oc);-i— = [

1 dV

ZkBT axl/a (21)

[Yl(l, a)kBT]l/Z[ 0
m 0X]

7

Ml,a;n(l,tx);— =

1 oV
ZkBT axl,a

(22)

The Laplace transform of the above N-particle hierarchy Equation can be formally
solved in terms of linear operators D[[n]; s], which generalize the previous D[n;s]. For de-
tails, see [33]. All D[[n];s] are square matrices, due to the indices i = 1,... N and
a = 1,...3 and also integral operators, arising from the linear operators M, ;.1 1);+
and M 4(1,4);—» @s I, &« and n(l, &) vary. The D[[n];s] fulfill the formal hierarchy (which
generalizes Equation (8))

D[[n];s] =
[s = My g1 DI[n +1];sIM_ ] 7! (23)

The linear operators M. |, are rectangular matrices, formed out of operators
M o (1,0);+ a0 My goi(1,0);—- My [n41) Is the adjoint of —M_ |,y [33]. By iterating Equation (23)
indefinitely, D[[n];s] becomes an operator-continued fraction, which depends on all
M o (1,0);+ and M 4.(1,4),— and generalizes the operator-continued fraction for D(n;s].

Dl[n];€] for € > 0 is a Hermitian operator with non-negative eigenvalues for
n > np > 1[33]. No approximation has been performed so far.

Let V = 0. Let us Laplace- and Fourier-transform the above N-particle hierarchy to

wavevector space (ki, ..., ky)= [k]. Let
.N) = N 17,2
e(k;N) = kpT) j:1(2m) k.

Then, the Fourier transform D1 [[k]; [n];s] of D[[n];s] for Res > 0 yields an ordinary
continued fraction, given in Equations (12) and (13) with e(k) replaced by e(k; N). Then,
with such a replacement, the properties of D1 (k; ;s) given in Section 2.1.3 also hold for
Dy [[k]; [1]; s]. Notice that Dy[[k]; [n];s = 0] diverges as e(k; N)~1/2 if e(k; N) — 0. On the
other hand, and contrary to what happened for one particle in one spatial dimension (recall
the comment in Section 2.1.3), [[dk]D;[[k]; [n];s = 0] converges near e(k; N) = 0. The
approximate ansatz in [40] can be extended readily to D[[ng]; €].

2.2.2. Long-Time Approximation and Consequences

A simple long-time approximation can be performed in the dynanical equation
for ag("(l’l)""’”g’ﬁ e HNA)) gy vj > 0 (and vanishing quickly at large distances) and
very large N (eventually, in the thermodynamical limit), which generalizes the one in
Section 2.1.4. This approximation consists in fixing s = € > 0 (e being small) in the whole

hierarchy of operators D|[n];s], for any

(=L qn(la)) > n(>0)

which, then, become Hermitian operators D[[n]; €] with no negative eigenvalues. It is
crucial that s-dependences be kept in D[[n]; s], for n < n.
The non-vanishing factors (I, «)!/? and

((n(l,a) +1)1?
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in

Ml,oc;n(l,zx);f and Ml,a;n(l,a);+'
respectively, tend to reduce, as the n(l,«)’s increase, the importance of D[[n];s = €]’s with
fixed s = € and n > ny. This is a genuine feature of the D[[n];s = €|’s. See [33], where it
was shown that by imposing ng > 2, the long-t approximation is still exactly consistent
with all (five) hydrodynamical balance equations. For simplicity, we discard all the initial
moments W;, ([n]) for n > ny.

We regard D|[ng]; €] as a fixed (s-independent) operator, yielding all g([rno]) in terms of
all g([np — 1]). Moreover, after the above long-t approximation, we shall continue with the
same initial condition Wj,([0]) at t = 0: it may amount to another kind of approximation.

All that leads to a closed approximate hierarchy for g([n])’s, which appears to yield
an approximate irreversible evolution towards thermal equilibrium at T. g([n])’s and,
then, W([n]) relax the quicker the larger n. W([0]) would dominate the approach towards
equilibrium for t — +oo. See [33]. All that appears to work for fixed D|[ng]; €].

Let nyp = 1: see [33] for ng = 2,3. One finds the irreversible Smoluchowski-like
equation for the [n = 0] moment, which generalizes (16) ([n = 0] meaning

n(1,1) =0.,n(j,B) =0,...,n(N,d) =0) :

ag([n = 0])
ot
(ZN_ 23 4 [D[n = 1];€]]jap 0 %

Ml’,a’;n(l’,zx’)zl;—)g([n = 0]) (24)

The operator D[[n = 1]; €] (Hermitian, with non-negative eigenvalues) has, as a square
matrix, the matrix elements [D[[1n = 1];€]]; 4, - The initial condition is Weq ([0]) ~1/2W;,, ([0]).

Discussion and consequences—(a) the exact hierarchy for the g([n])’s and the closed
approximate one for them after the long-t approximation are genuinely different from
the non-equilibrium classical Bogoliubov-Born—-Green-Kirkwood-Yvon (BBGKY) hierar-
chy [12,13]. (b) The structure of (24), with D[[n = 1]; €] replaced by a constant, is similar
to that of the linear Smoluchowski equation in the standard Rouse model for polymer
dynamics [47]. (c) The following t-dependent function, for generic ng > 1:

/I

i=la=

_vN 3
- lelz‘aclel,oc;n(l,zx):O;—i- 2

71071

1
sz E
2n:0

3
dx; g ([n])? (25)
1

(the integration over any x; , being performed in —co < x;, < +o0) fulfills
oL/dt <0 (26)
which could characterize an arrow of time. L is a Liapunov function. See [41].

3. Classical Scalar Massive Field
3.1. Hamiltonian and Liouville Equation

In 1 + 3 dimensions (¢, real time and x = (x1, X2, x3), three-dimensional spatial coordi-
nates), let a large statistical system, with dynamics described by a real relativistic scalar
classical field x = x(t,x), with mass parameter m; and coupling constant g. See [35].

The classical Hamiltonian is supposed to be: H = [d®x27 1% 4+ V. 7w = 9x /ot is
the field momentum and V; = [ d®x[271 zf;l(ax/axl-)Z +27m?x? + gx*/4!]. We shall
include an upper limit or ultraviolet cut-off (A) on the magnitude of any contributing
wavevector in an eventual Fourier transform of . Unless otherwise stated, A < +oc0. No
external heat bath will be assumed: like in Section 2.2, the infinite number of degrees of
freedom of this classical field system gives rise to statistical effects. Let W = W|x, 7, t] be
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the classical probability distribution function for the system at time ¢ to be described by the
field configuration x(x) with momentum 7(x). W fulfills the classical reversible Liouville
equation, which reads

W [ OV 0 5

where % denotes functional derivative. Let: W;,, = W;,,[x, 7] be an initial non-equilibrium
distribution at time tj, containing a spatial inhomogeneity characterized by a function
B(x): B(x)~! could be interpreted, at least qualitatively, as proportional to the absolute
temperature of a small volume (at the macroscopic scale) at x. It is supposed that for large
| x |, the field degrees of freedom are at thermal equilibrium at absolute temperature T:
compare with Section 2.2. Accordingly, B(x) — Beg for large | x |, with ﬁgql =kgT.

3.2. Non-Equilibrium Moments and Approximate Irreversible Evolution

Let po(x) = (2/B(x))"/? and A < +co. Functional Hermite polynomials H, are
introduced through the Rodrigues-like formula:

2
Hy = (=) expl [ #x75
Po

0 exp[— /dsxnz] (28)
S Cn) /poCen) i
Moments W, of W are introduced through the functional integral:
Wn = Gy /[ 7T
Hn(ﬂ'(xl)/po(X1),...., n(xn)/po(xn))W (29)

The developments in Section 2 can be extended to generate a three-term hierarchy for
(symmetrized moments determined by) the moments W,,, operator continued fractions and
so on. Through long-t approximations, the following irreversible functional Fokker—Planck
equation for the lowest moment Wy holds:

W, D 5
= / P o FPOOW (30)

eq
_ 02w
ox(x)  po(x)? ox(x)

with constant D and f.;. Ast — +oo, Equation (31) yields the equilibrium solution
exp(—peqV1). Up to this stage, A < +oco. exp(—pe;V1) and, so, the classical field theory
defined by Equation (31) contain ultraviolet divergences as the cut-off A — +co. Those
divergences can be absorbed and eliminated by the so-called mass renormalization: one
sets m> = m?2 + 6m?, where m? is finite. §m? is introduced so as to absorb the ultraviolet
divergences generated and, so, is divergent as A — +oco. After such an absorption and
since neither ¢ nor ) require renormalization, all correlation functions determined by W
are ultraviolet finite. For discussions and details, see [35-37] and references therein. The
classical theories associated to Equations (27) and (31) could give rise to divergences of a
different nature, namely, field energies divergent as A — +oc0. Such divergences, could be
compensated, at least partially, by renormalization of the energy.

For a generalization of the developments in Section 2 and in this section to a non-
equilibrium classical plasma (namely, non-relativistic charged particles interacting with the
classical electromagnetic field) (with a fixed ultraviolet cut-off) and its approach to thermal
equilibrium at temperature T, see [34].

FP(x) (31)
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4. One Quantum Particle Subject to a Heat Bath: Short Discussion

For general aspects on quantum systems subject to a larger heat bath (hb),
see [8,13,14,20-22,24-26,48-55] and references therein. We accept that the state of the
system, for sufficiently long-t, approaches towards its own canonical density operator at
thermal equilibrium with the hb at absolute temperature T, as studied in [48-55]. We will
focus exclusively on the quantum states of the system.

Our study here of the quantum one particle case, aimed at comparing the hierarchy
approach with the results in [8,13,14,20-22,24-26,48-55], will display analogies and genuine
differences with respect to the classical case (Section 2.1). For the quantum non-relativistic
N particle case, see [41], and for the cases N = 2,3 in connection with chemical reactions,
in the hierarchy approach, see [40,41].

General Aspects

We shall consider one non-relativistic quantum spinless Brownian particle of mass
m (>0) and momentum operator —ifi(d/dx), in one spatial dimension x, with (Hermitian)
quantum Hamiltonian (% being Planck’s constant):

" 92

Ho="amaa *

(32)

Assumptions—The real potential V(x) fulfills: V(x) — 0 quickly, as | x |[— +o0 V(x)
and all "V (x)/dx",n =1,2,3..., are continuous for any x, V(x) = V(—x) and allow for
V(x) < 0 and, hence, the possibility of bound states of the particle by the potential V. The
particle is also subject to the hb.

The non-equilibrium statistical evolution for ¢t > 0 is given by the density opera-
tor p = p(t) (a statistical mixture of quantum states), with the given initial condition
p(t = 0) = pin. p(t) for t > 0 and p;, are Hermitian and positive-definite linear op-
erators acting in the Hilbert space spanned by the set of all eigenfunctions ¢;(x) of
Hg. Unless otherwise stated, we shall not impose that p(t) be normalized. One has

([Hg,p] = Hop — pHq):

do 1
Fri E[HQrP] (33)

We consider the matrix element (x — y|p(t)|x +y) of p(t) in generic eigenstates, |x —y),
|x 4+ y), of the quantum position operator. The quantum Wigner function Wy = Wq(x, q;t),
determined by p, is [56-60]:

Wo(x, q;t) = L X

7th
.
[ avexpl =2~ ylo(t)|x +v) (34)

The initial non-equilibrium Wigner function at t = 0 is Wg ;,, given by Equation (34)
if o = pj,. For t > 0, the exact reversible quantum master equation for Wq [56,57] reads

IWo(x,q;t) q IWo(x,q;t)
DA VA Sty AR M 02 Sy (et 1Y
ot m ox +MoWo,
0 co id i2(q—q'
MoWq = 3 dg/'Wo(x,45t) [ S x [V(x+y) = V(x — y)] exp[ ZL2] =
3
%% - 3}%%% +--- Ash — 0, the above Wigner equation becomes formally,
by dropping all i-dependent terms (containing d"Wg/dq", n = 3, 5, ...), the classical
Liouville Equation (1), with W — W [56,57].
The equilibrium Wigner function Wg ., = Wg ¢, (x, q) fulfills
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WG,
o
g W0 _
e MoWo = 0.

W(,¢q is the Wigner function determined by exp[—(kgT) ~'Hg]. The Wigner functions
W and Wg,; can be < 0 in certain regions. See: reference [61]. In general, there is no
compact formula for Wg ..

One can introduce the orthogonal polynomials in momentum (g) generated by Wg ;.
The non-positivity of Wg and W, is bypassed by invoking a suitable extension of the
theory of orthogonal polynomials [62]: one assumes [39-41] that Wg ., yields a family
of orthogonal polynomials in momentum, in the framework of [62]. The latter generate
non-equilibrium moments W, ,, like in the classical case: see [39-41].

The above non-equilibrium dynamical Wigner equation gives rise to a hierarchy for the
non-equilibrium moments Wg, ,. Here, one meets another genuine quantum difficulty: the
hierarchy is not a three-.term one and, hence, more difficult to study. This difficulty is by-
passed, at least in principle, by searching for regimes enabling to formulate approximately a
Schmolukowski equation for the lowest non-equilibrium moment W, o, yielding approach
to equilibrium for long f [39]. Those complexities of the present hierarchy framework
amplify as one proceeds far from the classical regime, say, towards lower temperatures.
So, upon accepting that the state of a quantum system, for sufficiently long ¢, tends to its
equilibrium canonical density operator (in agreement with [8,13,14,20-22,24-26,48-55]), to
derive such an approach in the present hierarchy framework, even if possible in principle,
becomes the more complicated the more one detaches from the classical regime.

Conversely, such difficulties tend to simplify (in particular, the hierarchies becoming
approximately three-term ones) in a quantum regime which be not far from the classical
regime. Specifically, let us consider that T is neither high (so as not to enter entirely in
the classical regime) nor low (so as to avoid the low temperature regime). Therefore, we
proceed to the regime of typical chemical reactions: small thermal wavelength (small qe_ql,
Jeg = (2mkgT)). In it, the general non-equilibrium quantum hierarchy [39-41] can be
approximated by a three-term hierarchy, generalizing Equation (5).

We shall perform the long-t approximation for ¢ longer than a certain largest effective
evolution time. We shall omit details, which extend formally the ones in Section 2.1.4. We
shall assume that approximately the initial condition gives rise to moments Wg i, 0 7 0
and Wg i, = 0 for n # 0. One gets the following irreversible approximate quantum
(Smoluchowski-like) equation for the lowest non-equilibrium moment Wp o = W o(x;):

aVVQO Geq d
= = —L—D[Mp.10Wool, 35
Y p——— [Mo:1,0Wo,0] (35)
ith
W Teq 9(€0,2,0W00)
Mgao0Woo = =5 =3y +
19V
7oy ax VQO
T YW pay?
and GQ,Z,O = —*f}‘f& ZyV\%;y .
SN ,eq

D being a suitable approximation for combinations of quantum operator-continued
fractions, which constitute extensions of Equations (8) and (23) [39,40]. As a zeroth approxi-
mation, D can be supposed to be a constant. See Appendix A in [39]. These procedure and
approximations are, in principle, independent of €g > o (Which contains quantum features,
as it follows from W ;).

The result in Equation (35), implying long-t irreversibility, embodies stochasticity
and displays a structure typical of diffusion-convection-reaction equations: it is linear,
convection is determined by the V-dependent term and external sources are absent. An
extension of Equation (35) was used in [40] to study binary chemical reactions. In turn,
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reference [40] extended a previous one (based on classical statistical mechanics) of the
non-equilibrium dynamics of DNA [63].

5. Functional Methods toward Quantum Field Theory: Quantum Anharmonic Oscillator
5.1. Oscillator at Equilibrium through Functional Integrals

A quantum anharmonic oscillator of mass m in one spatial dimension (coordinate ¢),
momentum IT and frequency w will be treated here, based on [42]. The method in Section 4
could be applied to it, but functional methods will be preferred, as an introduction to those
to be applied for the quantum field case in Section 6. H, = (2m) " 'T1? + 2 'mw?$? + V(¢)
with V(¢) = (4!)~1¢¢* is the Hamiltonian operator. g (¢(>0)) denotes the coupling con-
stant. We shall outline its equilibrium statistical mechanics in the presence of an external hb
at thermal equilibrium at equilibrium temperature (kpBe;) ! is included. The equilibrium
statistical mechanics of the quantum oscillator is accounted for through the equilibrium
density operator: pge; = exp[— BegH |. An external source Jeg = Jeq(T) is introduced
depending on the imaginary time 7 (0 < T < B,471) [64-67]. The generating functional
integral for the quantum oscillator at equilibrium with the hb reads (¢ = ¢(71)): [64-67]:

. 1 Begh
Zusgllegl = [1Dglexp(— [ dv() +V(9) — Jeg#)) (36)

which is performed with periodic boundary conditions: ¢(7 = 0) = ¢;,(T = ;) and
with 852) =2"1m(d¢/d7)? + 27\ mw?$?. Zeq(Jeq) yields the thermodynamical partition
function: Z ¢4 [ Jeg = 0]. In the regime of high temperature (that is, small Beg), one assumes
that Jo; and ¢(7) become T-independent: Jo;(T) =~ je; and ¢(7) ~ ¢. Then, Equation (36)
describes a classical anharmonic oscillator at equilibrium [37]:

mew?¢?

Zaoeqarliea) = [ dgexp(—Peg("2T +V(9) ~ jugg)) 37)

which is an ordinary integral [37].

5.2. Oscillator Off-Equilibrium: Generating Functionals

Let the oscillator be off-equilibrium at the initial time t = ¢y, with the following
specific initial density operator (physically interesting in connection with quantum fields
off-equilibrium in Section 6):

Pa,in = €Xp [_,Beq(H + C(P” (38)

0a,in does correspond to a nonequilibrium initial state if the constant ¢ # 0. Thus, if
Tr denotes the standard trace operation, one finds: Tr(¢p,in) 7 0 provided that ¢ # 0. In
Section 6 (the quantum field case), the structures of the initial nonequilibrium states will
generalize Equation (38). Initial nonequilibrium states have been considered, for instance
in [14].

The density operator p = p(t, tg) = U(t, t)p,inUT (¢, tg) determines the time evo-
lution for t > to, U(t,t,) = exp[—(i/h)H(t — ty)] and the superscript (+) denoting the
evolution operator and the adjoint, respectively. We shall suppose a suitably large time T
(not to be confused here with absolute temperature) much larger than any time ¢ of physical
interest: T > t > ty. |x) will denote an arbitrary eigenstate of the coordinate operator
¢. By introducing two complete sets of intermediate eigenstates |¢,) and |¢1) of ¢, one
obtains: (x|o(T, to)|x) = [ dga [ dn (e[U(T, to)|ga) x (92lpanlgr) 91 U(T, to) *[x). That
enables to represent (x|U(T, ty)|¢2) and (¢1|U(T,to) " |x) by means of real-time functional
integrals [37,65], represented as [[D¢-].

Associated with the functional integrals yielding (x|U(T, to)|¢2) and (p1|U(T, o) |x),
two external sources, ] (t+) and ] (f_), respectively are introduced. On the other hand,
(¢2]04,in|¢1) is represented by an Euclidean functional integral with another source J;, (7).




Dynamics 2023, 3

359

One constructs the nonequilibrium quantum generating functional associated with p(T, ty),
by integrating over |x):

ZallsJ-Jun) = [ dx / A [ dn LTy 1 (39)
L= [Dpslexp | [ dts(Lulgs) + Tog) (40)

Notice that L (¢) = 27 m(d¢/dt)? — 27 mw?¢* — V(¢) turns out to be the classical
(cl) Lagrangian and that the functional integral I, = I;[x,¢2;]+] (respectively, I =
I_[¢$1, x; ]-]) is performed subject to the boundary conditions ¢ (tg) = ¢, and ¢ (T) = x
(respectively, ¢_(tp) = ¢ and ¢_(T) = x). Equation (39) is similar to other generating
functionals appearing in the closed time path technique. See, for instance [64,68].

The Euclidean functional integral I;;, (associated with the initial non-equilibrium state

Pu,in) is:

Beqlt
o = [IDgulexp(—5 [ TS +V = (u = ) @)

to be carried out with the boundary conditions: ¢;,(T = 0) = ¢ and ¢;, (T = iBeg) = ¢

(with the same S(q) as ® in Equation (36).
It will be very useful to introduce the alternative sources (see, for instance [64])

=12 = )

Zall+,J=, Jin) = ZL[Jc, I, Jin) is recast as

T
Zilleo ISl = [ dx [ ol [ agh [1Dgc] [1Dgaliwexpy [ dex
G £ Pa
[ mape— (Ve +2) = Vige =T+ hegs +Iag] @)

In so doing, the following changes of integration variables have been carried out:
$1 = ¢p =279}, g2 = ¢L+ 271, o = 27 (¢+ +¢-), ¢a = ¢+ — ¢—. The functional
integrals above are performed subject to the boundary conditions: ¢ (to) = ¢., ¢c(T) = x,
¢a(to) = @) and ¢5(T) = 0.

Full correlators are defined through functional derivatives §/6 with respect to the
external sources. Thus, the two-time full correlator is:

L Phlenuly
ZJer Ias Jin) 6]a(t2)0]c(t1) Je=Ja=]in=0

(namely, evaluated for vanishing external sources, after the functional differentiation). Full
correlators are shown to be T- independent, in general.

fv = 0 and ¢ = 0, Equation (39) becomes the free (Gaussian) nonequilibrium
functional Z []+, -, Jin] = Z(O) The boundary conditions for Z []+,] , Jin] are the
same as for Z,[J+, J—, Jin]- I+ = I(i) and [;;, = I( ) are Gaussian and known [37,64]. The

integrations over x, ¢ and ¢; in z(0 []+, J—, Jin] turn out to be Gaussian as well. The final
result of all integrations is cast as

(44)

2T Jin) = 24 e T Tl = Cexp [+§S:w(°>} 45)
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C is a constant factor which collects the product of all functional jacobians arising from
all functional integrations yielding Equation (45) from Equation (39). C (independent on
(0)

the sources) depends on f; and will be omitted. S}, reads in terms of J. and J:

s:,J):/Tdt A s (OBEA ) Ia() + I (DI85 1) + AR, 0]
+/ dt/ﬁ " dea ()00 (6,1) + AL, (1,6 n (1)

+ /Oﬁgqh dt /0[3 ! dT,]in (T)Ain,in (T, T/)]in (T,> 4o

Terms in J.J. and J.J;,, are absent in (46) due to exact cancellations. By extending
standard results for the partition function of a harmonic oscillator coupled to an external
current [64], the free correlators in (46) are obtained :

M) = =R G @)
A1y = TN gy iy 4 ] 8)
A ) = %(60 —)-2) (49)
AfS)A( o) = f-(w,h, Tz)ni;:l) w(c—ty) | ifi(w, zhm;};?ia;l()a —t) (50)
- Al
o -t
Filwh,7) = sinh wt + s(my)lil;ll;:(hﬁeq - 1) 53)
A (6 T) = AL (T 1) (54)

Dependences on the large time T have canceled out. 6 is the standard step function.
One obtains A(AO/)A(t,t) NG (t,7) = iAgf)A(O, fo).

n, in
In terms of J. and Ja, one gets:

Il R _igh4 T PR PRI
7= 23l ol = 00l f G5 )
Begh ) ) ,
exp[— h " (v (hsr) +chgr))Z Z, e, I, Tl (55)

Equations (44)—(46) and (55) allow to obtain Z}[], Ja, Jin] and full correlators as pertur-
bative power series in g and c. The perturbative contributions are integrals embodying the
(0) A0) A(0) A(0)

six free correlators A A DA Boar Biy'as A i, and Am ., and the interactions corresponding

to (63/612)(6/61a), (°/613)(6/6]c), 8%/ 514 and 6/5;.

5.3. Oscillator at High Temperature Regime
Let B¢; be small (high temperature) and J;,,(T) be approximated as T-independent:

Jin(T) = jin. For small Be; , A(Aoz and AEOA) are seen to remain unmodified. The other
correlators do simplify:
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80 () = —SE) _ \O0) ) (56)
’ mh* Begw? AT
A (T ) = W = A, 4(0,1) (57)
A (8 7) = W = A4 (0) (58)
(07 = 5 = 800,400 )

Notice that the behavior of A(AO)A (t,t") in Equation (47) as a function of B, is very differ-

ent from that of A(AO)A (t,') in Equation (56). Thus, the factor % + W in Equation (47)

becomes hﬁl—eq in Equation (56), as Be; becomes small.

In the power series in g and ¢ for any full correlator determined by Z,(Jc, ], Jin], one
concentrates on all terms of the same order in ¢ and c¢. Use is made of (56)—(59). For
a given order in g and ¢, the differentiation instruction 4(6°/5]3)(6/4].) couples larger
numbers of correlators with ﬁ;ql factors. On the other hand, the other differentiation
instruction, namely, (6%/6]2)(6/5]a) couples smaller numbers of correlators with B!
factors. Consequiently, as B, is small, the leading contributions to any full correlator
to all orders in g and c arise from the differentiation instruction 4(63/6J3)(6/6]Jc). The
differentiation instruction (6°/5]2)(6/5]a) gives rise to subdominant contributions. One
can see that the set of all leading contributions can be resummed into the following new
and simpler generating functional:

ZhalJes T ) = expl =5 / (6% /613)(0/01c)] X
6 (5
—)+ch5]Tn

eXp[_ﬁeq(V(h(Sjin )} udr UC/ ]A/]m] (60)

The subscript dr denotes high temperature approximation. In turn, Z;, dr [ Je, Ias Jin] 1S
given by Equations (45) and (46) with the approximations (56)—(59) for correlators. Notice

that one is approximating: fO’s g~ Begh. Z! 1. 1Jc, Ia, jin] is regarded as the desired high
temperature approximation arising from Z/[J¢, ], Jin]. It will be interesting to recast (60) as

Zige e s fin) = [ @Pa.0r 06,2 Tt S T i) G)
uar (0 X3 Tt o I jin) = [ 49l [ 1D9] D9l s

e [ at((- ke —marg. - 50D+ g+ 1ag (62)
lindr = Pindr P Beqjinge] (63)

Pin,dr = exp[—(2ﬁg,,h2) ‘PIAZ - 271,36!17”“724722 - ,Beq(V(‘Pf/:) + C‘Pé)] (64)

The functional integrals in (62) are performed subject to the boundary conditions:
9c(to) = L, ¢e(T) = 27 (x + 1), a(to) = ¢} and ¢ (T) = x — x'. The computation
showing that Equations (61) and (62) (with x = x’) yield Equation (60), being direct but
lengthy, is omitted. The functional Z”J’ irlJer Ias jin] represents physically a non-equilibrium
anharmonic oscillator, in which thermal fluctuations have overcome quantum fluctuations
(which have become negligible). The starting Z/ [Jc, ], Jin] corresponds to a non-equilibrium
quantum anharmonic oscillator, while the final Equations (61) and (62) represent a classical
one. To support such a statement, notice that (—d?¢./dt> — mw?p. — (OV (¢c)/9¢c)) does
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characterize a classical anharmonic oscillator [64]). Based upon the latter, the following
supporting argument will be outlined. Let x5 = x — " and x. =27 '(x + x/) and let t — t;
be infinitesimal. We shall focus on [ (dxa/(7th))pa 4 (X, X'; £, t0;0,0,0) exp[—ixallc./h] =
We(xce, I t, tp). One shows easily that W, (x., I1; t, ty) fulfills the (i-independent) Liou-
ville equation. And similarly for finite t — ty. For related arguments, see [64]. Then,
We(xe, 1 t, tp) can be regarded as the classical Liouville distribution function associated
with a classical anharmonic oscillator.

The developments and high temperature results in this section will give important
hints for those in Section 6 (in which ultraviolet divergences and renormalization effects
will be taken into account).

6. Quantum Field Theory: Scalar Field

In 1+ 3 dimensions (t and x = (x1,x,x3)), let the quantized version of the clas-
sical field system studied in Section 3 be studied here. We now deal with a large sta-
tistical quantum system formed by relativistic mesons. Their microscopic dynamics is
described by an unrenormalized relativistic Hermitian scalar quantum field operator
¢ = ¢(t,x). We set h = 1, for simplicity. The unrenormalized Hamiltonian operator is
Hg = [ d®xhg(11; ¢), with:

(3¢ /0x;)* + m*§p*)]

e

ho(IT;¢) = N[27(IT? +

1

+N[V(¢)] (65)

Il
_

IT = 0¢/ 9t is the field operator canonically conjugate to ¢. N denotes normal product,
V(¢) = gp*/4!. The unrenormalized mass parameter is m while g is the unrenormalized
coupling constant. A is an ultraviolet cut-off. Ultraviolet divergences as A — 400 appear
and ultraviolet renormalization is necessary, being implemented through perturbation
theory [37,69-72].

In the present large statistical meson gas, the statistical behaviour implies quantum and
thermal fluctuations: several formalisms account for the quantized field associated with that
system at finite temperature, either at equilibrium or off-equilibrium. The developments
in Section 5 serve as a guidance, until ultraviolet divergences are met. As a general
strategy in the present section, perturbative ultraviolet renormalization will be performed
in the various finite temperature formalisms. In them, zero-temperature renormalization
counterterms suffice and will always be used here. Only the renormalized results will
be reviewed.

6.1. Equilibrium

Let the quantum meson gas be at thermal equilibrium, at finite absolute temperature
(kpBeq) ! . The equilibrium quantum density operator is

Peq = eXP(*ﬁeqHQ)

The equilibrium quantum partition function is: Trp.;. For general references,
see [64-67,73,74].

By extending Section 5, a quantum field theoretic system at thermal equilibrium can
be studied through either the imaginary time formalism or the real time one, using gen-
erating functionals, represented through functional integrals including external sources.
In both cases, we shall study the important simplifications which occur for high temper-
ature and large distances. The final purpose will be to investigate the possible approach
to equilibrium.
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6.1.1. Imaginary Time Formalism (ITF)

In the ITF [37,65,67] and generalizing in Section 5.1, one introduces the scalar field
¢ = ¢(7,x), the real variable T (named “imaginary time”) varying in 0 < t < Beq, with the
periodic boundary condition: ¢(T = 0,x) = ¢(T = Beg, x) for any x. One also introduces
the real function (the external source) Jo; = Joq(T,x), also periodic: J(T = 0,x) = J(T =
Beq,x). The meson system at equilibrium is described by the following (“euclidean”)
unrenormalized equilibrium generating functional. The latter is a functional integral over
all field configurations (generic real functions ¢ = ¢(7,x)) with the external source J.; (an
arbitrary real function):

Zall) = [Dg]expl [ x [ e x

(Seq = Jeq®p)] (66)
1,0
stg = 5 (G0 + s, g) 67
1 3 P} 2
Saa(mg) = 3 V(502 + 0P +
i=1 t
s¢*
i )

where [[D¢] denotes functional integration, with measure [D¢]. The equilibrium partition
function of the meson gas, accounting for its thermodynamics, is: Ze;[Jeq = 0].
The unrenormalized field correlators in the ITF are the functional derivatives

5”25‘7 []611] /5]5q(T1, X1)...(5]€q(Tn,XTn) |]eq:0

They give rise to (perturbative) series expansions into powers of g.

At each order in g, one finds integrals which are ultraviolet divergent. Such di-
vergences are eliminated upon performing perturbative renormalization, by means of
renormalization counterterms. Specifically, zero-temperature renormalization countert-
erms are used. The following renormalized quantities (subscript r) are considered: field
operator (¢), coupling constant (geqr) and mass (11¢q,r). We shall also consider the mass
renormalization counterterm ngq and the renormalization constants Z.,;, i = 1,3. In
the IFT, the renormalization process gives rise to the renormalized correlators (out of the
unrenormalized ones) which, in turn, lead to the renormalized equilibrium generating
functional Z.g, [ ]gq]. In terms of the latter, the renormalized correlators with n external
legs are

5nZeq,r Ueq] /5]eq (t1, xl)--ﬁ]eq (T, XTn) |]eq:0

6.1.2. ITF: Equilibrium Dimensional Reduction (EDR)

We shall now proceed to the regime of high temperature (small B¢;) and large spatial
scales. Let us assume:
Jeq(T,X) = jeg(X) = jeq and that

[ (d®x/(27)) exp[—ikx]jeq (x) is largest if | k |< /3;71, and negligible otherwise. We
consider the leading approximation for each renormalized correlator at any given perturba-
tive order for small B,; and large spatial scales.

Then, the series formed by all such leading approximations for renormalized correla-
tors can be resummed into the following renormalized (r) and dimensionally reduced (dr)
equilibrium generating functional in the ITF (zero-mode approximation):
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Zeq,r,dr[jeq] = /[dfp] exp[—ﬁeq/d3x X

om?
,d
(SEq,3(meq,r/ geq,r,dr) + %‘Pz -

eg)] (69)
with ¢ = ¢(x) (t-independent). The resulting approximate results, to leading order, are
named equilibrium dimensional reduction (EDR) in the IFT. References to EDR are rather

numerous: we shall limit ourselves to quoting [75-80]. The renormalized coupling constant
is ultraviolet finite: gy, 4r = Leq,r + Igeq,r to one-loop order in geq,r (up to a constant)

0Seqr =~ —(3/16n2)g§q/, In(1meq,rBeq/477).

Zeqrr[jeq) does not give rise to ultraviolet divergences in either coupling constant or
field, but it does in mass. In fact, one has

5m§q,dr = 5m§q,dr,1 =+ Oeg1 + (Squ,dr,Z (70)
2

5meq,dr,1 =

_geq,r / 43k (71)
2185@ [l|<A (27—5)3(7”%,” + kz)

5m§q, dr (one-loop order in g, ) is linearly ultraviolet divergent if A — +oo. Ueq,1 18

2
eq,dr,

orders in geq . While the zero temperature mass renormalization counterterm & mgq (quadrat-
ically ultraviolet divergent) was employed to renormalize Z,[],], one sees that the mass

renormalization counterterm 5m§q 4r1 depends on temperature.

a finite (temperature-dependent) real self-energy, at order ;. dm. . , contains higher

Standard four-dimensional ¢* theory without statistical fluctuations (which is the
same as the IFT one at equilibrium at zero temperature) appears to be, order by order
in perturbation theory, non-trivial, namely, it is a theory, with nonvanishing interactions.
However, when analyzed nonperturbatively, that theory turns out to be trivial, namely,
it is a free theory, with vanishing interactions. Upon introducing statistical fluctuations,
and proceeding to high temperatures into the EDR regime, Z,; , 4r[jeq] is in the same class
as the non-trivial massive three-dimensional ¢* theory. So, as temperature increases, it
turns out that the meson system at equilibrium experiences a phase transition at a critical
temperature T = T.. For T < T, the system is an interaction-free gas (triviality). For
T > T, the system has non-vanishing interactions (non-triviality): it corresponds to the
dimensionally reduced theory just studied.

In lattice computations: the phase transition manifests itself as a dimensional crossover
in critical properties of the ¢* theory, as temperature increases across T, (from triviality
towards non-triviality). Stated into other form, EDR corresponds to changes in phase
structures of bosonic matter at very high temperatures.

In short, in quantum field theories containing bosonic degrees of freedom, after
EDR, the bosonic fields to leading approximation are described by effective fields in three
spatial dimensions.

In general, EDR is supported by lattice computations and is helpful in non-perturbative
lattice computations for partition functions in four dimensions

EDR in ITF has been generalized to Yang-Mills theory and to quantum field theories in-
cluding fermions: specifically to quantum electrodynamics and quantum chromodynamics.
See, for instance, reference [81] and references therein.

6.1.3. Real-Time Formalism (RTF)

In the RTF [65], the description of the meson gas at equilibrium employs the usual time
() variable: —co < t < +00. One key feature in the RTF at equilibrium is a doubling of the
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field degrees of freedom. This implies a higher number of correlators in it compared to the
ITE. Let J 4 (t+x) and ] (t—x) be two external sources. Let Z¢4[]+, ]| be the unrenormalized
equilibrium real-time generating functional with those sources. One has

Zalle ) ) =epl-i [ at [axv (~i5)
0

fvwﬁmz(” Ut J-] (72)

ZE(,? ) [J+, J-] being the free (unrenormalized) equilibrium RT generating functional.

Each of both functionals Z,[]+, -] and Z§2 ) [J+,]-] gives (by means of standard functional
differentiations, formally similar to those in the ITF) four unrenormalized equilibrium
real-time (RT) field correlators. In turn, the latter provide responses of the quantum gas to
external perturbations. Among various applications, we quote: transition and emission
probabilities, decay rates in QED and QCD plasmas and stars at equilibrium. See [65].

The RTF is exactly consistent with analytic continuation from real-time to imaginary-
time. Specifically, the equilibrium RTF correlators are suitable analytic continuations of IFT
ones (to all perturbative orders). See [65,82-84] and references therein.

For later use in dimensional reduction and the non-equilibrium gas, it will be adequate
to introduce the alternative useful sources J.(t, x) and JA (¢, x) [68] as follows:

J++]-

]c: >

Ja=J+—]- (73)
By using them, one can recast Ze(g ) [J+,]-] as

eq UJr/] ] UC/]A]
Cexp {+2/d3xd3x/s£q)} (74)

/ +o00 ~+o0
s = / dt/ dt'[Ja (£, ) A
Ta(t,X') + Ja(t,)Je(F, X ) (L) +
0
A (75)
The unrenormalized free correlators A(A Z, AEOA) and A(A )A are also known, respectively,
as the retarded, advanced and correlated dynarnlcal RT Green’s functions [68]. Notice the

absence of a contribution proportional to J.J. ! The four-dimensional Fourier transforms of
those free unrenormalized propagators are given by

A\ (k) =

—278(K2 — ) (K ) 76)
n(|k0|):;+exp’ko|1!%_l o
(k) + e(so)zm(kz —m?) =

39w ~ Earse —n?) -
_%[khnizﬂe*kz_niz_ie] (78)
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¢ denotes the Dirac delta function and e(ko) =0,1fork? <0,k° >0, respectively. K0
is the zeroth component of k. In terms of the alternative sources, one recasts the unrenor-
malized functional

ZEO][I%’/I*] - Zéq[]C/]A] as:

3
eqUC/]A] = exp 71/ dt/d ]3 5]A
)

7(0)
+4WE)] eq Uer Jal (79)

The latter enables (by using also functional differentiation) to construct alternative full
unrenormalized RTF equilibrium correlators as power series in g. One has two interactions,
generated by

(67/612)(6/6]a), (8°/813)(8/]c)

Ultraviolet renormalization (using J. and ) is required for

(i) the two-point correlator with one external A-leg and one external c-leg, (ii) the two
four-point correlators, namely, the one with one external c-leg and three external A-legs and
the one with one external A-leg and three external c-legs. Zero temperature renormalization
counterterms are used. The series of all perturbatively renormatized correlators, to all
orders, can be shown to follow from the new renormalized generating functional Z;, ,[Jc, Ja|-
In the latter, the same renormalized mass 1., and coupling constant g, as in the IFT
(Section 6.1.1) also appear (instead of the unrenormalized ones, m and g, respectively), as
well as renormalization constants and counterterms. A posteriori, the renormalized RTF
correlators with n external legs are given by:

(S"Zéq,r[]c, ]A]/5]c5]c-~-5]A5]A

6.1.4. RTF: Equilibrium Dimensional Reduction (EDR)

We now turn to the regime of high temperature (small ;) and large spatial and time
scales (EDR). The starting point is the renormalized functional Zéq/r [Je, Ja)-

For u = ¢, A, we assume that [, (k) in

4
() = [ s explike]Lu(h) 0

takes on appreciable values when the absolute value of any k* (1 = 0,1,2,3) is <« ﬁe_ql,
(being negligible otherwise).
The Fourier transforms of A(O) and A(O) do not simplify in EDR, while A(A)A does

simplify; that is, its four—d1mens1onal Fourler transform is to leading order:

72m5(k2 — mgqrr) _
Beg | K0 |

(0
AA,)A,r,dr (81)

Agar =

Notice that it depends on the renormalized mass Megq,r- One starts from the series
formed by all leading contributions (in the EDR regime) to the renormalized RTF corre-
lators generated by Z;, ,[Jc, Ja] from Section 6.1.3. The series formed by all those leading
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approximations can be resummed into the following renormalized (r) and dimensionally
reduced (dr) equilibrium generating functional:

/ [T 3
Zog rarlJes Ja] = exp[—i /_ dt / dx x

(4geq,r,dr ﬁi 5mgq,dr ii)] %
ar 513 3 2 Jad)e

ZB(E]),)r,,dr UC/ ]A} (82)

' 1
Zg(sf)’fdr UerJa] = Cexp[+§ /d3xd3x’ X

ng(qJ,)r,dr] (83)
(O)’ - r+00 +o00 ,
Seqrdr = . dt . At'[Ja(t,x) x
AL A X))+ Tt x)Je(#,X) %
Ay + 88 (84)
with
8eq,rdr = &eq,r + (5geq,r (85)

and the same 01, 4, and dgeq, as in ITF EDR (which can be checked to one-loop order).
Notice that g, 4 is finite and that Zéq,r,dr [Jc, Ja] characterizes a super-renormalizable
field theory. The above study of Z/ ardr [Jc, Ja] will give very valuable hints for the non-
equilibrium gas and its dimensional reduction in Section 6.2.4.

6.2. Non-Equilibrium Gas in RTF

Let the quantum meson gas be in an initial non-equilibrium state described by the
initial density operator p;, at finite time ¢,. In what follows, we shall study p;, and the time
evolution for t > t,. For that purpose, it will be necessary to recall the classical Lagrangian

density:
1
la(9) = 31(0"9)@u9) — m?9?) -
V(¢) (86)
The density operator for t > tg is:
p(t,to) = Ut to) iU (¢ to) (87)
U(t, to) = exp[—iHg(t — to)] (88)

Then, p(t, ty) involves two evolution operators (U and U ™) with real times. Thus, a
suitable real time formulation (RTF), now for off-equilibrium evolution (extending the one
in Section 6.1.3), is necessary. One may anticipate that the number of non-equilibrium RTF
correlators required will be larger than for equilibrium.

p(t, to), as implied by the above product, will be represented through non-equilibrium
functional integrals, yielding the so-called “closed time path” structure, genuine of non-
equilibrium quantum field theory (QFT). For general references to non-equilibrium QFT,
see [68,85,80] , as well as [87] (Green's functions), references [88,89] (diagram techniques
for non-equilibrium processes) and [90] (N-particle irreducible effective action methods).
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Non-equilibrium QFT in RTF has important applications in relativistic heavy ion
collisions, non-equilibrium Bose-Einstein condensates, non-equilibrium quantum processes
in the early universe (for instance, inflationary cosmology). See the references above.

6.2.1. pj, at Finite t,: General Problem

In physical processes with initial states as t, — —oo and final states as t — +oo,
both corresponding to pure states (no statistical effects), and described by renormalizable
relativistic QFT, standard ultraviolet divergences unavoidably appear. Such divergences are
systematically and completely absorbed by standard renormalization procedures [37,69-72].
The latter suffices for the computation of the corresponding (ultraviolet finite) probability
amplitudes (the S-matrix).

A general initial condition at finite time ¢,(>—o0) in those theories may generate
additional ultraviolet divergences which, in turn, give rise to new and harder conceptual
difficulties to remove them: see [69]. Those features have been confirmed successively
through explicit examples of relativistic QFT models with initial pure states and cubic
coupling-theories: see [91] and (for initial one-particle states) [92]. In [85], it is stated that to
choose the vacuum as the state of quantum fluctuations at finite f, may be inconsistent.

For various no-equilibrium injtial states, see [14,93,94]. All that led to pose the follow-
ing question: Which p;,, at finite ¢, leads to consistent time evolutions for t > f,, displaying
only standard ultraviolet divergences (to be cured through standard renormalization the-
ory) without additional ultraviolet divergences? No general answer seems to be known,
but at least one class of p;,, enjoying those properties will be proposed in the next subsub-
section below. Its study will be an off-equilibrium generalization of the previous one (in
Subsection 6.1.1) about equilibrium in the IFT.

6.2.2. Non-Equilibrium p;,, at Finite f,, Adequate to Meson Gas

For the meson gas, one possible initial non-equilibrium density operator p;,, at finite
tp, including interactions, is [95]:

Pin = exp(—PBeg / Px(A(X)1hi (1T ) +
Ax)29(x))) (89)

where h;, (IT; ¢) = hg(IT; ¢) (recall Equation (65)), with the replacements m — m;,, and
g — Qin- As = A(X)s, s = 1,2 are given functions with spatial variations (new length scales)
which imply spatial inhomogeneities in the non-equilibrium initial state. This p;, is the
actual counterpart of Wj, in Section 2.2.1.

We suppose that:

(i) A(x)s, s = 1,2 is finite and continuous for any x and varyies in length scales typical
of the renormalized ¢* theory (with zero temperature renormalization conditions);

(ii) A(x)q is > 0 for any x and approaches +1, as |x| — oo along any direction;

(iii) A(x); is small and approaches zero, as |x| — oco.

(kBBeq) 1 (> 0) is interpreted as the equilibrium temperature at large distances.

With A(x); # 1: (i) if A(x), = 0, then p;, displays local equilibrium at short length
scales, global non-equilibrium at intermediate scales and thermal equilibrium at very large
distances; (ii) if A(x), # 0, then in addition to the properties summarized in (i), p;, also
implies symmetry breaking under ¢ — —¢.
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6.2.3. Full Non-Equilibrium Generating Functional

Let |x) = be a generic eigenstate of the field operator ¢. Then, by using Equation (87)
and inserting two complete sets of field eigenstates (|¢2), [¢1)), the matrix element of the
full non-equilibrium density operator is represented as

(Kle(T o)) = [Tdga] [ 1] (AU, to)lg2)
X (@2l inlr) (91 [U(T, t0) *[x) (90)

By using standard techniques [37,70-72],

(x|U(T,t9)|¢2) and

(1 |U(T, tg) " |x) will be represented below by real-time functional integrals (T de-
noting here a large time, not to be confused with absolute temperature!). By recalling the
previous study of equilibrium ITF and RTEF, suitable external sources will be introduced here:
a) two external sources, ], (t) and J_(t_), respectively, associated with (x|U(T, ty)|¢$2)
and (¢1|U(T,tp)"|x), and b) an external source, J;; (T, x) for (¢2|pin|$1. t+, t— and T are
real and imaginary time variables to be integrated over below.

The unrenormalized non-equilibrium generating functional, in terms of the real-time
functional integrals mentioned above and including the sources, is

20l = [1x) [Tdga] [ 1] x
I 1,1 91)

T
I = /[D(pi] exp(:l:i/d3x dt4 X
to
(Ler(¢+) + J=¢=)) (92)
I = I [x, ¢2; J+] corresponds to (x|U(T, ty)|¢2) with boundary conditions: ¢ (fo,x) =
¢a(to, x) and ¢4+ (T,x) = x(x), while I_ = I_[¢q, x; J-] corresponds to (p1|U(T, to)"|x),
with boundary conditions: ¢_ (fo,x) = ¢1(to,x) and ¢ (T, x) = x(x). I (¢+) are the classi-

cal Lagrangians given above. On the other hand, (¢,|p;,|¢1) is associated with the functional
integral I;;, [43]:

I, = /[D(])m] exp(— /d3x /Oﬂm X

(Sin - ]in(i’in)) (93)
1 odin
i
sty (gin) (94)
1 > d in
o () = A0 5 LG +
2

A (95)
Si(,y) (8in) = A(x¥)1V (¢in)

+A(X)2¢in (96)

The boundary conditions for ¢;, in I;;, are: ¢;,(T = 0,x) = ¢1(tp,x) and ¢;, (T =
Beq, ) = ¢2(to, x). The functional integral I;, generalize the one studied in equilibrium in
the IFT. Z[], ], Jin], together with the successive I, I and I;;,, implement the structure
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known as “closed time path” genuine of non-equilibrium QFT. Z[], ], J;;,] yields, through
standard functional differentiations, the unrenormalized non-equilibrium correlators (inde-
pendent on the large time T).

By recalling the treatment of equilibrium in the RTEF, it will be very useful to introduce
for non-equilibrium alternative sources J. and Jx [68], through equations formally similar to
Equation (73). Then, Z[]+, J—, Jin] becomes the alternative unrenormalized non-equilibrium
generating functional: Z[J 1, J—, Jiu] = Z'[J¢, Ia, Jin], with

Z'JerJaJinl = [1dx] [16) [14] [ De]
x [ [Dgallinexpi /t: AH((— 12 — 33,40 ) P

—V(¢e+ %) + V(ge — %) +
Jeda + Jage) 97)

The new functional integrals are performed over the alternative fields ¢., ¢, ¢. and

da, with g1 = ¢L =271}, o = ¢L+ 2719, ¢ = 27N o +-), pa = ¢+ —¢—. In

turn, the functional integrals over ¢, and ¢, are carried out with the boundary conditions:

¢c(to) = ¢l ¢c(T) = X, Palto) = ¢ and pA(T) = 0.
For V=0and Ay = 0, Z'[Jc, Ja, Jin] = Z'O[Jc, ]a, Jin] boils down to perform Gaussian
functional integrals, with the result

1
Z'OJe, T Jin) = Cexp+(5 / BxdPx x

s (98)
I T T
s = /to a to dt/UA(tIX)AA(?)A

<t X) + Jaltx)Je (%) (A +
0 T Beg

a0+ j dt/o dt]a (b %) X

Jin(T,x') % (A(A?En + Az(r?,)A)

in,in

]in(T// X/) (99)

Be Be
+/ Tar [T dT/]in(T,X)A(O) X
0 0

Notice that no contributions proportional to J.J. and J.J;, appear. Z’ ©) e, Tas Jinl
contains the following unrenormalized free field correlators (associated with the various
sources in it: [;,, Jc and Jp): Ags)m, ASS)A, A(Aogn, A(AO)A, AEOA) and A(Aoz. The correlators AEOA)
and A(AO,Z are not influenced by the actual non-equilibrium process and so are the same as

for equilibrium in RTE. On the other hand, the actual non-equilibrium A(AO)A is different

from the corresponding one for equilibrium in the RTF, and there should be no confusion if
the same notation is used for both of them. The other three correlators (AES )m, ASS) A A(Aozn)
are new, as they do not appear for equilibrium in the RTE. The last three correlators and
A(AO)A do depend on certain functions f (x), determined by the spatial inhomogeneity A(x);
in the initial condition p;,,. See [43] for the expressions of the functions £, (x) and of the
corresponding correlators.

Standard functional differentiation techniques (which generalize directly those for
equilibrium in the RTF) yield

Z/[]Cr ]Ar ]in]
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in terms of Z'(¥) [Jc, Ias Jin]- The latter enables (by using functional differentiation) to con-
struct full unrenormalized non-equilibrium correlators, determined by the above free ones,
as power series in g. Ultraviolet renormalization is required for those unrenormalized
non-equilibrium correlators. Zero temperature renormalization counterterms are also em-
ployed. That gives rise to the renormalized non-equilibrium free correlators, depending
on the renormalized masses m;, m;, , and coupling constants g, gi, » (instead of the un-
renormalized quantities). The series of all those perturbatively renormalized correlators
(with any number of external legs), to all orders in g;, i, » , can be shown to follow from
the renormalized non-equilibrium generating functional Z;[];, Ja, Jix]. Such a program has
been carried out and shown to be consistent to one loop order. See [43]. The following
remark may be adequate. The statistically averaged unrenormalized energy density, u, can
be expressed, after subtracting various renormalization counterterms, in terms of renor-
malized non-equilibrium free correlator (with two and four external legs). u is named
unrenormalized because, after those subtractions, it still contains ultraviolet divergences.
The additional subtraction of ultraviolet divergent contributions due to the vacuum energy
density (at the temperature considered) gives rise to the ultraviolet finite statistically aver-
aged energy density, u,. To lowest orders in g, g, », Ur is proportional to Planck’s energy
density distribution. The full expression of u; (to all orders in g, g, ,) is rather involved
and will not be discussed.

6.2.4. Non-equilibrium Dimensional Reduction (NEDR) in RTF

We shall perform approximations for high temperature (small ;) and large distances
and long time for Z.[]., Ja, Jin] (non-equilibrium dimensional reduction or NEDR) [42,43].
They will constitute nontrivial generalizations of those for equilibrium in
Sections 6.1.2 and 6.1.4. For brevity, only the main formulae will be given, thereby omitting
many of them. See [43].

We shall suppose: (i) m, and m;, , < [3;41, (i) Jin (T, %) >~ jin(x), foﬂeq dT =~ By as for
EDR in ITF (Section 6.1.2), and (iii) the same approximations for J. and ], as for EDR in
RTFE.

Small B4 approximations are performed in the renormalized non-equilibrium free corre-
lators A(AOI)M, A(Aogn,r, Af}? )A ,and Afg )in .- On the other hand, A(A(),z,r and AE?A)J remain unaltered.

The resulting leading contributions to the renormalized correlators are resummed
into the new renormalized dimensionally reduced non-equilibrium generating functional
Z;, i [Je, I, Jin] (actually, defining a superrenormalizable field theory). The latter have an
expression which generalizes Equations (82) and (83) in Section 6.1.4. All the above has been
consistently confirmed to one-loop orders in g;,, , and g,. For our purposes, it will suffice to
omit such a form of Z; i [Je, I, jin] [43] and instead give the following representation for it
in nonperturbative form as

Z;/',dr Uc/ ]A/jin] - /[dX] X
Pdr(X}X} T, to; Je, IA/jiﬂ) (100)
The integrand in Equation (100) is the restriction for x = x’ of the following functional:
0ar X5 Tt Je T in) = [ Ld90)ld]

[ D@Dl (91 +27 9l 8L —=27191)

T
xexpi/ dt/d3x><
to
IV (¢c)

[(=mige =80y — =5 =)0 —

63, pepa + Jepa + Jade] (101)
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with @y = ¢ —27'¢),, ¢ = ¢ +27 '), ¢ =271 (p+ +¢-), ¢a = ¢+ — ¢—. The following
boundary conditions are considered: ¢c(tg) = ¢L, ¢c(T) = 27 (x + x'), palto) = ¢,
$a(T) = x — x'. We emphasize the interest of Equation (101): in it, we have introduced
0ar(X: X3 T, to; Je, Jas jin), while only its restriction for x' = x is required in Z:,dr e, Tas jin)-
This generalization will be very important in Section 6.2.5.

The renormalized functional integral corresponding to I;;, is approximated in NEDR as

Iin,r,dr = Iin,r,dr((PZr ¢1) = <¢2|Pin,r,dr|§b1> X
exp{ B2 [ i (0101 (10,30 + 200, ] |

(2l rar 1) = expl—Bey [ dx(sl) (i) +
A(x)16m?

sz(y:/) (gin,r,dr) + fiw(]ﬁm(to, X)Z +
_ 2
((PZ(tO’z);\)(x)? ég(:o X)), (102)

In NEDR, ¢;,(T,x) has been replaced by ¢;,(to,x) = 271 (¢1(to,x) + ¢a(to,x)) in

v
(min,r) and Sgn )(gin,r,dr>-
ém? . and om3 are x-dependent mass (ultraviolet divergent) renormalization coun-
terterms. To one-loop order, each of them is the sum of an ultraviolet divergent contribution

plus a finite one, which is a structure similar to the sum (5m§q, rl (divergent) plus o, 1 (finite),

St

discarding the higher-order term 5m§q, 4ros in Equation (70). See [43].

8rdr (contained in (0V(¢c))/9¢c)) and gy, 4 are off-equilibrium coupling constants.
Neither g, 4, nor gy, , 4» nor fields involved in Z , [Jc, Ja, jin] require infinite renormaliza-
tions. That is, giy rdr = Sins + 0Sinss Srdr = §r + 0gr. 0giny and 6g, are ultraviolet finite,
Beg-dependent and position-dependent corrections. Consistency, which had been estab-
lished to order one-loop, has also been shown using Gaussian functional integrations [43].
The above analysis deals only with the ultraviolet behaviour of correlators. The theory
associated with Zi, irlJer Ias Jin] could still give rise to ultraviolet divergences associated
to the field energy. Such divergences could be compensated, plausibly and at least par-
tially, by an additinal renormalization of the field energy, which does not affect the above
renormalization properties of correlators.

6.2.5. NEDR in RTF: Classical Field Theory and Approach to Equilibrium

While Zi[]c, Ja, Jin] describes a non-equilibrium quantum field theory, Z/ ; [J¢, Ja, jin]
does yield physically a non-equilibrium classical field theory, in which thermal fluctua-
tions have overcome quantum ones (which have become negligible), except for quantum
contributions giving the mass renormalization counterterms ‘57”1'2;1, 4 and 6m3 .

Let A < +oo. The following new arguments for the field-theoretic case, which
generalize the studies in [42] (for the quantum anharmonic oscillator) and [64] (for a
quantum particle coupled to a thermal reservoir), will confirm that Equations (100) and (101)

do account for a classical field theory with (unrenormalized) squared mass parameter

m2 + 6m3 . In fact, the structure (—(m? + 6m3 )P — 0*9u¢pe — a\g((;}:c)) in Equation (101)
does characterize a classical field theory: compare, for instance, with Section 3. We now
outline another supporting argument (see [42]). Let xpo = x — x" and x. =27 ' (x + x'), let

t — tg be very small, and let us consider

/ (dxa/ (7)) par(x, X5 t,£0;0,0,0) x
exp[—ixalle/h] = W(xe, Tg;t, to) (103)
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It is easy to show that W(x., I;t, to) fulfills the (7-independent) Liouville equation:

W [t L
ot dxc oI, “Oxc

3
Vs = /¢:l3x(2_1 Z(a;(c/axi)z +
i—1

1=

W (104)

27 (mF + 6m, ) X2 + gx /4. (105)

The initial condition at ¢y is determined by Equation (102): in short, xa (at t) cor-
responds to ¢ (t), while ¢5(tg) = ¢} corresponds to ¢ — ¢1. The above equation and
discussion are seen to hold also for finite (and large) t — to. Then, W(x,, Il t, tp) (which, a
priori, could be regarded as a Wigner distribution function) can be interpreted as the classi-
cal Liouville distribution function describing a classical field theory. 6m?_ here corresponds
to ém? in Section 3.1. At such a stage, the moment methods (with functional Hermite
polynomials) in Section 3 can be invoked for W(x., I1;t, tp). Then, one arrives at the actual
counterpart of Equation (31) for the lowest moment determined by W (., I, tp) and can
obtain an approximate approach to equilibrium as t — +co. For A — +o0; see the end of
Section 3.2. Details will be omitted.

7. Conclusions and Discussion
7.1. Liouville and Wigner Distributions: Hierarchies for Moments (Sections 2—4)

The analysis is based upon the non-equilibrium classical Liouville probability distri-
bution function W (Sections 2 and 3) and the quantum Wigner function Wy (Section 4).
The corresponding equilibrium distributions W,q and Wg ¢, as weight functions gener-
ate orthogonal polynomials. In turn, the polynomials are employed to construct non-
equilibrium moments of the corresponding non-equilibrium functions. Those moments
fulfill non-equilibrium hierarchies (containing coefficients determined by the correspond-
ing equilibrium distributions) and with suitable initial conditions. Various approximate
non-equilibrium Smoluchowski-like (or Fokker—Planck-like) equations are obtained for
the lowest non-equilibrium moment for long time: they yield evolutions towards thermal
equilibrium. Below, the classical formulations leading to those equations for lowest non-
equilibrium moments are outlined for the various models separately. The quantum case
was discussed briefly in Section 4 and will not be recalled here.

Section 2 deals firstly with statistical systems of classical non-relativistic particles.

Section 2.1 treats a one-dimensional particle subject to a potential and an external
hb. W,y is Gaussian, which generates the standard Hermite orthogonal polynomials in
the classical momentum. They enable, by integrating over momenta, to construct non-
equilibrium moments W,, of the non-equilibrium Liouville distribution W. In turn, the
W,,’s fulfill, without approximations, reversible three-term non-equilibrium hierarchies,
the solutions of which are given in terms of certain operator-continued fractions and
combinations thereof. Under suitable long-t approximations (introducing irreversibility)
performed on those operator-continued fractions, the lowest moment dominates and fulfills
an irreversible Smoluchowski equation.

Section 2.2 deals with the extension to non-relativistic classical closed N-particle
systems for very large N, in three spatial dimensions, without introducing any external
hb. The initial non-equilibrium Liouville distribution W;,, describes off-equilibrium at
finite distances but equilibrium at large distances. The latter, due to the large number
of degrees of freedom involved, amount in practice to a thermal hb at equilibrium at
T. The same remark will hold in Section 3. The resulting non-equilibrium hierarchy in
Section 2.2 is genuinely different from the standard non-equilibrium classical Bogoliubov—-
Born-Green-Kirkwood—Yvon (BBGKY) hierarchy [12,13]. As a zeroth-order approximation,
an irreversible Smoluchowski equation for the lowest non-equilibrium moment is obtained:
it resembles formally the one in the standard Rouse model for polymer dynamics [47]). A



Dynamics 2023, 3

374

non-increasing Liapunov function characterizes the long-t evolution towards equilibrium
and so defines an arrow of time.

Section 3 extends formally Section 2 to a classical field ¢* theory. Ultraviolet diver-
gences are met, but the absence of quantum complications and the assumption of an
ultraviolet cut-off do not prevent carrying through the analysis by starting from the classi-
cal Liouville distribution and arriving at an irreversible equation for the lowest moment
identical to the standard one characterizing the critical dynamics of a classical field [36,37].
At a later stage, the cut-off is removed so as to accomplish renormalization like in critical
dynamics [36,37]. For generalizations to a classical plasma of non-relativistic charged
particles interacting with the classical electromagnetic field, see [34].

7.2. Relativistic Quantum Fields: Generating Functional Approach

Section 5 deals with a quantum anharmonic oscillator. In such a simple framework, the
aim is to discuss, in the absence of ultraviolet divergences and renormalization, generating
functional techniques which prove to be very useful in Section 6. In so doing, one detaches
from the procedure in Sections 2—4: no use will be made of quantum field generalizations
of Wigner functions and related dynamical equations.

Quantum features, in regimes in which they become manifest, give rise to compli-
cations in analyzing the approach to equilibrium for long f of a statistical system. The
relativistic quantum meson gas is even more complex, in particular due to ultraviolet
divergences and the need to deal with them by invoking renormalization. The above
remarks suggest analyzing the meson gas through another strategy, namely, the one in
Section 5. In fact, suitable generating functionals with external sources, which enable to
carry out renormalization at finite temperature from the outset (although at the cost of
considerable technical complications), are employed. The extension of these developments
will be justified a posteriori: at an advanced stage in this alternative and more technical
treatment, we come back to our main issue, namely, the approach to equilibrium.

A more specific outline of Section 6 is the following. A relativistic massive scalar
quantum field ¢ in 1 + 3 dimensions, described by a (perturbatively) renormalizable ¢*
theory, is considered. It accounts for a quantum meson gas, that is, a large statistical
system with quantum and statistical fluctuations. Renormalization (with zero-temperature
renormalization counterterms) is performed for convenience from the outset.

First, the relativistic quantum gas system is considered at thermal equilibrium at
finite T and its (unrenormalized and renormalized) generating functionals with external
sources are studied. Imaginary-time and real-time formulations are considered. The
equilibrium gas is studied in the regime of high T and large distances, after which the gas
is approximately described by an effective (superrenormalizable) classical ¢* theory in
three spatial dimensions (equilibrium dimensional reduction or EDR). All those analysis at
equilibrium are necessary steps before treating the meson gas off-equilibrium.

One possible initial density operator p;, (with a Gaussian-like dependence on the
momentum operator conjugate to ¢) is considered. Unrenormalized and renormalized
real-time non-equilibrium generating functionals with sources are studied. This analysis is
facilitated by the previous study of equilibrium in the ITF in Section 6.1.1. An important
qualitative feature is that there is no need to assume an external ib at thermal equilibrium at
T. The infinite number of degrees of freedom of the quantum field involved in p;,, (namely,
those corresponding to A(x); for large |x|) are the closer to thermal equilibrium the larger
|x|. Then, they amount in practice to a thermal b at equilibrium at T.

At a later stage in the general study in Section 6, and motivated by Section 3, the
non-equilibrium renormalized quantum field theory is considered in a regime where
classical features dominate (namely, high T, large distances and long times) still with
certain quantum remnants. Then, the gas is approximately described by an effective
(superrenormalizable) classical ¢* theory in 1 + 3 dimensions (non-equilibrium dimensional
reduction or NEDR).
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The classical theories aasociated to Equations (27) and (31) could give rise to diver-
gences of a different nature, namely, field energies divergent as A — +co. Such divergences
could be compensated, at least partially, by renormalization of the energy.

As a new short development in the field-theoretic case, it is argued that the integrand
of the dimensionally reduced renormalized non-equilibrium generating functional yields,
through a suitable Fourier transform, a classical none-quilibrium distribution function
W and that the latter satisfies the Liouville Equations (104) and (105) for a classical 474
theory, as in Section 3. Then, arguments are invoked briefly to conclude that the lowest
non-equilibrium moment from Equations (104) and (105) yields approximate approach to
thermal equilibrium for long ¢, as in Section 3. In particular, the above construction yielding
the evolution of the lowest non-equilibrium moment provides a justification, from first
principles, of the simplest phenomenological dynamical equations employed in critical
dynamics: see, for instance, references [36,37] and references therein.

The above developments justify the methods and results for the actual non-relativistic
and relativistic systems treated in this article: the consistent approach to equilibrium for
long-t both in the classical regime and in an a priori quantum one where classical features
dominate (at high T and eventually large distances and times) except for certain important
quantum remnants. For related studies, see [68,96].

The ¢* field theory appears to have attracted much interest to model different systems.
For instance, critical dynamics [36,37,97-100], inflationary cosmology [85] and quantum
brain dynamics [101]. For further and wider perspectives, see also [102].

The research summarized in the present work leave open various problems. To end,
we quote a few of them:

(1) For non-relativistic quantum particles, there are extensions to low T, say, of the
present hierarchy approach. In such regimes, quantum effects do play an important role;
then, the hierarchy of non-equilibrium moments cannot be approximated, in principle, by a
three-term one and the analysis becomes more difficult to control. See [39].

(2) For the relativistic quantum ¢* field, there are issues such as those in the above
open problem 1) and with further renormalization properties: for instance, field energy
and other initial states different from those in Section 6.2.2.

(3) For relativistic quantum fields, there are the extensions to QED and QCD off-
equilibrium and in the regime of high T and large distances and times, thereby calling
for an analysis of fermions (electrons and positrons in QED, quarks and antiquarks in
QCD) off-equilibrium. We remark that fermions were already studied in those theories at
equilibrium, at least in the ITFE. See, for instance, reference [81] and references therein.

See [85] for a systematic and comprehensive study of the application of methods of
quantum field theory (not based on the hierarchy approach in the present work) to a full
variety of situations, including low T ones.
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