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Half a century ago, Ihor Yukhnovskii elaborated a method of studying the critical point of the three-dimensional
Ising model based on a layer-by-layer integration in the space of collective variables. His method was an alter-
native to that based on the g-expansion for which K. G. Wilson was awarded the Nobel Prize in Physics in 1982.
However, Yukhnovskii's technique, which yielded similar results, provided even deeper insight into the nature of
this phenomenon. At that time, we, professor’s students, saw only this aspect of his theory. Later, I realized that
the mentioned Yukhnovskii's work naturally fits into a more general context of the turbulent development of
quantum field theory and statistical physics in the last quarter of the twentieth century. The aim of the present
article is to look at the main aspects and the impact of Yukhnovskii's theory from this perspective.
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1. Introduction

In 1966, Leo P. Kadanoff in his seminal paper [[1] wrote “In a recent paper ... Widom has discussed the
consequences of the assumption that the free energy in a system near a phase transition of second order is
a homogeneous function of parameters which describe the deviation from the critical point and has shown
that this assumption leads to consequences which roughly agree with our present numerical information
... about the behavior of such systems”. Perhaps, it was this Widom-Kadanoff observation that marked the
beginning of the era of scaling and the renormalization group methods in the critical point theory — first
in the Ising model and later in the variety of classical and quantum models, cf. [2, 3]. Starting from the
first half of the 1970s, this theory is being cultivated in Lviv by the group of statistical physicists created
and led by professor Thor Yukhnovskii, who had laid foundations of his original methods based on a
layer-by-layer integration in the space of collective variables; see [4} 5] and the references quoted therein.
In this method, the first step made by I. Yukhnovskii and Yu. Rudavskii in [[6H8] was approximating the
Ising spins by some unbounded variables that resemble displacements of ions in anharmonic crystals or
lattice quantum fields. Also at that time, a group of mathematical physicists made a major breakthrough
in constructing interacting quantum fields; see [9]. Their idea was to first construct a prototype field
as a Markov random field living on the d + 1 dimensional Euclidean space. This should be the version
of the field of interest living on a d dimensional Euclidean space and in imaginary time. The starting
object on this way would be the Gibbs state of the Ising model on a d + 1 dimensional lattice — the
Ising and the lattice approximation of the mentioned Markov field. Its rigorous construction was already
possible in the framework of the Dobrushin-Lanford-Ruelle approach, see [10,11], elaborated at the very
end of the 1960s. The next step was taking the limits, eliminating the mentioned approximations, and
then passing to the real values of time based on the Osterwalder-Schrader axioms. Significantly, both
groups, moving in opposite directions, performed essentially the same steps. This fact, unknown to the
statistical physicist community, manifests how high was the level of the research conducted in Lviv at that
time. Obviously, the mentioned coincidence of steps is far from the only reason for such a conclusion.
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In fact, Yukhnovskii’s layer-by-layer integration approach is one of the independent pillars of modern
understanding of the critical point phenomena, which significantly complements other theories of this
kind. In this article, I aim to bring these thoughts to the attention of the statistical physicist community
by looking at the impact and the principal points of Yukhnovskii’s theory from today’s perspective.

Fifty years ago the exchange of knowledge was essentially hampered by the Iron Curtain existing
between the East and West, as well as by rather modest technical capabilities at that time. Fortunately,
these two impediments have now disappeared; however, a certain gap still remains in understanding the
mathematical aspects of the methods employed. This will be taken into account in the present text. It
should be stressed here that providing any kind of extended review of works in this direction is far beyond
my goals.

2. Basic distribution

For a system of n physical particles located in a cubic vessel A in the d-dimensional space R, the
corresponding collective variables are defined as Fourier transforms

n

p(k)chZexp(ik-rj), keB, i=V-I, (1)
j=1
of what would now be called a configuration of particles, fully characterized by their locations ry, . . . , 7, €

A. Here, B c R is the domain of the transform, known as the Brillouin zone; k - r stands for the scalar
product in RY; c is a suitable normalizing factor. The very form of (T]) shows that the collective variables
are suitable for studying continuous particle systems such as gases, liquids, etc. In terms of the collective
variables, the partition function of the considered system can be presented in the following form

z, = J exp [~BPA (0)] Ja(p)d . ?)

where @, (p) is the configuration energy and J stands for the Jacobian, an essential element of the theory.
The method of collective variables was — and still is — a powerful tool in the theory of equilibrium
states of interacting particle systems in the continuum, elaborated and applied by I. Yukhnovkii and his
followers. Probably, these successes encouraged professor to apply his method to studying the critical
point properties of the three dimensional Ising model, which was a very hot topic at that time. However,
the first problem he faced on this way was the fact that the corresponding partition function has the form

A= Z 1_[ exp [-B®;; (), 07)] 3)

=kl €A

[1]

i.e., it is rather a finite sum than an integral. The way from (3)) to (2) was found in [6-8]], where it was
shown that the substitution

Y, 9@ = [ atoses [-Piop)] dp; o)

(Tj:il — oo

does not affect the description of the principal features of the critical point of the three-dimensional Ising
model if P is taken in the form

P(pj) = azp; + asp}, as > 0, 5)

which perfectly corresponds to the interaction term of a quantum field [9]. Then, the calculation of the
Jacobian J, was performed on the bases of (@) and (3), see [8l equation (13)] and/or [5] equation (5)].
Thereafter, the representation of Z4 in the form of (2)) was obtained, which allowed one to apply here a
layer-by-layer integration technique, as was mentioned above. In the next section, we turn to its analysis
in more detail.

43501-2



50 years of Yukhnovskii's critical point theory

It should be noticed that the Ising approximation in Euclidean quantum field theory, i. e., the afore-
mentioned move in the opposite direction as in (), became unnecessary already in 1976 due to the result
of [[12]. In that work, the construction of Gibbs states for a lattice model with ‘unbounded spins’ was
performed, which opened the possibility to directly employ such states as lattice approximations of the
fields under construction. Furthermore, Yukhnovskii’s method was later modified in [13| [14] in such a
way that the passage in () became unnecessary; see section 4] below.

3. Yukhnovskii's method and other models

3.1. Posing

Obviously, most of the methods of the critical point theory of the translation invariant 3D Ising
model, based on the idea of scaling, are not mathematically strict. Even recognizing the relevant errors,
let alone assessing them, often remains beyond contestation. Nevertheless, such methods are being used
during all these years, which might be justified as follows. In the vicinity of the critical point, the only
symmetry important for these theories is the asymptotic scale invariance, proper for infinite systems.
Then, the mentioned methods artificially introduce — in one or another way, consciously or not — such
a symmetry already for finite systems at the cost of losing the mentioned translation invariance and other
mathematical details. The way of doing such a ‘substitution’ (also called ‘ansatz’) distinguishes these
theories from each other, including their principal outcomes. Similar simplifying ansétze are welcome
not only in the critical point theory. For instance, the naive mean-field theory, cf. [11} page 216], is widely
applied far beyond theoretical physics. As R. Kraichnan aptly put it in [15], by making an ansatz, the
initial ‘true problem’ is replaced by another one which: (a) reflects the important features of the initial
problem; (b) is tractable by methods at hand. Therefore, the quality of a given ansatz-based theory may
be assessed by its capability to be reformulated in terms of a new model that meets these criteria. This, in
particular, allows one to get a deeper insight into the initial problem as well as to realize the mathematical
essence of the ansitze on which the theory is based, and thereby to better understand its place among
other theories of this kind.

3.2. Real space renormalization group

One of the direct realizations of the aforementioned Widom-Kadanoff observation was the Migdal-
Kadanoff real space renormalization group (RSRG) theory, developed and modified in [[16H22] |24]] and
in many other publications. Its significant mode of operation is collecting spins into blocks and then
collecting blocks into blocks of blocks, etc. However, passing from the distribution of an individual
spin to that of a block of spins requires integrating out some degrees of freedom, which for the usual
translation invariant cubic lattice is rigorously intractable, and thus can be made by means of anséatze. At
the same time, the system of such blocks, then blocks of blocks, and so on, manifests a natural hierarchical
structure. Thus, the aforementioned simplifying ‘substitution’ in this approach has been performed by
replacing the initial translation invariant lattice Z¢ by a hierarchical lattice possessing by construction
the self-similarity in question. This was first done in [17, [18]]. For the Ising spin model based on such
a hierarchical lattice, built in an algorithmic way, the recursion relations of the RSRG theory become
exact and tractable. In this case, the Kraichnan-type substitution consists in passing from the Ising model
living on a translation invariant lattice to the Ising model living on a hierarchical lattice, built by means
of the successive replacement of bonds by diamonds [[17} 18| 20H22], see figure [T] or by the successive
replacement of nodes by triangles or other motifs 23] 24], see figure[2] Note that motif-based hierarchical
lattices have found applications far beyond statistical physics, see, e. g. [25].

3.3. Layer-by-layer integration

Now we turn to Yukhnovskii’s layer-by-layer integration method restricting ourselves to a very
schematic presentation of its main aspects, based mostly on [13]. Some mathematical details of this
method and its generalizations are outlined in section 4] below.
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Figure 1. Diamond hierarchical lattice, in which bonds are replaced by diamonds.
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Figure 2. Triangle hierarchical lattice, in which nodes are replaced by triangles.

C

After the ansatz (@), the partition function given in (3) takes the form

3wk - Y Pon | [ T dor. (©)

keB leA leA

Bp = J exp
R)l

where now A is a cubic subset of the d dimensional lattice Z¢, B is the corresponding Brillouin zone, P

is as in (),
1 " iy
p(k) = _\/ﬁ E plekl, a(k) =-B8 E q);}/e k(I-1) )

leA leA

and (Df)/ is obtained from ®;; by imposing periodic conditions on the boundary of A. In view of this,
the Brillouin zone B is obtained from the Brillouin zone (-, ©]¢ of the whole lattice Z¢ by equidistant
partition of each (—x, ©t] in such a way that B contains n points. The principal issue here is that both zones
are subject to periodic boundary conditions. That is, for k, k" € (-, n)4, k+k' = (ki+ki,. o kg + k;l)
where all sums k; + k 3 are taken modulo =. In view of this, a (k) given in (7)) is independent of I’ and

o), =" " ak)e ), ®)

keBp

We can and will assume that a/(k) has a unique maximum at k = 0, which corresponds to the ferromagnetic
nature of the interaction in the model considered.
The key ingredient of Yukhnovskii’s method is the following ansatz

a(k) = [a(k) —ai|1p (k) +a&, k€ By, )

where B’ is a rectangular subset of the Brillouin zone B, 15 is the indicator of B, i. e., 15/ (k) = 1 for
k € B’ and 1 (k) = 0 otherwise, and & is the ‘average’ value of the potential a (k) over the layer being
the complement of B’ in B, see figure 3l More precisely, for a given integer s > 1, B’ is obtained by
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imposing the periodicity condition on the boundaries of the set BN (—x/s, n/s]¢. Due to such boundary
conditions, the addition k; + k;. is now set modulo /5. It should be stressed here that, for sufficiently
large m, the summation

ki+---+ky, kjeB,

calculated in B and in B’ may yield different results. Now, we set
ai(k) = a(k) - ai,

employ (9) in (6), and end up with

| ]
Ba = I exp(i > aip(p(=k) = 3 (=50} + Plen] | | ] der. (10)

R keB’ leA leA

where the following identity was taken into account

> plkyp(=k) =" pt, (11)

keB leA

which readily follows from the first equality in (7). Note that = in (I0) is obtained from that in (6) by
the ansatz (9) consisting of two ingredients: (a) averaging the potential; (b) imposing periodicity on the
boundaries of B’. Hence, the two partition functions are not equal.

Given the periodic conditions imposed on the boundaries of (-x/s, n/s]¢ and B’, one can use these
sets as Brillouin zones for the new cubic lattice (sZ)¢ and A’ C (sZ)%; the latter is subject to periodic
boundary conditions. Let n’ be the number of nodes contained in A’, which is equal to the number of
points contained in B’. Then, for k € B’, one can write, cf. (7),

1 . 1 .
p(k) = = Dokt p= o D pkye ™. (12)

leN keB’

By (12) it follows that the first term in exp(- - - ) in (I0) can be rewritten as a function of p; with [ € A’.
Then, it might be natural to rewrite =, in terms of the integral over these variables. This was realized
in [4} S]] with the help of a combination of quite complicated ‘ansitze’ with the following result

= 1 /
Er= j exp (5 2, @i(bpmp(=k) = > P'(on| [ | dpr (13)
’ keB’ leN leN
Rn
with , cf. (3)),
P'(p1) = dyp} +d,p}, (14)
where a’, a), are certain functions of a5, a4 and @;. Again, the partition functions given in (I3) and (T0)

are not equal. Then, the described procedure is repeated: one takes B” c B’ and makes it the Brillouin
zone for A” C (s2Z)d . Next, similarly as in (9), one employs the ansatz

ai(k) = a2(k)1pr (k) + a2 — @i, ke B, (15)
where @; is the average value of (k) on the layer B’ \ B”, cf. figure[3] and
ar(k) = a(k) — as.

Now, we make use of the ansatz (I3)) in (T0), similarly as in passing from (6)) to (T0). In its result, the first
term in exp(. . .) in (I0) is transformed according to

32 @ ®pRp(-k) = 5 D aa®pp(-k)+ DY g (16)

keB’ keB” le N
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Figure 3. (Colour online) Averaging in the Yukhnovskii method: (a) the new Brillouin zone B’ is cut out
from the initial Brillouin zone B with subsequent imposing periodicity on its boundaries; (b) the Fourier
image @ (k) of the interaction potential is set constant, i. e., (k) = & on B\ B’.

see (I2). Repeating the same ‘ansitze’ that led to (I3) we arrive at

2= [ ew (% 3 axkp0p(—k) - 3 [agot+ ol | [ dor (17)
R keB” leN” leN”

with a7, a}/ being certain known functions of a’, aj, @; and @. Then, the study of the critical point
amounts to studying the asymptotic properties of the map that sends the consecutive pair (az, aq) of
the coefficients, cf. (I4), to its next iterate, which obviously depends on the asymptotic properties of
the averages @;,,. From the viewpoint of the current analysis, it is important to notice that the procedure
just outlined creates a hierarchy of translation invariant cubic lattices corresponding to the consecutive
Brillouin zones obtained as depicted in figure |3} In the one dimensional case, this hierarchy is depicted
in figure ] In particular, the bottom row of black dots presents the initial lattice Z with lattice parameter
¢ = 1. Its Brillouin zone is (—x, ], and the set B mentioned above is the subset of this set consisting
of n equidistant points — the Brillouin zone for the set A = {0,1,...,n — 1} C Z endowed with the
periodic boundary condition. The next Brillouin zone (—x/3, /3] is obtained by imposing periodicity
on the boundaries, and B’ is its subset, obtained from B in the same manner. The former set corresponds
to the lattice 37 with lattice parameter ¢’ = 3. In figure 4] it is presented by the red lines as lattice sites.
Repeating this procedure, one gets (—n/9, ©/9], which is the Brillouin zone for the next lattice 97 with
lattice parameter ¢’ = 9, as well as the corresponding B”’. The lattice 9Z is represented in figure by the
top row of black lines as lattice sites. Then, the layer-by-layer integration procedure amounts to moving
up in this hierarchy of lattices. It is noteworthy that each lattice site at a given hierarchy level can naturally
be viewed as the block comprising s lattice sites of the previous level. This observation points to the way
of formalizing Yukhnovskii’s layer-by-layer integration technique. It turns out that the spin model, which
can be a candidate for this, was put forward by F. Dyson [26] even before 1. Yukhnovskii started working
on his method. In the next section, we analyze this connection in more detail.

4. Dyson’s model and Yukhnovskii's method

The layer-by-layer integration method discussed in the previous section was later updated in [13} [14],
where the following improvements were made: (a) the restriction of the initial distribution to the case
of (B) was lifted and thus it can now be taken in a reasonably arbitrary way, including the original o = £1
version; (b) the intermediate ‘ansitze’ aimed at preserving the form of P as in () were eliminated, which
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made the procedure less relying on such ‘simplifications’. Due to these improvements, it has become clear
that ansitze used in Yukhnovskii’s theory yield the replacement of the initial problem by that of studying
a version of Dyson’s hierarchical model. In this section, we briefly describe this updated version, mostly
at the level of formal Hamiltonians. We refer the reader to [[13|[14] for a more complete presentation of
this and related issues.

4.1. Dyson’s hierarchical model

In 1969, F. Dyson introduced in [26] a special version of the ferromagnetic Ising model living on Z,
in which the long range interaction between spins p; and p; decays as (1 + d(l,1"))~%, where d(I,1’)
is a special metric on Z determined by a hierarchical structure defined thereon. With the help of this
model, he studied the possibility of phase transitions in the Ising model living on Z with the ferromagnetic
interaction decaying as (1+|/—1"|) ™%, a > 1, see also [27]]. Later, various versions of Dyson’s hierarchical
model became independent objects of study; see [[13}28-30]. The formal Hamiltonian of Dyson’s model
introduced in [26]] is, cf. equations (3.1)—(3.3) therein,

—pH = Y 27ltem '
m=0 rez

Smr = .o A ={leZ:(r-12"+1<1<2", (18)
leAl™

where oy = +1, [ € Z, are the initial spin variables. The local Hamiltonian of the spins in a given Aﬁm)
is obtained from (I8) by restricting the corresponding sums, which yields

m

_ﬁHm’r — ZZ*]*(J” Z S%L,p - Z*I*Qmsrzn’r — Z ﬁHWL*l,P‘ (19)

n=0 Al cal™ pAlD el

The second line in (T9) establishes a recursion relation between such local Hamiltonians and thereby
between the corresponding partition functions. Similarly to the case of hierarchical lattices mentioned
above, Dyson’s model possesses the self-similarity symmetry already at the local level.

4.2. The hierarchy of lattices

As mentioned above, the key idea of Yukhnovskii’s method consists in slicing the Brillouin zone
B = (-m, n]? corresponding to the initial simple cubic lattice Z¢ into layers A,, = B,_1 \ B, m € IN,
where B, = (-xn/s™, n/s™]¢, s > 2 is a fixed integer parameter; cf. 4} where s = 3. The aim of this,
in particular, is to make each B, the Brillouin zone of the corresponding cubic lattice by endowing
it with the corresponding boundary conditions. Recall that in this section we mostly deal with formal
Hamiltonians — considered as algebraic expressions — in which summations are taken over the whole
lattices. In view of this, for each m € IN, by B,,, we denote the Brillouin zone of the lattice Zﬁi = (s’”Z)d .

The interaction potential ®;; is assumed to be translation invariant, ferromagnetic and such that

a(k)y=-p > oy, keB, (20)
I'ez4

is finite for all k. The mentioned condition of ferromagneticity amounts to the following: (a) (k) attains
its maximum at k = 0 and @ (0) > 0; (b) there exists a sequence of numbers {&,, : m € IN} such that

inf a(k) <&, < sup a(k), m € IN. (21
keAn, keAm

Additionally, this sequence should have the following property: there exist 1 € (0, 1) and @ > 0 such that

lim [@(0) — @m]s™™ = a > 0. (22)

m—+oo
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Note that a translation invariant interaction potential has these properties whenever it satisfies @; < 0
and

c
D] <
|ll| 1

T3 pda k€ (0,1).

If @;; decays faster than the upper bound, e. g., if it has finite range, then 4 = 2/d. If it decays in the

same way, then one takes A = «.
The formal Hamiltonian of the model that we consider can be written in the form

pH==p Y Gupipr = j o () p(k)p(~k)dk. (23)

d
LUeZ (—mmd

Here, we use the following notations, cf. (6) and (),

1 .
p(k) = ﬁZPlelk'l,
(27t) / lezd
1 ik
o = e j p(k)e *ldk, (24)
(-m,m]9

and (k) is defined in (20). It is noteworthy that the first line in (24)) is the usual Fourier series, in which
py are the corresponding Fourier coeflicients.

Let the sequence {&y, : m € IN} be as in (ZI)) and {B,,} be the Brillouin zones as discussed above.
Recall that 15, stands for the corresponding indicator. Thereby, we introduce

a(k) = Y am (15, () =15, (0] = > [am1 = am] s, k), (25)
m=0

m=1

with By = B, &y = 0. Now, the first ansatz in Yukhnovskii’s layer-by-layer integration method consists in
replacing the original model corresponding to (23)) by its piecewise constant approximation

(o]

1

—-BH = J &(k)p(k)p(-k)dk = 3 Z;)[@'mﬂ = ) J p(k)p(-k)dk, (26)
B m= B

which we obtain by means of (23)). At this point, we recall once again that the Hamiltonians (26)) and (23))
are not equal. We also recall that each B,, is the Brillouin zone for the lattice Z¢ = (s™7Z)“. Then, we
set p™ (k) = s™/2p(k), k € By, and also, cf. (24),

m _ (s a2 (m) (1 )aik-l d
" =5 p™ (ke *kldk,  1ezd. 27)
Similarly to (TT]) by we get
[ pmwpm pa= 3 101 e8)
B, leZg,

which allows one to rewrite (26)) in the form

(e8]

~BH = 3" s @pir = am] Y. (o™ 1. (29)

m=0 lezd,
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Figure 4. (Colour online) Hierarchy of lattices corresponding to the Brillouin zones B, B’, B”.

4.3. Block spins

Now, we have to establish the connections between p(m) with different m. Let A" c 74 be a cubic
subset containing s™ lattice sites. We also suppose that, for all m > 1, the shifts

Al(m) ={x+1:xeAM}, 1e7zd, Aém) =A™, (30)

cover Z¢. That is
= A 31)
174,
For p < m we then set
v =AM nzd,  1ezd. (32)
By the very definition (30) it follows that

Vl(m,p) — Vo(mvp) +l={x+1l:x¢ Vo(m’p)}- (33)

Now, by we get
Z p(!’> J ek (=D 4

(m) s™
m
i - ()
reZ‘l B

m d
$ (P) gikex | ik-(1'=1
) Z I 2 stet)errran

rezd B, er("’ -P)

(Z—m) > J P (ke =Dk (34)

rez B,
Now, we employ one more ansatz
P (k) = ™" (0), (35)
which yields in (34)
p™ = " (0) = Z p) = Z pP) = Z Px- (36)
xevmP) xevmP) xeAl™

The latter means that p(m) is just the total spin of the block Al(m). By this conclusion the expression

in (29) becomes the forma] Hamiltonian of Dyson’s hierarchical model, introduced in [26] and studied
in [13}28,[30].
Let now A(()m) be as in (30). The corresponding local Hamiltonian then is obtained from (29)

IO para .
BHno=5 ) s Mlapn -l Y, 10"
p=0 1eA™ nzg
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Now, we take into account the ansatz in (36) and obtain

1 m
_IBHm,O = Es—md [d'm+l - &m] [Pé )]2 - :B Z Hm—l,r’ (37)

rEVO(m,m—l)

which is the recurrence relation typical of Dyson’s hierarchical model, cf. (19). By means of this relation,
one can establish the recurrence between the corresponding partition functions.

4.4. Concluding remarks

The application of the layer-by-layer integration technique, developed by I. Yukhnovskii and his
collaborators in [4} 5, [14] and many other works, to studying the critical point of the d-dimensional Ising
model can be interpreted as the replacement of the initial model by a version of Dyson’s hierarchical
model performed with the help of the following ansitze:

* replacement of the Fourier transform of the interaction potential by its piecewise constant approx-
imation defined in (25));

* replacement of the cubic subsets B,, of the initial Brillouin zone by the Brillouin zones of the
hierarchy of lattices {Z% };

¢ the ansatz in (33), (36), with the help of which the relationship between the block-spins of different
hierarchy levels was established. Its role consists in eliminating the dependence between spins in
different blocks other that that arising from the hierarchical structure.
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50 pokiB Teopii KHXHOBCbKOro NPo KPpUTUYHY TOUKY: il Micue y
NOCTiHIN Teuii TeopeTNUYHOI Pi3nNKN

HO. Ko3nubknia

IHcTUTYT MaTemaTurkn, YHiBepcuteT Mapii Kiopi-Cknogoscbkoi, 20-031 J1to6AiH, MonbLua

MiscToniTTa TOMY Irop KOXHOBCLKUIA PO3pO6VB METO/ BMBYEHHS KPUTUYHOI TOUKM TPUBMMIPHOI Mojeni I3iHra,
L0 6a3yeThbCsA Ha NOLIAPOBOMY iHTerpyBaHHi y NPOCTOpi KONEKTUBHMX 3MIHHUX. Moro nigxia 6ys ansTepHaTUB-
HVM A0 MeTozy, L0 6a3yBaBCs Ha £-po3Knagi, 3a Akuii K. I'. BinbcoH oTpumas Hobeniscbky npemito 3 gisnkun y
1982 poui. Mpote meTos KOXHOBCBLKOTO, AKWUIA AaB NOAIGHI pe3ynbTaTy, 3abe3neyns HaBiTb MN6LLE PO3YMiHHS
NpUpoAK Lboro aBuLLa. Ha Toi Yac mu, cTyaeHTn npodecopa, baunan anile Leid acnekT ioro Teopii. Mi3Hile A
YCBi;OMWB, LU0 3rajaHa po6oTta FOXHOBCLKOr0 MPMPOAHO BNWCYETLCA Y BiNbLL 3aranbHNA KOHTEKCT BYpPXANBOro
pO3BUTKY KBaHTOBOI TEOPIi MOAA Ta CTAaTUCTMYHOI $i3nKN 0CTaHHBLOI UBepTi XX CTOANITTA. MeTolo AaHOi CTaTTi €
pO3risj OCHOBHUX acrekTiB Ta BNAMBY Teopii KOXHOBCLKOTrO 3 Lii€i TOUKM 30py.

KnrouoBi cnoBa: KkosekTvBHI 3MiHHI, peHopMrpyna, 30Ha bpinntoeHa, iepapxiyHa rpatka, iepapxiyuHa Mojge/b
AavicoHa
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